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PREFACE

v

The rising prevalence of obesity among children and adults is one of the most signifi-
cant threats to our nation’s health as we enter the 21st century. Among a host of disorders
associated with obesity that affect multiple organ systems, the escalating prevalence of
type 2 diabetes and conditions associated with the metabolic syndrome and cardiovas-
cular disease are the most worrisome. For these reasons, it is increasingly important for
clinical endocrinologists and other health care providers to be informed about break-
throughs in obesity research and to become engaged in the clinical care of the obese
patient. Although our medical journals and the popular press are including more and more
articles about obesity-related topics, there is a need to sort, synthesize, and interpret this
information into a single readable text. Thus, the primary purpose of this volume of Contem-
porary Endocrinology, entitled Treatment of the Obese Patient, is to inform clinicians of
recent scientific advances in obesity research and to provide an up-to-date review of current
treatment issues and strategies. To provide the most useful and authoritative text, we
have selected chapter authors who are not only experts in their fields of study but who
are also able to translate important and emerging concepts to the practicing clinician.

The volume is divided into two parts. Part 1 covers new discoveries in the physi-
ological control of body weight, as well as the pathophysiology of obesity. The most
exciting breakthroughs in obesity research over the past decade have come from a growing
appreciation of the critical pathways that control food intake, energy expenditure, and
peripheral nutrient metabolism including the emerging evidence of the role of adipose
tissue as an endocrine organ. Each of these evolving areas is covered in its entirety in this
volume. Chapters 1 through 3 address the neuroregulation of appetite, the role of gut
peptides in providing peripheral signals of nutrient balance to the brain, and the new
biology of the endocannabanoid system. In Chapters 4 and 5, the pathophysiology of
adipokines and role of free fatty acids, insulin, and ectopic fat in the metabolic
dysregulation of obesity are reviewed. Chapter 6 examines the provocative role of fetal
origins and birth weight in the causation of obesity. Finally, Chapters 7 and 8 provide a
comprehensive review of new developments in body composition in health and disease,
and the role of alterations of energy expenditure in the development of obesity.

In Part 2, we turn to a range of issues that are central to the clinical management
of obese patients. This section begins with an informative review of the socioeconomic
aspects of obesity. Chapters 10 through 12 address the comprehensive assessment and
evaluation of the obese adult patient, the pathophysiology and approach to the patient
with polycystic ovarian syndrome, and management of the obese patient with diabetes.
Chapters 13 through 15 provide an excellent review and discussion of three dietary
approaches that have been advocated in the treatment of obesity—energy density, glycemic
index, and low-carbohydrate diets. The role of physical activity is covered in Chapter 16.
Communication, counseling, and motivational interviewing, keys to changing patient
behavior, are considered in Chapter 17. Chapters 18 through 20 turn our attention to new
developments in the pharmacotherapy of obesity, surgical approaches and outcomes, and
management of micronutrient deficiencies in the postbariatric surgical patient. Lessons



learned from individuals who have succeeded in losing weight and maintaining a reduced
obese state long term: members of the National Weight Control Registry are discussed in
Chapter 21. Lastly, a succinct summary of evaluation and management of the pediatric
obese patient is reviewed in Chapter 22.

Treatment of the Obese Patient is a timely and informative text for all health care
providers facing the challenges of helping their patients manage their weight. Our inten-
tion is to provide a resource that will both stimulate and engage clinicians to take part
more successfully in the obesity-care process. We hope we have accomplished this goal.

Robert F. Kushner, MD

Daniel H. Bessesen, MD

vi Preface



CONTENTS

vii

Preface ................................................................................................ v

Contributors ...................................................................................... ix

PART I. PHYSIOLOGY AND PATHOPHYSIOLOGY

1 Neuroregulation of Appetite ............................................................ 3
Ofer Reizes, Stephen C. Benoit, and Deborah J. Clegg

2 Gut Peptides ................................................................................... 27
Vian Amber and Stephen R. Bloom

3 Endocannabinoids and Energy Homeostasis ................................. 49
Stephen C. Woods and Daniela Cota

4 Obesity and Adipokines ................................................................. 69
Nicole H. Rogers, Martin S. Obin, and Andrew S. Greenberg

5 Free Fatty Acids, Insulin Resistance, and Ectopic Fat ................. 87
David E. Kelley

6 Critical Importance of the Perinatal Period in the Development
of Obesity ................................................................................... 99

Barry E. Levin

7 Measurement of Body Composition in Obesity .......................... 121
Jennifer L. Kuk and Robert Ross

8 Energy Expenditure in Obesity ................................................... 151
Leanne M. Redman and Eric Ravussin

PART II. CLINICAL MANAGEMENT

9 Socioeconomics of Obesity ......................................................... 175
Roland Sturm and Yuhua Bao

10 Assessment of the Obese Patient ................................................. 195
Daniel H. Bessesen

11 Polycystic Ovarian Syndrome ..................................................... 219
Romana Dmitrovic and Richard S. Legro

12 Weight Management in Diabetes Prevention:
Translating the Diabetes Prevention Program
Into Clinical Practice .............................................................. 243

F. Xavier Pi-Sunyer

13 Reductions in Dietary Energy Density as a
Weight Management Strategy ................................................. 265

Jenny H. Ledikwe, Heidi M. Blanck, Laura Kettel Khan,
Mary K. Serdula, Jennifer D. Seymour, Beth C. Tohill,
and Barbara J. Rolls



viii  Contents

14 Glycemic Index, Obesity, and Diabetes ...................................... 281
 Cara B. Ebbeling and David S. Ludwig

15 Low-Carbohydrate Diets ............................................................. 299
Angela P. Makris and Gary D. Foster

16 Physical Activity and Obesity ..................................................... 311
John M. Jakicic, Amy D. Otto, Kristen Polzien,

and Kelli K. Davis

17 Motivational Interviewing in Medical Settings: Application
to Obesity Conceptual Issues and Evidence Review .............. 321

Ken R. Resnicow and Abdul Shaikh

18 Weight-Loss Drugs: Current and on the Horizon ...................... 341
George A. Bray and Frank L. Greenway

19 Surgical Approaches and Outcomes:
Treatment of the Obese Patient ............................................... 369

George L. Blackburn and Vivian M. Sanchez

20 Managing Micronutrient Deficiencies in the Bariatric
Surgical Patient ........................................................................ 379

Robert F. Kushner

21 Lessons Learned From the National Weight Control Registry ....... 395
James O. Hill, Holly R. Wyatt, Suzanne Phelan,

and Rena R. Wing

22 Pediatric Obesity .......................................................................... 405
Lawrence D. Hammer

Index............................................................................................... 425



CONTRIBUTORS

ix

VIAN AMBER, MBChB, MSc, PhD, MRCPath • Department of Metabolic Medicine,
Imperial College London, Hammersmith Campus, London, UK

YUHUA BAO, PhD • RAND Corporation, Santa Monica, CA
STEPHEN C. BENOIT, PhD • Department of Psychiatry, Obesity Research Center,

University of Cincinnati, Cincinnati, OH
DANIEL H. BESSESEN, MD • Division of Endocrinology, University of Colorado

at Denver and Health Sciences Center, Denver, CO
GEORGE L. BLACKBURN, MD, PhD • Division of Nutrition, Center for the Study

of Nutrition Medicine, Harvard Medical School, Boston, MA
HEIDI M. BLANCK, PhD • Division of Nutrition and Physical Activity, Centers

for Disease Control and Prevention, National Center for Chronic Disease
Prevention and Health Promotion, Atlanta, GA

STEPHEN R. BLOOM, MBChB, MA, FRCP, FRCPath, DSc, MD • Department of Metabolic
Medicine, Imperial College London, Hammersmith Campus, London, UK

GEORGE A. BRAY, MD • Pennington Biochemical Research Center, Louisiana State
University System, Baton Rouge, LA

DEBORAH J. CLEGG, PhD • Department of Psychiatry, Obesity Research Center, University
of Cincinnati, Cincinnati OH

DANIELA COTA, MD • Department of Psychiatry, University of Cincinnati Medical
Center, Cincinnati, OH

KELLI K. DAVIS, MS • Department of Health and Physical Activity, Physical Activity
and Weight Management Research Center, University of Pittsburgh, Pittsburgh, PA

ROMANA DMITROVIC, MD • Reproductive Endocrinology Research Center, Pennsylvania
State University College of Medicine, Hershey, PA

CARA B. EBBELING, PhD • Division of Endocrinology, Department of Medicine,
Children’s Hospital Boston, Boston, MA

GARY D. FOSTER, PhD • Center for Obesity Research and Education, Temple University
School of Medicine, Philadelphia, PA

ANDREW S. GREENBERG, MD • Jean Mayer USDA Human Nutrition Research Center
on Aging, Tufts University, Boston, MA

FRANK L. GREENWAY, MD • Pennington Biochemical Research Center, Louisiana State
University, Baton Rouge, LA

LAWRENCE D. HAMMER, MD • Center for Healthy Weight, Lucile Packard Children’s
Hospital and Department of Pediatrics, Stanford University School of Medicine,
Palo Alto, CA

JAMES O. HILL, PhD • Center for Human Nutrition, University of Colorado at Denver
and Health Sciences Center, Denver, CO

JOHN M. JAKICIC, PhD • Department of Health and Physical Activity, Physical Activity
and Weight Management Research Center, University of Pittsburgh, Pittsburgh, PA

DAVID E. KELLEY, MD • Division of Endocrinology and Metabolism, University
of Pittsburgh School of Medicine, Pittsburgh, PA



x Contributors

LAURA KETTEL KHAN, PhD • Division of Nutrition and Physical Activity, Centers
for Disease Control and Prevention, National Center for Chronic Disease
Prevention and Health Promotion, Atlanta, GA

JENNIFER L. KUK, MSc • School of Kinesiology and Health Studies, Queen’s University,
Kingston, ON, Canada

ROBERT F. KUSHNER, MD • Department of Medicine, Northwestern University Feinberg
School of Medicine, Chicago, IL

JENNY H. LEDIKWE, PhD • Department of Nutritional Sciences, The Pennsylvania State
University, University Park, PA

RICHARD S. LEGRO, MD • Department of Obstetrics and Gynecology, Pennsylvania
State University College of Medicine, Hershey, PA

BARRY E. LEVIN, MD • Department of Neurosciences, New Jersey Medical School/
University of Medicine and Dentistry of New Jersey, and Neurology Service, VA
Medical Center, East Orange, NJ

DAVID S. LUDWIG, MD, PhD • Division of Endocrinology, Department of Medicine,
Children’s Hospital Boston, Boston, MA

ANGELA P. MAKRIS, PhD, RD • Center for Obesity Research and Education, Temple
University School of Medicine, Philadelphia, PA

MARTIN S. OBIN, PhD • Jean Mayer USDA Human Nutrition Research Center
on Aging, Tufts University, Boston, MA

AMY D. OTTO, PhD, LDN • Department of Health and Physical Activity, Physical
Activity and Weight Management Research Center, University of Pittsburgh,
Pittsburgh, PA

SUZANNE PHELAN, PhD • Department of Psychiatry and Human Behavior,
Weight Control and Diabetes Research Center, Brown Medical School,
Providence, RI

F. XAVIER PI-SUNYER, MD, MPH • Obesity Research Center, Columbia University
College of Physicians and Surgeons, New York, NY

KRISTEN POLZIEN, PhD • Department of Kinesiology, University of Massachusetts,
 Amherst, MA

ERIC RAVUSSIN, PhD • Health and Performance Enhancement Division, Pennington
Biomedical Research Center, Baton Rouge, LA

LEANNE M. REDMAN, PhD • Health and Performance Enhancement Division,
Pennington Biomedical Research Center, Baton Rouge, LA

OFER REIZES, PhD • Department of Cell Biology, Lerner Research Institute, Cleveland
Clinic Foundation, Cleveland, OH

KEN R. RESNICOW, PhD, MHS • Department of Health Behavior and Health Education,
School of Public Health, University of Michigan, Ann Arbor, MI

NICOLE H. ROGERS, MS • Jean Mayer USDA Human Nutrition Research Center
on Aging, Tufts University, Boston, MA

BARBARA J. ROLLS, PhD • Department of Nutritional Sciences, The Pennsylvania State
University, University Park, PA

ROBERT ROSS, PhD • School of Kinesiology and Health Studies, Queen’s University,
Kingston, ON, Canada

VIVIAN M. SANCHEZ, MD • Department of Surgery, Beth Israel Deaconess Medical
Center, Harvard Medical School, Boston, MA



MARY K. SERDULA, MD • Division of Nutrition and Physical Activity, Centers for
Disease Control and Prevention, National Center for Chronic Disease Prevention
and Health Promotion, Atlanta, GA

JENNIFER D. SEYMOUR, PhD • Division of Nutrition and Physical Activity, Centers
for Disease Control and Prevention, National Center for Chronic Disease
 Prevention and Health Promotion, Atlanta, GA

ABDUL R. SHAIKH, PhD, MHS • Behavioral Research Program, Division of Cancer
Control and Population Sciences, National Cancer Institute, Bethesda, MD

ROLAND STURM, PhD • RAND Corporation, Santa Monica, CA
BETH C. TOHILL, PhD • Division of Nutrition and Physical Activity, Centers for Disease

Control and Prevention, National Center for Chronic Disease Prevention and
Health Promotion, Atlanta, GA

RENA R. WING, PhD • Department of Psychiatry and Human Behavior, Weight Control
and Diabetes Research Center, Brown Medical School, Providence, RI

STEPHEN C. WOODS, PhD • Department of Psychiatry, University of Cincinnati Medical
Center, Cincinnati, OH

HOLLY R. WYATT, MD • Center for Human Nutrition, University of Colorado
at Denver and Health Sciences Center, Denver, CO

Contributors xi





Chapter 1 / Neuroregulation of Appetite 1

I PHYSIOLOGY AND PATHOPHYSIOLOGY



2 Reizes, Benoit, and Clegg



Chapter 1 / Neuroregulation of Appetite 3

3

From: Contemporary Endocrinology: Treatment of the Obese Patient
Edited by: R. F. Kushner and D. H. Bessesen © Humana Press Inc., Totowa, NJ

1 Neuroregulation of Appetite

Ofer Reizes, PhD, Stephen C. Benoit, PhD,
and Deborah J. Clegg, PhD

CONTENTS

INTRODUCTION

THE DUAL-CENTERS HYPOTHESIS

CONTROL OF ENERGY INTAKE

INTEGRATION OF ADIPOSITY SIGNALS

CENTRAL SIGNALS RELATED TO ENERGY HOMEOSTASIS

CATABOLIC EFFECTOR SYSTEMS

CONCLUSIONS

REFERENCES

Summary
This chapter reviews current literature on hormonal and neural signals critical for the regulation

of individual meals and body fat. Body weight is regulated via an ongoing process called energy
homeostasis, or the long-term matching of food intake to energy expenditure. Reductions from an
individual’s “normal” weight owing to a lack of sufficient food lowers levels of adiposity signals
(leptin and insulin) reaching the brain from the blood, activates anabolic hormones that stimulate
food intake, and decreases the efficacy of meal-generated signals (such as cholecystokinin) that
normally reduce meal size. A converse sequence of events happens when individuals gain weight,
adiposity signals are increased, catabolic hormones are stimulated, and the consequence is a reduc-
tion in food intake and a normalization of body weight. The brain also functions as a “fuel sensor”
and thereby senses nutrients and generates signals and activation of neuronal systems and circuits
that regulate energy homeostasis. This chapter focuses on how these signals are received and inte-
grated by the central nervous system.

Key Words: Hypothalamus; arcuate nucleus; body weight regulation; neuropeptides; central
nervous system (CNS); obesity.

INTRODUCTION

Body weight (or, more accurately, body adiposity) is a tightly regulated variable. To
maintain body fat stores over long periods of time, caloric intake must precisely match
expenditure. Such a process relies on the complex interactions of many different physi-
ological systems. As an example, one negative feedback system is composed of hor-
monal signals derived from adipose tissue that inform the central nervous system (CNS)
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about the status of peripheral energy stores. These signals from adipose tissue or periph-
eral fat stores form one side of the hypothesized feedback loop. The receiving side of this
regulatory system includes one or more central effectors that translate adiposity infor-
mation into appropriate subsequent ingestive behavior. When the system detects low
levels of adipose hormones, food intake is increased, whereas energy expenditure is
decreased. On the other hand, in the presence of high adiposity signals, food intake is
reduced and energy expenditure increased. In this way, the negative feedback system can
maintain energy balance or body adiposity over long periods of time by signals in the
CNS.

THE DUAL-CENTERS HYPOTHESIS

Historically, the conceptual framework that dominated thinking about the role played
by the hypothalamus in the control of food intake was the dual-centers hypothesis pro-
posed by Stellar in 1954 (1). In the same year that the discovery of leptin refocused
attention on the role of the hypothalamus in energy balance, Psychological Review
honored this article as one of the 10 most influential articles it had published in a century
of publications. Stellar eloquently argued that the hypothalamus is the central neural
structure involved in “motivation” generally and in the control of food intake more
specifically. This control is divided into two conceptual categories controlled by two
separate hypothalamic structures. The first category was “satiety” and was thought to be
controlled by the ventromedial hypothalamus (VMH). The most important data that
contributed to this hypothesis were that bilateral lesions of the VMH resulted in rats that
ate more than controls and became obese. These lesioned rats were thought to have a
defect in satiety; therefore, the VMH was described as being a “satiety” center. Addition-
ally, experimentally the lesion could be replicated by electrical stimulation of the VMH,
which also caused the animals to stop eating—in other words, these experiments dem-
onstrated a role for the VMH in enhancing satiety. In contrast to the VMH, the lateral
hypothalamic area (LHA) was thought to be the “hunger” nucleus, as lesions of the LHA
resulted in rats that under-ate and lost body weight. Additionally, electrical stimulation
of the LHA caused eating in sated animals. Therefore, the VMH was thought to be the
satiety center and the LHA was considered the hunger center. This characterization of
the brain was called the dual-centers hypothesis and was the dominant conceptualization
of how the CNS controlled food intake for almost 30 yr.

CNS Regulation of Food Intake
CNS regulation of food intake was originally thought to be controlled by the VMH

and the LHA; however, several challenges were made to this early hypothesis. The first
was a realization that there are limitations to our understanding of the neurocircuitry
using the lesions as an experimental approach to understanding CNS function. Conclu-
sions made about larger lesion studies were difficult to interpret because lesions usually
destroyed all fibers in the nuclei, not just those fibers of specific interest. An additional
problem was that there are consequences of the lesion not directly tested. For example,
although lesions of the VMH result in hyperphagic and obese rats, they also result in
rapid and dramatic increases in insulin secretion from pancreatic -cells (2). Indeed,
exogenous peripheral insulin administration results in increased food intake, and repeated
administration can result in rapid weight gain (3). Therefore, in addition to regulating



Chapter 1 / Neuroregulation of Appetite 5

“satiety,” the VMH also appears to have an important role in the regulation of insulin
secretion (2). Further research supported the VMH’s role in regulating additional func-
tions other then satiety. In particular, later data indicated that it was not cell bodies in the
VMH but rather fibers running from the paraventricular nucleus (PVN) to the brainstem
that were critical for the effect of VMH lesions on insulin secretion (4,5). So although
the changes in insulin secretion were potentially responsible for the effects of VMH
lesions on food intake and body weight, this control of insulin secretion may not be
directly mediated by the VMH.

Another challenge to the dual-centers hypothesis came from work out of Grill’s lab,
which focused on transection of the neuraxis at different levels by utilizing the chronic
decerebrate rat. The chronic decerebrate rat has a complete transection of the neuraxis
at the mesodiencephalic junction that isolates the caudal brainstem, severing all neural
input from more rostral structures such as the hypothalamus. Hence, neither the VMH

Fig. 1. Cartoon drawing of a coronal section of the brain. It represents the key nuclei in the
hypothalamus that influence food intake and body weight regulation. There are peripheral sig-
nals, leptin, insulin, and ghrelin, which interact with the hypothalamus; these are depicted with
arrows pointing to the arcuate nucleus. Additionally, there are signals that originate in the
brainstem, CCK and GLP-1; these are depicted with an arrow and are denoted as arising from the
brain stem. Last, there are nutrients and neurostransmitters that interact with many of the hypo-
thalamic nuclei, and there are arrows that represent their interactions. The hypothalamic nuclei
are represented as shapes, and these shapes are labeled as: arcuate (ARC), ventromedial nucleus
(VMH), paraventricular nucleus (PVN), and lateral hypothalamus (LH). The concept conveyed
here is that there are orexigenic (anabolic) neuropeptides that stimulate food intake, and there are
anorexigenic (catabolic) neuropeptides, nutrients, and neurostransmitters that decrase food intake.
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nor LHA (nor any other hypothalamic nuclei, for that matter) could exert direct influence
on the motor neurons in the brainstem critical for executing ingestive behavior (6).
Despite a complete loss of neural input from the hypothalamus, the chronic decerebrate
animal has the ability to engage in consummatory behavior and to adjust that behavior
in response to both external and internal stimuli. Chronic decerebrate rats respond ap-
propriately to taste stimuli (6–9). More importantly, chronic decerebrate rats demon-
strate satiety, and the size of the meals is influenced in the same manner as in a normal
rat (6,8). The caudal brainstem is therefore sufficient to integrate internal regulatory
signals that limit meal size into ongoing ingestive behavior independent of the hunger
and satiety centers of the hypothalamus. These data suggest that there are several regions
in the CNS that mediate the control of food intake and that no single brain area constitutes
either a “hunger” or a “satiety” center.

CNS Regulation by Adiposity Signals and Effector Pathways
These challenges to the dual-centers hypothesis led to new models for understanding

the role of the hypothalamus in the control of food intake. Other research has focused on
emphasizing factors and signaling pathways that control long-term energy balance.
Adult mammals typically match their caloric intake to their caloric expenditure in a
remarkably accurate fashion. In the 1950s Kennedy postulated that animals could regu-
late their energy balance by monitoring the major form of energy storage in the body,
adipose mass (10). When caloric intake exceeds caloric expenditure, fat stores are ex-
panded; when caloric expenditure exceeds caloric intake, fat stores are reduced. In other
words, if the size of the adipose mass could be monitored, energy intake and energy
expenditure could be adjusted to keep adipose mass constant and thereby keep the energy
equation balanced over long periods of time.

There are at least two peripherally derived hormones that provide key afferent infor-
mation to the CNS for body weight regulation. Leptin, a peptide hormone secreted from
adipocytes in proportion to fat mass, has received tremendous attention during the last
decade. Considerable evidence has been derived that implicates leptin as one of the
body’s adiposity signals (11–14). Leptin levels in the blood correlate directly with body
fat, and peripheral or central administration of leptin reduces food intake and increases
energy expenditure.

Importantly, leptin levels are better correlated with subcutaneous fat than with vis-
ceral fat in humans, such that the reliability of leptin as an adiposity signal varies with
the distribution of body fat. There is a sexual dimorphism with respect to the way in
which body fat is distributed. Males tend to have more body fat located in the visceral
adipose depot, whereas females tend to have more fat in the subcutaneous depot. Because
females tend to have more subcutaneous fat than males, on the average, leptin is therefore
a better correlate of total adiposity in females than in males (15). Further, when energy
balance is suddenly changed (for example, if an individual is fasted for a day), plasma
leptin levels decrease far more than body adiposity in the short term (16–18). Hence,
although much has been written about leptin as an adiposity signal, it is not ideal in and
of itself, suggesting that other signals may exist. One candidate is the pancreatic hor-
mone, insulin.

Insulin is well known for its role in regulating glucose homeostasis; however, an often
under-represented role for insulin is as an adiposity signal. Plasma insulin levels also
directly correlate with adiposity, and although leptin is a better correlate of subcutaneous
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adiposity, insulin correlates better with visceral adiposity (19–22). Moreover, when
energy balance changes, there are changes in plasma insulin that closely follow changes
in homeostasis (23). Therefore, both leptin and insulin can be considered adiposity
signals, each indicating something different to the brain; insulin is a correlate of visceral
adiposity and leptin is a correlate of subcutaneous adiposity and, together or separately,
they are markers of changes of metabolic status.

CONTROL OF ENERGY INTAKE

Food intake in mammals, including humans, occurs in distinct bouts or meals, and the
number and size of meals over the course of a day comprises the meal pattern. Food
intake is thought to be regulated by signals from the gut, brainstem, and hypothalamus.
Most humans are quite habitual in that they eat approximately the same number of meals,
and at the same time of day (24,25). Factors or signals that control when meals occur are
different from those that control when they end—i.e., different factors control meal onset
and meal size (25,26). Historically, meal onset was thought to be a reflexive response to
a reduction in the amount or availability of some parameter related to energy. Changes
in glucose levels were posited to stimulate meals; this was coined the “glucostatic”
theory. This theory put forth the idea that a reduction of glucose utilization by sensor
cells in the hypothalamus of the brain caused the sensation of “hunger” and a tendency
to start a meal (27,28). An additional hypothesis was generated about what stimulates
“hunger”; this was associated with changes in fuel, either from changes in body heat,
upon fat utilization by the liver, or upon the generation of adenosine triphosphate (ATP)
and other energy-rich molecules by cells in the liver and/or brain (29–32).

Food intake may be stimulated for reasons other than simple changes in energy sub-
strates. An alternative hypothesis for meal generation is that most meals are initiated at
times that are convenient or habitual, and thus based on social or learned factors as
opposed to fluxes of energy within the body (33). In this schema, the regulatory control
over food intake is exerted on how much food is consumed once a meal is started rather
than on when the meal occurs (34,35). Therefore, individuals have flexibility over their
individualized meal patterns, and this is influenced by their environment and lifestyle.
Hence, there are factors and signals that are regulatory controls that determine meal size,
and this is generally equated with the phenomenon of satiety or fullness (26).

Satiety
Meals are considered to be regulated—there are initiation and cessation cues that

signal the beginning and completion of the meal, respectively. If the cessation cue is
controlled by signals that arise from the brain and gut, then the individual must have a
means of measuring reliably how much food has been eaten—i.e., the number of calories
consumed, or perhaps the precise mix of carbohydrates, lipids, and proteins, and/or other
food-related parameters. Consumption must be monitored as the meal progresses so the
person knows when to say “I’m full” and put down the fork (26). Some parameters or
signals might provide the important feedback during an ongoing meal. These signals
may be in the form of vision, smell, or taste to gauge the amount of energy consumed.
However, several types of experiments have found that any such input is minimal at best.

To determine whether the gut conveys a signal to end the meal, animals have been
experimentally implanted with a gastric fistula (36). When the fistula is closed, swal-
lowed food enters the stomach, is processed normally, and moves into the duodenum.
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When the fistula is open, swallowed food enters the stomach and then exits the body via
the fistula, in a process called sham eating. In both instances the visual, olfactory, and
taste inputs are the same, but the amount eaten varies considerably. When the fistula is
closed (representing what happens in a normal meal), animals eat normal-sized meals;
when the fistula is open (representing the experimental condition, or sham eating),
animals continue eating for long intervals and consume very large meals (36–38). Hence,
whatever signals an individual uses to gauge how many calories have been consumed
must arise no more proximally than the distal stomach and/or small intestine.

As ingested food interacts with the stomach and intestine, it elicits the secretion of an
array of gut peptides and other signals that function to coordinate and optimize the
digestive process. In 1973 Gibbs and Smith and their colleagues reported that the gut
peptide, cholecystokinin (CCK), acts as a satiety signal, suggesting that this peptide may
regulate the size of meals. When purified or synthetic CCK is administered to rats or
humans prior to a meal, it dose-dependently reduced the size of that meal (39–43).
Further support of a role of endogenous CCK in eliciting satiety is indicated by the
observation that the administration of specific CCK-1 receptor antagonists prior to a
meal causes increased meal size in animals and humans (44–47) and reduces the subjec-
tive feeling of satiety in humans (44).

Endogenous factors that reduce the size of meals are considered satiety signals. There
are several different gut peptides that normally contribute to reductions in meal size and
number (48,49). Besides CCK, gastrin-releasing peptide (GRP) (50), neuromedin B
(51), enterostatin (52,53), somatostatin (54), glucagon-like peptide (GLP)-1 (55,56),
apolipoprotein A-IV (57), and peptide YY (PYY)3-36 (58) are all peptides secreted from
the gastrointestinal system that have been reported to reduce meal size when adminis-
tered systemically. Amylin (59,60) and glucagon (61,62) secreted from the pancreatic
islets during meals also have this property.

These peptides signal the central nervous system via multiple mechanisms but all
contribute to the phenomenon of satiety. The mechanism thought to be used by most is
to activate receptors on vagal afferent fibers passing to the hindbrain (e.g., CCK [63–65],
glucagon [66,67]), or to stimulate the hindbrain directly at sites with a relaxed blood–
brain barrier (e.g., amylin [68,69]). Signals from different peptides, as well as signals
related to stomach distension, are thought to be integrated either within the vagal fibers
themselves or in the hindbrain, as they generate an overall signal that ultimately causes
the individual to stop eating (70–73).

In summary, when food is eaten, it interacts with receptors lining the stomach and
intestine, causing the release of peptides and other factors that coordinate the process of
digestion with the particular food being consumed. Some of the peptides provide a signal
to the nervous system, and as the integrated signal accumulates, it ultimately creates the
sensation of fullness and contributes to cessation of eating.

An important and generally unanswered question concerns whether satiety signals
have therapeutic value to treat obesity. Thus, if satiety signals reduce individual meals
(e.g., by administering CCK prior to each meal), individuals may adjust by increasing
their frequency of eating, thereby maintaining total daily intake essentially constant
(74,75). CCK and the other gut-derived satiety signals have very short half-lives, on the
order of one or a few minutes. Of note, rats with a genetic ablation of functional CCK-
1 receptors gradually become obese over their lifetimes (76). Hence, long-acting analogs
of the satiety signals may have efficacy in causing weight loss. This is an area of con-
siderable research activity at present.
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INTEGRATION OF ADIPOSITY SIGNALS

The information about total body fat derived from insulin and leptin must be inte-
grated with satiety signals as well as with other signals related to learning, social situ-
ations, stress, and other factors, for the control system to be maximally efficient. Although
the nature of these interactions is not well understood, several generalizations or conclu-
sions can be made. For one, the negative feedback circuits related to body fat and meal
ingestion can easily be overridden by situational events. As an example, even though
satiety signals might indicate that no more food should be eaten during an ongoing meal,
the sight, smell, and perceived palatability of an offered dessert can stimulate further
intake. Likewise, even though an individual is severely underweight and food is avail-
able, the influence of stressors can preclude significant ingestion. Because of these kinds
of interactions, trying to relate food intake within an individual meal to recent energy
expenditure or to fat stores is futile, at least in the short term. Rather, the influence of
homeostatic signals becomes apparent only when intake is considered over longer inter-
vals. That is, if homeostatic signals predominated, a relatively large intake in one meal
should be compensated by reduced intake in the subsequent meal. However, detailed
analyses have revealed that such compensation, if it occurs at all, is apparent in humans
only when intervals of one or more days are considered (77,78). This phenomenon was
initially demonstrated in a rigorous experiment using rabbits, where weekly intake cor-
related better with recent energy expenditure than did intake after 1 or 3 d (79).

Homeostatic controls over food intake act by changing the sensitivity to satiety sig-
nals. The adiposity signals insulin and leptin alter sensitivity to CCK. Hence, when an
individual has gained excess weight, more insulin and leptin stimulate the brain, and this
in turn renders CCK more efficacious at reducing meal size (80–84). This association
continues until the individual or animal becomes obese and resistant to the adiposity
signals leptin and insulin.

The feeding circuitry is integrated. As discussed above, satiety signals that influence
meal size interact with vagal afferent fibers and continue into the hindbrain (85,86),
where meal size is ultimately determined (87). At the same time, the hypothalamic
arcuate nucleus receives adiposity signals (leptin and insulin) as well as information
related to ongoing meals from the hindbrain. Through integration of these multiple
signals, metabolism and ingestion are monitored (11–14,88).

Importantly, leptin and insulin fill distinct niches in the endocrine system. Although
leptin has been implicated in several systemic processes, such as angiogenesis, the
primary role of leptin appears to be as a negative-feedback adiposity signal that acts in
the brain to suppress food intake and net catabolic effector (22,89,90). Consistent with
this, animals lacking leptin or functional leptin receptors are grossly obese. Insulin (as
previously mentioned), in contrast, has a primary action in the periphery to regulate
blood glucose and stimulate glucose uptake by most tissues. Analogous to leptin, how-
ever, deficits in insulin signaling are also associated with hyperphagia in humans, and
animals that lack normal insulin signaling in the brain are also obese (22,89–92).

The potential for redundancy between leptin and insulin has been highlighted by
several recent studies in which leptin and insulin have been found to share both intrac-
ellular and neuronal signaling pathways. The melanocortin system has long been thought
to mediate the central actions of leptin (see “Melanocortins” section), though recent
studies indicate insulin stimulated the expression of the melanocortin agonist precursor
peptide pro-opiomelanocortin (POMC) in fasted rats and insulin-induced hypophagia is
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blocked by a non-specific melanocortin receptor antagonist (93–98). Furthermore,
phosphatidylinositol-3-OH kinase (PI(3)K), an intracellular mediator of insulin signal-
ing (99), appears to play a crucial role in the leptin-induced anorexia signal transduction
pathway as well (99). Leptin functionally enhances or “sensitizes” some actions of
insulin. The underlying molecular mechanisms for the insulin-sensitizing effects of
leptin are unclear, and studies are conflicting regarding the effect of leptin on insulin-
stimulated signal transduction. Whereas the long form of the leptin receptor has the
capacity to activate the JAK/STAT3 (100,101) and mitogen-activated protein kinase
(MAPK) pathways, leptin is also able to stimulate tyrosine phosphorylation of insulin
receptor substrate (IRS-1) (101), and to increase transcription of fos, jun (102).

CENTRAL SIGNALS RELATED TO ENERGY HOMEOSTASIS

Neural circuits in the brain that control energy homeostasis can be subdivided into
those that receive sensory information (afferent circuits), those that integrate the infor-
mation, and those that control motor, autonomic, and endocrine responses (efferent
circuits). Peptides such as insulin, leptin, and CCK—i.e., adiposity and satiety signals—
are afferent signals that influence food intake. Additional, more direct, metabolic signals
arise within the brain itself and also influence food intake, and these are discussed below.

Substrates such as glucose and/or fatty acids are utilized in most cells in the body and
can be captured or released as energy. As oxygen combines with these substrates in the
mitochondria of the cell, water and carbon dioxide are produced, and the substrate’s
energy is transferred into molecules such as ATP that can be used as needed to power
cellular processes. Most cells in the body have complex means of maintaining adequate
ATP generation because they are able to oxidize either glucose or fatty acids. Hence, if
one or the other substrate becomes low, enzymatic changes occur to increase the ability
of the cell rapidly to take up and oxidize the alternate fuel. Compromising the formation
of ATP disables cells, and when it occurs in the brain, generates a signal that leads to
increased eating (32,103–105).

It has been posited that specific cells/neurons in the brain function as fuel sensors and
thereby generate signals that interact with other neuronal systems to regulate energy
homeostasis (32,105). The brain is sensitive to changes in glucose utilization because
neurons primarily use glucose for energy. Recently, it has been demonstrated that in
addition to sensing changes in glucose levels, the brain also responds to and uses fatty
acids as sensor to influence food intake.

When energy substrates are abundant, most cells throughout the body have the ability
to synthesize fatty acids from acetyl CoA (TCA cycle intermediate) and malonyl CoA
via the cellular enzyme, fatty acid synthase (FAS). When FAS activity is inhibited
locally in the brain by the drug C75, animals eat less food and over the course of a few
days, selectively lose body fat (106–108). One interpretation of these findings is that
there are some hypothalamic cells that have the ability to sense changes in fatty acids,
and these are the critical populations of cells that are responsible for energy homeostasis
(109). The anorexic activity of C75 appears to require brain carbohydrate metabolism
(110), further supporting a critical role of key hypothalamic cells in the regulation of
energy homeostasis. Consistent with this, increases of either carbohydrate or long-chain
fatty acid availability locally in the arcuate nucleus leads to reduced food intake and
signals are sent to the liver to reduce the secretion of energy-rich fuels into the blood



Chapter 1 / Neuroregulation of Appetite 11

(111). These findings further support the concept that some brain neurons can utilize
either glucose or lipids for energy and hence function as overall energy sensors (e.g., see
refs. 31,32,112).

These nutrient-sensing cells in the brain have begun to be more fully characterized.
As previously mentioned, there are glucose-sensing neurons/cells, and these appear to
contain receptors and enzymes that are consistent with another type of cell that senses
changes in glucose, the pancreatic -cells. Like -cells, certain populations of neurons
and glia detect changes in glucose levels and generate signals that influence metabolism
and behavior (113,114). In further support of an integrated system, there is evidence that
the same or proximally close neurons contain receptors for leptin and insulin. What can
be imagined from the current findings is that the brain is a critical “nutrient-
sensing”organ; there is a population of neurons that collectively sample different classes
of energy-rich molecules (i.e., glucose and fatty acids) as well as hormones whose levels
reflect adiposity throughout the body (i.e., insulin and leptin). These same neurons
appear also to be sensitive to the myriad neuropeptides known to be important regulators
of energy homeostasis (32), which will be described more fully below.

Anabolic Effector Systems
NEUROPEPTIDE Y

Neuropeptide Y (NPY) is one of the most potent stimulators of food intake (115–117),
and is proposed to be an anabolic effector that induces positive energy balance. NPY is
a highly expressed peptide in the mammalian CNS (118,119), and is well conserved
across species. Hypothalamic NPY neurons are found primarily in the arcuate (ARC)
and dorsomedial nuclei, and in neurons such as the PVN (120–125). Endogenous release
of NPY is regulated by energy balance. Specifically, in the ARC, food deprivation, food
restriction, or exercise-induced negative energy balance each results in upregulation of
NPY mRNA in the ARC and increased NPY protein. Repeated administration of NPY
results in sustained hyperphagia and rapid body weight gain (126,127). The response of
the NPY system to negative energy balance is mediated, at least in part, by the falls in
both insulin and leptin that accompany negative energy balance. Central insulin or

Table 1
Neuropeptides/Hormones/Nutrients/Neurotransmitters

Anabolic Catabolic

Melanin-concentrating hormone (MCH) �
Hypocretin–orexin �
Neuropeptide Y (NPY) �
Agouti-related protein (AgRP) �
Ghrelin �
Cocaine–amphetamine-related transcript (CART) �
Corticotropin-releasing hormone (CRH) and urocortin �
Proglucagon (GLP-1, GLP-2) �
Serotonin �
Ciliary neurotrophic factor (CNTF) �
Pro-opiomelanocortin (POMC) �
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central/peripheral leptin infusion attentuates the effect of negative energy balance and
reduced NPY mRNA levels in the ARC (128–131).

The ARC NPY system has received the most experimental attention; however, there
is also evidence that implicates the dorsal medial hypothalamus (DMH) NPY system in
the regulation of food intake. The role of NPY in the DMH in regulation of body weight
is most evident in several genetic murine obesity models, such as in tubby and agouti
lethal yellow mice, where these animals are hyperphagic, yet have no elevations in ARC
NPY mRNA, but do have elevations in DMH NPY mRNA (132–134). Rats that do not
make a specific receptor for the classic gut-satiety factor, CCK, have elevated body fat
mass (135), with elevated NPY mRNA in the DMH but not the ARC. There is growing
evidence that points to the hypothesis that there are multiple inputs that determine NPY
activity in both the ARC and DMH.

There has been considerable controversy about the importance of the NPY system
because mice with a targeted deletion of the NPY gene do not show a dramatic phenotype
in terms of their regulation of energy balance (136). Interestingly, when NPY-deficient
mice are crossed with obese ob/ob mice, the resultant mice with both NPY and leptin
deficiency weigh less than ob/ob mice that have an intact NPY system, indicating that
the NPY system contributes significantly to the obesity of ob/ob mice (137). This is
consistent with data showing elevated NPY levels in the hypothalamus of ob/ob mice.
However, a number of other murine models of obesity have no apparent difference when
crossed with NPY-deficient mice (138). Thus one conclusion that could be reached from
experiments on NPY-deficient mice suggests that NPY’s importance may not be as great
as the physiological evidence has indicated. Alternatively, NPY-deficient mice may
compensate for developing in the absence of NPY signaling (139,140).

A recent report has further demonstrated the critical role of NPY neurons in the
arcuate nucleus. Bruning and colleagues induced targeted expression of a toxin receptor
to neurons expressing agouti-related protein (AgRP) (141). NPY and AgRP (discussed
in Melanocortin section) are coexpressed in a subset of arcuate nuclei. These are the
critical NPY/AgRP neurons that are believed to mediate many of the effects of leptin and
insulin on food intake. Using this technique, the investigators were able to induce cell
death specifically in these neurons in a temporal manner (141). In contrast to the embry-
onic deletion of the neurons, mice with adult targeted deletion of the NPY/AgRP neurons
stopped eating and lost significant amounts of body adiposity. Indeed, the embryonic
ablation of these neurons is consistent with ablation of the individual NPY and AgRP
neuropeptides. This elegant study confirms the important role of these cells in the normal
regulation of energy balance. Although they are compelling, the data point to the impor-
tance of the neurons, not the unique neuropeptides NPY and AgRP (141).

There are several NPY receptors that are critical for the physiological effects observed
following NPY administration. Both the Y1 and Y5 receptors have significant expres-
sion in areas of the hypothalamus that are sensitive to the orexigenic effects of NPY.
However, both pharmacological (142–147) and transgenic approaches to assessing the
relative contributions of Y1 and Y5 receptors have resulted in conflicting data. There
remains some speculation for the existence of an unidentified NPY receptor that contrib-
utes significantly to the feeding response (148). Over the years, the NPY receptors have
attracted a significant interest by the biotechnology and pharmaceutical industries (149).
Despite this industry investment, NPY antagonists have failed to show significant effi-
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cacy in preclinical obesity models (150). Therefore, it is unlikely that we will see NPY
pharmacological agents in the clinic in the near future.

MELANIN-CONCENTRATING HORMONE

As previously described, the LHA was known as an area critical for the regulation of
food intake and fluid intake and was first reviewed in Stellar’s original papers in the
1940s and 1950s. There are at least two peptides released from the LHA that appear to
mediate these effects: melanin-concentrating hormone (MCH) and orexin (see
“Hypocretin/Orexin”). MCH regulates food intake and its expression is increased in
obese ob/ob mice (151). When MCH is delivered into the ventricular system it potently
increases food intake (152,153) and water intake (154). Unlike NPY, repeated admin-
istration of MCH does not result in increased body weight (155). Importantly, mice with
targeted deletion of MCH have reduced food intake and decreased body weight and
adiposity (156), unlike the NPY-null mice. Recent evidence indicates that MCH is
potently regulated by estrogen and may be an important component of mediating the
effects of estrogen on food intake and energy balance (157). Because there are MCH
projections and receptors that are broadly distributed throughout the neuraxis, and com-
bined with the fact that the MCH knockout animal is lean, it is likely that MCH has a
significant role in the regulation of food intake. Several MCH antagonists have been
described in the literature and all appear to reduce body weight, food intake, and fat mass
(158,159). Indeed, several pharmaceutical companies have begun evaluation of MCH-
selective antagonists in humans (160).

HYPOCRETIN/OREXIN

“Hypocretins” (161) and “orexins” (162) are two names given to the same peptide.
Hypocretin is the more commonly used term in sleep/wake cycle research, whereas
orexin is more commonly used in food intake research. The orexins consist of two
peptides (ORX-A and ORX-B) and two receptors, and although the cell bodies are
located in close proximity to MCH-expressing neurons in the LHA, the two systems do
not colocalize to any significant extent (163). Considerable evidence indicates that
central administration of ORX-A increases food intake (164,165). Like MCH, orexins
have a broad distribution pattern and a variety of evidence links the ORX system directly
to the control of arousal (166,167).

In further support of the CNS being an integrated system, the LHA is positioned to
receive information about nutrients and information concerning the levels of adiposity
signals that are transmitted to the LHA via projections from the ARC. There are signifi-
cant hypothalamic connections among the ARC, the PVN, and the LHA. Projections
from the ARC synapse on both MCH and ORX neurons in the LHA (168). NPY and
melanocortin neurons from the ARC interact in a specific way with MCH and the ORX
systems in the LHA (164,165,169,170), suggesting that it is tied to energy homeostasis.
Additionally, ORX mRNA in the LHA is inhibited by leptin (162) and increased by
decreased glucose utilization (171).

GHRELIN

Ghrelin is the endogenous ligand for the growth hormone secretagog receptor
(172,173). Endocrine cells of the stomach secrete ghrelin, and consistent with its role as
an anabolic effector, centrally and peripherally administered ghrelin results in increased
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food intake in both rats (174,175) and humans (176). Ghrelin infusion results in dramatic
obesity, and circulating ghrelin levels are increased during fasting and rapidly decline
after nutrients are provided to the stomach (172,173; for review, see ref. 177). Ghrelin
binds to the growth hormone secretagog receptor, which is found in the arcuate nucleus
of the hypothalamus. NPY-producing cells in the ARC are critical mediators of the effect
of ghrelin (178–181). Finally, clinical evidence points to elevated levels of ghrelin in
weight-reduced patients (182) with the notable exception of patients who have been
successfully treated for obesity by gastric bypass, in whom circulating ghrelin levels are
close to undetectable (183).

As previously discussed, there are numerous peptides secreted from the stomach and
intestines that influence food intake. Gastrointestinal signals are thought to be released
to restrain the consumption of excess calories and to minimize the increase of postpran-
dial blood glucose (34). Gastrointestinal signals reduce meal size and provide signals as
to the complexity of macronutrients consumed. The fact that only one gastrointestinal
peptide stimulates food intake speaks to the importance of limiting meal size. The ghrelin
signaling pathway has received much publicity in the media and attention by pharma-
ceutical companies (184). The data suggest that ghrelin antagonists may be potent inhibi-
tors of food intake and good weight loss agents (185). Indeed, several studies indicate
that antagonists may be potent food intake inhibitors in lean rodents, though evidence
in high-fat-fed diet-induced obese rodents is lacking (186).

CATABOLIC EFFECTOR SYSTEMS

Catabolic systems are those that are activated during positive energy balance. These
systems oppose those previously described, which are activated during negative energy
balance. When animals or humans consume calories in excess of their requirements,
body weight is gained. Additionally, if animals are forced to consume calories in excess
of their needs, voluntary food intake drops to near zero and the animals gain body weight
(187,188). These data provide further evidence that body weight is tightly regulated.
Hence animals not only have potent regulatory responses to being in negative energy
balance, but they also possess regulatory responses to being in positive energy balance.
Catabolic systems are defined here as those that are activated during positive energy
balance and that act to reduce energy intake and/or to increase energy expenditure and
thereby restore energy stores to its defended levels.

Cocaine–Amphetamine-Related Transcript
Cocaine–amphetamine-related transcript (CART) (189) was first identified as a gene

whose expression is regulated by cocaine and amphetamine. CART is expressed in many
of the POMC-expressing neurons in the ARC. CART expression is reduced during
negative energy balance and is stimulated by leptin (190). Exogenous administration of
CART peptide fragments into the ventricular system potently reduces food intake (190–
192) and ventricular administration of antibodies to CART produce significant increases
in intake, implicating a role for endogenous CART in the inhibition of food intake (190).
However, at these same doses, CART also produces a number of other behavioral actions
that make its exact role in the control of food intake unclear (193). CART is a very
prevalent peptide and its distinct role in the regulation of food intake and body weight
is further confused by data indicating that when delivered specifically into the arcuate
nucleus, CART actually produces an increase in food intake (194).
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Corticotropin-Releasing Hormone and Urocortin
Corticotropin-releasing hormone (CRH) is synthesized in the PVN and LHA and is

negatively regulated by levels of glucocorticoids. CRH is a key controller of the hypo-
thalamic–pituitary axis (HPA), which regulates glucocorticoid secretion from the adre-
nal gland. Administration of CRH into the ventricular system potently reduces food
intake, increases energy expenditure, and reduces body weight (195,196). As previously
mentioned, when animals are overfed, they voluntarily reduced their food intake, and
CRH mRNA in the PVN is also potently increased by involuntary overfeeding (188).
The role of CRH in the regulation of food intake and body is complex owing to the
presence of a binding protein within the CNS and evidence that inhibition of this binding
protein results in decreased food intake (197).

Urocortin is a second peptide in the CRH family. Urocortin administration reduces
food intake but unlike what occurs following CRH, reductions in food intake are not
associated with other aversive effects (198). Urocortin is produced in the caudal
brainstem and has prominent projections to the PVN (199). Given the central importance
of the CRH system to activity of the HPA axis, the important role of peripheral glucocor-
ticoids in controlling metabolic processes, and the inverse relationship between peripheral
leptin and glucocorticoid levels, unraveling the complicated relationship of the CRH/
urocortin systems in control of energy balance remains a critical but elusive goal. (For
a more thorough review of the CRH system and energy balance see refs. 200,201)

Proglucagon-Derived Peptides
Preproglucagon is a peptide made both in the periphery and in the CNS. Preproglucagon

encodes two peptides with described central activity: glucagon-like-peptide 1 (GLP-1)
and glucagon-like-peptide 2 (GLP-2). Both peptides are made in the L-cells of the distal
intestine and have well-described functions in the periphery, with GLP-1 critical for
enhancing nutrient-induced insulin secretion (202) and GLP-2 playing an important role
in maintenance of the gut mucosa (203). Preproglucagon is also made in a distinct
population of neurons in the nucleus of the solitary tract, with prominent projections to
the PVN and DMH (204,205) as well as to the spinal cord. Preproglucagon neurons
appear to be targets of leptin, as peripheral leptin administration induces fos expression,
a marker of neuronal activation, in them (206,207). Both GLP-1 and GLP-2 have distinct
receptors, with the GLP-1 receptor found predominantly in the PVN and the GLP-2
receptor in the DMH. When administered into the ventricular system, GLP-1 produces
a profound reduction in food intake and antagonists to the GLP-1 receptor increase food
intake (208,209). However, exogenous GLP-1 administration is also associated with a
number of the symptoms of visceral illness (210,211), and GLP-1 receptor antagonists
can block the visceral illness effects of the toxin LiCl (212,213). GLP-2 administration
is associated with a less potent anorectic response but one that appears not to be accom-
panied by the symptoms of visceral illness associated with GLP-1 (214). The interaction
of these two cosecreted peptides is yet to be determined.

Serotonin
Serotonin has been implicated in body weight and food intake regulation, based on

animal and human studies (215). Serotonin affects feeding behavior by promoting satia-
tion and also appears to play a role in carbohydrate intake (216). The activity of serotonin
is observed in several hypothalamic nuclei in the medial hypothalamus, notably the
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PVN, VMHl, suprachiasmatic, and LHA of the hypothalamus nuclei (217). There are at
least 14 serotonin receptor subtypes, but the receptor subtypes implicated in feeding
include 5HT1A, 5HT1B, 5HT2C, 5HT1D, 5HT2A, and 5HT3 (218). Importantly, enhance-
ment or stimulation of serotonergic activity leads to decreased food intake, whereas
attenuation or inhibition of serotonergic activity leads to increased food intake. Indeed,
clinical evidence for the importance of the serotonergic system derives from the highly
efficacious drugs dexfenfluramine and fenfluramine (215). Both were dual-acting 5HT-
reuptake and 5HT-releasing agents that were potent satiety drugs used as obesity thera-
peutics. They were withdrawn from the clinic because of untoward effects on the heart
valve, perhaps related to their activity at peripheral 5HT2B receptor stimulation. Newer
serotonergic agonists are being developed to selectively stimulate the 5HT2C receptor
subtype (219). In fact, 5HT2C null mice are obese and hyperphagic (220). Finally, recent data
show that serotonergic signaling, specifically 5HT2C receptors, requires melanocortinergic
signaling to inhibit feeding (221).

Ciliary Neurotrophic Factor and Axokine

Ciliary neurotrophic factor (CNTF) is a neuronal survival factor shown to induce weight
loss in rodents and humans (222,223). CNTF leads to a reduction in food intake and body
weight apparently via activating pathways that mimic leptin, though unlike leptin, CNTF
is active in leptin-resistant diet-induced obese mice (224). Interestingly, CNTF-treated
rodents and humans lose weight and maintain the reduced body weight for a long period
after cessation of treatment. The implication of these observations suggests that CNTF
resets the body weight “set point,” or changes the weight the body defends. But the
reason was not understood, although recent data from the Flier laboratory shed light on
a potential mechanism for the maintenance of the weight loss (225). Flier and colleagues
showed that CNTF induces neuronal cell proliferation in hypothalamic feeding centers.
The new cells show functional leptin responsiveness. The data provide an explanation
for the prolonged weight loss maintenance but do not explain how CNTF induces satiety
and leads to weight loss. Initial data in rodents appeared to indicate that CNTF somehow
suppresses the appetite-enhancing neuropeptide NPY (226).

Melanocortins
The action of leptin, and possibly insulin, on feeding behavior is transduced by the

melanocortin signaling pathway in the hypothalamus (227). The arcuate nuclei in the
hypothalamus contain two distinct populations of neurons that highly express the leptin
receptor. These neurons are the POMC and agouti-related protein (AgRP)/NPY neurons,
which project onto neurons in the paraventricular and lateral hypothalamic area known
to express the melanocortin receptors. The POMC-containing neurons secrete the
melanocortin agonist -MSH, whereas the AgRP/NPY-containing neurons secrete the
melanocortin antagonist AgRP. Leptin appears to reciprocally regulate these nuclei.
Low leptin levels lead to increased expression of AgRP and reduced expression of
POMC and -MSH. In contrast, high leptin levels lead to increased expression of POMC
and reduced expression of AgRP.

The importance of the melanocortin signaling pathway in feeding behavior and body
weight was originally uncovered by mouse fanciers characterizing coat color pheno-
types in the mouse (228). One of these mutations, named agouti lethal yellow, had a
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yellow coat color and was obese. Over the past decade, the details of this unusual
mutation were elucidated, as well as its relevance to human obesity. The signaling
system involves the melanocortin receptor and two functionally opposing ligands, an
agonist derived from the POMC peptide and an antagonist, AgRP (229,230). Inactivat-
ing mutations in the receptor as well as the activating ligand, MSH, lead to hyperph-
agia and obesity in both rodents and humans (231–233). Likewise, overexpression of the
antagonist, AgRP, also leads to obesity in rodents (234).

There are five mammalian melanocortin receptor subtypes involved in diverse physi-
ological processes such as feeding behavior, energy balance, pigmentation, and stress
response (235,236). The melanocortin-3 and -4 receptors (MC3R, MC4R) are expressed
in the brain and implicated in body weight and feeding behavior regulation. The MC1R
is expressed in the skin and implicated in skin and hair pigmentation. The MC2R is
expressed in the adrenal gland and implicated in the stress response, part of the hypotha-
lamic–pituitary adrenal (HPA) axis. Finally, the MC5R is ubiquitously expressed in the
periphery and implicated in sebaceous gland physiology.

The melanocortin receptors, particularly the MC4R, have attracted significant phar-
maceutical attention (237). Indeed, pharmacological validation for the role of the
melanocortin receptors in feeding behavior derives based on the peptide nonspecific
melanocortin agonist melanotan II (MTII) (238,239). Rodent and human studies with
MTII indicate that melanocortin agonism leads to reduced food intake. The melanocortin
receptors are involved in a variety of physiological process, thus identifying a selective
agonist has been quite complicated. Despite significant biotechnology and pharmaceu-
tical interest, pharmacological modulators of MC4R are not likely to appear in the clinic
in the near future.

Syndecan-3
Syndecan-3, a neuronal heparan sulfate proteoglycan (HSPG), was recently identi-

fied as a modulator of feeding behavior by acting as a coreceptor for the melanocortin
receptors in the hypothalamus (240). Syndecan-3 expression is regulated by nutritional
status; ablation of the gene leads to reduced food intake and resistance to high-fat diet-
induced obesity (241). The finding was quite unexpected, but provides a novel mecha-
nism for regulating body weight. Syndecan-3 is a member of a family of four type I
transmembrane HSPGs that act as coreceptors for diverse cell surface receptors (242).
As coreceptors, the syndecans modulate a variety of cellular and physiological pro-
cesses. Syndecan function is regulated by transcriptional, post-transcriptional, and post-
translational processes. Syndecans are also regulated by cleavage of their extracelluar
domain in a process commonly referred to as shedding (243). Release of the extracellular
domain can inactivate the signaling modulated by the syndecans.

Regulation of feeding behavior by syndecan-3 is likely modulated by cleavage of its
extracellular domain by shedding (244). Transgenic expression of syndecan-1, a ho-
molog of syndecan-3, in the hypothalamus leads to hyperphagia and obesity in mice
(240). Notably, the hypothalamic expressed syndecan-1 cannot be shed, suggesting loss
of feeding regulation. In fact, injection of shedding inhibitors into the hypothalamus of
normal rodents leads to hyperphagia. Syndecan-3 is poised to play a role in the hypotha-
lamic regulation of feeding behavior modulated by synaptic plasticity. Recent data from
the Horvath and Simmerly laboratories indicate that rewiring of the arcuate nuclei in the
hypothalamus occurs in response to leptin (245,246). The data indicate that excitatory



18 Reizes, Benoit, and Clegg

and inhibitory synapses on the POMC and AgRP/NPY neurons can rapidly change in
response to adiposity signals such as leptin. Syndecan-3 has been implicated in synaptic
plasticity changes involved in hippocampus-dependent memory (247). Therefore, it is
likely that syndecan-3 can also play a related role in the synaptic plasticity changes
occurring in the hypothalamus.

CONCLUSIONS

The research and topics presented in this review are by no means the entirety of work
into the CNS regulation of food intake and appetite. In fact, there are rich areas of
investigation that we have been able to mention only briefly. The important conclusion
from all of this work is, however, that the regulation system—and specifically the CNS
control of this regulation—is diverse and yet exquisitely integrated. From signals arising
in the gastrointestinal tract, to hormones that convey adiposity information, to the mul-
tiple nuclei in the brain that receive and coordinate the behavioral response, each part of
the system represents not an independent entity, but rather an important piece of a
complex whole.

REFERENCES

1. Stellar E. The physiology of motivation. Psychol Rev 1954;61:5–22.
2. Powley TL. The ventromedial hypothalamic syndrome, satiety, and a cephalic phase hypothesis.

Psychol Rev 1977;84:89–126.
3. Sclafani A. The role of hyperinsulinema and the vagus nerve in hypothalamic hyperphagia reexam-

ined. Diabetologia 1981;20(Suppl):402–410.
4. Bray GA, Sclafani A, Novin D. Obesity-inducing hypothalamic knife cuts: effects on lipolysis and

blood insulin levels. Am J Physiol 1982;243(3):R445–R449.
5. Aravich PF, Sclafani A. Paraventricular hypothalamic lesions and medial hypothalamic knife cuts

produce similar hyperphagia syndromes. Behav Neurosci 1983;97(6):970–983.
6. Grill HJ, Norgren R. Chronically decerebrate rats demonstrate satiation but not bait shyness. Science

1978;201(4352):267–269.
7. Grill HJ, Norgren R. The taste reactivity test. II. Mimetic responses to gustatory stimuli in chronic

thalamic and chronic decerebrate rats. Brain Res 1978;143(2):281–297.
8. Grill HJ, Smith GP. Cholecystokinin decreases sucrose intake in chronic decerebrate rats. Am J

Physiol 1988;254: R853–R856.
9. Flynn FW, Grill HJ. Intraoral intake and taste reactivity responses elicited by sucrose and sodium

chloride in chronic decerebrate rats. Behav Neurosci 1988;102(6):934–941.
10. Kennedy GC. The role of depot fat in the hypothalamic control of food intake in the rat. Proc R Soc

Lond (Biol) 1953;140:579–592.
11. Ahima RS, et al. Leptin regulation of neuroendocrine systems. Front Neuroendocrinol 2000;21:263–307.
12. Cone RD, et al. The arcuate nucleus as a conduit for diverse signals relevant to energy homeostasis.

Int J Obes Relat Metab Disord 2001;25 Suppl 5:S63–S67.
13. Elmquist JK, Elias CF, . Saper CB From lesions to leptin: hypothalamic control of food intake and body

weight. Neuron 1999;22:221–232.
14. Schwartz MW, et al. Central nervous system control of food intake. Nature 2000;404:661–671.
15. Havel PJ, et al. Gender differences in plasma leptin concentrations. Nat Med 1996;2(9):949–950.
16. Ahren B, et al. Regulation of plasma leptin in mice: influence of age, high-fat diet and fasting. Am J

Physiol 1997;273:R113–R120.
17. Havel PJ, Mechanisms regulating leptin production: Implications for control of energy balance. Am

J Clin Nutr 1999;70:305–306.
18. Buchanan C, et al. Central nervous system effects of leptin. Trends Endocrinol Metab 1998;9(4):146–150.
19. Bjorntorp P. Metabolic implications of body fat distribution. Diabetes Care 1991;14(12):1132–1143.
20. Bjorntorp P. Abdominal fat distribution and the metabolic syndrome. J Cardiovasc Pharmacol 1992;20

Suppl 8:S26–S28.



Chapter 1 / Neuroregulation of Appetite 19

21. Bjorntorp P. Body fat distribution, insulin reistance, and metabolic diseases. Nutrition 1997;13:795–
803.

22. Woods SC, et al. Signals that regulate food intake and energy homeostasis. Science 1998;280:1378–
1383.

23. Schwartz, MW, et al. Insulin in the brain: a hormonal regulator of energy balance. Endocrine Rev
1992;13:387–414.

24. de Castro JM, Stroebele N. Food intake in the real world: implications for nutrition and aging. Clin
Geriatr Med 2002;18:685–697.

25. de Castro JM. The control of eating behavior in free living humans. In: Stricker EM, Woods SC, eds.
Handbook of Neurobiology. Neurobiology of Food and Fluid Intake, vol. 14, no. 2 Kluwer Academic/
Plenum Publishers, New York: 2004; pp. 467–502.

26. de Graaf C, et al. Biomarkers of satiation and satiety. Am J Clin Nutr 2004;79:946–961.
27. Mayer J. Regulation of energy intake and the body weight: The glucostatic and lipostatic hypothesis.

Ann NY Acad Sci 1955;63:14–42.
28. Mayer J, Thomas DW Regulation of food intake and obesity. Science 1967;156:328–337.
29. Friedman MI. Fuel partitioning and food intake. Am J Clin Nutr 1998;67(Suppl 3):513S–518S.
30. Friedman MI. An energy sensor for control of energy intake. Proc Nutr Soc 1997;56(1A):41–50.
31. Langhans W. Metabolic and glucostatic control of feeding. Proc Nutr Soc 1996;55:497–515.
32. Peters A, et al. The selfish brain: competition for energy resources. Neurosci Biobehav Rev

2004;28:143–180.
33. Strubbe JH, Woods SC. The timing of meals. Psychol Rev 2004;111:128–141.
34. Woods SC, Strubbe JH. The psychobiology of meals. Psychonom Bull Rev 1994;1:141–155.
35. Woods SC, et al. Food intake and the regulation of body weight. Ann Rev Psychol 2000;51:255–277.
36. Davis JD, Campbell CS. Peripheral control of meal size in the rat. Effect of sham feeding on meal size

and drinking rate. J Comp Physiol Psychol 1973;83(3):379–87.
37. Davis JD, Smith GP. Learning to sham feed: behavioral adjustments to loss of physiological

postingestional stimuli. Am J Physiol 1990;259(6 Pt 2):R1228–R1235.
38. Gibbs J, Young RC, Smith GP. Cholecystokinin elicits satiety in rats with open gastric fistulas. Nature

1973;245:323–325.
39. Gibbs J, Young RC, Smith GP. Cholecystokinin decreases food intake in rats. J Comp Physiol Psychol

1973;84:488–495.
40. Kissileff HR, et al. Cholecystokinin decreases food intake in man. Am J Clin Nutr 1981;34:154–160.
41. Muurahainenn N, et al. Effects of cholecystokinin-octapeptide (CCK-8) on food intake and gastric

emptying in man. Physiol Behav 1988;44:644–649.
42. Moran TH, Schwartz GJ. Neurobiology of cholecystokinin. Crit Rev Neurobiol 1994;9:1–28.
43. Smith GP, Gibbs J. The development and proof of the cholecystokinin hypothesis of satiety. In:

Dourish CT, et al., eds. Multiple Cholecystokinin Receptors in the CNS, Oxford University Press,
Oxford: 1992; pp. 166–182.

44. Beglinger C, et al. Loxiglumide, a CCK-A receptor antagonist, stimulates calorie intake and hunger
feelings in humans. Am J Physiol 2001;280:R1149–R1154.

45. Hewson G, et al. The cholecystokinin receptor antagonist L364,718 increases food intake in the rat by
attenuation of endogenous cholecystokinin. Br J Pharmacol 1988;93:79–84.

46. Moran TH, et al. Blockade of type A, but not type B, CCK receptors postpones satiety in rhesus
monkeys. Am J Physiol 1993;265:R620–R624.

47. Reidelberger RD, O’Rourke MF. Potent cholecystokinin antagonist L-364,718 stimulates food intake
in rats. Am J Physiol 1989;257:R1512–R1518.

48. Kaplan JM, Moran TH. Gastrointestinal signaling in the control of food intake. In: Stricker EM, Woods
SC, eds. Handbook of Behavioral Neurobiology. Neurobiology of Food and Fluid Intake, vol. 4, no.
2, Kluwer Academic/Plenum Publishers, New York: 2004; pp. 273–303.

49. Smith GP, ed. Satiation: From Gut to Brain. Oxford University Press, New York: 1998.
50. Stein LJ, Woods SC. Gastrin releasing peptide reduces meal size in rats. Peptides 1982;3(5):833–835.
51. Ladenheim EE, Wirth KE, Moran TH. Receptor subtype mediation of feeding suppression by

bombesin-like peptides. Pharmacol Biochem Behav 1996;54(4):705–711.
52. Okada S, et al. Enterostatin (Val-Pro-Asp-Pro-Arg), the activation peptide of procolipase, selectively

reduces fat intake. Physiol Behav 1991;49:1185–1189.
53. Shargill NS, et al. Enterostatin suppresses food intake following injection into the third ventricle of

rats. Brain Res 1991;544:137–140.



20 Reizes, Benoit, and Clegg

54. Lotter EC, et al. Somatostatin decreases food intake of rats and baboons. J Comp Physiol Psychol
1981;95(2):278–287.

55. Larsen PJ, et al, Systemic administration of the long-acting GLP-1 derivative NN2211 induces lasting
and reversible weight loss in both normal and obese rats. Diabetes 2001;50:2530–2539.

56. Naslund E, et al. Energy intake and appetite are suppressed by glucagon-like peptide-1 (GLP-1) in
obese men. Int J Obes Relat Metab Disord 1999;23(3):304–311.

57. Fujimoto K, et al. Effect of intravenous administration of apolipoprotein A-IV on patterns of feeding,
drinking and ambulatory activity in rats. Brain Res 1993;608:233–237.

58. Batterham RL, et al. Gut hormone PYY(3-36) physiologically inhibits food intake. Nature
2002;418(6898):650–654.

59. Chance WT, et al. Anorexia following the intrahypothalamic administration of amylin. Brain Res
1991;539(2):352–354.

60. Lutz T., Del Prete E, Scharrer E. Reduction of food intake in rats by intraperitoneal injection of low
doses of amylin. Physiol Behav 1994;55(5):891–895.

61. Geary N. Glucagon and the control of meal size. In: Smith GP, ed. Satiation. From Gut to Brain. Oxford
University Press, New York: 1998; pp. 164–197.

62. Salter JM, Metabolic effects of glucagon in the Wistar rat. Am J Clin Nutr 1960;8:535–539.
63. Davison JS, Clarke GD. Mechanical properties and sensitivity to CCK of vagal gastric slowly adapting

mechanoreceptors. Am J Physiol 1988;255(1 Pt 1):G55–G61.
64. Lorenz DN, Goldman SA. Vagal mediation of the cholecystokinin satiety effect in rats. Physiol Behav

1982;29(4):599–604.
65. Moran TH, et al. Vagal afferent and efferent contributions to the inhibition of food intake by chole-

cystokinin. Am J Physiol 1997;272(4 Pt 2):R1245–R1251.
66. Geary N, Le Sauter J, Noh U. Glucagon acts in the liver to control spontaneous meal size in rats. Am

J Physiol 1993;264:R116–R122.
67. Langhans W. Role of the liver in the metabolic control of eating: what we know—and what we do not

know. Neurosci Biobehav Rev 1996;20:145–153.
68. Lutz TA, Del Prete E, Scharrer E. Subdiaphragmatic vagotomy does not influence the anorectic effect

of amylin. Peptides 1995;16(3):457–462.
69. Lutz TA, et al. Lesion of the area postrema/nucleus of the solitary tract (AP/NTS) attenuates the

anorectic effects of amylin and calcitonin gene-related peptide (CGRP) in rats. Peptides 1998;19(2):
309–317.

70. Edwards GL, Ladenheim EE, Ritter RC. Dorsomedial hindbrain participation in cholecystokinin-
induced satiety. Am J Physiol 1986;251:R971–R977.

71. Moran TH, Ladenheim EE, Schwartz GJ. Within-meal gut feedback signaling. Int J Obes Rel Metab
Disord 2001;25 Suppl 5:S39–S41.

72. Moran TH, Kinzig KP. Gastrointestinal satiety signals II. Cholecystokinin. Am J Physiol Gastrointest
Liver Physiol 2004;286(2):G183–G188.

73. Rinaman L, et al. Cholecystokinin activates catecholaminergic neurons in the caudal medulla that
innervate the paraventricular nucleus of the hypothalamus in rats. J Comp Neurol 1995;360:246–256.

74. West DB, Fey D, Woods SC. Cholecystokinin persistently suppresses meal size but not food intake
in free-feeding rats. Am J Physiol 1984;246:R776–R787.

75. West DB, et al. Lithium chloride, cholecystokinin and meal patterns: evidence the cholecystokinin
suppresses meal size in rats without causing malaise. Appetite 1987;8:221–227.

76. Moran TH, et al. Disordered food intake and obesity in rats lacking cholecystokinin A receptors. Am
J Physiol 1998;274(3 Pt 2):R618–R625.

77. Birch LL, et al. The variability of young children’s energy intake. N Engl J Med 1991;324:232–235.
78. de Castro JM. Prior day’s intake has macronutrient-specific delayed negative feedback effects on the

spontaneous food intake of free-living humans. J Nutr 1998 ;128:61–67.
79. Gasnier A, Mayer A. Recherche sur la régulation de la nutrition. II. Mécanismes régulateurs de la

nutrition chez le lapin domestique. Annals Physiologie Physicoichemie et Biologie 1939;15:157–185.
80. Barrachina MD, et al. Synergistic interaction between leptin and cholecystokinin to reduce short-term

food intake in lean mice. Proc Natl Acad Sci USA 1997;94:10,455–10,460.
81. Figlewicz DP, et al. Intraventricular insulin enhances the meal-suppressive efficacy of intraventricular

cholecystokinin octapeptide in the baboon. Behav Neurosci 1995;109:567–569.
82. Matson CA, et al. Synergy between leptin and cholecystokinin (CCK) to control daily caloric intake.

Peptides 1997;18:1275–1278.



Chapter 1 / Neuroregulation of Appetite 21

83. Matson CA, et al. Cholecystokinin and leptin act synergistically to reduce body weight. Am J Physiol
2000;278:R882–R890.

84. Riedy CA, et al. Central insulin enhances sensitivity to cholecystokinin. Physiol Behav 1995; 58:755–760.
85. Schwartz GJ, Moran TH. Sub-diaphragmatic vagal afferent integration of meal-related gastrointes-

tinal signals. Neurosci Biobehav Rev 1996;20:47–56.
86. Schwartz GJ, et al. Relationships between gastric motility and gastric vagal afferent responses to

CCK and GRP in rats differ. Am J Physiol 1997;272(6 Pt 2):R1726–R1733.
87. Grill HJ, Kaplan JM. The neuroanatomical axis for control of energy balance. Front Neuroendocrinol

2002;23(1):2–40.
88. Flier JS. Obesity wars: molecular progress confronts an expanding epidemic. Cell 2004;116:337–350.
89. Porte DJ, et al. Obesity, diabetes and the central nervous system. Diabetologia 1998;41:863–881.
90. Woods SC, et al. Insulin and the blood-brain barrier. Curr Pharmaceut Des 2003;9:795–800.
91. Tartaglia LA, et al. Identification and expression cloning of a leptin receptor, OB-R. Cell

1995;83:1263–1271.
92. Bruning JC, et al. Role of brain insulin receptor in control of body weight and reproduction. Science

2000;289(5487):2122–2125.
93. Seeley R, et al. Melanocortin receptors in leptin effects. Nature 1997;390(Nov 27):349.
94. Ollmann M, et al. Antagonism of central melanocortin receptors in vitro and in vivo by agouti-related

protein. Science 1997;278(Oct 3):135–138.
95. Rossi M, et al. A C-terminal fragment of agouti-related protein increases feeding and antagonizes the

effect of alpha-melanocyte stimulating hormone in vivo. Endocrinology 1998;139(Oct):4428–4431.
96. Hagan MM, et al. Long-term orexigenic effects of AgRP-(83-132) involve mechanisms other than

melanocortin receptor blockade. Am J Physiol 2000;279:R47–R52.
97. Fan W, et al. Role of melanocortinergic neurons in feeding and the agouti obesity syndrome. Nature

1997;385(Jan 9):165–168.
98. Hagan M, et al. Role of the CNS melanocortin system in the response to overfeeding. J Neurosci

1999;19(Mar 15):2362–2367.
99. Niswender KD, Schwartz MW. Insulin and leptin revisited: adiposity signals with overlapping physi-

ological and intracellular signaling capabilities. Front Neuroendocrinol 2003;24:1–10.
100. Tartaglia LA. The leptin receptor. J Biol Chem 1997;272:6093–6096.
101. Vaisse C, et al. Leptin activation of Stat3 in the hypothalamus of wild-type and ob/ob mice but not

db/db mice. Nat Genet 1996;14(1):95–97.
102. Cohen B, Novick D, Rubinstein M. Modulation of insulin activities by leptin. Science 1996;

274(5290):1185–1188.
103. Ainscow EK, et al. Dynamic imaging of free cytosolic ATP concentration during fuel sensing by rat

hypothalamic neurones: evidence for ATP-independent control of ATP-sensitive K(+) channels. J
Physiol 2002;544:429–445.

104. Even P, Nicolaidis S. Spontaneous and 2DG-induced metabolic changes and feeding: The ischymetric
hypothesis. Brain Res Bull 1985 ;15:429–435.

105. Nicolaidis S, Even P. Mesure du métabolisme de fond en relation avec la prise alimentaire: Hypothese
iscymétrique. Comptes Rendus Academie de Sciences, Paris 1984;298:295–300.

106. Clegg DJ, et al. Comparison of central and peripheral administration of C75 on food intake, body
weight, and conditioned taste aversion. Diabetes 2002;51(11):3196–3201.

107. Kumar MV, et al. Differential effects of a centrally acting fatty acid synthase inhibitor in lean and
obese mice. Proc Natl Acad Sci USA 2002;99:1921–1925.

108. Loftus TM, et al. Reduced food intake and body weight in mice treated with fatty acid synthase
inhibitors. Science 2000;288:2299–2300.

109. Obici S, et al. Inhibition of hypothalamic carnitine palmitoyltransferase-1 decreases food intake and
glucose production. Nat Med 2003;9:756–761.

110. Wortman MD, et al. C75 inhibits food intake by increasing CNS glucose metabolism. Nat Med
2003;9:483–485.

111. Obici S, et al. Central administration of oleic acid inhibits glucose production and food intake.
Diabetes 2002 ;51(2):271–275.

112. Nicolaidis S. Mecanisme nerveux de l’equilibre energetique. Journees Annuelles de Diabetologie de
l’Hotel-Dieu 1978;1: 152–156.

113. Levin BE, Dunn-Meynell AA, Routh VH. Brain glucose sensing and body energy homeostasis: role
in obesity and diabetes. Am J Physiol 1999;276:R1223–R1231.



22 Reizes, Benoit, and Clegg

114. Levin BE. Glucosensing neurons as integrators of metabolic signals. EWCBR 2002;22:67.
115. Clark JT, et al. Neuropeptide Y and human pancreatic polypeptide stimulate feeding behavior in rats.

Endocrinology 1984;115(1):427–429.
116. Stanley BG, Leibowitz SF. Neuropeptide Y injected into the paraventricular hypothalamus: a pow-

erful stimulant of feeding behavior. Proc Natl Acad Sci USA 1984;82:3940–3943.
117. Seeley RJ, Payne, CJ, Woods SC. Neuropeptide Y fails to increase intraoral intake in rats. Am J

Physiol 1995;268:R423–R427.
118. Allen YS, et al. Neuropeptide Y distribution in the rat brain. Science 1983;221:877–879.
119. Minth CD, Andrews PC, Dixon JE. Characterization, sequence and expression of the cloned human

neuropeptide Y gene. J Biol Chem 1986;261(26):11,975–11,979.
120. Mizuno TM, et al. Fasting regulates hypothalamic neuropeptide Y, agouti-related peptide, and

proopiomelanocortin in diabetic mice independent of changes in leptin or insulin. Endocrinology
1999;140(10):4551–4557.

121. Sahu A, et al. Neuropeptide Y release from the parventricular nucleus increases in association with
hyperphagia in streptozotocin-induced diabetic rats. Endocrinology 1992;131(6):2979–2985.

122. Marks JL, et al. Effect of fasting on regional levels of neuropeptide Y mRNA and insulin receptors
in the rat hypothalamus: An autoradiographic study. Mol Cell Neurosci 1992;3:199–205.

123. Sahu A, et al. Neuropeptide Y concentration in microdissected hypothalamic regions and in vitro
release from the medial basal hypothalamus-preoptic area of streptozotocin-diabetic rats with and
without insulin substitution therapy. Endocrinology 1990;126:192–198.

124. Kalra SP, et al. Neuropeptide Y secretion increases in the paraventricular nucleus in association with
increased appetite for food. Proc Natl Acad Sci USA 1991;88:10,931–10,935.

125. Sahu A, Kalra PS, Kalra SP. Food deprivation and ingestion induce reciprocal changes in neuropep-
tide Y concentrations in the paraventricular nucleus. Peptides 1988;9:83–86.

126. Stanley BG, et al. Neuropeptide Y chronically injected into the hypothalamus: A powerful neuro-
chemical inducer of hyperphagia and obesity. Peptides 1986;7:1189–1192.

127. McMinn JE, et al. NPY-induced overfeeding suppresses hypothalamic NPY mRNA expression:
potential roles of plasma insulin and leptin. Regulat Peptides 1998;75–76:425–431.

128. Sipols AJ, Baskin DG, Schwartz MW. Effect of intracerebroventricular insulin infusion on diabetic
hyperphagia and hypothalamic neuropeptide gene expression. Diabetes 1995;44:147–151.

129. Sipols AJ, Baskin DG, Schwartz MW. The importance of central nervous system insulin deficiency
to diabetic hyperphagia. Diabetes 1993;42(Suppl 1):152.

130. Stephens TW, et al. The role of neuropeptide Y in the antiobesity action of the obese gene product.
Nature 1995;377:530–534.

131. Schwartz MW, et al. Specificity of leptin action on elevated blood glucose levels and hypothalamic
neuropeptide Y gene expression in ob/ob mice. Diabetes 1996; 45:531–535.

132. Bernardis LL, Bellinger LL. The dorsomedial hypothalamic nucleus revisited: 1998 update. Proc Soc
Exp Biol Med 1998;218(4):284–306.

133. Kesterson RA, et al. Induction of neuropeptide Y gene expression in the dorsal medial hypothalamic
nucleus in two models of the agouti obesity syndrome. Mol Endocrinol 1997;11(5):630–637.

134. Guan XM, et al. Induction of neuropeptide Y expression in dorsomedial hypothalamus of diet-
induced obese mice. Neuroreport 1998;9(15):3415–3419.

135. Bi S, Ladenheim EE, Moran TH. Elevated neuropeptide Y expression in the dorsomedial hypotha-
lamic nucleus may contribute to the hyperphagia and obesity in OLETF rats with CCKA receptor
deficit. Annual Meeting of the Society for Neuroscience, New Orleans, LA: 2000.

136. Erickson JC, Clegg KE, Palmiter RD. Sensitivity to leptin and susceptibility to seizures of mice
lacking neuropeptide Y. Nature 1996;381:415–418.

137. Erickson JC, Hollopeter G, Palmiter RD. Attenuation of the obesity syndrome of ob/ob mice by the
loss of neuropeptide Y. Science 1996;274(5293):1704–1707.

138. Hollopeter G, Erickson JC, Palmiter RD. Role of neuropeptide Y in diet-, chemical- and genetic-
induced obesity of mice. Int J Obes Relat Metab Disord 1998;22(6):506–512.

139. Palmiter RD, et al. Life without neuropeptide Y. Recent Prog Horm Res 1998;53:163–199.
140. Woods SC, et al. NPY and food intake: Discrepancies in the model. Regul Peptides 1998;75–76:403–408.
141. Gropp E, et al. Agouti-related peptide-expressing neurons are mandatory for feeding. Nat Neurosci

2005;8(10):1289–1291.
142. Criscione L, et al. Food intake in free-feeding and energy-deprived lean rats is mediated by the

neuropeptide Y5 receptor. J Clin Invest 1998;102(12):2136–2145.



Chapter 1 / Neuroregulation of Appetite 23

143. Marsh DJ, et al. Role of the Y5 neuropeptide Y receptor in feeding and obesity (see comments). Nat
Med 1998;4(6):718–721.

144. Kanatani A, et al, Role of the Y1 receptor in the regulation of neuropeptide Y-mediated feeding:
comparison of wild-type, Y1 receptor-deficient, and Y5 receptor-deficient mice. Endocrinology
2000;141(3):1011–1016.

145. Tang-Christensen M, et al. Central administration of Y5 receptor antisense decreases spontaneous
food intake and attenuates feeding in response to exogenous neuropeptide Y. J Endocrinol
1998;159(2):307–312.

146. Larsen PJ, et al. Activation of central neuropeptide Y Y1 receptors potently stimulates food intake
in male rhesus monkeys [In Process Citation]. J Clin Endocrinol Metab 1999;84(10):3781–3791.

147. Hellig M, et al. In vivo downregulation of neuropeptide Y (NPY) Y1-receptors by i.c.v. antisense
oligodeoxynucleotide administration is associated with signs of anxiety in rats. Soc Neurosci Abstr
1992;18:1539.

148. O’Shea D, et al. Neuropeptide Y induced feeding in the rat is mediated by a novel receptor. Endo-
crinology 1997;138(1):196–202.

149. Zimanyi IA, Fathi Z, Poindexter GS. Central control of feeding behavior by neuropeptide Y. Curr
Pharm Des 1998;4(4):349–366.

150. Levens NR, Della-Zuana O. Neuropeptide Y Y5 receptor antagonists as anti-obesity drugs. Curr Opin
Investig Drugs 2003;4(10):1198–1204.

151. Qu D, et al. A role for melanin-concentrating hormone in the central regulation of feeding behaviour.
Nature 1996;380(6571):243–247.

152. Ludwig D, et al. Melanin-concentrating hormone: a functional melanocortin antagonist in the hypo-
thalamus. Am J Physiol 1998;274(Apr):E627–E633.

153. Sanchez M, Baker B, Celis M. Melanin-concentrating hormone (MCH) antagonizes the effects of
alpha-MSH and neuropeptide E-I on grooming and locomotor activities in the rat. Peptides
1997;18:393–396.

154. Clegg DJ, et al. Intraventricular melanin-concentrating hormone stimulates water intake independent
of food intake. Am J Physiol Regul Integr Comp Physiol, 2003;284(2):R494–R499.

155. Rossi M, et al. Melanin-concentrating hormone acutely stimulates feeding, but chronic administra-
tion has no effect on body weight. Endocrinology 1997;138(1):351–355.

156. Shimada M, et al. Mice lacking melanin-concentrating hormone are hypophagic and lean. Nature
1998;396(Dec 17):670–674.

157. Mystkowski P, et al. Hypothalamic melanin-concentrating hormone and estrogen-induced weight
loss [In Process Citation]. J Neurosci 2000;20(22):8637–8642.

158. Mashiko S, et al. Antiobesity effect of a melanin-concentrating hormone 1 receptor antagonist in diet-
induced obese mice. Endocrinology 2005;146(7):3080–3086.

159. Takekawa S, et al. T-226296: a novel, orally active and selective melanin-concentrating hormone
receptor antagonist. Eur J Pharmacol 2002;438(3):129–135.

160. Kowalski TJ, McBriar MD. Therapeutic potential of melanin-concentrating hormone-1 receptor
antagonists for the treatment of obesity. Expert Opin Investig Drugs 2004;13(9):1113–1122.

161. de Lecea L, et al. The hypocretins: hypothalamus-specific peptides with neuroexcitatory activity.
Proc Natl Acad Sci USA 1998;95:322–327.

162. Sakurai T, et al. Orexins and orexin receptors: a family of hypothalamic neuropeptides and G protein-
coupled receptors that regulate feeding behavior. Cell 1998;92(4):573–585.

163. Broberger C, et al. Hypocretin/orexin- and melanin-concentrating hormone-expressing cells form
distinct populations in the rodent lateral hypothalamus: relationship to the neuropeptide Y and agouti
gene-related protein systems. J Comp Neurol 1998;402:460–474.

164. Yamanaka A, et al. Orexin-induced food intake involves neuropeptide Y pathway. Brain Res
2000;859(2):404–409.

165. Rauch M, et al. Orexin A activates leptin-responsive neurons in the arcuate nucleus [In Process
Citation]. Pflugers Arch 2000;440(5):699–703.

166. Peyron C, et al. Neurons containing hypocretin (orexin) project to multiple neuronal systems. J
Neurosci 1998;18:9996–10,015.

167. Kilduff TS, Peyron C. The hypocretin/orexin ligand-receptor system: implications for sleep and sleep
disorders. Trends Neurosci 2000;23(8):359–365.

168. Elias CF, et al. Chemically defined projections linking the mediobasal hypothalamus and the lateral
hypothalamic area. J Comp Neurol 1998;402(4):442–459.



24 Reizes, Benoit, and Clegg

169. Tritos NA, et al. Functional interactions between melanin-concentrating hormone, neuropeptide Y,
and anorectic neuropeptides in the rat hypothalamus. Diabetes 1998;47:1687–1692.

170. Jain MR, et al. Evidence that NPY Y1 receptors are involved in stimulation of feeding by orexins
(hypocretins) in sated rats. Regul Peptides 2000;87(1–3):19–24.

171. Sergeyev V, et al. Effect of 2-mercaptoacetate and 2-deoxy-D-glucose administration on the expres-
sion of NPY, AGRP, POMC, MCH and hypocretin/orexin in the rat hypothalamus. Neuroreport
2000;11(1):117–121.

172. Kojima M, et al. Ghrelin is a growth-hormone-releasing acylated peptide from stomach. Nature
1999;402(6762):656–660.

173. Kojima M, Hosoda H, Kangawa K. Purification and distribution of ghrelin: the natural endogenous
ligand for the growth hormone secretagogue receptor. Horm Res 2001;56(Suppl 1):93–97.

174. Tschöp M, Smiley DL, Heiman ML. Ghrelin induces adiposity in rodents. Nature 2000;407(6806):
908–913.

175. Kamegai J, et al. Central effect of ghrelin, an endogenous growth hormone secretagogue, on hypo-
thalamic peptide gene expression. Endocrinology 2000;141(12):4797–4800.

176. Wren AM, et al. Ghrelin enhances appetite and increases food intake in humans. J Clin Endocrinol
Metab 2001;86(12):5992.

177. Horvath TL, et al. Minireview: ghrelin and the regulation of energy balance—a hypothalamic per-
spective. Endocrinology 2001;142(10):4163–4169.

178. Asakawa A, et al. Ghrelin is an appetite-stimulatory signal from stomach with structural resemblance
to motilin. Gastroenterology 2001;120(2):337–345.

179. Kamegai J, et al. Chronic central infusion of ghrelin increases hypothalamic neuropeptide Y and
Agouti-related protein mRNA levels and body weight in rats. Diabetes 2001;50(11):2438–2443.

180. Nakazato M, et al. A role for ghrelin in the central regulation of feeding. Nature 2001;409(6817):194–198.
181. Wang L, Saint-Pierre DH, Tache Y. Peripheral ghrelin selectively increases Fos expression in neu-

ropeptide Y-synthesizing neurons in mouse hypothalamic arcuate nucleus. Neurosci Lett
2002;325(1):47–51.

182. Tschöp M, et al. Circulating ghrelin levels are decreased in human obesity. Diabetes 2001;50(4):707–709.
183. Cummings DE, et al. Plasma ghrelin levels after diet-induced weight loss or gastric bypass surgery.

N Engl J Med 2002;346(21):1623–1630.
184. Horvath TL, Diano S, Tschop M. Ghrelin in hypothalamic regulation of energy balance. Curr Top

Med Chem 2003;3(8):921–927.
185. Asakawa A, et al. Antagonism of ghrelin receptor reduces food intake and body weight gain in mice.

Gut 2003;52(7):947–952.
186. Beck B, Richy S, Stricker-Krongrad A. Feeding response to ghrelin agonist and antagonist in lean and

obese Zucker rats. Life Sci 2004;76(4):473–478.
187. Bernstein IL, Lotter EC, Kulkosky PJ. Effect of force-feeding upon basal insulin levels in rats. Proc

Soc Exp Biol Med 1975;150:546–548.
188. Seeley RJ, et al. Behavioral, endocrine and hypothalamic responses to involuntary overfeeding. Am

J Physiol 1996;271:R819–R823.
189. Elias CF, et al. Leptin activates hypothalamic CART neurons projecting to the spinal cord. Neuron

1998;21:1375–1385.
190. Kristensen P, et al. Hypothalamic CART is a new anorectic peptide regulated by leptin. Nature

1998;393:72–76.
191. Lambert PD, et al. CART peptides in the central control of feeding and interactions with neuropeptide

Y. Synapse 1998;29:293–298.
192. Vrang N, et al. Recombinant CART peptide induces c-Fos expression in central areas involved in

control of feeding behaviour. Brain Res 1999;818:499–509.
193. Kask A, et al. Anorexigenic cocaine- and amphetamine-regulated transcript peptide intensifies fear

reactions in rats. Brain Res 2000;857(1–2):283–285.
194. Abbott CR, et al. Evidence of an orexigenic role for cocaine- and amphetamine-regulated transcript

after administration into discrete hypothalamic nuclei. Endocrinology 2001;142(8):3457–3463.
195. Krahn DD, Gosnell BA. Behavioral effects of corticotropin-releasing factor: localization and char-

acterization of central effects. Brain Res 1988;443:63–69.
196. Arase K, et al. Effects of corticotropin releasing factor on food intake and brown adipose tissue

thermogenesis in rats. Am J Physiol 1988;255:E255–E259.



Chapter 1 / Neuroregulation of Appetite 25

197. Heinrichs S, et al. Corticotropin-releasing factor-binding protein ligand inhibitor blunts excessive
weight gain in genetically obese Zucker rats and rats during nicotine withdrawal. Proc Natl Acad Sci
USA 1996;93(Dec 24):15,475–15480.

198. Spina M, et al. Appetite-suppressing effects of urocortin, a CRF-related neuropeptide. Science
1996;273(Sep 13):1561–1564.

199. Vaughan J, et al. Urocortin, a mammalian neuropeptide related to fish urotensin I and to corticotropin-
releasing factor (see comments). Nature 1995;378(Nov 16):287–292.

200. Richard D, Huang Q, Timofeeva E. The corticotropin-releasing hormone system in the regulation of
energy balance in obesity. Int J Obes Relat Metab Disord 2000;24(Suppl 2):S36–S39.

201. Heinrichs SC, Richard D. The role of corticotropin-releasing factor and urocortin in the modulation
of ingestive behavior. Neuropeptides 1999;33(5):350–359.

202. D’Alessio DA, et al. Elimination of the action of glucagon-like peptide 1 causes an impairment of
glucose tolerance after nutrient ingestion by healthy baboons. J Clin Invest 1996;97(1):133–138.

203. Drucker DJ, et al. Biologic properties and therapeutic potential of glucagon-like peptide-2. JPEN J
Parenter Enteral Nutr 1999;23(5 Suppl):S98–S100.

204. Drucker DJ, Glucagon-like peptides. Diabetes 1998;47(2):159–169.
205. van Dijk G, Thiele TE. Glucagon-like peptide-1 (7-36) amide: a central regulator of satiety and

interoceptive stress. Neuropeptides 1999;33(5):406–414.
206. Goldstone AP, et al. Effect of leptin on hypothalamic GLP-1 peptide and brain-stem pre-proglucagon

mRNA. Biochem Biophys Res Commun 2000;269(2):331–335.
207. Elmquist JK, et al. Leptin activates neurons in ventrobasal hypothalamus and brainstem. Endocrinol-

ogy 1997;138:839–842.
208. Turton MD, et al. A role for glucagon-like peptide-1 in the central regulation of feeding (see com-

ments). Nature 1996;379(6560):69–72.
209. Tang-Christensen M, et al. Central administration of GLP-1-(7-36) amide inhibits food and water

intake in rats. Am J Physiol 1996;271(4 Pt 2):R848–R856.
210. Van Dijk G, et al. Central infusions of leptin and GLP-1-(7-36) amide differentially stimulate c-FLI

in the rat brain. Am J Physiol 1996;271(4 Pt 2):R1096–R1100.
211. Thiele TE, et al. Central infusion of GLP-1, but not leptin, produces conditioned taste aversions in

rats. Am J Physiol 1997;272(2 Pt 2):R726–R730.
212. Thiele TE, et al. Central infusion of glucagon-like peptide-1-(7-36) amide (GLP-1) receptor antago-

nist attenuates lithium chloride-induced c-Fos induction in rat brainstem. Brain Res 1998;801(1–
2):164–170.

213. Seeley RJ, et al. The role of CNS GLP-1-(7-36) amide receptors in mediating the visceral illness
effects of lithium chloride. J Neurosci 2000;20:1616–1621.

214. Tang-Christensen M, et al. The proglucagon-derived peptide, glucagon-like peptide-2, is a neu-
rotransmitter involved in the regulation of food intake. Nat Med 2000;6(7):802–807.

215. Halford JC, et al. Serotonin (5-HT) drugs: effects on appetite expression and use for the treatment of
obesity. Curr Drug Targets 2005;6(2):201–213.

216. Lawton CL, Blundell JE. The effect of d-fenfluramine on intake of carbohydrate supplements is
influenced by the hydration of the test diets. Behav Pharmacol 1992;3(5):517–523.

217. Leibowitz SF, Alexander JT. Hypothalamic serotonin in control of eating behavior, meal size, and
body weight. Biol Psychiatry 1998;44(9):851–864.

218. Pierce PA, et al. 5-Hydroxytryptamine receptor subtype messenger RNAs in human dorsal root
ganglia: a polymerase chain reaction study. Neuroscience 1997;81(3):813–819.

219. Miller KJ, Serotonin 5-ht2c receptor agonists: potential for the treatment of obesity. Mol Interv
2005;5(5):282–291.

220. Nonogaki K, et al. Leptin-independent hyperphagia and type 2 diabetes in mice with a mutated
serotonin 5-HT2C receptor gene. Nat Med 1998;4(10):1152–1156.

221. Heisler LK, et al. Activation of central melanocortin pathways by fenfluramine. Science
2002;297(5581):609–611.

222. Ettinger MP, et al. Recombinant variant of ciliary neurotrophic factor for weight loss in obese adults:
a randomized, dose-ranging study. JAMA 2003;289(14):1826–1832.

223. Anderson KD, et al. Activation of the hypothalamic arcuate nucleus predicts the anorectic actions of
ciliary neurotrophic factor and leptin in intact and gold thioglucose-lesioned mice. J Neuroendocrinol
2003;15(7):649–660.



26 Reizes, Benoit, and Clegg

224. Kelly JF, et al. Ciliary neurotrophic factor and leptin induce distinct patterns of immediate early gene
expression in the brain. Diabetes 2004;53(4):911–920.

225. Kokoeva MV, Yin H, Flier JS. Neurogenesis in the hypothalamus of adult mice: potential role in
energy balance. Science 2005;310(5748):679–683.

226. Pu S, et al. Neuropeptide Y counteracts the anorectic and weight reducing effects of ciliary neuro-
tropic factor. J Neuroendocrinol 2000;12(9):827–832.

227. Cone RD, Anatomy and regulation of the central melanocortin system. Nat Neurosci 2005;8(5):571–578.
228. Yen T, et al. Obesity, diabetes, and neoplasia in yellow A(vy)/- mice: ectopic expression of the agouti

gene. FASEB J 1994;8(May):479–488.
229. Zimanyi IA, Pelleymounter MA. The role of melanocortin peptides and receptors in regulation of

energy balance. Curr Pharm Des 2003;9(8):627–641.
230. Stutz AM, Morrison CD, Argyropoulos G. The agouti-related protein and its role in energy homeo-

stasis. Peptides 2005;26(10):1771–1781.
231. Yaswen L, et al. Obesity in the mouse model of pro-opiomelanocortin deficiency responds to periph-

eral melanocortin. Nat Med 1999;5(9):1066–1070.
232. Krude H, et al. Severe early-onset obesity, adrenal insufficiency and red hair pigmentation caused by

POMC mutations in humans. Nat Genet 1998;19(2):155–157.
233. Huszar D, et al. Targeted disruption of the melanocortin-4 receptor results in obesity in mice. Cell

1997;88(1):131–141.
234. Ollmann MM, et al. Antagonism of central melanocortin receptors in vitro and in vivo by agouti-

related protein. Science 1997;278(5335):135–138.
235. Cone RD, et al. The melanocortin receptors: agonists, antagonists, and the hormonal control of

pigmentation. Rec Prog Hormone Res 1996;51:287–320.
236. Seeley RJ, Drazen DL, Clegg DJ. The critical role of the melanocortin system in the control of energy

balance. Annu Rev Nutr 2004;24:133–149.
237. Boyce RS, Duhl DM. Melanocortin-4 receptor agonists for the treatment of obesity. Curr Opin

Investig Drugs 2004;5(10):1063–1071.
238. Bluher S, et al. Ciliary neurotrophic factorAx15 alters energy homeostasis, decreases body weight,

and improves metabolic control in diet-induced obese and UCP1-DTA mice. Diabetes 2004;
53(11):2787–2796.

239. Dorr RT, et al. Evaluation of melanotan-II, a superpotent cyclic melanotropic peptide in a pilot phase-
I clinical study. Life Sci 1996;58(20):1777–1784.

240. Reizes O, et al. Transgenic expression of syndecan-1 uncovers a physiological control of feeding
behavior by syndecan-3. Cell 2001;106(1):105–116.

241. Strader AD, et al.,Mice lacking the syndecan-3 gene are resistant to dietary-induced obesity. J Clin
Invest 2004;114:1354–1360.

242. Park PW, Reizes O, Bernfield M. Cell surface heparan sulfate proteoglycans: selective regulators of
ligand-receptor encounters. J Biol Chem 2000;275(39):29,923–29,926.

243. Bernfield M, et al. Functions of cell surface heparan sulfate proteoglycans. Annu Rev Biochem
1999;68:729–777.

244. Reizes O, et al. Syndecan-3 modulates food intake by interacting with the melanocortin/AgRP path-
way. Ann NY Acad Sci 2003;994:66–73.

245. Pinto S, et al. Rapid rewiring of arcuate nucleus feeding circuits by leptin. Science 2004;304(5667):
110–115.

246. Bouret SG, Draper SJ, Simerly RB. Trophic action of leptin on hypothalamic neurons that regulate
feeding. Science 2004;304(5667):108–110.

247. Kaksonen M, et al. Syndecan-3-deficient mice exhibit enhanced LTP and impaired hippocampus-
dependent memory. Mol Cell Neurosci 2002;21(1):158–172.



Chapter 2 / Gut Peptides 27

27

From: Contemporary Endocrinology: Treatment of the Obese Patient
Edited by: R. F. Kushner and D. H. Bessesen © Humana Press Inc., Totowa, NJ

Gut Peptides

Vian Amber, MBChB, MSc, PhD, MRCPath,
and Stephen R. Bloom, MBChB, MA, FRCP,
FRCPath, DSc, MD

CONTENTS

INTRODUCTION

HYPOTHALAMIC CIRCUITRY

ANOREXIGENIC GUT PEPTIDES

OREXIGENIC GUT PEPTIDES

GUT HORMONE SYNERGISM AND/OR ANTAGONISM

CONCLUSION

REFERENCES

2

Summary
Obesity occurs as a result of excessive energy intake and /or reduced energy expenditure. The

hypothalamus is the principal region in the central nervous system that regulates appetite and energy
homeostasis by incorporating neural and hormonal signals from the periphery. A large number of
such hormones (gut peptides) are synthesized and secreted by cells in the gastrointestinal tract in
addition to its function as a digestive system. Increasing evidence supports the role of gut peptides
as short-term satiety signals regulating appetite and food intake. The anorexigenic gut peptides
include PYY, PP, oxyntomodulin (OXM), GLP-1, and CCK. They are secreted mainly from the
intestine, inhibit appetite, and promote satiety, whereas ghrelin, the only orexigenic peptide pro-
duced by the stomach, increases food intake. In this chapter we discuss the pathophysiology of gut
peptides in health and disease.

Key Words: Gut peptides; polypeptide YY (PYY); oxyntomodulin; glucagon-like protein
(GLP)-1; ghrelin; obesity; neuropeptide Y (NPY); pro-opiomelanocortin (POMC).

INTRODUCTION

The main function of the gut is digestion and absorption of food through mechanical
and enzymatic processes. However, the gastrointestinal (GI) system produces and se-
cretes gut peptides by nerve and gland cells in the mucosa. These exert diverse physi-
ologic functions including gut motility, acid secretion, appetite control, and regulation
of food intake. The latter is accomplished in consortium with neuronal signals and
psychological and habitual behavior, which may result in a considerable variation in
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energy intake and energy expenditure on a day-to-day basis. However, for body weight
to remain constant in the long term, there should be a tight control between energy intake
and energy expenditure. An imbalance in energy homeostasis would thus result in either
excessive fat storage and obesity or weight loss and cachexia.

The hypothalamus is the principal region in the central nervous system that regulates
energy intake and energy expenditure. It contains several nuclei that elicit multiple
activities, including appetite control, when stimulated or inhibited. Integrated complex
neural and hormonal signals are communicated to the appetite centers in the hypothala-
mus from a peripheral satiety system that includes the gut and adipose tissue. The
neuroregulation of appetite is discussed in detail in Chapter 1. In this chapter we concen-
trate on the role of gut peptides as short term regulators of appetite. The long-term signals
from adipose tissue that encode energy stores are discussed in Chapters 4 and 5.

Gut peptides act in a paracrine fashion, via the circulation, and/or act directly on the
CNS. They also act as a gut nutriment sensor by signaling the appetite centers in the brain
via the vagal or sympathetic afferents. In addition, many of the gut peptides and their
receptors are also produced locally as neurotransmitters in the CNS regulating food
intake.

Several gut hormones produced by the intestine and pancreas have been shown to
inhibit food intake (anorexigenic) (Table 1). These include peptide YY3-36 (PYY3-36),
pancreatic polypeptide (PP), cholecystokinin (CCK), oxyntomodulin (OXM), and glu-
cagon-like peptide (GLP)-1, whereas ghrelin, produced in the stomach, is the only gut
peptide known to stimulate feeding (orexigenic). In the past decade, numerous studies
have made great advances in our understanding of the important sensing and signaling
roles of gut peptides in the regulation of food intake and energy homeostasis.

This chapter discusses the pathophysiological roles of orexigenic and anorexigenic
gut peptides in the regulation of food intake.

HYPOTHALAMIC CIRCUITRY

Central Pathways
In addition to neuroregulation, discussed in the previous chapter, the hypothalamus

integrates chemical and humoral signals from the gut, and hormonal signals from the
periphery (adipose tissue), for the regulation of appetite and energy homeostasis. It
contains several nuclei—the lateral nuclei, ventromedial nucleus (VMN), dorsomedial
nucleus (DMN), paraventricular nucleus (PVN), perifornical, and arcuate nuclei—and
anatomically, it is in close proximity to the brain stem, amygdala, and higher brain
centers that are involved in appetite control. Despite its small size—only 1% of the brain
mass—it plays a major role in bridging peripheral signals with central pathways that
control the vegetative and (neuro)endocrine functions of the body.

The arcuate nucleus (ARC), positioned at the base of the hypothalamus with an
“incomplete” blood–brain barrier, is subjected to direct exposure to factors in the general
circulation such as gut peptides. It contains two subsets of neurons: a stimulatory neuron
(orexigenic) containing neuropeptide Y (NPY) and agouti-related peptide (AgRP), and
an inhibitory neuron (anorexigenic) containing pro-opiomelanocortin (POMC) (Fig. 1).
The latter is a precursor of -melanocyte-stimulating hormone ( -MSH), and cocaine-
and amphetamine-regulated transcript (CART). The -MSH produces its anorexigenic
effects mainly via melanocortin receptors (MCRs). Of the five identified MCRs, MC3R
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Table 1
Anorexigenic and Orexigenic Gut Hormones

Peptide Sites of synthesis Stimulus Actions Mediation of action Molecular forms

Anorexigenic
OXM L-cells of distal ileum Meal Inhibits food intake GLP-1 receptor

and colon Calorie content Inhibits gastric acid secretion Glucagon receptor —
Pancreas Fat Inhibits gastric motility Suppression of ghrelin
CNS Reduces pancreatic enzyme secretion

GLP-1 L-cells of distal small Meal Incretin effect on insulin secretion GLP-1 receptor GLP-17-36
ileum, colon Suppresses glucagon release GLP 17-37

Pancreas Promotes pancreatic -cell growth
CNS Inhibits food intake

Delays gastric emptying
Inhibits gastric secretion
Inhibits lipase secretion

PYY3-36 L-cells of distal ileum, Meal Inhibits food intake Y2 receptor PYY 1-36
colon, rectum Fat and protein Reduces gastric motility Inhibits NPY PYY 3-36

CNS Calorie content Inhibits gallbladder secretion
CCK, gastric acid, Inhibits pancreatic secretion

bile acid, bombesin,
IGF-1

PP PP-cells in islets Inhibits pancreatic enzyme secretion Y4 receptors —
of Langerhans Inhibits food intake
CNS Gallbladder relaxation

CCK I-cells of duodenum, Food ingestion, Stimulates pancreatic exocrine secretion CCK A Multiple
jejunum protein, fat Stimulates gallbladder contraction CCK B Intestinal

CNS Delays gastric emptying CCK-33, CCK-8
Enteric nerve ending Inhibits gastric acid secretion

Reduces food intake
Increases satiety
Stimulates bowel motility

Orexigenic
Ghrelin Stomach, small bowel, Fasting Promotes GH release GHS receptor —

colon Increases food intake
Hypothalamus Promotes gastric motility

Promotes PP release

CCK, cholecystokinin; CNS, central nervous system; GHS, growth hormone secretagogue, GLP-1 glucagon-like peptides-1; PP, pancreatic polypeptide; PYY,
peptide YY.
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and MC4R, present in high density in the PVN, have been shown to be important in the
regulation of food intake (1). -MSH is a natural endogenous agonist, whereas AgRP is
an endogenous antagonist of the MC3/MC4 receptors (2). Disruption of the MCR path-
way has been shown to be associated with extreme obesity (4). In fact, transgenic animals
lacking the POMC gene, having MC4R mutations, or overexpressing AgRP have been
shown to be hyperphagic and obese (3,4). In humans, MC4 receptor mutations have been
shown to be the most common known cause of single gene (monogenic) obesity (5,6).
On the other hand, NPY, with a shorter half-life compared with AgRP, is proposed to
exert its effect via Y receptors. Six subtypes of these have been described (Y1–Y6)
(Table 2) (7–10). NPY has a higher affinity to Y1 and Y5 receptors. These are available
in high abundance in the nucleus tractus solitarius (NTS), from which NPY neurons
project to the PVN.

Neuron projections from the arcuate nucleus extend to the PVN and DMN (Fig. 1).
Activated neuronal pathways in the PVN signal the NTS, which also integrates signals
from the sympathetic and vagal afferent fibers. The PVN also coordinates input from
melanin-concentrating hormone (MCH)-producing neurons in the lateral hypothalamus
and other brain areas, such as the area postrema, brainstem, and amygdala, that have
impact on food intake. The latter has some areas that increase feeding and other areas that

Fig. 1. Gut peptide regulation of appetite. Schematic diagram of the gut–brain, gut–gut, and gut–
adipose tissue interactions. MC3/MC4 R, melanocortin 3 and 4 receptors; YR, Y receptors; NPY/
AgRP, neuropeptide Y and agouti-related peptide neurons in the arcuate nucleus in the hypo-
thalamus; POMC/CART, pro-opiomelanocortin and cocaine–amphetamine-regulated peptide;
PVN, paraventricular nucleus; NTS, nucleus tractus solitarius; AP, area postrema; BBB, blood–
brain barrier.
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inhibit feeding. It is worth noting that areas in the brainstem and amygdala control the
mechanics of feeding including salivation, taste, chewing, and swallowing. Destruction
of these areas would thus cause the animal to lose its recognition for the type and/or
quality of food.

Peripheral Signals
Insulin from the pancreas, leptin from adipose tissue, and gut peptides (PYY3-36,

GLP-1, CCK, and OXM) from the gastrointestinal tract (GIT) are known anorexigenic
hormones/peptides. They directly inhibit NPY/AgRP and stimulate POMC/CART in the
arcuate nucleus (11). Reciprocal to this is the orexigenic gut peptide ghrelin. Ghrelin
stimulates NPY/AgRP and inhibits POMC/CART (discussed in “Ghrelin Mechanism of
Action”), thereby promoting meal initiation and increasing food intake. Whereas leptin
and insulin are known to be long-term regulators of adiposity and energy expenditure,
gut peptides are short-lived signals controlling food intake. They are sensed by the
hypothalamus on a meal-to-meal and/or day-to-day basis along with other neural, me-
chanical, and nutrient gut sensing signals. Here we discuss the anorexigenic and
orexigenic gut peptides.

ANOREXIGENIC GUT PEPTIDES

PP Fold Family of Peptides
The PP fold family of peptides include peptide YY (PYY) and PP from the gut and

NPY from the central nervous system. These peptides are structurally similar. They are
all small (36 amino acid) peptides containing several tyrosine residues. They are char-
acterized by a specific tertiary structure known as the PP fold, and they become biologi-
cally active following COOH-terminal amidation. The PP fold tertiary structure
consists of a characteristic u-shape double helix: one  and one polyproline, connected
by a -turn unit. The PP fold peptides appear to exert their effects through the Y
receptors (Y1–Y6), which are classified according to their affinity to PYY, PP, and NPY
fragments and analogs (7) (Table 2). Although they are all seven-domain transmembrane
receptors that inhibit adenylate cyclase by coupling to G-proteins, the Y1 receptor also
increases intracellular calcium and the Y2 receptor regulates calcium and potassium
channels. Y1 through Y5 are present centrally in the brain, and peripherally in the
intestine, pancreas, heart, muscle, and blood vessels. However, the Y6 receptors are
found mainly in the periphery (intestine, muscle, heart, and spleen) and are nonfunc-
tional in man. They have diverse functions including stimulation/suppression of appe-
tite, reduction of intestinal secretion, vasoconstriction, and analgesia. Table 1
summarizes the distribution and functions of these receptors.

PYY
PYY, a gut-derived peptide, was first isolated from porcine intestine (12). Although

it is virtually absent in the stomach, it is widely expressed in the intestine. It is produced
by the L-cells throughout the intestine, but predominantly in the ileum and colon, with the
highest levels being produced in the rectum (13,14). PYY is colocalized with GLP-I and
has a 42% and 70% amino acid homology with PP and NPY, respectively. There is
evidence that PYY is also produced by the pancreas (though not in humans), adrenal
medulla, and the CNS (hypothalamus, medulla, pons, and spinal cord) (14).
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PYY is released into the circulation 15 min following food ingestion. Once in circu-
lation, the native form PYY1-36 undergoes N-terminal, Tyr-pro, truncation by the action
of dipeptidyl peptidase IV (DPPIV) to produce the 34-amino-acid form, PYY3-36 (15).
This is the active circulating form of PYY, which has been shown to cross the incomplete
blood–brain barrier around the base of the hypothalamus by nonsaturable mechanisms.
Postprandial plasma levels of PYY3-36 plateau after 1 to 2 h, but remain elevated for up
to 6 h.

PYY3-36 is released into the circulation in proportion to the number of calories
ingested (16) but not to gastric distension. Meal composition has also been shown to
affect PYY release. Higher plasma levels of PYY are achieved after isocaloric meals of
fat compared with those of proteins and carbohydrates (17,18). A number of other factors
have been shown to stimulate PYY release, including CCK, gastric acid, bile acid infu-
sion to ileum and colon, insulin-like growth factor (IGF)-1, bombesin, and calcitonin
gene-related peptide. Neural signals—for example, vagal stimuli—have also been impli-
cated (19,20). Evidence to support the latter is the increase in PYY levels in response to
the presence of food in the duodenum, before its arrival to the L-cells in the ileum. In
contrast, release of the peptide is inhibited during fasting (9,21), and by GLP-1 (22).

Table 2
Affinity, Distribution, and Actions of the Known Y Receptor Superfamily

Receptor High-affinity peptide Low-affinity peptide Distribution Proposed
actions

Y1 NPY, PYY PP Cortex DRG Analgesia
Amygdala Anxiolysis
Hypothalamus  � Appetite
Blood vessels Vasoconstriction

Y2 NPY, PYY, PYY PP Hypothalamus Anorexia
(Presynaptic)    (3-36) DRG Analgesia

Hippocampus � Memory
Intestine � Secretion

Y4 PP,NPY (2-36), NPY/PYY fragments Hypothalamus �Appetite
   NPY (3-36), PYY, PYY (3-36)  Amygdala
   NPY/PYY Thalamus

Intestine,
 pancreas, heart,
  muscle

Y5 NPY, PYY, NPY/PYY fragments Hypothalamus � Appetite
   NPY (2-36), Thalamus � ACTH
   NPY (3-36), NTS
   PYY (3-36),
   NPY/PYY

Y6 (mouse) PP, NPY/PYY C-terminal Intestine
NPY fragments Spleen

Y6 A truncated non-functional receptor in man produced by deletion Heart, muscle,
   in sixth TM domain   intestine, spleen

DRG- dorsal root ganglion; NTS, nucleus tractus solitarius
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PYY Actions. PYY has numerous actions on the gut. It delays gastric emptying and
gastric and pancreatic secretions, and increases the absorption of fluid and electrolytes
in the ileum after a meal. PYY also inhibits food intake. This has been discovered
recently. The peripheral administration of PYY, first reported to reduce appetite in 1993,
has gained further support from subsequent animal and human studies. Indeed, in the
past decade, a number of studies have demonstrated the anorexigenic effects of PYY3-
36. In mice, administration of PYY3-36, peripherally (8,23–25), and centrally, by direct
injection to the arcuate nucleus (8), was shown to acutely reduce food intake. This
reduction in food intake was shown to continue on chronic peripheral administration of
the peptide, resulting in reduced weight gain (8).

In contrast, PYY administration to the third, lateral, or fourth cerebral ventricles
potently stimulates food intake in rodents. These findings may indicate, on the one hand,
that PYY might exert its effects through multiple complex pathways resulting in variable
effects, depending on its location being central or peripheral. On the other hand, it might
indicate that perhaps the PYY molecule undergoes configurational changes during its
passage through the blood–brain barrier, resulting in alteration in its effect.

Mechanism of Action. PYY has been shown to exert its effects primarily through
binding to the Y receptors. Though it has some affinity to Y1 and Y5 receptors, it
particularly binds with higher affinity to the Y2 receptors (9,26). The anorexigenic effect
of PYY3-36 is absent in Y2 receptor knockout mice (8,27) and was shown to be com-
pletely blocked by a Y2 receptor antagonist (26,28). Peripheral administration of PYY
3-36 has been shown to cause c-fos activation, a marker of neuronal activation, and
expression in the arcuate nucleus (8). Involvement of the melanocortin system has been
proposed to explain this effect of PYY via the Y2 receptors. Y2 is a presynaptic inhibi-
tory receptor of the orexigenic NPY neurons and mRNA expression/release in the arcu-
ate nucleus. NPY neurons inhibit POMC neurons via GABA mediation. Therefore,
inhibition of the NPY neurons results in a reciprocal activation of POMC neurons.
Inhibition of NPY and activation of POMC induces appetite suppression (29). However,
this cannot fully explain PYY3-36’s mechanism of action. The anorectic effects of
peripheral PYY3-36 were retained in POMC knockout mice doubting the necessity of
melanocortin peptides for the action of PYY3-36. In support of this, MC4R knockout and
agouti mice are shown to be sensitive to the anorectic effects of peripherally adminis-
tered PYY3-36 (24). These findings support the notion that PYY may exert its effect
through multiple pathways. Therefore, it is tempting to propose that although the Y1 and
Y5 receptors have lower affinities for PYY, they might override the actions of Y2
receptors when they are exposed directly to increasing amounts of PYY. This might be
the reason for the contrasting actions of PYY when injected to different parts of the brain.
The reduction in the orexigenic effects of centrally administered PYY in both Y1 and Y5
receptor knockout mice (30) further supports this. In addition, the area postrema appears
to be yet another mechanism through which PYY3-36 exerts its effect. For example, in
rats, ablation of the area postrema results in an increase in the acute anorectic effects of
PYY3-36 (31).

PYY3-36 has also been shown to inhibit food intake in man. A single infusion of
PYY3-36 caused a 30% and 31% reduction in food intake in a free-choice meal 2 h
postinfusion (8,21) in both obese and lean individuals. Subjective hunger feeling was
also reduced with the reduction in calorie intake without changes in gastric emptying
(21). The appetite reducing effect of PYY3-36 persisted for 24 h in both lean and obese
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subjects, despite PYY3-36 levels retuning to basal levels, which implies that PYY3-36
may be an important physiological postprandial satiety signal. This supports the findings
in the animal studies and suggests that, unlike leptin, PYY resistance (17,32) seems
unlikely. Therefore, much interest has been put into PYY3-36’s role in the pathogenesis
of obesity and its possible future therapeutic role as an antiobesity treatment (17). The
effects of PYY3-36 have been the subject of immense scrutiny and controversy (33–35),
however, with some laboratories claiming inability to reproduce the experiments in the
animal studies. Interestingly and more recently, the acute inhibitory effect of PYY3-36
on food intake was confirmed by other studies in rodents (23,31) and primates (36).
Halatchev et al. confirmed that intraperitoneal (IP) administration of PYY3-36 inhibits
food intake in a dose-dependent manner in rodents in both dark-phase food intake and
following a fast (24). In addition, the cumulative effect of chronic injection of PYY on
food intake and weight reductions was also reproduced (37). Several factors are likely
to contribute to this controversy and the outcome of these delicate behavioral studies.
These include different methodologies and protocols, different strains of animals, vari-
able immunoassay methods of PYY measurements, poor handling techniques, and stress
conditions under which the experiments are conducted. In fact, the stress caused by
handling and IP injections has been shown to cause a 32% reduction in food intake in
nonacclimatized mice compared with acclimatized mice (38). Acute stress is also known
to increase NPY neuron expression, which is likely to override the anorectic effects of
PYY3-36.

Insulin sensitivity has also been shown to be improved by PYY3-36. In animal models of
diabetes, long-term peripheral administration of PYY 3-36 has been shown to improve
glycemic control (37) as a consequence to reduced food intake, body weight, and visceral fat.

Although all the above support a possible therapeutic role of PYY in obesity, in
practice this is still not established based on the current knowledge on the identified
molecular configuration of the peptide thus far.

PYY Levels in Normal Physiology and Disease. PYY3-36 is inversely related to
body mass index (BMI). Obese patients have relatively lower basal levels of PYY3-36
compared with lean subjects. Even though attenuated, the postprandial response of
PYY3-36 in these patients is still present (9,21). However, fasting levels are not elevated
in morbidly obese patients, suggesting that the latter is a specific metabolic state (33).
PYY levels are subject to diurnal variation. It has been shown to be higher during night
sleep (in nonshift workers), which may explain why we do not feel hungry during sleep.
Interestingly, levels have been shown to be higher in lean subjects as compared with
obese ones during sleeping hours. This may partly contribute to the latter’s diverse eating
habits.

On the other hand, higher PYY concentrations were shown in the cerebrospinal fluid
(CSF) of patients with eating disorders such as bulimia nervosa and binge-eating disor-
ders (39). However, the occurrence of low levels of PYY in patients with anorexia
nervosa might fall into a different complex psychological entity.

PYY3-36 appears to increase in a number of gastrointestinal conditions and following
abdominal surgery (40–42). These conditions are usually associated with wasting status
and reduced body weight, which further supports PYY’s role as an anorexigenic peptide
and a satiety agent. Higher levels of PYY have also been demonstrated in diseases such
as malabsorption syndromes including tropical sprue, chronic pancreatitis, and celiac
disease (43), following small-intestinal surgery, and with acute gut infection and inflam-
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matory bowel disease (44). In these conditions elevated levels of PYY 3-36 have been
suggested to contribute to the recovery of the disease process. PYY is known to reduce
gastric motility, secretion and gallbladder contractility, and bile acid secretion. This
delays gastric emptying and subsequently the passage of nutrients to the diseased intes-
tine thereby promoting a natural rest to the gut. This will also allow the gut’s adaptation
to the new condition (33,40). Levels are also elevated in other cachectic conditions, such
as cardiac cachexia (45) and in cachexia associated with chronic kidney disease (CKD)
(46). Clearance of PYY through the impaired renal function might be partly the culprit
in the latter.

PANCREATIC POLYPEPTIDE

PP, discovered well before PYY (47), is another anorexigenic peptide, produced by
the PP cells of the islets of Langerhans (48,49) and, to a lesser extent, by the exocrine
pancreas, colon, and rectum. PP immunoreactivity has also been shown in adrenal
medulla (in rats) and porcine hypothalamic extracts, and PP mRNA has been detected
by RT-PCR in rat brain.

PP level is subject to diurnal variation, being lowest early in the morning and highest
in the evening. As with PYY, it is released in response to meal ingestion in proportion
to caloric content of the meal. The release of the peptide is biphasic; although it increases
with consecutive meals (50), the total amount released remains constant based on the
caloric load. Once in the circulation PP levels remain elevated up to 6 h.

PP release is stimulated by gastric distension; for example, water ingestion has been
shown to significantly increase PP release. Vagal tone also appears to regulate PP release
both postprandially and throughout the day. Propantheline has been shown to block
both the diurnal (in fasting) and the postprandial levels of PP by 60%. The latter is
shown to be abolished by vagotomy.

Circulating levels of PP are increased by ghrelin, motilin, secretin (51–53) and adr-
energic stimulation, and are reduced by somatostatin and its analogs (54). PP level has
an inverse relationship with BMI, with higher levels in anorectic than in obese subjects
(55,56). This supports its role as an anorexigenic peptide; however, not all studies have
been able to confirm this. Transgenic mice, with overexpression of PP, have reduced
food intake and low lean body mass (48). However, obese animal models show lower
sensitivity to the effects of PP compared with the high sensitivity observed in lean
animals. Peripheral administration of PP reduces food intake in animals (57) as well as
in humans (58,59). In 10 healthy volunteers calorie intake was reduced by 21% within
2 h and 33% within 24 h post-PP infusion at a rate of 10 pmol/kg/min (58). In patients
with Prader-Willi syndrome, iv infusion of PP was shown to reduce food intake (59).

It is thought that PP exerts its anorectic effects on the ARC nucleus. Unlike PYY, there
is no evidence to support PP’s ability to cross the blood barrier. This may be partly
attributable to the difference between the N-terminal moieties of the two peptides. C-fos
expression and PP accumulation has been shown in area postrema following iv admin-
istration of PP. Y4 receptors, to which PP has a high affinity and are highly expressed
in the area postrema, are suggested to be mediating this effect. Y5 receptors are also
postulated to mediate the anorectic effects of PP, as no response is observed in Y5
receptor knockout mice. However, results from other studies are conflicting, as Y5
antisense oligonucleotides do not appear to block the PP anorectic effects. Other postu-
lated mechanisms for the anorectic effects of PP are via the NPY and the orexin pathway,
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suppression of ghrelin, and vagal neurons. Both NPY and mRNA expression are reduced
following peripheral PP administration, and PP has reduced effect following vagotomy.
PP administration also reduced ghrelin expression in the stomach.

As with PYY, PP becomes orexigenic when directly administered into the third ven-
tricle, although the mechanism of this is not known.

Cholecystokinin
CCK, originally isolated from the intestine, has been extensively investigated and

reviewed with regard to its role as a regulator of food intake (60,61). Multiple forms of
CCK, varying in length from 8 to 83 amino acids, have been isolated from the intestine,
blood, and brain (60). Though they differ in size, they originate from a single gene
resulting in the formation of different molecular forms by post-translational processing
(60,62). CCK is produced primarily by the I-cells in the duodenum and jejunum and, to
a lesser extent, in the ilial mucosa (60). CCK-58, -33, -22, and -8 are the main forms that
are released from I-cells into the plasma. However, CCK is also produced in the brain,
in which it is one of the most abundant peptides, and by the enteric nerve endings, where
they act as neurotransmitters. The biologically active form of CCK shares a sequence
(carboxy terminus) homology with gastrin (60). Two receptors have been identified for
CCK: CCKA (CCK 1) receptor in the GI tract and CCKB (CCK 2) receptor in the brain,
through which the peptide exerts its biological actions (63,64) (see “Mechanism of
Action” below).

CCK is a known satiety peptide; it slows gastric emptying and inhibits gastric acid
secretion, but stimulates intestinal motility and gallbladder contraction, and increases
pancreatic exocrine secretion. All these help the digestion process. CCK is known to
inhibit food intake in humans and rodents (65,66). The food inhibitory actions of CCK
are enhanced by gastric distension, which implies that chemoreceptors are involved.
However, the duration of its action is short, with a half-life of only 1 to 2 min. Therefore,
no anorectic effect is observed if CCK is administered more than 15 min before meal
intake (62). In addition, chronic administration of CCK, although it reduces food intake,
increases meal frequency. Consequently, long-term administration does not appear to
have any effects on body weight (60). This suggests that CCK is a short-term inhibitor
of food intake.

MECHANISM OF ACTION

CCK exerts its effect via the CCK A and B receptors. Both are seven-domain trans-
membrane receptors from the G protein-coupled receptor superfamily. The CCK A
receptor, primarily alimentary, mediates gallbladder contraction, relaxation of the
sphincter of Oddi, pancreatic growth, and enzyme secretion. It delays gastric emptying,
and inhibits gastric acid secretion by binding to sulfated CCK peptides. CCK A receptors
have also been found in the pituitary, myenteric plexus, and areas of the midbrain. CCK
B is the predominant receptor in the brain, but is also found in the stomach and pancreas.
It is less restrictive, with a structure identical to the gastrin receptor, and binds nonsulfated
CCK peptides (67).

In addition, circulating CCK sends satiety signals to the ARC via the vagal stimuli
through the NTS and area postrema, and/or directly by crossing the blood–brain barrier.
Peripheral administration of CCK, at doses sufficient to inhibit food intake, has been
shown to induce synthesis of c-fos in brainstem, NTS and the dorsal vagal nucleus (68).
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Vagotomy blocks the effect of CCK on food intake indicating neuronal requirement for
the mediation of CCK action to the CNS. Rats lacking functional CCK A receptors are
diabetic, hyperphagic, and obese (69,70), whereas receptor-deficient mice have been
shown to have normal body weight.

Proglucagon Gene Products
Post-translational processing of preproglucagon results in the production of several

peptides in the gut, pancreas, and brain (Fig. 2). These include oxyntomodulin (OXM)
and GLP-1 and GLP-2 peptides, which are involved in the regulation of food intake.
Prohormone convertase enzymes 1 and 2 cleave preproglucagon and produce different
products, depending on the tissue. In the pancreas, glicentin-related pancreatic polypep-
tide (GRPP), glucagon, and GLP-1 and GLP-2 are produced. The latter two are cosecreted
as a large inactive peptide. However, in the intestine and the brain, where the post-
translational processing is similar, glicentin, glucagon, GLP-1, and GLP2 are produced.
Glucagon remains in the large inactive peptide, whereas glicentin is cleaved to GRPP,
with an inactive N-terminal, and oxyntomodulin (Fig. 2) (17).

OXYNTOMODULIN

Oxyntomodulin is a 37-amino-acid peptide produced in the L-cells of the small intes-
tine along with GLP-1 and GLP-2 (71) (Fig. 2).

OXM shows a diurnal variation, with the lowest levels being early in the morning and
higher levels peaking in the evening (72). Similar to the rest of the anorexigenic peptides,
it is released in proportion to food ingestion and calorie intake (71). Raised plasma levels
of OXM have been shown to inhibit gastric acid secretion and motility in both humans
and rodents. It also stimulates intestinal glucose uptake and decreases pancreatic enzyme
secretion in rats.

Fig. 2. Preproglucagon products. GRPP, glicentin-related pancreatic polypeptide; GLP-1, glu-
cagon-like peptide -1 (7-36); GLP-2, glucagon-like peptide-2; SP-1, spacer peptide-1; SP-2,
spacer peptide-2; SP, signal peptide.
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Recent evidence supports an anorexigenic role for OXM in both animals and humans.
In animals, central administration of OXM has been shown to acutely inhibit food intake
(73,74), and chronic intracerebroventricular  (ICV) and IP administration reduces both
food intake and weight gain (74,75). The latter is thought to be the effect of reduced food
intake as well as increased energy expenditure (75). In humans, Cohen and coworkers
(76) demonstrated a significant reduction in hunger scores and calorie intake (in a free-
choice buffet meal by 19.3%) following parentral administration of OXM. More recently,
Wynne et al. (77) have confirmed that the appetite inhibitory effect of OXM is long-lasting,
resulting in significant weight reduction. In this study, subcutaneous injections of OXM
three times per day for 30 d, in a double-blind placebo-controlled trial in 26 overweight
human volunteers, was shown to significantly reduce weight (5.5 lb in the active group
compared with 1 lb in those on placebo) (77). Exercise and diet were fixed in both groups.
Weight reduction in those subjects was shown to be associated with decreased leptin and
increased adiponectin levels (77).

It has been shown that OXM exerts its actions via the GLP-1 and glucagon receptors
(78). Therefore, exendin 9-39, which can act either as a GLP-2 receptor antagonist and/
or a GLP-1 agonist, can block the actions of both GLP-1 and OXM (17). GLP-1R is
present in the NTS and the arcuate nucleus in addition to its widespread presence periph-
erally. It is present in the gastrointestinal tract, lung, pancreas, and heart. Interestingly,
exendin 9-39 administration into the arcuate nucleus abolishes the peripheral effects of
OXM but not that of GLP-1 (74). This suggests an arcuate site of action for OXM, whereas
GLP-1 acts via the brain stem. Further evidence suggests different neuronal activation
between OXM and GLP-1. OXM has a lower affinity (2-fold) to GLP-1 receptors com-
pared with GLP-1 (79). This may suggest that other mechanisms might be involved in
mediating the anorexigenic effects of OXM. Activation of the neuronal c-fos expression
in the arcuate nucleus, but not in the brainstem region, was observed following IP admin-
istration of OXM and exendin 9-39 (75,78). This pattern of activation is different from
that seen following GLP-1 administration (74).

An additional mechanism whereby OXM may exert its effect on appetite is via sup-
pression of ghrelin. In rodents and humans, peripheral administration of OXM results in
reduction of circulating ghrelin by 20% (74) and 44% (76), respectively.

The human studies on OXM effect on appetite control may indicate a novel potential role
that OXM may have as an antiobesity therapeutic agent. However, more studies research is
required to develop the drug into a more user-friendly format (77).

GLUCAGON-LIKE PEPTIDE-1
Along with OXM, GLP-1 is also produced by post-translational processing of

preproglucagon in the L-cells in the distal ileum (80). Postprandially,  GLP-1 is rapidly
secreted in response to food intake (81,82). Two equally potent forms (GLP-17-37 and
GLP-17-36) have been identified, which undergo rapid inactivation and cleavage by
dipeptidyl peptidase IV (DPP IV). As a consequence GLP-1’s half-life becomes very
short (1–2 min) in the circulation.

Similar to OXM, GLP-1 secretion is regulated by both nutritional and neural/hor-
monal signals, and its action is mediated via GLP-1R. Actions of GLP-1 on the CNS are
complex and are mediated via the dorsal vagal complex acting through the area postrema
(83). In rats, similar to OXM, GLP-1 results in c-fos, a marker of neuronal activation,
expression in the brainstem (74).
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GLP-1 Actions. In addition to its central actions, including the transduction of aver-
sive signals, regulation of learning and memory, and neuroprotection, GLP-1 acts as a
regulatory peptide in appetite control. GLP-1 inhibits food intake (84,85), reduces gas-
tric secretion and motility, and increases gastric satiety. Central administration of GLP-1
in rodents has been shown to inhibit food intake, which, if continued, results in weight loss
(84). Seemingly peripheral administration causes reduced food intake (85–87).

Human studies have shown that peripheral administration of GLP-1 inhibits food
intake in normal (88), diabetic (89), and nondiabetic obese men (90) in a dose-dependent
manner. Subcutaneous injection of GLP-1 in obese subjects over 5 d was shown to cause
a 15% reduction in calorie intake (90) and 0.5 kg weight loss. Although low levels have
been shown in obese subjects that normalize after weight loss (86), the anorectic effects
of GLP-1 have been shown to be preserved in obesity (90). GLP-1 also decreases gastric
emptying, resulting in increased satiety, which may further explain its effect on food
intake (91).

GLP-1 is an incretin mimetic that has been found to upregulate insulin gene expres-
sion (92). It promotes meal-induced insulin secretion, resulting in reduced blood glucose
level. Lower blood glucose level is also achieved via a GLP-1 inhibitory effect on
glucagon secretion and reduced gastric emptying. The latter slows the rate of nutrient
transit to the small intestine, leading to decreased glycemic excursion after meal inges-
tion (91,93). Both intravenous and subcutaneous infusions have been shown to normal-
ize blood glucose levels in poorly controlled diabetics. HbA1c was shown to be reduced
by 1.3% over a 6-wk period of subcutaneous infusion of GLP-1 in addition to a 2-kg
weight loss (94). GLP-1 also stimulates B-cell proliferation and promotes islet cell
neogenesis (95). This is thought to be mediated through GLP-1R.

The collective actions of GLP-1 resulting in inhibition of food intake, reduction in
weight, a glucose-dependent reduction in blood glucose level, and improvement in
diabetes control made it an ideal candidate in the treatment of diabetes. Its therapeutic
application is of immense importance in diabetic patients who are increasingly over-
weight and suffer from drug-related hypoglycaemia.

OREXIGENIC GUT PEPTIDES

Ghrelin
Ghrelin, the endogenous ligand for the growth hormone secretagog receptor (GHS-

R), was discovered in 1999 (96,97). It is produced from preproghrelin peptide in the
oxyntic gland in the fundus of the stomach, but not in the pylorus (97). Ghrelin is also
produced, though to a lower extent, in the small and large intestine (96). Various ghrelin
variants are produced from alternative splicing, but the mature molecule is a 28-amino-
acid peptide with an octanoyl acyl group on its third amino acid residue. This is acquired
after post-translational modification and is essential for its action on appetite (98). There
is evidence for ghrelin expression in other tissues, including the hypothalamus, pan-
creas, lungs, ovaries, and testes. In the hypothalamus ghrelin expression is shown in the
ARC adjacent to the orexigenic neurons; NPY and AgRP, PVN, DMN, and VMN;
however, its physiological role needs to be established (99,100). Circulating levels
change throughout the day in relations to meals, increasing during fasting, peaking just
before food intake, and decreasing postprandially (101–104). Ghrelin reaches trough
levels 60 to 120 min after food intake. As with other peptides, levels are subject to diurnal
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variations, being high at night and declining in the early hours of the morning along with
leptin levels. The postprandial decline of ghrelin is proportional to calorie intake and
nutrient sensing but not stomach volume load. In keeping with this, glucose, but not
water/saline, infusion into the stomach caused suppression of ghrelin (105). However,
no changes in ghrelin level were observed without normal gastric emptying, which
suggests a requirement for a postgastric factor. The effect of glucose on ghrelin is
independent of insulin actions. Further studies in humans showed that carbohydrate, and
to a lesser extent fat, reduces, whereas protein appears to stimulate, ghrelin levels in
normal (106) and type 1 diabetic patients (107). However, the micronutrient content and
calorie load can not wholly explain the postprandial suppression of ghrelin; other factors
might be involved. Whereas leptin, GHRH, testosterone, thyroid hormone, and para-
sympathetic activity upregulate ghrelin, insulin, somatostatin, growth hormone, and
PYY3-36 result in its downregulation.

GHRELIN ACTION

Ghrelin has a number of known effects, including release of growth hormone (GH),
ACTH, and prolactin, increasing gastric motility, acid secretion in the cephalic phase
response of food intake (108), and promoting cell proliferation. Since its discovery,
accumulating evidence supports its orexigenic effects and its role in the regulation of
body weight. In both animal and human studies ghrelin has been shown to contribute in
signaling the preprandial hunger and meal initiation (97,109). In animals, acute admin-
istration of ghrelin increases food intake (110,111), whereas chronic administration
results in hyperphagia and obesity (112). It is worth noting that the effects of ghrelin on
food intake and adiposity are independent of its effect on GH. Central administration of
ghrelin, by direct injection into the ICV or ARC, stimulates food intake and can be
inhibited by pretreatment with ghrelin antagonists/antibodies. This suggests that ghrelin
is an endogenous regulator of food intake. Ghrelin shows similar effects in humans;
following intravenous ghrelin administration, appetite and food intake increase by 28%
in normal volunteers, though this effect is short-lived (113). However, satiety is not
changed postprandially following ghrelin administration (113).

MECHANISM OF ACTION

Evidence supports ghrelin exerting its effects mainly via the orexigenic peptides
NPY/AgRP in the hypothalamus. ICV injection of ghrelin increases NPY/AgRP gene
expression and blocks the anorexic actions of leptin. NPY/AgRP antibodies or NPY Y1
receptor antagonists abolish ghrelin-induced feeding, but ghrelin antibodies do not inhibit
NPY-induced feeding. Electrophysiological studies have shown that ghrelin activates
NPY neurons and inhibits POMC, with the former being postsynaptic and the latter a
presynaptic effect. Peripheral administration of ghrelin also results, though reduced, in
c-fos expression primarily at the ARC site. This suggests that ghrelin might reach the
ARC through the incomplete blood–brain barrier at the base of the hypothalamus. In
keeping with this, animals with damaged ARC show GH response, though reduced, but
no feeding effects after ghrelin administration.

Ghrelin neurons are expressed elsewhere in the brain. An increase in c-fos activation
following central ghrelin administration has been shown in the ARC, PVN, DMN, the
lateral hypothalamus, and the area postrema and NTS in the brainstem (114,115). The
central ghrelin neurons also terminate on orexin-containing neurons within the lateral
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hypothalamus (LH) (116), which have been shown to be stimulated following ICV
ghrelin injection.

Despite the above evidence supporting its orexigenic effect, ghrelin appears not to be
the only factor in meal initiation and food intake. Recently, ghrelin infusions in six men
and one woman with previous complete truncal vagotomy had no effect on food intake
(117). This suggests that an intact vagal nerve is required for ghrelin’s stimulatory effect.

GHRELIN IN PHYSIOLOGY AND DISEASE

In addition to calorie intake and meal composition, ghrelin levels appear to be influ-
enced by the nutritional status of the individual. The basal level is shown to be reduced
in chronic obesity with an attenuated postprandial response (118–120). The latter may
explain persistent eating habits in obese patients. Paradoxically, the level is increased
during fasting, cachexia (121), in states of malnutrition, and in patients with anorexia
nervosa (122). Interestingly, and contrary to these findings, ghrelin levels are reduced
after a Roux-en-Y gastric bypass, but not other forms of antiobesity surgery, despite
massive weight loss (33). One explanation might be that the surgery involves the removal
of the ghrelin-secreting part of the stomach (33,123), although the real mechanism is still
unknown. However, in addition to the mechanical restriction owing to reduced stomach
size and hence reduced meal portions, it has been hypothesized that the decreased ghrelin
level in these patients might be the reason for maintaining their weight loss.

GUT HORMONE SYNERGISM AND/OR ANTAGONISM

From the previous sections it is evident that multiple factors are involved in the
regulation of food intake and energy homeostasis in which gut hormones appear to play
a central role. Here we propose three different interactive processes (Fig. 1): gut–brain
interaction; gut–gut interaction; and gut–adipose interaction.

Gut–Brain Interaction
Gut peptides increase/reduce food intake by binding to specific neurons in the appetite

centers in the brain. This can be via specific known or even yet unknown receptors, direct
effect from the circulation, and/or through neuronal activation outside the blood–brain
barrier. Peripheral and central administration of both the orexigenic and anorexigenic gut
peptides results in c-fos activation in the arcuate nucleus. Suppression/activation of NPY
neurons and NPY mRNA expression and reciprocal effect in POMC neurons following
gut peptide administration is associated with altered feeding control. Several receptors
that are involved in mediating the actions of gut peptides in the hypothalamus and brain-
stem have now been identified (Table 2). In support of this, receptor knockout animals
have defective food intake and body weight. Similarly, defects in MC4 receptors have
been described in human forms of obesity. However, the central effect of these gut
peptides is abolished in vagotomized animals, indicating the importance of neural path-
ways in connecting the signals to the hypothalamus and other appetite centers in the brain.

Gut–Gut Interaction
Three mechanisms appear to regulate this: first, the effect of nutrients, and meal size,

and composition on the release of gut peptides; second, the synergistic and antagonistic
actions of gut peptides; and third, the effect of gut peptides on gut secretion, motility, and
gastric emptying.
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In addition to external cues, following food ingestion, various factors affect the re-
lease and circulating levels of gut peptides and thereby their effect on the appetite centers
in the brain. Nutriment sense within the gut (17) influences PYY, PP, and OXM release,
whereas stomach distension influences the release of PP and CCK, which indicates the
effects of chemoreceptors. A higher calorie intake results in a more sustained release of
PYY and consequently a reduction in calorie intake in the subsequent 12 to 24 h. Recip-
rocal to this, ghrelin is suppressed postprandially proportional to meal caloric content,
assisting and further promoting satiety and meal termination.

Gut hormones appear to act both in synergism and antagonism. Interestingly, increas-
ing evidence suggest that whichever way they work they appear to complement each
other to promote satiety. Some gut peptides share structural homology (PYY3-36 and
PP), cosecreted from the same cell line (PYY3-36, OXM and GLP-1), and have been
shown to be products of the same gene (OXM and GLP-1). These are all known anor-
exigenic peptides. Exendin, a GLP-1 receptor agonist, and PYY act synergistically, but
through different mechanisms to reduce food intake (124). CCK is well known to pro-
duce early satiety (60,62), but the meal-to-meal duration is longer than what can be
explained by CCK levels. Therefore, it is in order to suggest a sequential release and
suppression of gut hormones to sustain the diurnal pattern of food intake. For example,
ghrelin peaks before food ingestion and is suppressed postprandially, during which
CCK, one of the earliest peptides released, promotes early satiety, whereas persistence
of PYY3-36 and OXM levels prevent the animal (human) from continuous eating and
reduce subsequent calorie intake in the following 12 to 24 h (21,76). In contrast, GLP-
1 has been shown to suppress PYY3-36 (22); however, the short half-life of GLP-1 in
circulation might be yet another explanation for the persistent release of PYY. Similarly,
OXM has been suggested to exert its anorexigenic effect, at least partly, through the
suppression of ghrelin. To some extent, this may explain the suppression of ghrelin
postprandially in addition to its suppression by nutriment sense in the gut.

Another action of gut peptides PYY, OXM, and PP is the reduction of gastric motility.
This will delay gastric emptying, and consequently the persistence of food/nutrients in
the gut. The latter may produce a satiating effect through three mechanisms: (1) activa-
tion of chemoreceptors; (2) activation of the vagal afferents; and (3) persistence release
of PYY and OXM.

Gut–Adipose Interaction
Gut hormones have been shown to interact with long-term signals from adipose tissue.

GLP-1 is known to improving insulin sensitivity and, thereby, glycemic control. In
rodents, peripheral administration of PYY3-36 for 4 wk resulted in improved glycemic
control; reduce body weight and visceral fat (33). Recently, Wynne et al. (77) showed
a significant reduction in leptin and an increment in adiponectin, markers of adiposity,
associated with reduced body weight in 14 patients who had subcutaneous OXM injec-
tions for 4 wk.

CONCLUSION

Obesity causes premature death of about 2 million people a year worldwide, and its
prevalence is rising. The decision to eat or not and/or alterations in energy expenditure
are central to the dilemma of increased body adiposity. The appetite centers in the brain
receive neural, humoral, and hormonal signals from the periphery for the regulation of
food intake and energy homeostasis.
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Gut peptides are secreted from the gastrointestinal tract either before or after each
meal. They can act synergistically or antagonistically to each other, but in a sequential
manner and in consortium with neural and long-term signals from adipose tissue. Recent
advances in establishing their identification, characterization, and their increasingly
recognized effect on appetite and gastrointestinal motility has contributed tremendously
to our understanding of the central regulation of appetite and energy homeostasis. We
are now entering a new era for discovering their novel potential roles as single agents or,
perhaps more likely, in combination in the treatment of obesity.
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Summary
The body’s endogenous endocannabinoid system includes two endogenous agonists for cannabinoid-

(CB)-1 receptors, anadamide and 2-arachidonoyl-glycerol (2-AG). Both of these endocannabinoids
(ECs) are fatty acid signals derived from cell membranes. They exert a coordinated action at multiple
tissues to promote increased food intake, lipogenesis, and storage of fat. Endocannabinoids interact
with multiple hypothalamic circuits and transmitter systems to stimulate food intake in general, and
they also act in reward areas of the brain to selectively enhance intake of palatable foods. Activation
of CB1 receptors increases enzyme activity that causes de novo fatty acids to be formed in the liver
and circulating lipids to be taken up by fat cells. All these actions are reversed in animals lacking
CB1 receptors, and there is growing evidence that activity of the endocannabinoid system is toni-
cally increased in animal and human obesity. Acute or chronic administration of selective synthetic
CB1 antagonists to overweight or obese individuals causes weight loss, reduced waist circumfer-
ence, and an improved lipid and glycemic profile. Developing ligands for endocannabinoid recep-
tors is an important novel therapeutic strategy for the treatment of metabolic dysregulation.

Key Words: Satiety; lipogenesis; obesity; anandamide; 2-arachidonoyl-glycerol; CB1 recep-
tors; food intake; leptin.

INTRODUCTION

Energy Homeostasis
Energy homeostasis is a term that encompasses the collective processes whose goal

is to provide adequate supplies of energy to the body’s organs. This includes stocking
fuel storage depots such as fat and liver cells with ample supplies, as well as recruiting
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the stored energy back from these depots and distributing them to tissues as needed. It
also includes procuring new sources of energy, whether by the consumption of food or
by the de novo synthesis of utilizable high-energy molecules by liver and other tissues.
All these processes are controlled by a complex and highly integrated network of cells
in strategic locations in the body that continuously monitor the energy use and antici-
pated energy needs of each tissue; at the same time, the network continuously monitors
energy available in storage depots, what will be entering the blood from ingested food
still within the gastrointestinal system, and energy that may be available to eat in the
external environment. Myriad neural and hormonal signals participate in this regulation,
with the goal of ensuring that active tissues have what they need when they need it.

The previous decades saw tremendous growth in our understanding of many of the
signals involved in energy homeostasis. Dozens of neurotransmitters, neuropeptides,
and other signals were newly described and found to fit the general model depicted in
Fig. 1. Information relevant to the regulation of energy intake and metabolism is detected
by sensory cells in strategic organs, and they in turn generate signals that are relayed to
other cells, especially to the brain, so that any necessary action can be taken. Most signals
transferring information between cells in the body are derived from modified amino
acids (e.g., glutamate and -aminobutyric acid [GABA]) or biogenic amines (e.g., sero-
tonin, acetylcholine, and the catecholamines), or are composed of chains of amino acids
formed into biologically active peptides. Lipids in the form of steroids have long been
known to be important signaling molecules, and other signaling lipids in the form of
modified fatty acids have recently been added to the list. Finally, energy-rich molecules
themselves, including glucose and some fatty acids, are also recognized to function as
key signals in this system. For a review, see ref. (1).

Energy Homeostasis and the Endocannabinoid System
In this chapter we review the endocannabinoid system. It represents a novelly described

and quite different kind of intercellular signaling system within the body, and we focus on
how it influences energy homeostasis as well as how it might be exploited to treat obesity
and its complications. Although synthetic and plant-derived cannabinoids such as 9-
tetrahydrocannabinol ( 9-THC) have long been recognized to influence food intake, it
is only relatively recently that endogenous cannabinoids (endocannabinoids [ECs]) gen-
erated within the body have been identified, and it is very recently that the scope of their
influence on energy homeostasis has started to become revealed, along with potential
therapeutic implications.

THE ENDOCANNABINOID SYSTEM

The endocannabinoid system includes cannabinoid receptors called CB1 and CB2
that are located on cell membranes, along with the endogenous ligands that bind to them
and the enzymes that synthesize, degrade, and/or reuptake the ligands. Key ligands
include the endogenous agonists anandamide and 2-arachidonoyl-glycerol (2-AG).
Exogenous compounds can also access and bind to the same receptors, and numerous
plant-derived and synthetic CB1 and CB2 agonists and antagonists are available for
research and under consideration for therapeutic purposes. Marijuana (Cannabis sativa)
has long been recognized to stimulate hunger and food intake in addition to its other
effects, and 9-THC, its active principle, is an agonist at CB1 receptors in the brain.
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Cannabinoid Receptors
CB1 was the first cannabinoid receptor to be characterized; it is found in the central

nervous system, adipose tissue, the liver and many other tissues (2,3). CB2 receptors
were subsequently identified and are localized mainly in the immune system; and they
share a 48% homology with CB1 (4–6). Both are 7-transmembrane-spanning G-i/o recep-
tors (negatively coupled to adenylyl cyclase and positively coupled to mitogen-activated
protein kinase) (3,5). CB1 receptors are also positively coupled to inwardly rectifying
potassium channels and negatively coupled to several subtypes of calcium channels
(7,8).

Fig. 1. Model of signals controlling energy homeostasis. During meals, signals such as cholecys-
tokinin (CCK), glucagon-like peptide (GLP)-1, apolipoprotein A-IV (apo A-IV), peptide-YY
(PYY), and others that arise from the digestive viscera (stomach, intestine, pancreas, and liver)
trigger nerve impulses in sensory nerves traveling to the hindbrain, where they influence meal
size. Other signals related to meals such as amylin and ghrelin, and signals related to body fat
content such as leptin and insulin, collectively called adiposity signals, circulate in the blood to
the brain. Adiposity signals are transported through the blood–brain barrier in the region of the
hypothalamic arcuate nucleus (ARC) and interact with catabolic neurons that synthesize pro-
opiomelanocortin (POMC) and secrete -MSH, or with anabolic neurons that secrete NPY and
AgRP. These neurons in turn project to other hypothalamic areas including the paraventricular
nuclei (PVN) and the lateral hypothalamic area (LHA). The net output of the PVN is catabolic
and includes transmitters such as corticotropin-releasing hormone (CRH) and oxytocin. Signals
from the PVN enhance the potency of satiety signals in the hindbrain. The net output of the LHA,
on the other hand, is anabolic, and includes melanin-concentrating hormone (MCH) and the
orexins. These signals suppress the activity of the satiety signals.
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Distribution of Cannabinoid Receptors

CB1 receptors are among the most abundant G protein-coupled receptors in the brain,
having similar densities as receptors for GABA and glutamate-gated ion channels (5,9).
The distribution of CB1 receptors in the central nervous system is heterogeneous, with
higher densities in the basal ganglia, hippocampus, and cerebellum (10). Although CB1
expression in the hypothalamus, a key integrative area in the regulation of energy ho-
meostasis, is relatively low, activation of hypothalamic CB1 has profound effects (9).
Within the brain, CB1 receptors are expressed by glial astrocytes as well as by neurons
(11). Activation of CB1 on astrocytes increases available energy to local neuronal cir-
cuits, and the administration of cannabinoid agonists increases overall energy metabo-
lism in the brain (12).

CB1 receptors are also expressed by peripheral nerves and are located on nerve
terminals innervating the gastrointestinal tract (as well as within the enteric nervous
system [13–15]), as well as other organs involved in energy regulation, including white
adipose tissue, liver, and skeletal muscle (16–20). There are several recent reviews of the
characteristics and functions of CB receptors (3,5,6,21).

Although CB2 receptors are located mainly in tissues of the immune system (22), they
have recently also been identified in neurons in several regions of the brain (23). It may
therefore be the case that CB1 and CB2 within the brain have differing functions, and
that selective CB1 or CB2 ligands could be used to differentiate manipulation of the
neural circuits controlling energy homeostasis from those controlling mood, memory, or
other behaviors influenced by ECs. Consistent with this, selective CB1 and CB2 ligands
were found to differentially influence emesis in ferrets (23).

Endogenous Cannabinoid Ligands
All ECs identified so far are amides, esters, or ethers of arachidonic acid, a long-chain

polyunsaturated fatty acid that is a constituent of cell membranes (3). ECs bind both CB1
and CB2 receptors with differential selectivity. Anandamide (the ethanolamide of arachi-
donic acid) was the first described EC (24), and 2-AG was identified later (25). Other
putative ECs that have been identified include noladin ether (ether-linked analog of 2-
AG), virhodamine (ester of arachidonic acid and ethanolamine), and N-arachidonoyl
dopamine (3). Neither the mechanisms of synthesis and deactivation, nor the specific
functions, have been characterized for these other compounds (21).

ENDOCANNABINOID BIOLOGY

Synthesis and Degradation
Both anandamide and 2-AG are synthesized from cell membrane phospholipids, and

their biosynthetic pathways have been recently reviewed (3,5,26,27). Unlike the case for
many neural signals that are synthesized and stored in vesicles until needed, ECs are
made de novo as neurons become hyperactive (28), and they are immediately released
into the extracellular space of synapses (see Fig. 2). As they bind to CB1, a sequence of
intracellular events is elicited, and the ECs are then rapidly eliminated via reuptake and
degradation by neurons and glial cells (27,29–31). This model of EC synthesis, action,
and degradation has been described as an “on demand” process that is utilized by neurons
mainly during periods of high-frequency membrane stimulation (28) or sudden bursts of
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action potentials (32); however, there may be important exceptions to this generality in
some areas of the brain.

Distribution
The concentrations of ECs within the brain vary considerably by area (10,33). 2-AG

is around two orders of magnitude more abundant than anandamide in most brain areas,
with the highest levels of both occurring in the brainstem, hippocampus, and striatum
(34); the two can be synthesized in the same tissues independent of one another (5). Both
anandamide and 2-AG are also produced in several peripheral tissues, including skin,
gut, liver, adipose tissue, and testis (26,34). Anandamide circulates in the blood, where
it is bound to albumin (35). Anandamide and 2-AG each bind to both CB1 and CB2
receptors, although with differing affinities. 2-AG is a full agonist at CB1, whereas
anandamide is a partial CB1 agonist (36). Anandamide also binds to the transient recep-
tor potential vanilloid receptor 1 (TRPV1 or capsaicin receptor) (37).

Function as Retrograde Neurotransmitter
Many CNS CB1 receptors are localized presynaptically on GABAergic interneurons

(33,38). Endocannabinoids released from postsynaptic membranes therefore must dif-
fuse or be transported retrogradely, back across the synaptic cleft, in order to interact
with CB1 and thereby decrease the release of presynaptic neurotransmitter, as dia-
grammed in Fig. 2. The generally accepted model is that when electrical activity in the
form of repeated action potentials and consequent depolarization in the presynaptic
neuron (a GABAergic neuron in the example in Fig. 2) becomes especially high and
sustained, the continuous bombardment of the postsynaptic membrane (by GABA) results
in the accumulation of intracellular Ca2+ in the postsynaptic neuron. One important con-
sequence of the elevated calcium is that enzymes that synthesize ECs become activated
in the postsynaptic neuron’s cell membrane, generating anandamide and/or 2-AG. These
EC molecules then rapidly diffuse retrogradely back across the synapse, where they bind

Fig. 2. Model of GABAergic neuron that expresses CB1 receptors. Action potentials in the
presynaptic GABAergic neuron cause depolarization of the nerve terminal where synaptic
vesicles containing GABA are stored. Some of the GABA is then released into the synaptic cleft,
and it diffuses to the postsynaptic neuron and interacts with GABA receptors. This initiates two
events. One is inhibition of the postsynaptic neuron, and the other is stimulation of synthesis of
endocannabinoids (ECs) from the postsynaptic membrane. The ECs diffuse retrogradely across
the synaptic cleft and interact with CB1 receptors on the presynaptic membrane. This has the
effect of reducing the amount of GABA released during subsequent depolarizations of the pr-
esynaptic membrane. The consequence of this is that there is less inhibition of the postsynaptic
membrane as a result of the action of the ECs.
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to CB1 receptors on the presynaptic membrane. Activation of CB1 results in reduced
transmitter (GABA) release from the presynaptic neuron in response to further action
potentials. Hence, when activity passing across the synapse from the pre- to the postsyn-
aptic neuron becomes sufficiently high, the EC system can be recruited to provide a kind
of brake, decreasing the amount of neurotransmitter (GABA in the example) reaching
the postsynaptic cell.

Continuing with the same example, because GABA typically has a net inhibitory
effect on postsynaptic neurons, as activity in the GABAergic neuron increases, and as
the amount of GABA released into the synapse consequently increases, the degree of
inhibition of the postsynaptic cell caused by GABA also increases. As this intensifies,
intracellular calcium in the postsynaptic cell activates the EC system with the net effect
of causing less GABA to be released, consequently reducing the degree of inhibition of
the postsynaptic cell. To provide a perhaps more relevant (albeit hypothetical) example,
increased activity in a particular presynaptic neuron might be sensitive to signals from
the gastrointestinal system during a meal, signals that are integrated with other kinds of
information to elicit satiation and ultimately stop ingestion at some point during the
meal. This is accomplished through the release of GABA onto (postsynaptic) neurons
in circuits that function to prolong the meal. However, on occasions when the food being
eaten tastes particularly palatable, or when the social situation is particularly pleasing,
other inputs to the same postsynaptic neuron might increase its level of intracellular
Ca2+. Hence, when meal-inhibitory inputs in the form of GABA start arriving, the
postsynaptic neuron is more likely to initiate the synthesis and release of ECs, ultimately
reducing GABA release from the presynaptic neuron. This in turn would result in dis-
inhibition of the postsynaptic neuron with the consequence that the duration of the meal
would be prolonged. Conversely, providing a CB1 antagonist would effectively block
the disinhibition, resulting in reduced food intake in the same situations. The important
point is that activity at CB1 receptors determines the amount of neurotransmitter released
from certain presynaptic neurons. Because many CB1 receptors are located on GABAergic
neurons, cannabinoid agonists generally have a disinhibiting effect, whereas CB1 antago-
nists have a net inhibitory effect on those same circuits.

Although CB1 receptors are located on many GABAergic neurons, where they are
involved with what has been termed a depolarization-induced suppression of inhibition,
they are also found on neurons that have excitatory influences on postsynaptic cells—
i.e., some glutamatergic neurons also express CB1, which is therefore involved with
depolarization-induced suppression of excitation (39).

Constitutive Release of ECs
Research on EC biology is progressing at a rapid rate. One consequence is that excep-

tions to the general model proposed above have become apparent. For example, although
increased intracellular calcium is necessary for EC synthesis and release in most neu-
ronal circuits (40), others appear to be calcium-independent (41,42). More pertinent to
this review, although ECs are generally thought to be synthesized and released only
when presynaptic neurons become highly activated, there is evidence for constitutive
release, in the absence of external stimulation, in both the hippocampus (43) and the
arcuate nucleus (ARC) in the hypothalamus (44). In the latter case, neurons in the ARC
that synthesize pro-opiomelanocortin (POMC) and that initiate a net catabolic response,
including reducing food intake when activated, have been reported to secrete ECs con-
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stitutively, in the absence of external stimulation. These locally released ECs in turn
suppress presynaptic GABAergic inputs to the same POMC cells. In this situation, the
POMC cells are chronically disinhibiting themselves (44). What is particularly intrigu-
ing is that when exogenous cannabinoid agonists are administered, they elicit a some-
what different profile of actions than the constitutively released cannabinoids—whereas
the endogenously released ECs suppress only the inhibitory GABAergic inputs to the
POMC cells, exogenously administered cannabinoids additionally suppress excitatory
glutamatergic inputs to the same POMC neurons (44). The adiposity hormone, leptin,
has important actions on these same POMC neurons in the ARC. Leptin directly stimu-
lates the POMC neurons (45), and the ability of leptin to reduce food intake depends on
the melanocortin transmitters released by the POMC neurons (46). Leptin also reduces
EC activity in the ARC, and obese animals deficient in leptin have elevated hypotha-
lamic, but not cerebellar, ECs levels (47), implying that ECs may normally exert a net
anabolic tone in the hypothalamus, and especially within the ARC, that favors food
intake and fat storage.

ENDOCANNABINOIDS AND REGULATION OF ENERGY BALANCE
Early animal studies demonstrated that systemic or oral administration of 9-THC

potently increases food intake. Administration of CB1 antagonists, conversely, blocks
the orexigenic action of exogenous cannabinoid agonists and also decreases food intake
and body weight in laboratory animals (reviewed in ref. 16). Based on these promising
observations, considerable research is currently under way to elucidate the mechanisms
of action of endocannabinoids and to determine the feasibility of using cannabinoid
antagonists to treat obesity and its complications (48,49).

Anabolic Actions of Cannabinoids
The endocannabinoid system influences energy balance at many sites in the brain and

throughout the body, with the net and highly coordinated effect being anabolic—i.e.,
increased EC activity enhances food intake and favors the storage of fat. Within the
brain, ECs are located in both hypothalamic (where they influence caloric homeostasis
by stimulating food intake) and extrahypothalamic (where they influence reward mecha-
nisms, in part by increasing the hedonic value of food) circuits. Both networks contribute
to excessive eating when EC activity is high. Within peripheral organs including adipose
tissue, liver, and skeletal muscle, locally produced ECs are also anabolic, contributing
to lipogenesis and fat storage and reduced energy expenditure. In the gastrointestinal
system, ECs are thought to increase fuel absorption and decrease satiety. Hence, the
endocannabinoid system is a multileveled, highly coordinated cell-signaling system that
biases behavioral and metabolic processes to favor becoming obese. Importantly, the
same system is thought to have an important role in facilitating food intake and energy
storage during the early stages of life, including facilitating suckling in newborns (50).
Consistent with all this, genetic polymorphisms of components of the endocannabinoid
system have been associated with overweight and obesity in humans (51).

ENDOCANNABINOID SYSTEM AND THE HYPOTHALAMUS

Arcuate Nucleus. As reviewed in other chapters in this book, the hypothalamus is an
important integrative center for the control of energy homeostasis (see Fig. 1). Neurons
in the hypothalamic ARC are sensitive to the circulating adiposity signals, leptin and
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insulin (45,52,53), and the ARC in turn projects to many other sites in the hypothalamus
and elsewhere in the brain. Two categories of ARC neurons are particularly relevant to
this review. ARC POMC neurons synthesize the catabolic neurotransmitter, -melano-
cyte-stimulating hormone ( -MSH), which acts at melanocortin receptors to elicit
reduced food intake and body weight. Increased leptin and/or insulin, a signal of
increased body fat, stimulates POMC neurons, initiating the catabolic response. As
discussed above, POMC cells in the ARC release ECs (44), and leptin inhibits
endocannabinoid activity there, facilitating its overall catabolic action (47). The levels
of hypothalamic ECs are increased in genetically obese rodents with defective leptin
signaling, and treatment of these genetically obese mice with a CB1 antagonist attenu-
ates their hyperphagia and retards their weight gain, implying that overactivation of the
endocannabinoid system may be a contributing factor in some animal models of genetic
obesity (47).

Other ARC neurons synthesize the anabolic neurotransmitters neuropeptide Y (NPY)
and agouti-related protein (AgRP). NPY acts on Y receptors throughout the hypothala-
mus to stimulate food intake, whereas AgRP antagonizes -MSH, thus attenuating the
catabolic action of POMC cells (see reviews in refs. 52,54,55). It has recently been
reported that cannabinoid agonists increase the secretion of NPY in the hypothalamus
(56), consistent with ECs increasing food intake. The important point is that hypotha-
lamic circuits controlling energy homeostasis are highly complex, utilizing both ana-
bolic and catabolic transmitters. Understanding the role of the EC system in influencing
these circuits is still in its infancy.

Several general statements can be made, however. Hypothalamic 2-AG levels in-
crease during fasting, decline as animals are re-fed, and return to normal values when
animals eat to satiation (57,58), consistent with a role in modulating appetite (59). CB1
mRNA has been colocalized with many hypothalamic neuropeptides involved in energy
regulation, including corticotropin-releasing hormone (CRH), cocaine–amphetamine-
regulated transcript (CART), prepro-orexin, and melanin-concentrating hormone (MCH)
(16), and as discussed above, CB1s are also expressed by GABAergic neurons entering
the ARC (44).

Intrahypothalamic Cannabinoids Increase Food Intake. Intrahypothalamic ad-
ministration of 9-THC increases food intake in laboratory rats (60,61) and facilitates
eating elicited by electrical stimulation of the brain (62). Anandamide also increases
food intake when injected into the hypothalamus (63,64), and pretreatment with the
selective CB1 antagonist SR141716 (rimonabant) administered intrahypothalamically
attenuates anandamide-induced hyperphagia (63). Anandamide also stimulates food
intake when administered systemically (65).

CB1 Knockout Animals. Animals lacking CB1 (CB1–/– mice) have reduced food
intake, decreased body weight, and a lean phenotype (16,66,67). The brains of these mice
have increased levels of neuropeptides that suppress food intake (16), and they do not
become obese on a high-fat diet (66). CB1–/– mice have increased sensitivity to the
catabolic action of leptin (66) and they do not increase their food intake as much as
control mice when administered orexigenic compounds such as NPY (47 68). These
findings suggest that activation of CB1 is necessary for NPY’s orexigenic action. SR
141716 also attenuates the hyperphagia elicited by ghrelin (69) and by orexin A (70), and
CB1s are coexpressed with orexin 1 receptors (71). Hence, the actions of several



Chapter 3 / Endocannabinoids 57

orexigenic peptides within the hypothalamus, including NPY, orexin 1, and ghrelin, are
facilitated by ECs.

As discussed above, ECs are also important in the hypothalamic POMC/melanocortin
system. Administration of SR141716 attenuates the orexigenic effect of melanocortin
antagonists (72), but the administration of melanocortin agonists does not block the
action of cannabinoid agonists, suggesting that endocannabinoids act “downstream” of
melanocortins (72). The important point is that ECs interact with many levels of the
neurocircuitry in the hypothalamus and other locations in the brain that control food
intake (67).

ENDOCANNABINOID SYSTEM AND BRAIN REWARD SYSTEMS

Limbic System. Brain areas that control hedonic or reward aspects of food, some-
times referred to as “liking” (pleasure/palatability) and “wanting” (appetite/incentive
motivation) perceptions associated with the availability and variety of food, include
many corticolimbic structures (73–75). This complex system is composed of a series of
synaptically interconnected circuits linking the prefrontal cortex, the amygdala, the
ventral tegmental area, the nucleus accumbens, and the ventral pallidum. This integrated
network connects forebrain, hindbrain, and midbrain areas with hypothalamic areas and
is thus able to modulate food intake (74,75).

Palatability. It is widely hypothesized that the rewarding properties of popular foods
represent an important obstacle for effective weight control in Western societies. Because
of this, systems that control the mechanisms of hedonics and reward value of food are
obvious targets for novel pharmacological agents. In the 1970s anecdotal observations
of humans smoking marijuana indicated that they have increased appetite and often have
induced cravings for palatable foods (reviewed in ref. 76). Studies in rats found increased
preference for palatable foods such as sucrose following administration of 9-THC (77).
Rats treated with 9-THC in fact overconsume food, eating as much in single meals as
rats that have been fasted for a day (78). These observations are consistent with the
hypothesis that ECs help mediate palatability or other positive aspects of food (79). This
hypothesis has gained support through studies with CB1 antagonists. Systemic
SR141716 specifically reduces intake of alcohol, sucrose, and other sweet foods in
animals (80–82), and in some reports cannabinoid antagonists reduce the intake of bland
foods as well (83 84).

Both anandamide and 2-AG levels are increased in limbic areas of rats that have been
fasted, whereas only 2-AG is increased in the hypothalamus (58), indicating both that
brain ECs are responsive to fasting and that there are differences in the response between
the caloric homeostasis and reward areas of the brain. When rats are ingesting a palatable
food, hypothalamic 2-AG levels decrease (85). Rats maintained on a palatable diet for
10 wk, besides becoming obese, express less CB1 mRNA in several limbic areas (85).
Further evidence for a direct role of the endocannabinoid system in reward circuits is that
when 2-AG was administered directly into the shell of the nucleus accumbens, a limbic
area with particularly high levels of CB1 and that is strongly associated with reward
processes, a rapid and profound hyperphagia was elicited (58).

Dopamine and Serotonin. The neurotransmitter dopamine (DA) is recognized to be
an important mediator of the rewarding effects of food and drugs of abuse (73). CB1 has
recently been observed to be coexpressed with dopamine D1 and D2 receptors within the
limbic system (86), and marijuana selectively increases DA release in the nucleus
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accumbens (87). Consistent with this, increased DA and EC levels have been correlated
with the craving for palatable foods (88). Serotonin, another neurotransmitter involved
with both reward and food intake (89), also interacts with the endocannabinoid system
(90). Serotonin 5-HT1B receptors are coexpressed with CB1 in several limbic areas (86),
and the combined administration of SR141716 and dexfenfluramine (a drug that in-
creases serotonin activity) have additive effects in reducing food intake (91). Consistent
with this, drugs that modulate serotonin activity are frequently prescribed to treat depres-
sion, obesity, and/or eating-related disorders (92).

Opioids. ECs also interact with endogenous opioid circuits (88,93). There is consid-
erable anatomical overlap of CB1, opioid receptors, and their respective endogenous
ligands in brain areas involved with food intake and reward mechanisms (10,94,95).
Levels of endogenous opioids are increased in the hypothalamus following administra-
tion of 9-THC to rats (96,97). Conversely, rats chronically treated with the exogenous
opioid, morphine, have decreased 2-AG and CB1 in several limbic areas (98). Interac-
tions between the endocannabinoid and opioid systems have been hypothesized to be a
critical component for the rewarding aspects of the intake of food and also to provide a
molecular basis for drug or food dependence (99). As an example, the administration of
selective CB1 agonists increases consumption of palatable beverages in rats; this effect
is blocked by the opioid receptor antagonist naloxone (81). When subthreshold doses of
naloxone and SR 141716 are combined, they potently suppress food intake and signifi-
cantly attenuate the hyperphagia caused by the administration of 9-THC (100). There
are also synergistic interactions between cannabinoid and opioid antagonists (101,102).

In sum, the endocannabinoid system is positioned in the brain to have a profound
influence over the ingestion of food. Within the hypothalamus, ECs interact with cir-
cuitry controlling caloric homeostasis and the regulation of body weight, exerting a net
anabolic effect. Within the limbic area of the brain, ECs interact with circuitry control-
ling hedonic or reward aspects of food, again acting to increase ingestion, especially of
palatable foods. An important point is that pharmacological manipulation of EC activity,
in either direction, has profound effects on food intake.

ENDOCANNABINOID SYSTEM AND PERIPHERAL METABOLISM

CB1 is present in several tissues related to energy homeostasis as well as in peripheral
nerve terminals (14,103), consistent with the hypothesis that peripheral metabolic mecha-
nisms might be directly modulated by the endocannabinoid system independent of and
in addition to modulation by central pathways.

Sustained Weight Loss With Chronic Cannabinoid Stimulation
When mice are fed a palatable high-fat diet, they overeat and become obese. In one

series of experiments, mice maintained on the palatable diet and chronically adminis-
tered the CB1 antagonist (SR 141716) ate less food (104–106). What is particularly
important is that the anorectic action of the antagonists lessened and then disappeared
altogether over a week or two in spite of continued dosing, indicating apparent tolerance
to the behavioral action (105). Nonetheless, there was a sustained—and, in fact, increased—
reduction of body weight and body fat mass over the next several weeks despite the fact
that food intake was normal, strongly implying that other actions of the CB1 antagonists
were continuing to exert metabolic effects (104,105). At the end of the experiments, mice



Chapter 3 / Endocannabinoids 59

receiving the CB1 antagonists chronically had reduced body weight, body fat, plasma
leptin, and plasma insulin, and an improved lipid profile (104,105), perhaps through the
ability of the drug to increase adiponectin expression and secretion from adipose tissue
(17,107). Adiponectin, unlike other adipokines, improves insulin sensitivity and induces
fatty acid oxidation in muscle and liver (108).

Perhaps related to these findings, experiments using CB1–/– mice revealed that the
lean phenotype is caused predominantly by a decrease in caloric intake when the mice
are young, whereas peripheral metabolic factors are the major cause of maintaining the
lean phenotype in the adults (16). As discussed previously, CB1–/– mice are resistant to
diet-induced obesity. They maintain their lean phenotype and they do not develop hyper-
glycemia or insulin resistance (66). The key point from these experiments is that chronic
treatment with a selective CB1 antagonist causes reduction of body fat as well as
improvement in many symptoms commonly associated with metabolic syndrome, and
although there is an early transient reduction of food intake when animals are started on
the antagonist, it cannot account for the sustained improvement in metabolic parameters.
The strong inference is that selective CB1 antagonists act directly through other than
behavioral means to accomplish this. Consistent with this, chronic treatment with the
CB1 antagonist altered gene expression profiles in both white and brown adipose tissue
to favor fat oxidation and increased thermogenesis (106).

Adipose Tissue
White adipocytes express CB1 receptors (16,17,20), and in vitro experiments demon-

strate that the CB1 agonist WIN-55,212 stimulates adipocyte differentiation and increases
the activity of lipoprotein lipase; both actions are blocked by pretreatment with SR
141716 (16). These findings imply that EC activity in white fat has the potential to
facilitate growth of new fat cells as well as an enhanced ability to remove fat from
circulating lipoproteins and deposit it into fat cells. Furthermore, as adipocytes mature,
they express a greater amount of CB1, and CB1 expression is higher in adipocytes of
obese as opposed to lean animals (17). Studies in humans also indicate that mature
adipocytes have increased CB1 expression as compared to preadipocytes. However, in
contrast with the observations reported in obese animals, obese humans have decreased
CB1 expression in their adipose tissue relative to lean humans (20).

Energy Expenditure
There is also evidence that ECs reduce energy expenditure. The administration of the

CB1 antagonist SR141716 reportedly increases glucose uptake and basal oxygen con-
sumption of skeletal muscle from genetically obese mice (19), and chronic administra-
tion of SR141716 elicits increased expression of genes for thermogenesis in brown
adipose tissue (106).

Gastrointestinal Tract
The gastrointestinal tract is an important source of signals generated during meals that

help to create satiation and limit meal size (109–111). Most meal-generated satiation and
satiety signals reach the hindbrain via vagal afferent nerves, and the signal is then relayed
to the hypothalamus and other areas in the brain that control food intake. The vagal
sensory signals also activate reflexes that travel in vagal efferent nerves back to the
gastrointestinal tract. CB1 has been localized in all parts of these circuits, including
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being expressed in vagal afferent nerves (112), neurons in the dorsal vagal complex
(113), and vagal efferent nerves (114). The observation that cholecystokinin (CCK)
inhibits the expression of CG1 on vagal afferents (112) is consistent with CCK’s role as
a satiety signal that reduces food intake (109–111). In the small intestine, anandamide
levels are greatly increased after animals have been fasted, and this effect is reversed
when the animals are re-fed (14), again consistent with a role of ECs in influencing food
intake via modulation of gastrointestinal signals. ECs in fact modulate many aspects of
gastrointestinal function, including gastric emptying and intestinal peristalsis (15).

Liver
There is also evidence that ECs are active in the liver. ECs are produced in the liver

(18), where they help regulate hepatic blood flow (115). Activation of CB1 in hepatic
tissue increases de novo fatty acid synthesis through the induction of lipogenic enzymes
(18), and high-fat diet obese mice have increased activity of this hepatic lipogenic
pathway as well as elevated expression of CB1 and increased anandamide levels (18).

To summarize, the picture of EC activity that has been developing over the past several
years is one of a diverse intercellular communication system that creates a net anabolic tone
or bias. This is manifest in the brain as an increased tendency to consume more food, and
especially hedonically pleasing food. In several organs including adipose tissue, the liver,
skeletal muscle, and the gut, ECs favor the intake of food and the formation and storage
of fat while simultaneously decreasing energy expenditure. The observation that the ad-
ministration of CB1 antagonists to normal and especially obese animals reverses many of
these actions implies that CB1 antagonists may be useful for treating obesity and related
metabolic complications. These points are summarized in Table 1.

An important and as yet unanswered question is whether the improvement seen in
metabolic parameters in adipose tissue, liver, and elsewhere when CB1 antagonists are
administered is caused by the drug’s blocking the action of constitutively released ECs,
or whether the CB1 receptors are “autoactive,” providing a constant anabolic tone.
Evidence for the latter is that CB1 have been reported to be precoupled to G-protein
signaling systems (116), and there is evidence that the CB1 antagonist that was used in
the chronic experiments, SR 141716, is an inverse agonist as well as an antagonist at CB1
receptors (117).

Table 1
Key Characteristics and Actions of the Endocannabinoid System

• Endocannabinoids are fatty acid signals derived from arachidonic acid in cell membranes.
• Endocannabinoid agonists act at CB1 receptors in the brain and other organs to cause a net

anabolic effect.
• In the brain, endocannabinoids stimulate caloric intake, especially intake of palatable foods,

by functioning as retrograde inhibitors of synaptic activity.
• In liver, adipose tissue, skeletal muscle, and the gastrointestinal system, endocannabinoids

facilitate the formation and storage of lipids, decrease satiety, and decrease energy expendi-
ture.

• Obesity is characterized by increased levels of endocannabinoids and their receptors; acute
or chronic administration of selective CB1 antagonists causes weight loss, loss of body fat,
and improved glucose and lipid profiles in overweight and obese patients.
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CLINICAL USE OF CB1 ANTAGONISTS

SR 141716
The selective CB1 antagonist SR 141716 (rimonabant or Acomplia; Sanofi-

Synthelabo), when administered to marijuana smokers, caused weight loss in over-
weight and obese subjects without causing adverse side effects (118). Based on this and
the promising studies on animals (reviewed previously), SR 141716 has been used in
randomized, double-blind clinical trials to determine its efficacy in treating obesity and
related metabolic complications. Several Phase III clinical trials named RIO (Rimonabant
In Obesity) were initiated starting in 2001 and included more than 6600 overweight or
obese patients with or without comorbidities who were given SR141716 (5 or 20 mg) or
placebo for up to 2 yr (119 – 121). All subjects were on a calorie-restricted diet and
underwent a run-in period of diet alone prior to being randomized to drug or placebo
conditions.

RIO Trials
RIO-North America investigated the absolute change in weight during the first year

of treatment and the prevention of weight gain after rerandomization in the second year
(119), whereas RIO-Europe evaluated change of weight over the entire 2-yr period
(120). RIO-Lipids (121) and RIO-Diabetes evaluated the effect of rimonabant on the
specific comorbidity factors, hyperlipidemia and diabetes, respectively.

There is an impressive consistency across all the studies that have been published to
date. Subjects lose weight and have reduced waist circumference, and both the lipid
profile and parameters of glucose homeostasis are improved. The effect is dose-depen-
dent, and dropout rates were similar for placebo and drug conditions. In RIO-Lipids,
1036 obese patients with a body mass index (BMI) of 27 to 40 kg/m2 and dyslipidemia
were randomized in a double-blind trial to receive either rimonabant (5 or 20 mg/d) or
placebo for 1 yr (Fig. 3) (121). Patients treated with the larger dose (20 mg) lost a mean
of 8.6 kg of body weight, which was significantly greater than the 2.3 kg lost by the
placebo group following the run-in period. The percentage of patients who lost more than
10% of their body weight was significantly higher in the 20 mg rimonabant group than
in the placebo group. Taking 20 mg rimonabant was also associated with a significant
reduction in waist circumference, plasma triglycerides, and C-reactive protein, and an
increase in HDL cholesterol and plasma adiponectin. There was also a shift to larger
particle-sized LDLs in the rimonabant group. With regard to carbohydrate metabolism,
patients receiving rimonabant had reduced plasma insulin and fasting glucose, and a
reduced glucose area-under-the-curve during an oral glucose tolerance test. Finally, the
number of patients in the 20 mg rimonabant group that were classified with metabolic
syndrome was significantly reduced. The drug was generally well tolerated; the most
frequently reported side effects of receiving 20 mg rimonabant were nausea, dizziness,
and upper respiratory tract infections (121).

Comparable results have recently been reported in the RIO-Europe study after 1 yr of
treatment, although the subjects in that experiment did not have dyslipidemia (120).
Significantly more patients in the 20 mg rimonabant group achieved 5% or more weight
loss as well as 10% or more weight loss. They also had sufficient reduction in waist
circumference to be associated with a 30% decrease in intra-abdominal adiposity (122).
As was seen in RIO-Lipids, there was also a significant improvement in glycemic and



62 Woods and Cota

lipid profiles (120). There were no interactions among weight loss and sex, changes in
metabolic parameters, or reduction in waist circumference. Importantly, analyses of
both studies suggest that the improvement in the lipid and glycemic profiles is greater
than could be explained by the decrease of body weight. Hence, as has also been observed
in animal experiments, rimonabant causes improved metabolic parameters beyond its
effects on food intake and body weight. In summary, the first data obtained from clinical
trials indicate that the pharmacological blockade of CB1 has therapeutic potential for the
treatment of obesity and its associated risk factors.

CONCLUSION

Endocannabinoids are fatty acid signals derived from cell membranes in the brain and
many other tissues. Although they influence numerous systems and behaviors, this
review has focused on their coordinated action at multiple tissues to act at CB1 receptors
and promote increased food intake, lipogenesis, and the storage of fat. Within the brain,
endocannabinoids interact with hypothalamic circuits as well as with reward areas to
enhance intake of palatable foods. Within adipose tissue and liver, endocannabinoids
increase expression of enzymes that remove fat from the blood and store it in cells, as
well as enzymes that facilitate the de novo generation of fatty acids. There is also evi-
dence that cannabinoid activity in the gastrointestinal tract and in skeletal muscle also
contributes to the net anabolic action. Converging evidence indicates that activity of the
endocannabinoid system is tonically increased in animal and human obesity, and that
animals lacking cannabinoid receptors are resistant to becoming obese. Consistent with
these findings, acute or chronic administration of selective synthetic CB1 antagonists to
overweight or obese individuals results in weight loss, reduced waist circumference, and
an improved lipid and glycemic profile. Developing ligands for endocannabinoid recep-
tors is an important novel therapeutic strategy for the treatment of metabolic
dysregulation.

Fig. 3. SR141716 (rimonabant) decreases body weight in overweight and obese humans over the
course of 1 yr. In RIO-Europe, a total of 1507 patients with body-mass index 30 kg/m2 or greater,
or body-mass index greater than 27 kg/m2 with treated or untreated dyslipidemia, hypertension,
or both, were randomized to receive double-blind treatment with placebo, 5 mg rimonabant, or
20 mg rimonabant once daily in addition to a mild hypocaloric diet (600 kcal/d deficit). (* p <
0.05; ** p < 0.01; redrawn from ref. 120).
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Summary
Adipose tissue (AT) is composed of adipocytes and a diverse population of nonadipocytes that

are commonly referred to as stromal–vascular cells. Adipose tissue has traditionally been consid-
ered a passive storage energy depot that, indeed, does serve as a long-term reservoir for fuel stored
as triglyceride. However, laboratory, clinical, and epidemiological studies over the past decade have
redefined and greatly expanded our understanding of the physiological role of AT. We now appre-
ciate that AT is an endocrine organ with important roles in maintaining whole-body energy homeo-
stasis and systemic metabolism. This appreciation derives in large part from the identification of
multiple AT-secreted factors that modulate central and peripheral processes. These include free
fatty acids, which have significant effects on glucose and insulin homeostasis, as well as bioactive
peptides termed adipokines. Adipokines act in an autocrine, paracrine, and/or endocrine fashion to
promote metabolic homeostasis, and integrate adipose tissue, liver, muscle, and CNS physiology.

There are currently more than 50 known adipokines, as well as locally generated hormones and
metabolites that, together, affect multiple physiological functions including food intake, glucose
homeostasis, lipid metabolism, inflammation, vascular tone, and angiogenesis. Because they affect
such diverse and important processes, regulation of adipokine secretion from AT is critically impor-
tant to regulating systemic metabolism. Notably, increased AT mass (as in obesity) induces char-
acteristic qualitative and quantitative changes in adipose tissue metabolism and adipokine secretion.
These changes are now implicated in the development of metabolic syndrome and its progression
to more severe obesity-associated pathologies, including type 2 diabetes and cardiovascular disease.

Key Words: Adiponectin; leptin; adipose tissue; adipocyte; cytokine; tumor necrosis factor- ;
adipokines; mononcyte-chemoattractant protein; interleukin-6; inflammation; plasminogen activa-
tor inhibitor-1; 11-  hydroxydehydrogenase-1.
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INTRODUCTION TO ADIPOSE TISSUE

Adipose tissue (AT) is composed of adipocytes and a diverse population of
nonadipocytes that are commonly referred to as stromal–vascular cells (SVC). Adipose
tissue has traditionally been considered a passive storage energy depot that serves as a
long-term reservoir for fuel stored as triglyceride. However, laboratory, clinical, and
epidemiological studies over the past decade have redefined and greatly expanded our
understanding of the physiological role of AT. We now appreciate that AT is an endo-
crine organ with important roles in maintaining whole-body energy homeostasis and
systemic metabolism. This appreciation derives in large part from the identification of
multiple AT-secreted factors that modulate central and peripheral processes. These
include free fatty acids (FFA), which have significant effects on glucose and insulin
homeostasis, as well as bioactive peptides termed adipokines. Adipokines act in an
autocrine, paracrine, and/or endocrine fashion to promote metabolic homeostasis, and
integrate adipose tissue, liver, muscle, and CNS physiology.

There are currently more than 50 known adipokines, as well as locally generated
hormones and metabolites that, together, affect multiple physiological functions includ-
ing food intake, glucose homeostasis, lipid metabolism, inflammation, vascular tone,
and angiogenesis (Fig. 1) (1). Because they affect such diverse and important processes,
regulation of adipokine secretion from AT is critically important to regulating systemic
metabolism. Notably, increased AT mass (as in obesity) induces characteristic qualita-
tive and quantitative changes in adipose tissue metabolism and adipokine secretion.
These changes are now implicated in the development of metabolic syndrome and its
progression to more severe obesity-associated pathologies, including type 2 diabetes and
cardiovascular disease.

The goal of this chapter is to provide the practicing physician with an overview of clinically
relevant adipokines, the pathophysiological impacts of their dysregulation in obesity, and
current therapies directed at ameliorating this dysregulation and/or its sequelae.

Before describing the specific actions of adipokines, it is important to understand that
adipocytes have an active role in modulating normal health. Our understanding of the
role of adipocytes in maintaining normal metabolism was enhanced by a series of elegant
experiments that utilized mice that were genetically engineered to not express adipocytes.
These fatless, or lipoatrophic, mice were found to have elevated circulating levels of
fatty acids, hyperglycemia, and hypertriglyceridemia. Additional abnormalites included
increased hyperglycemia and insulin resistance (2). Remarkably, transplantation of
adipocytes back into the lipoatrophic mice normalized many of these metabolic param-
eters. These observations could be explained by the fact that adipocytes serve as a
reservoir of fatty acids and/or secrete hormones that modulate systemic metabolism.

Leptin
The discovery that was perhaps the greatest catalyst in propelling understanding of

adipokines was that of leptin. The discovery of this adipocyte hormone was revealed by
the identification of a single gene and its protein product that was able to explain the
phenotype of the ob/ob mouse, a recessive, genetic model of obesity (3). Ob/ob mice are
extremely hyperphagic, obese, insulin-resistant, and infertile. By using genetic analysis,
it was discovered that these mice produced a mutant RNA for the leptin protein. The
product of the ob gene was termed leptin, which is both exclusively synthesized and
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secreted by adipocytes and circulates in the blood. Possibly owing to an estrogen effect,
serum levels are higher in females than males, even after correcting for body fat (4).
Administration of leptin to ob/ob mice demonstrated proof of the concept, as it signifi-
cantly reduced food intake while ameliorating obesity, insulin resistance, hyperlipi-
demia, and abnormal glucose homeostasis (5,6). Initial experiments demonstrated that
ob/ob mice were extremely sensitive to leptin’s ability to modulate food intake by acting
on the hypothalamus. By crossing the blood–brain barrier and directly affecting hypo-
thalamic pathways, leptin activates anorexigenic signals and suppresses orexigenic sig-
nals. Leptin thus controls appetite via the hypothalamic network, and the lack of leptin
signaling to the hypothalamus sends a very strong message of hunger (7). There are
extremely rare obese individuals who, secondary to genetic abnormalities, do not express
leptin and who, upon exogenous adminstration of leptin, will have a significant decrease
in body weight, primarily by reducing appetite (8).

Interestingly, leptin may act beyond the central nervous system and exert peripheral
effects. In rodents leptin directly acts on muscle cells, adipocytes, and the -cells of the
pancreas to increase energy expenditure (9). One of the most exciting observations was
that leptin directly activates an intracellular signaling pathway resulting in activation of
AMP-activated kinase (AMPK) in mouse skeletal muscle (10). In animals as well as
humans, AMPK, the metabolic sensor of the cell, is activated by both exercise and
antidiabetic drugs such as thiazolidinediones (TZDs). One of the most significant effects
of AMPK is its ability to increase fatty acid oxidation by promoting entry of fatty acids
into mitochondria and inhibiting lipogenesis. In addition, AMPK, similar to insulin,
increases glucose uptake in skeletal muscle (11).

Leptin treatment of lipoatrophic mice was found to ameliorate the associated insulin
resistance and diabetes (12). These studies in rodents were followed by pioneering studies
in lipoatrophic humans who lack fat. Lipoatrophic diabetes is an extremely rare condition
in humans. In general, individuals with lipoatrophic diabetes have hypertriglyceridemia,
sometimes reaching levels that require plasmapheresis. These individuals suffer from
ectopic fat deposition in skeletal muscle and liver, the latter resulting in hepatomegaly

Fig. 1. Adipose tissue as an endocrine organ.
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and steatohepatitis. In addition, these individuals often are hyperglycemic to the point
of requiring antidiabetic medicines. In a series of exciting studies, investigators at the
NIH found that leptin administration in lipoatrophic individuals, in general, ameliorated
the diabetes, steatohepatitis, and hypertriglyceridemia (13,14). As far as the underlying
mechanisms, although leptin significantly reduced food intake, there are also data from
human studies to suggest that leptin may be acting on peripheral tissues to ameliorate this
metabolic disorder (14). In addition, although it is beyond the scope of this chapter, leptin
has also been suggested to be important in modulating the neurohormonal regulation of
puberty (15).

Although initial hopes were raised that exogenous leptin administration might ame-
liorate human obesity, it soon become apparent that with increasing obesity, leptin levels
actually go up. This observation suggested that obese humans develop resistance to the
antiobesity effects of leptin. Consistent with this hypothesis, exogenous administration
of supraphysiologic levels of leptin to obese individuals in general did not ameliorate
obesity (16). Investigations in animals revealed that leptin can increase an intracellular
protein that blocks leptin effects on intracellular pathways, reducing its efficacy.

One possible therapeutic role for leptin in body weight regulation may be in maintain-
ing long-term weight loss. Obese individuals who lose weight have a significantly
reduced metabolic rate and reduced thyroid hormone levels (17,18). Weight-reduced
humans have decreased leptin levels. Administration of leptin to these individuals
appears to maintain energy expenditure, skeletal muscle work efficiency, and thyroid
hormone levels, thus enhancing the likelihood of maintaining weight loss. These and
other studies have suggested that leptin, though increased in response to fasting, may act
as a “thermostat” to maintain body weight at a certain set point. With weight loss in obese
individuals, reduced leptin levels may act to reduce metabolic and hormonal pathways
and increase appetite as a means to return to previous weight levels. Conversely, increases
in obesity may result in leptin resistance.

In summary, leptin is an extremely important adipokine whose secretion and synthe-
sis is increased with obesity. Leptin appears to regulate both central and peripheral
pathways that modulate energy and metabolic homeostasis. Unfortunately, with obesity,
individuals become resistant to these salutary benefits of leptin. Leptin—and under-
standing leptin physiology—may ultimately prove beneficial to the maintenance of lost
weight. Additionally, the discovery of leptin was the initial, critical finding that has
catalyzed the understanding of central pathways that regulate food intake.

Adiponectin
Adiponectin, also called gelatin-binding protein (GBP)28 (19), adipocyte comple-

ment-related protein (Acrp30) (20), AdipoQ (21), and adipose most abundant gene
transcript 1 (apMI) (22), was discovered at approximately the same time as leptin, in
1995. Similar to leptin, adiponectin is expressed exclusively by mature adipocytes, and
increases dramatically with differentiation of preadipocytes to adipocytes (23). How-
ever, unlike leptin, its expression does not increase with obesity, but as will be discussed
later, it decreases. Adiponectin circulates in plasma in the microgram-per-milliliter
range, which is the highest plasma concentration of any of the adipose-secreted proteins,
most of which are in the nanogram-per-milliliter range (24). Production of both leptin
and adiponectin production is higher in subcutaneous fat than the deeper visceral depots
(25), and similarly, the concentration of this hormone tends to be higher in females than
in males (26).
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Interestingly, adiponectin proteins can bind to each other in varying numbers, and the
resulting combinations appear to have differing levels of importance in terms of their
effects on metabolic homeostasis. In particular, adiponectin circulates as low-molecu-
lar-weight (LMW) and high-molecular-weight (HMW) forms (27). The HMW form has
been shown to be the most metabolically active, with its primary effects thought to be
on the liver (28). Initially, a fragment of the adiponectin molecule lacking the N-termi-
nus, referred to as the “globular domain,” was thought to have significant metabolic
effects, as suggested by animal studies (29). However, its presence has not yet been
confirmed and it most likely does not normally circulate in humans, leaving the physi-
ological significance unclear (30).

Adiponectin, like leptin, has a critical role in whole-body metabolism and insulin
sensitivity. This adipocyte hormone appears to significantly affect liver metabolism,
where it suppresses hepatic glucose output (31). The antidiabetic drugs, TZDs, are
known to increase adiponectin expression (32). Like leptin and TZDs, adiponectin has
been shown to activate AMPK. In fact, in adiponectin-deficient mice, TZDs cannot
activate AMPK in liver and muscle (33). Unlike leptin, adiponectin levels decrease with
obesity (34). Such reduced levels of adiponectin have been suggested to significantly
increase the risk of developing metabolic disorders such as metabolic syndrome, diabe-
tes, and atherosclerosis.

Studies of adiponectin polymorphisms pointed toward the importance of alterations
in this protein in promoting deleterious metabolic disorders and obesity. Kissebah et al.
used genetic mapping techniques to demonstrate that the chromosomal adiponectin gene
location is strongly correlated with components of metabolic syndrome in patients (35).
Polymorphisms in the adiponectin gene have been linked with risk for diabetes (36).
Polymorphisms resulting in hypoadiponectinemia are additionally associated with insu-
lin resistance, diabetes, and cardiovascular disease (CVD), and polymorphisms in the
receptor have also been associated with diabetes (37).

In addition, adiponectin gene polymorphisms have been associated with severe obe-
sity in both children and adults (38). Although adiponectin is the only known adipose-
specific protein that declines with obesity (39), weight loss significantly increases
adiponectin levels (40). Rimonabant, a drug recently developed to treat obesity and
metabolic syndrome, significantly increased serum adiponectin levels in patients (41).

Case-control studies have shown altered adiponectin levels to be an independent risk
factor for the development of type 2 diabetes (42,43). Increased plasma levels of this
protein are associated with increased insulin sensitivity and glucose tolerance (44).
Decreased circulating adiponectin, as well as decreased adipose tissue concentrations,
are associated with insulin resistance (45,46). For example, in obese monkeys as well as
humans that develop diabetes, the fall in adiponectin levels strongly correlates with the
onset of insulin resistance (47,48).

Mice lacking adiponectin have diet-induced insulin resistance (49), and administra-
tion of adiponectin to rodent models of type 2 diabetes results in a very significant
improvement in insulin resistance (50). Full-length adiponectin has been demonstrated
to increase AMPK activity in both liver and skeletal muscle (51). Importantly, these
insulin-sensitizing effects are seen even in normal animals (52). Adiponectin adminis-
tration also reverses the insulin resistance observed in lipoatrophic mice, known to have
low adiponectin levels (50).

Interestingly, it has been shown that even without a change in total serum adiponectin
levels, increasing the proportion of complexes that are in the HMW form increases
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insulin sensitivity (53). Intriguingly, TZDs increase the ratio of HMW multimers, which
is thought to have greater ameliorative effects on metabolic abnormalities than total
adiponectin (54). Likewise, some patients with changes in total adiponectin values, but
no difference in the proportion that are of the HMW form, fail to see improvement in
insulin sensitivity (53). As a result of these findings, the Scherer lab has coined the term
“adiponectin sensitivity index” (SA), which refers to the relative level of HMW form of
adiponectin to total adiponectin in circulation (53).

Adiponectin abnormalities have also been implicated in the development of athero-
sclerosis. Markers of dyslipidemia, including low HDL-C levels, hypertriglyceridemia,
and smaller, denser LDL-C, have all been correlated with hypoadiponectinemia, inde-
pendent of body fat (55). Furthermore, higher serum triglycerides, apo B-48, and apo C-
III levels are predicted by low serum adiponectin levels (56). Hypoadiponectinemia is
also an independent risk factor for developing hypertension (57) and heart disease (58),
and patients with coronary heart disease have lower concentrations of adiponectin than
controls, even after controlling for body mass index (BMI) (47,59).

Likewise, animal models demonstrate that exogenous administration of adiponectin
protects against the development of diet-induced atherosclerosis (60), as well as limiting
damage in an experimental animal model of acute myocardial infarction (61). Mecha-
nistically, it seems that adiponectin can stimulate nitric oxide production in vascular
endothelial cells, thus increasing vasodilation (62). Furthermore, adiponectin is thought
to stimulate angiogenesis. Accordingly, mice lacking adiponectin have decreased angio-
genic activity following ischemia, and overexpression of adiponectin increases angio-
genesis (61).

Adiponectin also inhibits vascular smooth muscle cell proliferation, as well as inhibiting
expression of scavenger receptor class A proteins (58), which are thought to recruit athero-
genic lipid particles into macrophages. The antiatherogenic capabilities of adiponectin may
also be due in part to its anti-inflammatory properties. By inhibiting myocardial expression
of tumor necrosis factor (TNF)- , adiponectin decreases expression of monocyte adhesion
molecules in the vascular wall and inhibits the transformation of macrophages to foam cells.
Furthermore, adiponectin inhibits plaque formation by downregulating adhesion molecules
such as vascular cell adhesion molecule (VCAM) (63).

Very recently, a new family of highly conserved proteins, homologous to adiponectin,
has been identified (64). In vitro models suggest that some of these “adiponectin paralogs”
may have metabolic effects similar to adiponectin, rendering them plausible pharmaco-
logical targets.

In summary, adiponectin blocks many key components of the atherogenic process,
and is currently a very promising drug target for preventing atherosclerosis.

INFLAMMATORY ALTERATIONS IN ADIPOSE TISSUE WITH OBESITY

The profile of adipokines synthesized and secreted in adipose tissue changes dramati-
cally as individuals become obese. One of the first clues that adiposity alters adipose
tissue function was that adiposity was associated with increased expression of inflam-
matory cytokines, in particular TNF-  and interleukin (IL)-6 (65). TNF-  is a member
of a family of secreted proteins that are characteristically produced by immune cells.
Cytokines can exert their effect locally via paracrine/autocrine signaling, as well as
circulating in the blood to act on distal tissues. TNF-  was initially implicated in the
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pathogenesis of the cachexia associated with cancer and infectious diseases. In fact, one
laboratory initially referred to TNF-  as cachetin (66). It was therefore an initial surprise to
find that obese individuals had increased expression levels of TNF-  in their adipose
tissue (67,68).

Subsequent studies demonstrated a second AT-derived cytokine, IL-6, to be elevated
in the serum of obese individuals and significantly correlated with FFA levels (69).
Interestingly, more than 90% of IL-6 in adipose tissue was produced by nonadipocyte
cells. In 2003 two separate laboratories independently reported a key observation con-
cerning the appearance of macrophages in obese adipose tissue (70,71). There was a
strong correlation between macrophage numbers with increasing adipocyte cell size
(essentially reflecting increasing amounts of adipocyte triglyceride) and obesity. Adi-
pose tissue macrophages were found to secrete several cytokines, including TNF-  and
IL-6, as well as bioactive mediators of nitric oxide. These cytokines and other inflam-
matory mediators produced by macrophages are thought to alter adipocyte metabolism
and function, as well as adipokine profile (72,73), and are further discussed later in the
“TFN- ” and “IL-6” sections.

Interestingly, macrophage infiltration in adipose tissue appeared to precede or coin-
cide with significant insulin resistance in obese rodents. The underlying mechanism(s)
of macrophage infiltration remains unclear. The immune factor, monocyte chemotactic
protein (MCP)-1 is one factor that has been suggested to be involved in recruiting
macrophages in adipose tissue (74). Macrophages in obese animals and humans have
been described to predominantly localize and form granuloma-type structures around
dead adipocytes (75). It remains unclear whether the necrotic adipocytes promote mac-
rophage infiltration into adipose tissue or if the macrophages enter the adipose tissue and
actually kill adipocytes. Regardless, the residual insoluble triglyceride droplet from
dead adipocytes may be viewed by the body as analogous to a foreign body, as the
macrophages appear to surround, sequester, and scavenge the residual lipid droplet in
similar manner.

Future studies (including those in our own laboratory) are aimed at understanding the
basis of macrophage infiltration, adipocyte cell death, and adipose tissue inflammation.
New information regarding the inflammatory state in obese adipose tissue, as well as
how inflammatory cells contribute to or are causal to obesity-related diseases, will be
critical to future pharmacological intervention.

Obesity is associated with increased fatty acids, one of the products of adipocyte
lipolysis. Fatty acids are released from adipose tissue and then enter the circulation.
Increases in circulating levels of fatty acids have been demonstrated to promote insulin
resistance in both skeletal muscle and liver, as well as increase hepatic gluconeogenesis
(76,77). The role and regulation of fatty acids in metabolism and obesity are discussed
in detail in Chapter 5 of this book.

ROLE OF REGIONAL ADIPOSE TISSUE DEPOTS IN METABOLISM

In discussing the role of adipose tissue in modulating systemic metabolism, although
controversial to some, we will now address the growing evidence suggesting that differ-
ent adipose tissue depots may each have distinct influences on metabolism. It has been
observed that insulin-resistant individuals often have increased central or visceral fat, or
more specifically, increased fat accumulation in omental and mesenteric anatomic re-
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gions. Fatty acids and cytokines secreted from omental and mesenteric fat empty into the
portal vein, directly exposing the liver to these factors. As the liver is important in
regulating glucose and very-low-density lipoprotein (VLDL) production, these factors
may influence hepatic metabolism. Recent reports also suggest that visceral adiposity,
but not total adiposity, is a better determinant of metabolic disturbance such as insulin
resistance (78,79). Finally, antidiabetic drugs such as TZDs have been shown to differ-
entially affect the various fat depots—for example, reducing central fat accumulation
while increasing subcutaneous fat (80). It seems that as active investigation of this area
continues, accumulating evidence may point to a potential differential role for the vari-
ous AT depots in promoting abnormalities such as insulin resistance.

PATHOLOGY-ASSOCIATED CHANGES IN ADIPOKINES

Tumor Necrosis Factor-
Of recent intense study, TNF-  has been at the center of attention as a mediator of

obesity. Earlier observations in the literature revealed that adipose tissue expression of
TNF-  was positively correlated with insulin resistance in humans (67–69) and that as
humans became obese, adipose tissue expression of TNF-  increased (67). It is now
known that the vast majority, approx 95%, of TNF-  in adipose tissue of obese individu-
als is synthesized by macrophages, with only a small percentage released from adipocytes
(81). Nonetheless, it is not well understood how these two sources of TNF- , from both
the adipocytes themselves and the infiltrated macrophages, contribute to obesity-asso-
ciated disease etiology.

In general, plasma levels of TNF-  are low and do not correlate with obesity or insulin
resistance (69). It is known that one role for TNF-  is for it to stimulate an increase in
expression of other proinflammatory molecules, such as IL-6 and MCP-1 (82), as well
as to positively feed back on its own expression (73). Thus, it is currently believed that
circulating TNF-  is likely to be contributing to the chronic inflammation accompany-
ing obesity through this cytokine amplification cascade.

Animal data indicate that this cytokine, when found in increased amounts in plasma,
does promote insulin resistance in peripheral tissues. When rats are chronically admin-
istered TNF- , skeletal muscle is less able to utilize glucose in response to insulin (83).
Incubation of adipocytes with TNF-  increases lipolysis (84,85), downregulates glu-
cose transporter type 4 (GLUT4) receptors in adipose tissue (83), and interferes with the
insulin signaling cascade (86). Mice that lack TNF-  receptors and TNF-  protein are
protected from obesity-induced insulin resistance. These animals also display decreased
circulating FFA, as well as protection from obesity-induced defects in insulin signaling
in both muscle and adipose tissue (87).

Unfortunately, in vivo human research is less conclusive. In obesity, adipose tissue
TNF-  does not appear to be secreted into the bloodstream; however, adipose tissue
TNF-  does correlate with insulin resistance (69,88). Presumably the cytokine influ-
ences systemic metabolism by altering adipocyte gene and protein expression as well as
metabolism. Along these lines, cellular studies indicate that TNF-  may reduce the
mRNA and protein expression of adiponectin (73).

Treatment of obese humans with TZDs reduces adipose tissue production of TNF-
and adipose tissue inflammation. However, treatment of obese patients and type 2
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diabetics with neutralizing TNF-  antibodies did not improve insulin sensitivity (89).
Interpretation of these antibody studies is confounded, however, by whether the admin-
istered antibodies actually have access to the TNF-  within the different adipose depots.
Interestingly, TNF-  may contribute to the development of obesity-associated sleep
apnea. Administration of anti-TNF-  appears to improve sleep apnea (90).

In summary, with obesity, adipose tissue produces increased amounts of TNF- . The
primary source of this cytokine appears to be macrophages. The cytokine is not secreted
by adipose tissue in significant amounts. However, it appears to alter systemic metabo-
lism by increasing adipocyte lipolysis, releasing fatty acids into the circulation, and
reducing adipocyte production of adiponectin.

Interleukin-6
IL-6 is a pleiotropic cytokine produced by adipose tissue, immune cells (91), and

contracting muscle fibers (92). It functions by activating various signaling cascades via
binding to receptors, which exist in both membrane-bound and soluble forms. It has been
shown to have multiple, sometimes contradictory, physiological effects on the periph-
ery, particularly muscle, liver, and endothelium.

Visceral depots release two to three times as much IL-6 as subcutaneous adipocytes
(93), and high levels of this cytokine are found circulating in the serum. It has been
estimated that up to 35% comes from adipose tissue (88); thus, the majority of circulating
IL-6 is derived from nonadipose sources.

As an inflammatory molecule, IL-6 is involved in the immune system’s host defense
to tissue injury. As mentioned earlier, it is thought that IL-6 expression in adipose tissue
is induced in a paracrine fashion by other proinflammatory molecules, such as TNF-
(94), though whether IL-6 itself is proinflammatory or anti-inflammatory in adipose
tissue is still unclear (95). Both higher circulating levels of IL-6 and increased adipose
tissue concentrations are associated with obesity. Furthermore, weight loss results in a
decrease in IL-6 serum concentrations (96). Importantly, in obesity, unlike other situa-
tions, IL-6 is chronically elevated, and this chronic elevation may result in detrimental
alterations in systemic metabolism.

Higher concentrations of adipose tissue IL-6 are associated with insulin resistance
(96). In a study that carefully examined adipose tissue and systemic insulin sensitivity,
including measures of serum fatty acids, IL-6, and TNF-  in the lean and obese, insulin
resistance was most highly correlated with serum measures of IL-6. Additionally, serum
IL-6 correlated with serum measurements of fatty acids (69). However, it is currently
unclear as to whether this is merely a reflection of the correlation between insulin
resistance and inflammation, or is in fact a causal relationship. One possible effect of IL-
6 may be indirect in the sense that IL-6 has been reported to decrease adiponectin levels
(96). Additionally, IL-6 can increase lipolysis (97). Another possibility is that IL-6 can
inhibit insulin by increasing the cellular expression of suppressor of cytokine signaling
(SOCS)-3, a negative regulator of both leptin and insulin signaling. IL-6-induced SOCS-
3 expression has been demonstrated in skeletal muscle, adipocytes (98), and hepatocytes
(99). In vivo experiments further confirm that IL-6 decreases insulin sensitivity in the
liver (100).

As with type 2 diabetes, there is some evidence that IL-6 has a role in the early
pathogenesis of cardiovascular disease. This inflammatory cytokine is reported to be an
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independent marker of increased mortality in patients with unstable coronary artery
disease (101). Furthermore, increased serum IL-6 concentrations tend to parallel
dyslipidemia (102). A partial explanation may be the increase in adipocyte lipolysis, as
noted above. It is known that IL-6 infusion in humans results in higher serum FFA (103).
However, the exact role that the cytokine plays, and whether it is more than simply a
reflection of the correlation between atherosclerosis and inflammation, is still to be
determined.

Similar to observations for TNF- , serum levels of IL-6 are also correlated with
obesity-associated sleep apnea and have been implicated in its pathogenesis (104–107).
Increased cytokine levels and associated sleep disturbances have been proposed to be
consequences of metabolic syndrome (108).

In summary, adipose tissue and serum levels of IL-6 increase with obesity. There is
evidence that IL-6 has some anti-inflammatory actions, perhaps as a brake to inflamma-
tory states. In certain situations, IL-6 has been suggested to have beneficial effects on
systemic metabolism. However, obesity is associated with chronic elevations of IL-6
that may promote adipocyte lipolysis, insulin resistance, and other metabolic alterations.

Monocyte Chemoattractant Protein-1

The primary function of MCP-1, a proinflammatory chemokine, is thought to be the
mediation of monocyte trafficking (109). In adipose tissue, adipocytes, stromal–vascu-
lar cells, and macrophages probably all contribute to adipose secretion of this protein
(110,111). MCP-1 has both local and systemic effects, with all effects mediated by its
receptor, the CCR2 receptor (74).

As an adipokine with very low basal expression, normal plasma levels of MCP-1 are
virtually undetectable. However, MCP-1 is significantly induced by inflammatory
molecules such as TNF-  and IL-1 (112). Its expression is also induced by insulin, even
in insulin-resistant cells (113).

MCP-1 is hyperexpressed in adipose tissue from obese mice compared with control
animals (114). Plasma and adipose tissue levels of this protein are also increased with
increasing adiposity/BMI (115). Likewise, levels are decreased after weight reduction
(115). MCP-1 has also been implicated in type 2 diabetes: patients with type 2 diabetes
have higher circulating levels of MCP-1 (116).

Chronic incubation of adipocytes with insulin results in the synthesis and secretion of
MCP-1. This occurs even though certain other actions of insulin are blocked with chronic
incubation. Interestingly, incubation of adipocytes with MCP-1 in vitro results in decreased
insulin-stimulated glucose uptake (113).

Animal studies suggest that MCP-1 could contribute negatively to cardiovascular
disease. Blocking the MCP-1 pathway with gene therapy can prevent atheroma forma-
tion (117), as well as slow the progression of established lesions (111). The jury is still
out, however, as to whether this adipokine contributes to the pathogenesis of atheroscle-
rosis, or is merely a marker (115).

In summary, MCP-1 is a cytokine that is thought to promote macrophage recruitment
into AT. The chronically elevated levels of insulin that are often seen with obesity may
promote the synthesis and secretion of MCP-1 from adipocytes. Though more research
is needed, these higher levels of MCP-1 may then have distinct metabolic effects, pos-
sibly contributing to the development of metabolic disease.
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Plasminogen Activator Inhibitor-1
Plasminogen activator inhibitor (PAI)-1 is released by adipocytes, as well as other

adipose tissue constituents, with visceral fat contributing higher amounts compared to
subcutaneous depots (81). This adipokine acts as an inhibitor of fibrinolysis and
proteinolysis (118), thereby helping to maintain vascular homeostasis. Higher levels of
this protein promote increased susceptibility to clotting, a critical event in the pathogen-
esis of such conditions as myocardial infarction and stroke. Its release is also induced by
the proinflammatory cytokine TNF- (119).

Plasma levels of PAI-1 are elevated with obesity and strongly correlated with visceral
adiposity (120). It appears that secretion from AT is increased in obese individuals (121).
Interestingly, mice that lack PAI-1 are completely protected against high-fat diet-in-
duced obesity (122). Even ob/ob mice, as a model of genetic morbid obesity, are pro-
tected (123). This suggests that PAI-1 effects are not limited to clotting but may have
other systemic effects.

Interestingly, plasma levels of PAI-1 are predictive of type 2 diabetes, independent
of insulin resistance (124). TZD treatment results in a decrease in plasma levels (125).
As with MCP-1, even insulin-resistant cells can continue to produce PAI-1 when ex-
posed to insulin, suggesting that this protein may be regulated by a pathway that does not
become resistant to the effects of insulin (126).

The primary role of PAI-1 is to help maintain vascular homeostasis (127). This protein
is actually implicated in the pathogenesis of cardiovascular disease, with plasma levels
being a strong predictor of future cardiovascular disease development (128). It will be
interesting to follow the results of future studies when it might be determined how PAI-
1 contributes to obesity-related pathologies.

11  Hydroxydehydrogenase-1
Cushing’s disease or administration of exogenous glucocorticoids such as prednisone

are often associated with increased weight gain, central adiposity, increased food intake,
insulin resistance, and in certain individuals, increased likelihood of developing diabe-
tes. However, in general, obese individuals do not have increased circulating levels of
cortisol. Interestingly, over the past few years, research has demonstrated that certain
enzymes can actually convert inactive cortisol metabolites into active cortisol. One of
the first hints that AT was in fact an endocrine organ was its identification as a major site
for steroid hormone metabolism (129).

11 Hydroxydehydrogenase (11 HSD)-1 is an enzyme that converts circulating inac-
tive metabolites of glucortiocoids into the active hormone, cortisol. This enzyme has
been detected in liver, lung, brain, vasculature, and adipose tissue (130). 11 HSD-1
increases local adipose tissue cortisol levels by converting local inactive cortisol me-
tabolites, although it does not alter serum levels (131). In the strictest sense, 11 HSD-
1 is not a true adipokine, as it is not a secreted protein. However, because expression and
local effects of this enzyme are manifest as elevated cortisol levels, 11 HSD-1 can be
considered an adipokine.

Animal experiments have provided insight into the role of 11 HSD-1 in obesity and
obesity complications. Adipocyte-specific overexpression of 11 HSD-1 in mice results
in increased visceral adiposity and hyperphagia. In addition, these animals develop
insulin resistance (132). Interestingly, mice that do not express 11 HSD-1 are resistant
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to high fat diet-induced obesity (133,134). Interestingly, obese humans appear to have
increased adipose tissue concentrations of the enzyme (131), possibly contributing to the
development of central adiposity. Furthermore, healthy volunteers given an 11 HSD-1
inhibitor called carbenoxolone showed increased insulin sensitivity (135).

In summary, adipocytes from obese individuals appear to express increased levels of
11 HSD-1, which converts inactive cortisol metabolites into cortisol. In rodents,
adipocyte-specific overexpression of this enzyme mimics many attributes of metabolic
syndrome. While the exact mechanisms are not yet clear, increased local levels of
11 HSD-1 in adipose tissue may promote metabolic syndrome. The identification of
inhibitors of 11 HSD-1 is currently a research focus of pharmaceutical companies.

CONCLUSION

Although historically adipocytes have been thought of basically as a reservoir of
triglyceride, it is clear that AT can synthesize and secrete local as well as systemic
mediators of metabolism. Thus, AT can be viewed as an endocrine organ. In lean indi-
viduals small adipocytes secrete adipokines, such as leptin and adiponectin, which pro-
mote healthy metabolic homeostasis. However, with the onset of obesity, a
macrophage-mediated profile is observed in AT. Multiple cytokines, such as TNF-  and
IL-6, are secreted, with some acting locally in AT and some being released into the circu-
lation to act at distal sites. In addition, these cytokines can act locally to increase adipocyte
release of fatty acids and to reduce adiponectin levels. Chronically, this altered adipokine
secretion that accompanies obesity significantly contributes to the development of insu-
lin resistance, metabolic syndrome, atherosclerosis, and diabetes.
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Summary
The development of obesity induces resistance to the effect of insulin to stimulate uptake of

glucose and suppress release of fatty acids. These metabolic impairments are inter-related and
competition between glucose and fatty acids is a key aspect of the pathogenesis of insulin resistance.
Another important factor is that fat calories accumulate within muscle and liver and the presence of
an increased fat content in these organs correlates with severity of insulin resistance. This chapter
reviews recent findings and background concepts regarding “ectopic fat” and substrate competition
and how these contribute to obesity induced insulin resistance.

Key Words: Free fatty acids; insulin resistance; ectopic fat; macronutrients.

INTRODUCTION

Insulin resistance (IR) occurs commonly in obesity and is closely related to the increase
in adiposity. There are a number of aspects of adiposity that contribute to the pathogenesis
whereas another aspect of fat distribution concerns that located with liver and muscle.
In this book, intra-abdominal adiposity is discussed in a separate chapter; this chapter
will focus on ectopic fat and on the topic of substrate competition between glucose and
fatty acids, which is also regarded as strongly influencing IR in obesity.
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Ectopic fat is a term that refers to the accumulation of stored fat within muscle, liver,
and potentially other tissues important for the pathogenesis of complications of IR, such
as myocardium and pancreatic -cells. However, it is normal for myocytes and hepato-
cytes to contain stored triglyceride, which, like glycogen, is a depot of readily available
substrate. Therefore, the term “ectopic fat” is a misnomer, but this limitation aside, the
term has value for descriptive purposes. One of the axioms that will be explored in this
chapter is that myocytes and hepatocytes with ectopic fat can be viewed as a recapitu-
lation at a cellular level the systemic pathophysiology that characterizes obesity. Ectopic
fat derives from perturbations in the balance between storage and oxidation of fat,
obviously, but also in interaction with carbohydrate availability.

With regard to “substrate competition” between free fatty acids (FFA) and glucose,
it is most common to frame this as pathophysiology rather than physiology, and to posit
that FFA is the “culprit” substrate. This perception certainly resonates with much that
is understood about the pathogenesis of IR in obesity, yet is only part of the story. With
substrates, as with much else, competition is more often healthy than unhealthy. In fact,
competition between glucose and FFA is an essential part of the ebb and flow of daily
life in the transitions between fed and fasted conditions. Moreover, in obesity, recent
work indicates that glucose competitively inhibits oxidation of fat and that this may be
as important in generating metabolic problems as the converse, which is FFA inhibition
of glucose utilization.

HISTORY OF CONCEPT OF INSULIN RESISTANCE

If it can be argued that there is ambiguity concerning whether substrate competition
is always adverse for metabolism or whether it is glucose or FFA that causes problems,
then this note of ambiguity might also be extended to a consideration of IR itself. Insulin
resistance has been an enigma since it was initially described 75 yr ago (1). It is custom-
ary that a pathophysiological process like IR is regarded as a mechanism of disease. But
there is another perspective. There is an emerging body of evidence that IR is a highly
regulated adaptation that protects, or at least partially protects, the very organ systems
(muscle, adipocytes, and liver) that are pivotal in generating IR. This latter perspective
has relevance to the discussion of both substrate competition and ectopic fat.

Even at the inception of the concept of IR, it was recognized to be a process that did
not fit into established paradigms for categorizing endocrine disorders. Endocrine dis-
orders, then as now, can nearly always be categorized into those of hormone deficiency
and those of hormone excess. Insulin resistance is a chimera of these. It is a manifestation
of deficient hormone action but one that is not accounted for by insulin deficiency.

Insulin resistance was initially described by Himsworth in the 1930s (1–3).
Himsworth, a physician then beginning to implement treatment with insulin, the “won-
der drug” of that age, was perceptive in noticing that some diabetic patients appeared
refractory to this treatment. To test this concept, he gave research volunteers, nondiabetics
and diabetics, injections of glucose, alone and with insulin injections, and noted the
effect on the glycemic responses. This procedure revealed “responders” and
“nonresponders.” The descriptions of the respective clinical characteristics that were
made by Himsworth foreshadowed clinical criteria that remain effective for distinguish-
ing between individuals with type 1 compared with type 2 diabetes. Yet despite these
provocative and seminal observations, the concept of IR did not take firm root in the
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contemporary sensibilities of the pathogenesis of diabetes mellitus; that was to come
years later, and the current public health implications were not then anticipated.

Thirty years following the seminal work of Himsworth, the development of the radio-
immunoassay to measure plasma insulin revealed hyperinsulinemia in many with glu-
cose intolerance (4) and in obesity, even in the absence of glucose intolerance.
Development of clinical investigation techniques to quantify insulin action in humans
demonstrated that insulin resistance is almost always present in glucose intolerance and
type 2 diabetes. An association between hypertriglyceridemia and insulin resistance
began to be recognized in the 1970s, and later a connection with essential hypertension
was also perceived (5). Insulin resistance is now perceived as a major metabolic risk
factor and a target for intervention. Indeed, interventions that ameliorate insulin resis-
tance, notably by weight loss and physical activity, commonly yield multifactorial risk
reductions across these domains of glucose homeostasis, hyperlipidemia, and hyperten-
sion.

In the past seven decades much about insulin resistance has been delineated, yet some
fundamental issues remain enigmatic. Is insulin resistance truly a disease, or is it a
physiological adaptation that like most yields a mixed bag of beneficial compensation
and other unfavorable consequences? It is little debated that as a consequence of IR,
much of the body—the vasculature in particular—suffers unfavorable effects. Yet it can
be postulated that at a cellular level, in particular that of a fat-laden hepatocyte or a fat-
laden myocyte, insulin resistance is a defensive posture evoked to protect the cell (and
the organ) against further excesses of substrate. This ambiguity as to whether insulin
resistance is a disease or a regulated adaptation with some redeeming features will
resurface at several junctures in this chapter in discussing substrate competition and
ectopic fat.

GLUCOSE–FFA SUBSTRATE COMPETITION

In the early 1960s, Randle and colleagues established the principle that glucose–FFA
substrate competition can contribute to the pathophysiology of IR in diabetes mellitus
(DM) and obesity (6). In a series of biochemical studies, it was demonstrated that pro-
vision of FFA reduced glucose utilization by skeletal muscle, especially oxidative
muscle. The studies by Randle were performed with in vitro preparations of muscle, yet
highly analogous findings can be demonstrated in vivo both in animals and in human
studies. Indeed, it is quite remarkable and has been repeatedly demonstrated in clinical
investigations that a lipid infusion can acutely induce IR even in healthy, normal-weight
individuals. Several hours of infusion of a lipid emulsion (of a composition as is used for
parenteral nutrition) is not only sufficient to induce IR, but does so with a consequent
metabolic profile that is nearly identical to that observed in type 2 DM and obesity (7,8).

Effect of FFA Infusion
In the author’s laboratory, the effect of FFA infusion to induce IR was examined using

the paradigm of a lipid emulsion infused only at a rate that maintained plasma FFA at
the usual fasting (postabsorptive) levels despite insulin infusion (9). In these studies,
insulin was infused to achieve steady-state levels in the upper physiological range for
insulin, 500 to 600 pmol. Each of the participants, lean, healthy young men, had two
studies, one being an insulin infusion/glucose clamp with concomitant lipid emulsion
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infusion and the other without the lipid emulsion. As is typical in individuals with normal
insulin sensitivity, this rate of insulin infusion dramatically suppressed plasma FFA to
approximately one-tenth the fasting level. The lipid emulsion infusion was sufficient to
sustain plasma FFA at the fasting level. Otherwise, the study conditions were similar
with matched concentrations for glucose and insulin. The infusion of lipid emulsions
induced insulin resistance; it required approximately one-third less glucose to maintain
euglycemia than in studies without the infusion of the lipid emulsion.

Metabolic profiles of glucose metabolism were measured by assessing rates of glu-
cose oxidation, release of lactate, and glycogen formation (9). FFA induced a substantial
impairment in glycogen formation as well as a significant, though less dramatic, inhibi-
tion of glucose oxidation. As a proportion of glucose uptake, the release of lactate was
increased. A key conclusion that can be drawn from these studies is that the effect of
insulin to stimulate increased glucose uptake into skeletal muscle is contingent on the
effectiveness with which insulin suppresses plasma fatty acids. This is a point to which
we will later return in discussing the importance of IR in the suppression of lipolysis as
central to the pathogenesis of IR in obesity. The second main point to be made concern-
ing these data is that this profile of reduced glucose uptake, markedly suppressed gly-
cogen formation, impaired glucose oxidation, and a relative increase in the proportion
of glucose uptake accounted for by lactate release from muscle is precisely the pattern
observed in obesity and type 2 diabetes (10). This remarkable similarity in metabolic
profiles infers the importance of FFA in the pathogenesis of IR.

Fasting plasma concentrations of FFA are only modestly increased in most glucose-
tolerant obese men and women. This is interesting, as by definition, the mass of adipose
tissue is greatly increased. Thus rates of appearance of FFA (FFA flux) are actually
decreased if expressed per kilogram of fat mass and, as mentioned previously, only
modestly increased when expressed on the basis of fat-free mass, the tissues of FFA
consumption. Fasting plasma concentrations of FFA are generally increased in most
patients with type 2 diabetes, by approx 10 to 20% above values in normal-weight or
overweight glucose tolerant individuals. In cross-sectional studies, fasting levels of
plasma FFA are often observed to correlate negatively with insulin-stimulated rates of
glucose metabolism (i.e., insulin sensitivity) (11). Nonetheless, there is not major dec-
ompensation with regard to fasting conditions of fatty acids. Typically, stronger corre-
lations are observed for insulin-suppressed levels of plasma FFA in relation to insulin
sensitivity (11). Clinical investigations have revealed that overnight lowering of FFA in
patients with type 2 diabetes improves IR (12).

In obesity and in type 2 diabetes, the effect of insulin to suppress plasma FFA is
blunted; this impairment is, in certain respects, more evident than are fasting abnormali-
ties. Levels of plasma FFA during insulin infusion have repeatedly been shown to cor-
relate in a robust manner with the severity of IR. Following weight loss there is improved
insulin suppression of lipolysis and plasma FFA; this is a key metabolic aspect that
contributes to improvement of IR (13).

Regional Patterns of Adiposity
Resistance to insulin suppression of plasma FFA is influenced by regional patterns of

adiposity, by a predominance of large adipocytes, and by altered endocrine and adipokine
activity of adipose tissue. Insulin resistance of adipose tissue tends to be more pro-
nounced, with an upper body predominance of adiposity as compared to lower body, or
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gluteal–femoral, predominance of adiposity. There are regional differences across
depots of adipose tissue in responsiveness to insulin in suppressing lipolysis.
Adipocytes from omentum and mesenteric adipose tissue have higher basal rates of
lipolysis and suppress less in response to insulin than adipocytes from gluteal femoral
adipose tissue (14). Thus, regional differences in adipocyte metabolism with regard to
insulin sensitivity of lipolysis may be an important mechanism accounting for differing
relationships of these depots with systemic insulin sensitivity. The majority of systemic
fatty acid flux derives from abdominal subcutaneous adipose tissue (15). This reflects
both the greater absolute amount of adiposity in this depot than in visceral AT (VAT),
and the regional differences in adipocyte metabolism mentioned above. Preceding the
contemporary emphasis on characterizing obesity by assessing patterns of adipose tissue
distribution, obesity research centered on assessments of adipocyte size and number.
Obesity is associated with larger adipocytes (16). Adipocyte size in abdominal subcu-
taneous adipose tissue is a risk factor for type 2 diabetes independent of overall obesity
and central adiposity (17). Large adipocytes have higher rates of lipolysis and may have
altered patterns of adipokine secretion that contribute to insulin resistance.

THE GOOD SIDE OF FFA–GLUCOSE SUBSTRATE COMPETITION

The experiments performed by Randle and colleagues provided a basis for scientists
to think about the adverse aspects of substrate competition, but a series of equally
important studies, performed in the 1950s and 1960s by Andres and colleagues at Johns
Hopkins, delineated healthy or positive aspects of glucose–FFA substrate competition
(18). In clinical investigations, Andres and colleagues showed that during fasting condi-
tions, FFA is the predominant oxidative substrate for skeletal muscle (18). The respiratory
quotient (RQ)—the quotient of carbon dioxide release to oxygen consumption—across
the forearm during fasting conditions was approx 0.80, denoting that lipid oxidation
accounted for the majority of energy expenditure. The RQ reflects the chemical compo-
sition of the substrate being oxidized and is 1.0 for purely glucose oxidation and 0.70 for
purely lipid oxidation. The low RQ by skeletal muscle during fasting conditions indi-
cates low reliance on glucose oxidation and only minor glucose uptake, with a fractional
extraction of 1 to 2%. This contrasts markedly with the 40% or more extraction of plasma
FFA by muscle during fasting conditions. There are several implications for metabolic
health from these findings. First, in this context of fasting metabolism, use of FFA rather
than glucose by muscle spares glucose for the CNS. From the perspective of obesity,
these studies demonstrate the importance of skeletal muscle as a site for disposal of FFA
and oxidation of fat calories.

In the sections that follow, three metabolically adverse aspects of glucose–FFA sub-
strate competition will be discussed. The first, which has already been described, is the
adverse effect of FFA that impairs the effect of insulin to stimulate glucose utilization
by muscle. The second concept that will be addressed is the adverse effect of hypergly-
cemia to inhibit utilization of FFA, even in the setting of fasting concentrations of
insulin. The third concept that will be presented is “metabolic inflexibility,” an aspect
of the pathophysiology of obesity that is characterized by diminished capacity of muscle
to switch between glucose and FFA in the transition from fed to fasted conditions.
However, before addressing these, it is worthwhile to frame out the macronutrient chal-
lenges of glucose and lipid oxidation at a whole body level and as these pertain to weight
regulation.
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METABOLIC CHALLENGE OF MAINTAINING MACRONUTRIENT
BALANCE

Macronutrient Balance
One way to frame a discussion of substrate competition is to consider what is required

to maintain macronutrient balance in a normal-weight, weight-stable individual. To
maintain macronutrient balance, the amounts of carbohydrate and fat that are consumed
daily must be oxidized. Intake of calories in excess of the amounts oxidized leads of
course to weight gain, whereas negative energy balance must be achieved to accomplish
weight loss. Carbohydrates typically comprise 40 to 50% of daily caloric intake in an
average American diet. For this discussion, this will be assumed to be approx 1,000 kcal
(or 250 g). Daily ingestion of carbohydrate is considerable as compared with systemic
glycogen. Stores of glycogen are relatively small at approx 500 g, just twice the amount
of daily consumption. It is interesting to consider that a 75-kg man or woman can be
estimated to consume his or her body weight in carbohydrates annually. Most of this
glycogen, 400 g, is contained in skeletal muscle. In muscle, glycogen stores are kept
remarkably stable, and seldom is expanded above this; indeed, increases of muscle
glycogen induce IR (19). A point that can be taken from this is that there is a metabolic
priority placed on carbohydrate oxidation given the rather small and tightly regulated
capacity for glycogen storage.

In accord with this principle, it is estimated that following meal ingestion, approxi-
mately one-third of the carbohydrate content of the meal is oxidized promptly by the
CNS, and the other two-thirds, divided approximately equally between liver and muscle
with minor fractions into other organ systems, is split between oxidization and glycogen.
Maintaining normal insulin sensitivity is based in large measure on maintaining capacity
to readily activate glucose oxidation in response to meal ingestion and to readily activate
glycogen storage.

With regard to achieving a balance among amounts consumed, oxidized, and stored
for fat, the considerations are quite different from glucose. Daily consumption of approx
40% of calories as fat is now common, meaning that about 1,000 kcal of fat are ingested
per day and must be oxidized to maintain a zero net balance. A 75-kg man can be
estimated to have 10 kg of fat mass, or 90,000 stored kcal. Thus, oxidizing 1,000 kcal
of fat per day is less than 1% of lipid reserves, whereas the proportion for glucose was
that daily oxidation of dietary carbohydrate was equivalent to approx 50% of stored
glycogen. In obesity, by definition, the calories stored as fat are greatly increased, by a
factor of at least two even for Class I obesity.

Arguably, one of the greatest metabolic challenges individuals face in the context of
modern lifestyles is to create opportunities that favor fat oxidation. Fasting or under-
nourishment creates this opportunity, but happens rarely in modern life. Indeed, with a
schedule of three meals daily, a majority of the 24 h is spent in postprandial metabolism.
The other physiological circumstance for promoting fat oxidation is low- to moderate-
intensity physical activity, especially sustained duration of physical activity. For many
in modern society, careful scheduling and a commitment to undertake daily exercise are
required as work and daily living no longer require manual labor. Thus, the structure of
modern life impedes the physiology of fat oxidation and disposes instead to fat storage.
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Physiological Effects of Insulin
There is a second point that can be taken from this review of daily partitioning of

ingested fat between oxidation and storage: because of the quite small fractional turn-
over of the pool of stored fat, there is implicitly a strong metabolic primacy for tightly
regulating fractional release of stored FFA. Insulin is crucial in regulating this process,
normally having potent effects to govern rates of lipolysis. In normal-weight individu-
als, it is estimated that a circulating insulin concentration of ~15 µU/mL, or only twice
normal fasting levels of insulin, is sufficient to achieve 50% suppression of fasting rates
of lipolysis. This is of higher sensitivity than the effect of insulin to control hepatic
production of glucose and far more sensitive than the levels of insulin that are needed to
achieve robust stimulation of glucose uptake into skeletal muscle. Therefore, one sum-
mation of normal insulin action is that this promotes glucose oxidation rather than that
of fat, along with maintenance of quite small storage depots of glycogen, and tightly
conserves fat storage, parsimoniously releasing a minute fraction of this depot even
when levels of insulin are near physiological nadir.

There is an intrinsic priority in carbohydrate metabolism to oxidize glucose and thereby
not overload the relatively modest capacities that exist for glucose storage. For fatty acid
metabolism, there is not a prominent limitation on the capacity to store fat, and the priority
to oxidize fat is conditional on circumstances of fasting or exercise. Rather, a key priority
is to control fractional release of FFA. The dysfunction of substrate competition that
underlies the pathophysiology of IR in obesity represents the collision of these two
metabolic priorities; one of the main consequences of this collision is the accumulation
of ectopic fat. Thus, the stage and conditions for substrate competition are set.

POOR TIMING OF FAT OXIDATION IN OBESITY

Glucose-Induced Fat Inhibition
More than a decade ago, the author’s laboratory began to assess substrate competition

in type 2 diabetes and obesity from the perspective of whether fat oxidation is appropri-
ately regulated during fasting conditions. Using arteriovenous limb balance methods to
assess oxygen and carbon dioxide exchange across the leg, we observed an elevated RQ
across the leg after an overnight fast in type 2 DM (20), which denoted a decreased
reliance on fat oxidation. Furthermore, there was reduced fractional extraction of fatty
acids across the leg in type 2 DM (21). Experimentally, in lean, healthy volunteers, an
increase in RQ across the leg was induced by hyperglycemia, even without elevation of
insulin or marked suppression of plasma fatty acids; an even more pronounced effect was
observed in obese, nondiabetic individuals (22). Thus, increased glucose availability
was associated with depressed reliance on fat oxidation during fasting conditions. The
elevated RQ response was associated with activation of pyruvate dehydrogenase (PDH)
in muscle (22), the outer mitochondrial membrane enzyme complex controlling entry of
glycolytic flux into the Krebs cycle for oxidation.

Thus, the pattern of glucose induced inhibition of fat oxidation in many respects is a
mirror image of the opposite pattern of perturbations induced by elevating fatty acids,
in which a blunting of the normal rise in RQ stimulated by insulin, and impaired activa-
tion of PDH are among key physiological alterations caused by elevated plasma fatty
acids (9).
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Metabolic Inflexibility
These clinical investigations began to outline aspects of “insulin resistance” in skel-

etal muscle in obesity and type 2 diabetes that were manifest during fasting conditions.
Studies performed in obesity provided a more complete picture, one that integrated the
perturbations previously well described during insulin-stimulated conditions with the
fasting phenotype. Amongst a group of forty obese but nondiabetic volunteers, equally
divided between men and women, an elevated RQ across the leg was observed compared
with the RQ of lean men and women during fasting conditions (23). During insulin-
stimulated conditions, using the glucose clamp method, the RQ across the leg increased
in lean volunteers, to a value that denoted nearly complete reliance on glucose oxidation.
However, in the obese volunteers, the values for RQ across the leg remained unchanged
from the basal value obtained after an overnight fast (23). The failure to increase RQ
across the leg under insulin stimulation was clearly a manifestation of IR, but what was
equally striking were the findings that values for RQ by muscle remained simply remained
static and inappropriate to the physiological context of either fasting or insulin-stimulated
conditions. This “metabolic inflexibility” appears to represent a detachment of muscle
to respond to normal homeostatic cues of either fasting or insulin. Furthermore, the
concept of metabolic inflexibility as a phenotype of IR in muscle raised the idea that
perhaps this might be a target for intervention, perhaps one that is in certain respects
separate from that of rectifying diminished insulin-stimulated glucose metabolism (24).

BIOCHEMICAL DETERMINANTS OF METABOLIC INFLEXIBILITY

Delineating a physiological phenotype of metabolic inflexibility, a term we have used
to describe the failure of oxidative metabolism in skeletal muscle in IR to fully adapt to
either fat oxidation during fasting conditions or glucose oxidation during insulin-stimu-
lated conditions, raised questions concerning the biochemical basis of this impairment.
In collaboration with Jean-Aime Simoneau, an examination of potential factors intrinsic
to muscle was begun; from the beginning, this work focused on mitochondria. It was
observed that muscle from obese individuals and from those with type 2 DM had
reduced activity of oxidative enzymes, such as those of the Krebs cycle and the fatty
acid -oxidation pathway, as well as reduction in activity of carnitine-palmitoyl trans-
ferase (CPT) (25–27). Using single-fiber histochemical methods, He et al. (28) found
that muscle oxidative enzyme activity was lower in obesity and in type 2 DM regardless
of fiber type. More specific studies of mitochondria in the biopsy samples of human
skeletal muscle, by Ritov et al. (29), were used to assess activity of NADH-oxidase, the
activity of complexes I through IV of the  electron transport chain (ETC) in muscle from
lean and obese nondiabetic volunteers and from those with type 2 DM. Conjunctive
studies of mitochondrial morphology were carried out using transmission electron mi-
croscopy (TEM). NADH-oxidase activity was significantly lower in skeletal muscle in
obesity compared with lean volunteers, and lower still in type 2 DM; overall, a reduction
by approx 40% was noted compared with ETC activity in muscle from lean volunteers
(30). Mitochondria were smaller in obesity and type 2 DM (30). Both of these param-
eters—ETC activity and mitochondrial size—correlated with systemic insulin sensitiv-
ity, indicating that mitochondrial dysfunction was a cell biology component of IR.
Subsequently, gene array studies of skeletal muscle have found that decreased expres-
sion of nuclear genes encoding mitochondrial proteins, including constituents of the
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ETC, occurs in type 2 DM and in those at risk for type 2 DM (31,32). Also, noninvasive
imaging of oxidative phosphorylation, using nuclear magnetic resonance spectroscopy,
indicated impaired mitochondrial function in association with the IR in those at high risk
for developing type 2 DM (33). Additionally, whereas insulin infusion was found to
induce expression of genes encoding mitochondrial proteins in muscle of lean, healthy
volunteers, this effect is blunted in type 2 DM (34).

ECTOPIC FAT IN LIVER AND MUSCLE

For at least a decade, it has been recognized that the intramyocellular content of lipids
(IMCL) can be strongly associated with IR (35). During the past several years, similar
findings with regard to hepatic steatosis have also emerged from a number of investigators.
Thus, increases of IMCL and hepatic steatosis are two aspects of body composition that
are now perceived to be closely related to the pathogenesis of IR in obesity and type 2 DM.

Skeletal muscle and liver normally contain small amounts of triglyceride, far smaller
than that contained in adipose tissue. In obesity, these repositories can be greatly in-
creased. Hepatic steatosis occurs commonly in obesity, especially in visceral obesity and
especially in type 2 DM (36), and is strongly correlated with IR. In patients with type 2
DM, the amount of insulin required to achieve glycemic control is correlated to the
amount of hepatic steatosis (37), indicating the importance of this depot to the pathogen-
esis of hepatic insulin resistance. Hepatic steatosis is also correlated with the severity of
dyslipidemia (36).

IMCL is increased in obesity, in type 2 DM, and in first-degree relatives of those with
type 2 DM. A strong possibility is that mitochondrial dysfunction limits capacity for fat
oxidation, which contributes to accumulation of IMCL. Elevated fatty acid delivery is
also a key factor leading to hepatic steatosis and increased muscle lipid content. There
are emerging data that FFA uptake into muscle, mediated by fatty acid transporters, is
increased in obesity and type 2 DM. Thus, increases of uptake in the face of reduced or
at least finite capacity for fat oxidation and energy expenditure during sedentary condi-
tions leads to triglyceride accumulation. In addition, part of the pathophysiology may
entail increases in malonyl CoA that inhibit CPT I, and thus, fat oxidation.

Although IMCL has served as a useful marker for IR in muscle, it is not clear, how-
ever, that it is specifically the accumulation of triglyceride that mediates IR. There is
uncertainty as to which aspect of IMCL induces IR. It is postulated that other lipid
moieties may actually induce signaling that mediates IR. One candidate is diacyl glyc-
erol (DAG), which is often increased in conjunction with IMCL and can activate protein
kinase C (PKC), certain isoforms of which lead to serine phosphorylation and impede
insulin signaling (35). Other candidate lipids include long-chain acylCoA and ceramides.
Unfortunately, at this juncture, there are conflicting results in the literature, and a con-
sensus as to how the connection between IMCL and IR is mediated remains somewhat
uncertain. One concept is that the IMCL induces a low-grade inflammatory condition
within myocytes, and a similar postulate has gained considerable acceptance with regard
to the metabolic repercussions of hepatic steatosis as well. Part of this conundrum as to
whether IMCL is causative for IR in muscle is that IMCL is increased not only in
sedentary obese individuals but also in lean, endurance-trained athletes (38). The latter
group maintains very high levels of insulin sensitivity despite levels of IMCL that are
similar to those found in obesity. A key difference is that in muscle of lean, endurance-
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trained athletes, there is a heightened oxidative capacity and a high reliance on fat
oxidation during fasting conditions and during physical activity. This, as earlier described,
contrasts quite vividly with the suppressed oxidative capacity of skeletal muscle in obese,
sedentary individuals and with the concomitant reduced reliance on fat oxidation. So, it
is also speculated that an aspect of IMCL that triggers IR is its relationship to rates of fat
oxidation and the turnover time of lipid droplets. In athletes, the pool of IMCL would be
continually depleted by exercise and then refilled, as occurs for glycogen, whereas in
obese, sedentary individuals the pool of IMCL may stay more stagnant, perhaps vulnerable
to peroxidation and more susceptible to the generation of lipids that directly signal IR.

CONCLUSIONS

In metabolism of fatty acids, as in other domains of life, location and timing prove to
be quite crucial. Certainly one perspective concerning the pathogenesis of IR is that
accumulation of fat in the wrong locations and inopportune timing in the patterns of
reliance on fat oxidation can lead to IR and disorders of glucose homeostasis. Ironically,
one of the best therapeutic approaches to alleviate the metabolic complications of in-
duced by glucose–FFA substrate competition and ectopic fat is to promote physical
activity. Physical activity, by enhancing oxidative capacity of muscle, does help to
restore as well a greater reliance on fat oxidation during fasting conditions and restore
metabolic flexibility in suppressing fat oxidation during insulin-stimulated conditions.
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Summary
Epidemiological studies suggest that maternal undernutrition, obesity, and diabetes during ges-

tation and lactation can all produce obesity in offspring. Animal models provide a means of assess-
ing the independent consequences of altering the pre- versus postnatal environments on a variety of
metabolic, physiologic, and neuroendocrine functions that lead to the development of offspring
obesity, diabetes, hypertension, and hyperlipidemia. During the gestational period, maternal mal-
nutrition, obesity, type 1 and type 2 diabetes, and psychological, immunological, and pharmacologi-
cal stressors can all promote offspring obesity. Normal postnatal nutrition can sometimes reduce the
adverse impact of some of these prenatal factors but may also exacerbate the development of obesity
and diabetes in offspring of dams that were malnourished during gestation. The genetic background
of the individual is also an important determinant of outcome when the perinatal environment is
perturbed. Individuals with an obesity-prone genotype are more likely to be adversely affected by
factors such as maternal obesity and high-fat diets. Many perinatal manipulations are associated
with reorganization of the central neural pathways that regulate food intake, energy expenditure,
and storage in ways that enhance the development of obesity and diabetes in offspring. Both leptin
and insulin have strong neurotrophic properties so that either an excess or an absence of either during
the perinatal period may underlie some of these adverse developmental changes. Because perinatal
manipulations can permanently and adversely alter the systems that regulate energy homeostasis,
it behooves us to gain a better understanding of the factors during this period that promote the
development of offspring obesity as a means of stemming the tide of the emerging worldwide
obesity epidemic.

Key Words: Obesity; diabetes; development; gestation; lactation; hypothalamus; neuropeptide
Y; POMC; arcuate nucleus; genotype; high-fat diet; leptin; insulin.
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INTRODUCTION

An epidemic of obesity of unprecedented magnitude is sweeping the world without
apparent regard for geographic boundaries, socioeconomic status, or degree of techno-
logical advancement (1–7). This is of particular concern because of the associated meta-
bolic syndrome (hypertension, dyslipidemia, diabetes), which raises the morbidity and
mortality of obesity (8–12). The obesity epidemic has become particularly problematic
in the United States (13–15). The prevalence of obesity has significantly increased
among the US population over the past 30 yr; data from 1999 to 2002 estimated that
almost a third of adults were obese and that this increased prevalence crossed all age,
gender, and racial/ethnic groups (16). Of even greater concern is the increasing preva-
lence of childhood obesity, which was estimated to be one in six US children from 1999
to 2002 (14–17). This is an ominous sign for the future, as maternal obesity is associated
with reduced offspring energy expenditure (18) and an increased risk of obesity (19,20).
Although most obesity follows a polygenic mode of inheritance (21–24), it is clear that
the current epidemic of obesity cannot be caused by alterations in genotype because of
the very short interval over which it has occurred. This makes it likely that environmental
factors have provided the impetus for the current epidemic.

Throughout human history there have been cycles of famine interspersed with periods
of plenty (25). Alhough it is controversial, the “thrifty gene” hypothesis posits that these
cycles have selected for individuals who can withstand periods of famine by being able
to ingest and store as many calories as possible during times of plenty as a buffer against
times of famine (26). The problem with such individuals comes when food is readily
obtainable at low financial and energetic cost (27). Add to this the logarithmic increase
in “supersized” portions of highly palatable, high-fat foods and the result is the recipe
for an obesity epidemic, particularly in genetically predisposed individuals.

However, the epidemic of obesity has also struck in underdeveloped countries where
periods of famine still occur. Studies of individuals who were in utero during the Euro-
pean famine that followed World War II suggest that maternal undernutrition during the
first two trimesters was associated with an increased risk of obesity and/or type 2 dia-
betes mellitus (T2DM) in their offspring (28–30). This led Barker (31) to postulate that
human fetuses in such circumstances adapt to a limited supply of nutrients by perma-
nently changing their physiology to become more metabolically efficient. These meta-
bolically programmed changes underlie the development of a number of diseases in later
life, including obesity, T2DM, coronary heart disease, stroke, and hypertension (29, 31–
34). Besides maternal obesity and undernutrition, both T2DM or type 1 diabetes (T1DM)
during pregnancy and lactation can also predispose offspring to develop obesity and
T2DM (35–37). Based on such human epidemiological data and animal studies reviewed
below, Waterland and Garza (38) proposed the concept of “metabolic imprinting” by
which a variety of perturbations that occur during a critical developmental window will
have a persistent effect that lasts into adulthood. Because most human studies are retro-
spective and therefore uncontrolled, a number of investigators have turned to animal
models to test hypotheses about the effects of perturbing the perinatal environment on
the development of obesity and metabolic syndrome in offspring. Animal models allow
us to control for the independent effects of the pre- versus postnatal environment. They
also allow us to assess the effect of perturbations of the perinatal environment on the
function of neural pathways that are critical regulators of energy homeostasis. These
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studies can be generally grouped into those in which the entire perinatal period is manipulated
or where either the pre- or postnatal environment is specifically altered to affect the offspring.

GESTATION, LACTATION, AND MATERNAL ENVIRONMENT

The majority of human beings are raised with their biological mothers. This means
that they are exposed to the maternal environment throughout gestation and lactation,
as well as through the rest of their formative years. Thus, outcome in humans is
dependent not only on the biological effects of the perinatal maternal environment but
also on a number of psychosocial and socioeconomic variables. Because these variables
are not major factors in animal models, these models are best suited for investigating the
effects of altering the metabolic perinatal environment on offspring outcome. Rodent
models also have the advantage that lifelong patterns of food intake and body weight are
generally established by the second week of life as long as dietary content is held con-
stant thereafter (39,40). Whereas human studies can only suggest a relationship, it is
clear that maternal obesity throughout gestation and lactation in rats leads to the devel-
opment of obesity and metabolic syndrome in offspring (41–48). The one caveat is that
the diets required to produce maternal obesity may themselves have an effect that is
independent of the presence of obesity and a genetic predisposition to become obese. For
example, feeding dams high-fat diets throughout the perinatal period produces obesity
in all offspring in certain rat strains (44,49), whereas it is clear that genetic predisposition
is a critical determinant of the way in which such maternal diets affect the development
of offspring obesity (41,42).

To separate out the independent effects of genotype, obesity, and diet on offspring,
we used rats that were selectively bred from the outbred Sprague-Dawley strain to be
either prone or resistant to the development of diet-induced obesity (DIO) on a moderate
(high-energy [HE]) fat diet (50). Similar to the inheritance of much human obesity (21),
the DIO and diet-resistant (DR) phenotypes are also inherited as polygenic traits
(43,50,51). On a low-fat diet, DIO and DR rats are both lean. However, when the caloric
density and fat content of the diet are increased, only DIO rats become obese,
hyperinsulinemic, glucose-intolerant, hypertensive, and hyperlipidemic on the HE diet
(50,52–55). The phenotype of the DIO and DR rats has remained stable for more than
35 generations (50,55), making these rats ideal for the separating the genetic from dietary
factors influencing the development of obesity in offspring. When DIO dams were made
obese on an HE diet throughout gestation and lactation, their offspring became more
obese than those of DIO dams fed a low-fat diet. But dietary fat was not the critical
determinant of this obesity, as offspring of DR dams fed an HE diet became no more
obese than those of dams fed a low-fat diet (41,42). Furthermore, the presence of mater-
nal obesity also had no impact on offspring of DR dams. Offspring of DR dams made
obese during gestation and lactation on a highly palatable diet became no more obese
than those whose dams remained lean on either a low-fat or an HE diet. These studies
demonstrate how important the interactions among genotype, diet, and the metabolic
state of the dam are on the development of offspring obesity. They also strongly suggest
that an obesity-prone genotype is a critical determinant of the outcome of manipulations
of the perinatal environment.

Besides genetic background, the macronutrient composition of the maternal diet has
important independent effects on the development of offspring obesity. Although maternal



102 Levin

high-fat diets generally promote offspring obesity (44,49), this effect is dependent on the
type of fats in the diet. Diets with high omega-6 fatty acid contents produce obese
offspring with increased hepatic lipid content and hepatic insulin resistance (56). On
the other hand, diets high in essential fatty acids fed to dams throughout late gestation
and lactation have the opposite effect: they appear to protect against offspring obesity
and insulin resistance (57–59). Maternal diets high in carbohydrate content can have a
similar protective effect on offspring (60) and can actually alter the preference for
carbohydrates in offspring when fed to dams throughout gestation and lactation (61).
Protein content of the maternal diet is also important. When dams are fed a severely
protein-restricted diet throughout gestation and lactation, their offspring become obese,
insulin-resistant, hyperlipidemic, and hypertensive as adults. These adverse outcomes
are magnified even more when the protein-restricted diet is replaced by a highly palat-
able one at weaning (62,63). This outcome is also dependent on gender. Female offspring
of dams that are protein-restricted throughout gestation and lactation actually have lower
body weights, food intake, and increased insulin sensitivity as adults (64).

Finally, maternal diabetes also has a deleterious effect on offspring. Mothers with
T2DM produce offspring that become obese and have abnormalities of insulin secretion
(65), whereas T1DM during pregnancy produces both cardiovascular dysfunction (66)
and accelerated growth through the first 6 to 10 wk of adult life (67).

Prenatal Influences on Offspring
It is not surprising that major alterations in the metabolic milieu in which a fetus grows

can markedly affect its development. Cross-fostering studies in which pups are placed
with surrogate dams shortly after birth suggest that prenatal factors account for 61 to 96%
of the variance in body weight gain in male and 35 to 92% in female offspring (68).
Offspring of dams fed a high-fat diet during gestation became more obese than those
whose dams were fed a low-fat diet, even if the high-fat offspring were fostered with
dams on a low-fat diet throughout lactation (49,69). As suggested by human epidemio-
logical studies, malnutrition during gestation can also result in obese offspring. To
model these studies, Jones and colleagues (70,71) restricted the caloric intake of dams
by up to 50% during the first two trimesters of pregnancy. Male (but not female) off-
spring of these calorically restricted dams became hyperphagic, gained more weight
beginning at weaning (71), and became obese as adults (70,71). This finding may be
dependent on the specific rat strain used, as others found that gestational undernutrition
produced obese female but lean male offspring (72). The timing of caloric restriction
during gestation in rats may also not be as critical as it appears to be in humans, as 30%
caloric restriction during the last trimester produced obesity in offspring of dams with
an obesity-prone, insulin-resistant genotype (43). Also, severe maternal undernutrition
(70% caloric restriction) throughout the entire pregnancy produced low-birthweight
offspring that had stunted linear growth but then became hyperphagic, obese,
hyperinsulinemic, hypertensive, and hypoactive as adults (73,74).

Maternal exposure to a variety of stressors during gestation can also affect offspring
development. Administration of endotoxin (75), tumor necrosis factor- , or interleukin-
6 (76) to dams during the first two trimesters of gestation produces offspring that become
obese as adults. Somewhat paradoxically, immunosuppressant corticosteroid (dexam-
ethasone) injections of dams during the first two trimesters produced effects on offspring
that were virtually identical to those seen in offspring of dams injected with
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proinflammatory agents over this same period (76). However, dexamethasone injections
during the third trimester can also produce obesity and insulin resistance in offspring of
dams with a genetic predisposition to develop insulin resistance and DIO (43). Thus,
depending on the type and timing, a variety of maternal stressors during gestation can
promote obesity and insulin resistance in adult offspring.

The hormonal milieu to which the fetus is exposed during gestation can also have a
major impact on its development. Both insulin and leptin are important in this regard.
Aside from its role in glucose homeostasis, insulin has important trophic properties on neural
development (77–79). Although not all studies agree (80), maternal insulin may actually
cross the placenta and enter the fetal circulation (81). This could explain why offspring
of rat dams injected daily with insulin during the last trimester develop obesity as adults
(82). In keeping with its neurotrophic properties, such gestational insulin injections lead
to major alterations in the development of hypothalamic norepinephrine circuits (82,83).
Maternal hyperinsulinemia and hyperglycemia, such as that which occurs in gestational
diabetes, can increase glucose transport across the placenta (84), leading to fetal hyperg-
lycemia and hyperinsulinemia (85). This prenatal environment is associated with
increased fetal weight (86). On the other hand, the low birthweight of offspring of
mothers with T2DM might be caused by insulin resistance that develops in the fetus,
causing reduced effectiveness of insulin as a trophic factor and resultant in utero growth
retardation (87). As with exogenous administration of insulin (82,83), offspring of dams
with hyperinsulinemia during gestation have abnormal hypothalamic norepinephrine
(NE) circuitry in association with adult obesity (41,42). However, this outcome is depen-
dent on genotype, as it occurs in offspring of hyperinsulinemic DIO but not DR dams.

Leptin also significantly affects the developing fetus and its nervous system (88 – 93).
Leptin also plays a role in embryo implantation (94). A significant amount of leptin is
produced by the placenta (95,96) and cord blood leptin levels correlate positively with

Table 1
Prenatal Factors That Influence Body Weight of Offspring

Factors That Promote Obesity in Offspring
– Maternal dietary factors

•  High-fat diets (49,69)
• Diets high in omega-6 fatty acids (56)
• Protein-restricted diets (62–64)
• Energy-restricted diets (28–30,43,70,71–74)

– Maternal type 1 or 2 diabetes (35–37,65,86)
– Maternal insulin treatment (82,83)
– Maternal stress hormones and cytokines

• Endotoxin (75)
• Tumor necrosis factor- (76)
• Interleukin-6 (76)
• Dexamethasone (43,76)

Factors That Protect Against Development of Obesity in Offspring
– Maternal dietary factors

• Diets high in essential fatty acids  (57–59)
• Diets high in carbohydrate (60)
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birth weight and body mass index (97). Insulin treatment of T1DM mothers increases
placental leptin production (98), leading to increased cord-blood leptin levels (99). In
normal pregnancies, maternal leptin levels increase progressively during gestation and
are higher at term than in nonpregnant women (100). Besides being produced by the
placenta, leptin undergoes transplacental transport. In keeping with rising maternal
leptin levels, placental transport and the resultant fetal plasma leptin levels are increased
10-fold during the last trimester of gestation (101). Thus, both maternal obesity and
hyperinsulinemia can produce fetal hyperleptinemia. Since leptin has neurotrophic prop-
erties, such hyperleptinemia might have a major impact on brain development and the
central pathways involved in energy homeostasis (93,102,103).

Postnatal Influences on Offspring
Although the prenatal environment has a major impact on the developing fetus, a

number of postnatal factors can alter the development of ingestive behavior in neonates
and predispose them to develop obesity and metabolic syndrome as adults. Metabolic,
hormonal, and behavioral interactions of pups with their dams are critical factors in this
regard. Maternal milk is composed primarily of fatty acids (104–106) and the compo-
sition of milk understandably has a major impact on the developing neonate. Because
maternal milk contains more fat than carbohydrate, neonates utilize fatty acids and
ketone bodies as their primary energy substrates. During suckling, neonates transport
ketone bodies preferentially over carbohydrates across the blood–brain barrier, and
ketone bodies serve as the primary energy substrate for neuronal and glial metabolism
(107,108). Blockade of both fatty acid oxidation (lipoprivation) (109) and glucose oxi-
dation (glucoprivation) (110) increase food intake in adults. But, despite the high lipid
content of their diets, feeding in response to such lipoprivation does not develop in rat
pups until 12 d of age, and glucoprivic feeding does not occur at any time during suckling
(111–113). Nor are gastric filling or postaborptive metabolic signals major determinants
of intake in neonates as they are in adults. Rather, osmotic load appears to be the most
important regulator of feeding (113,114). This osmoregulatory effect may be mediated
by cholecystokinin (CCK), which can cause satiety in neonates as early as the second
week of life (115).

As would be expected, maternal diet is a primary determinant of milk composition.
“Cafeteria diets” composed of highly palatable junk foods increase the long-chain and
decrease the medium-chain fatty acid content of maternal milk and have an additive
effect to the presence of maternal obesity in lowering the protein and raising the long-
chain fatty acid content of milk (104). Diets high in polyunsaturated fatty acids have the
effect of lowering pup body weight and adiposity and leptin levels (58). Feeding dams
a high-fat diet also accelerates the onset of independent feeding in neonates by 1 to 2 days
(116) in association with increased weight gain (117) and the development of hyperten-
sion and abnormal glucose homeostasis as adults (118). Furthermore, feeding successive
generations of dams a high-fat diet leads to progressive increases the level of obesity of
their offspring (119). This feed-forward effect may have important relevance to the
increasing incidence of obesity in the developed world.

Under conditions somewhat comparable to bottle-feeding, high-carbohydrate diets
can produce obesity in pups. When pups are artificially raised away from their dams and
fed a high-carbohydrate diet by gastric tube, they develop obesity and insulin resistance
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as compared to those fed either a low-fat, low-carbohydrate, or high-fat diet (120–123).
This effect is most marked in female offspring (123,124); therefore their obesity carries
forward to their offspring, even when those offspring are raised under normal perinatal
conditions (123). Finally, whereas maternal protein malnutrition during pregnancy low-
ers offspring birthweight, this effect can be overcome by fostering those offspring with
dams fed a normal diet postnatally. Unfortunately, such “recuperated” offspring become
more obesity-prone and develop hypertension when subsequently fed a cafeteria diet
(62,125,126), suggesting that the increased metabolic efficiency developed by the
fetuses in utero predisposed them to become obese as adults (127). As with artificial
rearing on high-carbohydrate diets, this effect of gestational protein malnutrition carries
over into subsequent generations (64). Again, these feed-forward effects might be an
important contributor to the upward spiral of obesity incidence in our society.

The quantity of food available during suckling is also a determinant of the develop-
ment of obesity in pups. Kennedy first used large and small litter sizes as a strategy to
alter the intake of neonates (39). He, and later others, showed that rat pups raised in small
litters were heavier at weaning and gained more weight as adults, whereas those raised
in large litters gained less weight than pups raised in normal-size litters (39,40,128–130).
These differences in weight gain appeared to be due to early differences in milk avail-
ability and intake (39,130). The increased weight gain of adult rats raised in small litters
is associated with the development of obesity (128,129,131,132), hyperleptinemia (133),
abnormal insulin secretion (134), insulin resistance (132), and dyslipidemia (135). Inter-
estingly, the postweaning weight gain seen in the original Kennedy study was not asso-
ciated with increased intake as a function of body weight (39), suggesting that reduced
energy expenditure rather than actual hyperphagia was responsible for the subsequent
development of obesity (136). Thus, the amount of milk consumed during the suckling
period and the content of that milk, as determined by maternal diet and metabolic status,
can have an enormous impact on the subsequent development of obesity.

Although maternal obesity and gestational diabetes promote the development of
obesity and insulin resistance in offspring, cross-fostering studies demonstrate that
altering the postnatal maternal environment can overcome even genetic predisposi-

Table 2
Postnatal Factors That Affect the Risk of Developing Obesity

Factors That Promote Obesity in the Pup
– Maternal high-fat diet (117–119)
– Maternal high-carbohydrate diets (120–124)
– Small litter size (39,40,128–132,136)
– Being raised by an obese dam (137,138)
– Hypothalamic Insulin  administration (150)

Factors That Protect Against the Development of Obesity in the Pup
– High polyunsaturated fat diet (58)
– Being raised by an obesity-resistant dam (137,138)
– Being raised by a diabetic dam (140)
– Large litter size (39,128–131)
– Leptin administration (90,1443,144)
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tions to become obese or lean. Raising pups with an obesity-prone genotype with an
obesity-resistant dam can attenuate their development of insulin resistance and/or obe-
sity, whereas raising obesity-resistant pups with genetically obese dams causes them to
develop obesity and insulin resistance (137,138). Also, pups born to mothers made
diabetic during gestation are heavier and hyperinsulinemic at weaning (65,139), whereas
offspring of normal dams fostered to diabetic dams develop early postnatal growth delay
and decreased body weight gain (140). Whereas stressing the dam during the last trimes-
ter of gestation produces smaller, obese offspring (43), this effect can be reversed by
handling the pups repeatedly during the postnatal period (141).

Both leptin and insulin can affect development during the postnatal period. Rat
pups are born relatively undeveloped as compared with human infants. They have little
body fat and produce very little leptin over the first 7 to 10 d of life (142). Depending
on the doses given, pups may (90,143,144) or may not (89) respond to exogenous leptin
administration by reducing their weight gain or adiposity during this period. It is likely
that leptin given during this early postnatal period primarily increases metabolic rate
rather than reducing food intake (145). Elevated leptin levels in the milk of obese dams
might alter the metabolism of their pups through a similar mechanism, as leptin can be
absorbed from the milk and enter the circulation of the pup during this early postnatal
period (146–149). When leptin is administered orally to pups at 4 d of age, it not only
reduces their adiposity and brown adipose tissue thermogenic capacity but also decreases
their endogenous production of leptin (149). Aside from altering metabolic rate, leptin also
acts on the developing neonatal nervous system through its neurotrophic properties
(102,103). For example, the hypothalamic pathways that are critical regulators of energy
homeostasis do not develop normally in the absence of leptin or intact leptin signaling
(91,93). Exogenous leptin administration during the first 2 wk of life to normal animals
can also affect the development of these pathways (90). Insulin may also play an impor-
tant neurotrophic role during this critical period. Direct injections into the rat hypothala-
mus on the eighth day of life significantly alter the development of hypothalamic areas
involved in the control of energy homeostasis in normal rats (150).

PERINATAL ENVIRONMENT AND BRAIN DEVELOPMENT

The brain is undoubtedly the master controller of energy homeostasis, but it requires
neural, hormonal, and metabolic signals from the body and external environment to
perform this task. Mammals have evolved a unique set of “metabolic sensing” neurons
to receive these multiple inputs from the periphery. These neurons are arrayed in mul-
tiple interconnected sites throughout the brain (151–154). These neurons were originally
recognized as “glucose-sensing” because, unlike most neurons that use glucose only to
fuel their metabolic needs, these neurons utilize glucose as a signaling molecule to
alter their firing rate when ambient glucose levels change (155,156). It is now clear that
many of these same glucose-sensing neurons also utilize metabolites such as lactate
(157–159), ketone bodies (160), and fatty acids (161) as signaling molecules. They also
have receptors for and respond to hormones such as leptin and insulin (162–166). Because
of their ability to use metabolic substrates, as well as hormones and peptides associated
with adiposity, gut function, and feeding, we have called them “metabolic-sensing”
neurons (153,167). Hindbrain areas such as the nucleus tractus solitarius, area postrema,
raphe pallidus and obscurus, and A2/C2 areas contain such metabolic sensing neurons
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(168–174). Some of these receive direct neural inputs from sensors in peripheral organs
such as the gastrointestinal tract and hepatic portal vein (169,175–177). Metabolic sens-
ing neurons within the hindbrain express the monoamines NE, epinephrine (Epi), and
serotonin (5HT) (168,170,172) and neuropeptides such as neuropeptide Y (NPY) and
pro-opiomelanocortin (POMC) (178,179). These hindbrain neurons relay information
from the periphery to hypothalamic areas that mediate feeding behavior and metabolic
processes involved in the control of energy homeostasis (179–184), as well as to limbic
and forebrain structures involved in the affective and rewarding properties of food
(185,186). Metabolic sensing neurons also reside in the hypothalamus. Neurons express-
ing NPY and POMC in the hypothalamic arcuate nucleus (ARC) receive inputs from
hindbrain metabolic sensing neurons, as do several neuropeptide and neurotransmitter
expressing neurons within the paraventricular nucleus (PVN) and lateral hypothalamus
(LH). The PVN and LH are major effector areas involved in neuroendocrine function,
food intake, energy assimilation, and energy expenditure (180–183,187–190).

Although much more of brain development occurs postnatally in rodents than it does
in primates (92,191–194), there are enough similarities that we can learn a great deal
from developmental studies in rodents. Neuropeptides and neurotransmitters affecting
various aspects of energy homeostasis can be grouped according to their predominantly
catabolic, anabolic, or reward-related properties. Many neuropeptide and transmitter
systems also serve other functions besides the regulation of energy homeostasis. How-
ever, regulation of energy homeostasis seems to be the primary role of ARC and hind-
brain NPY and POMC neurons (92,195–202). Neuropeptide Y is a prototypic anabolic
neuropeptide that increases food intake and decreases energy expenditure when injected
into areas around the hypothalamus (195–197,203). POMC is the precursor of -mel-
anocyte-stimulating hormone ( -MSH), which is a prototypic catabolic peptide that acts
on melanocortin 3 and 4 receptors (MC3/4R) to inhibit intake and increase energy
expenditure (198,204–207). The ARC NPY neurons also produce agouti-related peptide
(AgRP), which is a unique neuropeptide as it is the only known example of an endog-
enous inverse agonist (functional antagonist) of the MC3/4Rs (208–210). Thus, activa-
tion of ARC NPY neurons leads to the release of both a potent anabolic peptide and a
potent inhibitor of the catabolic melanocortin system. The anabolic NPY and catabolic
POMC neuron projections from the ARC to the neurohumoral output neurons in the PVN
and LH overlap almost completely. In rats, these projections from the ARC do not reach
their targets until the eighth to tenth day of life (92,191,192). Hindbrain NE and Epi
neurons also project to hypothalamic targets, where they modulate the expression and
release of NPY, AgRP and -MSH (182,183,211). But these catecholamine neurons do
not fully innervate their hypothalamic targets until the end of the third postnatal week
in rats (193).

Although human and rodent brains develop at different pre- and postnatal stages, the
same general principles apply. The development of a coherent, distributed network of
metabolic sensing neurons and their efferent pathways is dependent on the preprogrammed
arrival of afferents, which then determine the function of target neurons (212). This
programming is dependent on an number of trophic factors, which include leptin and
insulin (91–93,102,213–216). Because the development of critical pathways involved in
energy homeostasis in rodents continues well into the postnatal period, it can be influ-
enced by both pre- and postnatal environmental conditions. It is likely that similar
principles hold for human beings, although the timing of pathway development occurs
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earlier than in rodents. In rats, maternal obesity throughout gestation and weaning has
a major impact on the development of monoamine pathways from the hindbrain to the
hypothalamus. Offspring of obese dams with a genetic predisposition to develop DIO
have abnormal development of both NE and 5HT projections to the hypothalamus (42).
These offspring become more obese as adults in association with a reduced complement
of NE reuptake transporters in the PVN as compared to that seen in offspring of either
lean or obese obesity-resistant dams or lean DIO dams (41,42). Because NE is removed
from the synapse after release primarily by reuptake into NE axon terminals, reduction
of reuptake transporters would increase synaptic NE availability at receptors. This should
predispose such animals to become obese, as acute injections of NE into the PVN
increase food intake and chronic administration causes hyperphagia and obesity
(217,218). Thus, the reduced complement of NE transporters in the PVN of offspring of
obese DIO dams may explain why they become obese and hyperinsulinemic as adults,
even when fed low-fat diets from weaning (41).

Obese DIO dams are hyperinsulinemic during gestation and lactation (41). Maternal
hyperinsulinemia may promote offspring obesity. Injection of insulin into nonobese
dams during the last trimester is produces obese offspring that have increased PVN NE
innervation and release (82,83). This similarity to the offspring of obese DIO dams
suggests that gestational hyperinsulinemia leading to increased PVN synaptic NE levels
may be a common factor promoting offspring hyperphagia and obesity. Because leptin
also has trophic effects on neural pathways, hyperleptinemia associated with maternal
obesity might also play a role in promoting offspring obesity. Leptin is secreted into the
milk and can elevate plasma leptin levels in pups that ingest it (146,149). Thus, maternal
hyperleptinemia might alter development of pathways in the pups by direct transfer from
the dams’ milk to the pups’ bloodstream (90).

Once obesity develops, it effectively becomes a permanent condition, particularly in
genetically predisposed individuals (219–223). This appears to be due to a neural set
point that resides in the network of metabolic sensing neurons involved in energy ho-
meostasis and is determined by a host of factors including genetic predisposition, diet
composition, sex, and environmental conditions (220,221,224–231). Regardless of the
starting point, the brain and periphery interact to preserve adipose stores when food
supply is limited. Thus, during prolonged periods of caloric restriction, rats and humans
maintain a reduced level of energy expenditure (219,222,223,232). When allowed ad
libitum access to food, they increase their intake and maintain a reduced level of energy
expenditure until they regain their previous level of obesity (220–223). This protective
mechanism undoubtedly underlies the high recidivism rate in the treatment of human
obesity (233,234). Thus, the best “treatment” for obesity is probably primary prevention.
This is particularly the case in certain individuals who appear to have their neural cir-
cuitry wired in such a way as to promote the development of obesity when they are
presented with a diet relatively high in calories and fat content. For example, rats that
express the DIO genotype have a number of inborn abnormalities of oxidative metabo-
lism (235), leptin (236,237) and insulin sensitivity (238), glucose-sensing (187,239–
241), and neuropeptide (242,243) and neurotransmitter function (244–249) that
predispose them to become obese when fed a high-fat diet. In many cases, development
of obesity on such diets in adult rats is associated with actual normalization of these
neural functions, suggesting that obesity might be the “normal” physiologic state of
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these animals (225,240,244,246,249–251). Whereas the function and anatomy of these
pathways can be altered in adults, the developmental period is the most important time
for intervening in obesity-prone individuals. Injection of dams and the injection of dams
(82,83) and neonates with insulin (252) alters development of several neural pathways
involved in the regulation of energy homeostasis. So does raising rats in large or small
litters (253–256), feeding dams either a high-fat or high-carbohydrate diet (60,257–
259), gestational diabetes (260) and maternal undernutrition (261). The majority of
changes in neural function induced by these manipulations promote the development of
obesity and/or insulin resistance, especially when the individual is exposed to high-fat
diets later in life.

CONCLUSIONS

A variety of perturbations of both the pre- and postnatal environments can alter
ingestive behavior and energy expenditure and storage in offspring. The outcome of such
perturbations is dependent on both the genetic background and gender of the offspring.
Many of these manipulations permanently alter the development of neural pathways
involved in the regulation of energy homeostasis, leaving the individual with a raised
body weight set point that predisposes them to become obese when food is abundant and
the energy expenditure required to attain food is minimized. Given the worldwide obe-
sity epidemic and the particularly high rate of obesity in children, it is likely that initial
prevention will be the most effective way to stem the tide of this epidemic. Thus, it is
imperative that we gain better insights into the conditions that promote or ameliorate the
development of obesity during the perinatal period.
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Summary
This chapter examines common methods for measuring body composition in obesity. These

methods range from simple anthropometric measures that indirectly assess adiposity to more com-
plex measures such as magnetic resonance imaging (MRI) and computed tomography (CT) that are
able to directly measure numerous tissues in vivo. Anthropometric measurements are inexpensive,
and are readily used in clinical settings and epidemiological studies, but lack precision to accurately
quantify specific fat depots. On the other hand, imaging techniques such as MRI and CT are asso-
ciated with high accuracy, but are limited by their availability and high cost. Application of other
body composition measurement techniques such as dual-energy X-ray absorptiometry and magnetic
resonance spectroscopy will also be considered. The focus of this review is on strengths and limi-
tations of these body composition measurement techniques, and how they advance our understand-
ing of how body composition influences the associations between obesity, morbidity, and mortality.

Key Words: Magnetic resonance imaging (MRI); magnetic resonance spectroscopy (MRS);
computed tomography (CT); visceral adipose tissue; waist circumference; waist-hip ratio; fat dis-
tribution; liver fat.

INTRODUCTION

Interest in the measurement of body composition in obesity research is largely moti-
vated by discovery of the underlying associations with morbidity and mortality. Obesity-
related health risk is typically identified in large-scale, epidemiological studies that
employ simple anthropometric methods (e.g., body mass index [BMI] and/or waist
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circumference) to identify the phenotypes associated with the greatest health risk. The
findings from epidemiological studies identify targets for studies that use sophisticated
methods such as magnetic resonance imaging and computerized tomography to measure
body-composition components that help explain the associations between anthropomet-
ric measures and obesity-related health risk. In this chapter we examine the strengths and
limitations of common methods for measuring body composition in obesity, and discuss
how these measures advance understanding of the mechanisms that link obesity, mor-
bidity, and mortality.

ANTHROPOMETRY

Anthropometry is the science of measuring the human body, and includes measures
such as weight, stature, girth, skinfolds, and body diameters. Anthropometric measures
have been employed extensively to determine the association between obesity and related
morbidity (1–6) and mortality (1,7–12). It is generally assumed that the associations
between anthropometric measures and health risk are explained by the corresponding
ability of anthropometry to predict body composition—in particular, body fat distribu-
tion independent of gender, age, and race. Although this may be true from a population
perspective, the utility of anthropometric measures to determine human body composi-
tion on an individual basis is limited.

Body Mass Index
BMI is the measure commonly used in clinical settings for the identification of indi-

viduals at increased health risk. BMI is calculated using an individual’s weight in kilo-
grams divided by their height in meters squared. Height and weight are relatively simple
measures, but in large studies they are often collected by self-report. Both men and
women tend to overestimate their height and underestimate their weight, wherein the
overestimation of height is increased with decreasing height, and the extent of the under-
estimation of weight is increased with increasing weight (13). Accordingly, reports sug-
gest that as many as 41% of men and 27% of women self-report as being overweight or
normal weight (13), when in fact they are obese.

BMI is positively associated with morbidity (1,2) and has a U- or J-shaped relation-
ship with mortality (1,7–9). Based on the associations among BMI, morbidity, and
mortality, BMI categories for normal weight (18.5–24.9 kg/m2), overweight (25.0–29.9
kg/m2), and obese (�30.0 kg/m2) have been established for the Caucasian population
(14).

It is commonly held that a high BMI is associated with increased health risk or
mortality because of its association with adiposity. Indeed, within a given population,
BMI is positively associated with adiposity (Fig. 1). It is noteworthy, however, that this
relationship is altered by numerous factors such as age (15), gender (15), race (16), and
physical activity patterns (17). For example, for a given age and BMI, women tend to
have 12% more body fat than men (15). Similarly, for a given BMI, white men aged 60
to 79 yr tend to have 4 to 5% more body fat than white men aged 20 to 39 years (15).

It is important to appreciate that although there is a strong association between BMI
and adiposity within a given population, BMI is a poor indicator of adiposity and/or lean
mass on an individual basis. Indeed, despite presenting with a common BMI, adiposity
levels between individuals may vary substantially (Fig. 1). Interestingly, it is reported
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Fig. 1. Association between BMI and total body fat, skeletal muscle mass, and lean tissue mass in middle-aged men and women. Men (closed
diamonds, N = 110), Women (open diamonds, N = 111). Data taken from refs. 42–45.
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that factors that influence the association between BMI and adiposity may also influence
the association between BMI and health risk (8,16,18). For example, Stevens et al. (18)
report that mortality risk at a given BMI decreases with age. In other words, having a
BMI of 29 is associated with a greater relative risk of death in individuals 30 to 44 yr of
age than individuals greater than 65 yr of age. Similarly, it has been proposed that the
mortality rate associated with a given BMI is higher in men than in women (8).

Race also influences the level of adiposity for a given BMI (16) and may explain why
observational studies report very high incidences of obesity-related metabolic disorders
despite a very low obesity prevalence when using the Caucasian BMI cut-points in some
Asian populations (16). Consequently, in 2004 the World Health Organization released
revised BMI cut-points for certain Asian populations that were derived to reflect body
fat values similar to Caucasian populations (19). However, mortality studies in Asian
populations (20,21) show a similar J-shaped pattern with increasing BMI and mortality,
wherein the nadir of the curve lies around 22 to 26 kg/m2, a finding that is quite compa-
rable to those in Caucasian populations (8,9). Thus, although it is clear that adiposity and
health risk tend to increase with increasing BMI independent of age, gender, and race,
the magnitude of the increment in adiposity and health risk with increasing BMI is
influenced by these factors, and are therefore important to consider when examining
these relationships.

There is also substantial evidence that a low body mass or BMI may also be associated
with increased health risk and mortality (9). It is thought that a low BMI may be indica-
tive of low lean mass representing a separate pathway linking BMI with disease (9). In
fact, BMI is positively related to lean and skeletal muscle mass in both men and women,
although there is a clear gender difference in this association (Fig. 1). However, the
relationship between skeletal muscle mass and BMI is also influenced by age (22) and
physical activity patterns (23). Further, as with total adiposity, substantial interindividual
variation in lean and skeletal muscle mass exists for a given BMI. These observations
confirm that determination of body composition using BMI on an individual basis is
limited.

Waist Circumference
In 1947, Jean Vague (4) first recognized the importance of fat distribution in the

assessment of health risk. Vague suggested that a preferential deposition of fat within the
abdominal area, or an android body shape, may be associated with more deleterious
outcomes than fat deposition in the lower body, or a gynoid fat distribution. Subsequent
to this initial observation, a substantial amount of research has indicated that excess
abdominal adiposity is associated with increased health risk. Abdominal obesity is com-
monly assessed using waist circumference, and it is now established that waist circum-
ference is associated with morbidity and mortality independent of BMI (5).

Despite a growing literature establishing waist circumference as an independent pre-
dictor of morbidity and mortality (12), absent is a consensus as to the ideal placement
of waist circumference when measuring abdominal obesity. Common landmarks
include the visible narrowing of the waist, last rib, top of the iliac crest, or the
midpoint between the last rib and the iliac crest. However, review of the literature
reveals that waist circumference measures have been taken anywhere within a region
bordered by the sternum to the iliac crest in the upright or supine position. Fortunately,
waist circumferences at different measurement sites tend to be highly correlated, and
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Seidell et al. (3) report that the associations between waist circumferences and serum
lipids were not significantly altered by measurement site. However, Wang et al. demon-
strated that there is a substantial difference (~4.5 cm) in the absolute waist circumference
measured at the minimal waist versus the iliac crest in 62 women with a wide range in
age (36 ± 18, 7–76 yr) and adiposity (BMI: 26 ± 8, 9–43 kg/m2) (24) (Fig. 2). Conversely,
in a similar group of 49 men (age: 37 ± 16, range 10–83 yr; BMI: 25 ± 5, range 10–32
kg/m2) this difference between measurements across the four sites was seen to be quite
modest (~1.0 cm). Owing to these differences in measurement site and methodology, it
is often difficult to compare waist circumference measures across studies or to create
meaningful guidelines for clinicians or the general population.

The National Institutes of Health (NIH) has published sex-specific waist circumfer-
ence cutoffs (men: 102 cm, women: 88 cm) to denote health risk in all individuals,
regardless of their BMI (25). However, unlike the BMI categories, these waist circum-
ference cutoffs were not determined using the association with morbidity or mortality,
but were derived by using the waist circumference values that corresponded to a BMI of
30 in Caucasian men and women, respectively. These waist circumference cut-points
appear to be appropriate for non-Hispanic blacks and Mexican Americans (26), but are
likely too high for most Asian populations (27). The appropriate cutoffs that should be
employed to determine health risk in those populations remain the subject of investigation.

It is also important to note that men and women tend to underestimate their waist size
when measured using a traditional measuring tape, wherein the underestimation increases
with increasing waist size (28). Consequently, only 35.5% of abdominally obese men
( 102 cm) and 44.9% of abdominally obese women ( 88 cm) correctly classified them-
selves into the highest health risk category. However, the good news is that when those
same individuals used a tape measure with a spring mechanism, the error of measurement
was reduced to 0.5 cm and 0.4 cm in men and women, respectively, and only 2% of the
sample misclassified their waist circumference category. This suggests that spring-loaded
tape measures may be a useful tool for minimizing the underestimation of waist circum-
ference and may provide an accurate method for self-assessment of health risk.

Fig. 2. Comparisons among waist circumference measures at four different measurement sites
in men and women. Within-subject variation based on repeat measurements on the same day in
49 men and 62 women. † Midpoint between the last rib and the iliac crest. Adapted from Table
3, ref. 24.
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The association between waist circumference and health risk may be explained by its
corresponding association with abdominal subcutaneous and/or visceral fat (Fig. 3).
Indeed, waist circumference is a strong predictor of both visceral fat (r = 0.64–0.89) (29–
35) and abdominal subcutaneous fat (r = 0.53–0.98) (30–35). Because visceral fat is a
strong correlate of morbidity (36–39) and mortality (12), considerable attention has been
given to the ability of waist circumference to predict visceral fat. Although it is clear that
waist circumference is the single best anthropometric predictor of visceral fat, substan-
tial interindividual variation in visceral fat deposition exists for a given waist circumfer-
ence. Previous studies report that the error associated with estimates for visceral fat using
waist circumference is approx 25 to 35% (29,31–33). The substantial interindividual
variation is explained in large measure by corresponding variation in the relationship
between visceral and subcutaneous fat. In other words, the relationship between visceral
and subcutaneous fat varies substantially among individuals (33,35).

There are also many factors such as age, gender, and fitness that influence the relation-
ship between waist circumference and visceral fat and abdominal subcutaneous fat
(17,40,41). For a given waist circumference, the amount of visceral fat would be

Fig. 3. Relationship between waist circumference and visceral and abdominal subcutaneous fat
in men and women. Men (closed diamonds, solid line, N = 230), Women (open diamonds, dashed
lines, N = 251). Adapted from ref. 40.
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expected to be greater in an older individual than in a younger individual, and for a given
age, men would be expected to have a greater amount of visceral fat than women. For
example, an older man (>50 yr of age) with a waist circumference of 102 cm would be
expected to have 70% more visceral fat than would a 25-yr-old man with the same waist
circumference, and 140% more visceral fat than a 25–yr-old woman (40). It is unclear
whether race influences the quantity of visceral fat for a given waist circumference, but
it may explain why waist circumference cut-points sometimes differ between races.

Although often overlooked, BMI is also a significant predictor of regional fat depots
such as visceral or abdominal subcutaneous fat. Studies generally report weaker corre-
lation coefficients for BMI and visceral fat (r = 0.41–0.85) (29–35), but similar corre-
lation coefficients for abdominal subcutaneous fat and BMI (r = 0.52–0.94) (29–35) as
compared to waist circumference. Furthermore, BMI is a significant predictor of regional
fat depots such as visceral or abdominal subcutaneous fat, independent of waist circum-
ference (30).

It is interesting to note that in our study sample (42–45) waist circumference is also
positively associated with whole body skeletal muscle mass and lean mass with associa-
tions that are quite comparable to those observed using BMI (Fig. 4). However, similar
to BMI, there is substantial interindividual variation in lean and skeletal muscle mass for
a given waist circumference.

Waist-to-Hip Ratio
Another anthropometric measure used for characterizing obesity phenotype is the

waist-to-hip ratio (WHR). Several prospective epidemiological studies in the 1980s
reported that WHR was a significant predictor of type 2 diabetes (6), coronary heart
disease (46), cardiovascular disease, and death (10,11) in both men and women. Subse-
quently a plethora of studies have confirmed these initial observations. In particular, a
recent large epidemiological study reported that WHR was a significant predictor of
myocardial infarction in a sample of 27,000 men and women with a large range in age
and adiposity from 52 countries. In fact it was reported that WHR was a stronger predic-
tor myocardial infarction than BMI or waist circumference alone (47).

Similar to waist circumference, WHR is a significant correlate of visceral fat in men
(r = 0.56–0.90) (32–35,48–50) and women (r = 0.31–0.68) (29,32,35,48–50). Similarly,
WHR is a significant correlate of abdominal subcutaneous fat (r = 0.42–0.76) (33–
35,51). Although these associations are generally similar to those observed for waist
circumference and BMI, a WHR score can be difficult to interpret, as an elevated waist
circumference or a low hip circumference may be responsible for an elevated WHR. As
mentioned above, waist circumference is positively related with whole-body skeletal
muscle mass. However, waist circumference is more strongly associated with abdominal
and total adiposity than skeletal muscle, especially in women (Fig. 4).

As assessed by a single abdominal magnetic resonance imaging (MRI) image at the
L4–L5 intervertebral space, there is 1.6 to 4.8 times more fat than skeletal muscle in
obese men and 2.1 to 7.3 more times more fat than skeletal muscle in obese women
(unpublished data). Thus, differences in waist circumference are more influenced by
adiposity as opposed to skeletal muscle. This is not true for hip circumferences, as the
ratio of subcutaneous fat to skeletal muscle area is much more variable. For example, as
assessed by a single MRI image at the hip, the ratio of fat to skeletal muscle can range
from 0.3 to 1.7 in men and 0.7 to 5.0 in women. In other words, two men with the same
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Fig. 4. Association between waist circumference and total body fat, skeletal muscle mass, and lean tissue mass in middle aged men and women.
Men (closed diamonds, N = 77), Women (open diamonds, N = 95). Data taken from refs. 42–45.
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hip circumference can have nearly two times as much fat as muscle in the thigh or more
than two times as much muscle as fat. Thus, using a hip circumference alone, it is unclear
whether the tissue composition is predominantly fat or skeletal muscle. Consequently,
a small hip circumference could indicate low muscle mass, and may be associated with
elevated health risk through decreased functionality or underlying disease. Conversely,
a small hip circumference may also reflect low levels of lower body fat. Thus, interpre-
tation of the WHR becomes even more complicated, as an elevated WHR could be the
result of elevated abdominal fat (high waist circumference), low levels of lower body
lean mass, low levels of lower body fat mass, or a combination (low hip circumference).

Another issue when trying to interpret WHR and health risk is that there is no univer-
sally accepted landmark for measurement of hip circumference. Common measurement
sites for hip circumference range from the iliac crest to the greatest protrusion of the
buttocks, and thus the range of landmarks employed for waist and hip circumference
across studies may confound interpretation of WHR. For example, Ross et al. (32) report
that WHR using waist circumference measured at the last rib, but not the umbilicus, was
associated with visceral fat in obese women. Conversely, in that study waist circumfer-
ence alone at both landmarks was significantly associated with visceral fat.

Anthropometry and Change in Body Composition in Obesity
Waist circumference is commonly used to assess change in abdominal obesity.

Changes in waist circumference are associated with changes in visceral fat in response
to diet and/or exercise weight loss (Fig. 5) (35,50,52). It is reported that a 1-cm reduction
in waist circumference corresponds to a 4% reduction in visceral fat; however, there was
a substantial amount of variance (standard deviation = 4%) in this relationship. The
variation in this association is in part due to changes in subcutaneous fat and/or lean mass
that mask the ability of waist circumference to accurately distinguish changes in abdomi-
nal tissues.

When examining the utility of WHR to estimate changes in body composition, a
principal limitation of a ratio score becomes clear. Owing to the nature of ratio scores,
changes in the ratio could be due to alterations in the numerator (waist) or the denomi-
nator (hip). For example, a reduction in the WHR after an exercise intervention could be
due to reductions in the waist circumference or increases in the hip circumference due
to increases in lower body muscle mass. Similarly, larger reductions in the hip circum-
ference relative to the waist could result in no change or even an increase in the WHR
despite significant diet- and/or exercise-induced weight loss. Furthermore, as mentioned
before, reductions in waist or hip circumference with weight loss could be a consequence
of reductions in fat or lean mass. Thus, a change or lack of change in the ratio score is
difficult to interpret. Therefore, changes in WHR may not necessarily reflect changes in
abdominal adiposity. This is reinforced when examining the relationship between cor-
responding changes in WHR and visceral fat. Unlike waist circumference, changes in
WHR are not consistently associated with corresponding changes in visceral fat (Fig. 6)
(35,50,52). A primary example of the limits inherent to the interpretation of WHR when
trying to assess body composition change in obesity studies is reflected in Fig. 7. In
response to weight loss due to a negative energy balance, the mobilization of fat is rarely
restricted to the abdomen. In fact, two-thirds of the fat loss in our studies (42–45) was
seen to be from sites outside of the abdominal region (Fig. 8).
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Fig. 5. Relationship between visceral fat and waist circumference, and changes in visceral fat and
waist circumference in men and women. Panel A: Men (closed diamonds, N = 96), Panel B:
Women (open diamonds, N = 77). Data taken from refs. 42–45.

Fig. 6. Association between reductions in waist-to-hip ratio and visceral fat in men and women.
Panel A: Men (closed diamonds, N = 96), Panel B: Women (open diamonds, N = 77). Data taken
from refs. 42–45.

Body Diameters
Selected body diameters, commonly taken in the sagittal plane in the abdominal area,

are associated with cardiovascular disease (53) and mortality (54). As with waist circum-
ference and WHR, abdominal sagittal diameters are associated with visceral (29,31,32,
34,55,56) and abdominal subcutaneous fat (34,55). Although there is some variability
in the literature, waist circumference and abdominal sagittal diameters generally show
similar associations with visceral fat (sagittal diameters: r = 0.60–0.95, waist circumfer-
ence: r = 0.66–0.97) (29,31,32,34,55,56), and abdominal subcutaneous fat (sagittal
diameters: r = 0.92–0.95, waist circumference: r = 0.91) (34,55). Perhaps owing to
simplicity of measurement, waist circumference is a more common measure of abdomi-
nal obesity in clinical settings. To date there are no established values for sagittal diam-
eter that denote health risk and/or abdominal obesity for a given individual or population.
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Fig. 7. Absolute fat loss across the body as measured using 45 MRI images in obese men and
women in response to a diet- and/or exercise-induced 10% reduction in body weight. The line
graph represents the mean subcutaneous fat loss (cm2) at a given image (men: closed diamonds
and solid line; women: open diamonds and dashed line). The bar graph represents visceral fat loss
(cm2) at a given image (men: black bars; women: white bars). Men (N = 61), Women (N = 72).
Data taken from refs. 42–45.

Fig. 8. Fat distribution in men and women (A), and the relative contribution of each fat depot to
the total fat loss after a diet- and/or exercise-induced 10% reduction in body weight (B). Panel
A: Men (N = 236), Women (N = 229). Mean age = 45 yr; BMI = 29 kg/m2. Panel B: Men (N =
61), Women (N = 72). VAT, visceral fat; ASAT, abdominal subcutaneous fat; SAT, subcutaneous
fat. Other non-SAT (intermuscular AT, intrapelvic AT and intrathoracis AT); other SAT (i.e.,
thigh, arm, chest SAT, etc). Data taken from refs. 42–45.
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Skinfolds
Detailed descriptions of skinfolds and their utility for measuring total and regional

adiposity in vivo are provided elsewhere (57–62). Briefly, skinfold calipers are used to
measure the thickness of a double layer of folded skin and fat at various anatomical
locations such in the arms, legs, and torso (57,59–61). Skinfold measures are useful for
estimating total adiposity, but are unable to directly measure visceral fat. There are
several published equations that use various skinfold combinations to estimate total
body fat with various degrees of accuracy (standard error of estimate [SEE]: 3–7%) (59).
Triceps and subscapular skinfolds are the most commonly acquired skinfolds (59), and
are obtained in large epidemiological studies such as the National Health and Nutrition
Examination Study (NHANES) (63) and the Fels Longitudinal Study (58). The acqui-
sition of these measures require expertise and are subject to higher inter- and intraobserver
error than circumferences (62). It is generally reported that skinfold equations tend to
overestimate total fat in extremely lean and underestimate total fat in extremely obese
individuals (58,64).

BIOELECTRIC IMPEDANCE ANALYSIS

The use of bioelectric impedance analysis (BIA) as a method of body composition in
obesity has been the subject of several excellent reviews (60,61,65). BIA uses the con-
ductivity of the body to estimate fat-free mass and fat mass (60,61,65). Conductivity is
based on the presence of free ions or electrolytes in body water. As the highest concen-
trations of body water are in skeletal muscle or fat-free mass, measures of electrical
conductivity are proportional to total body water and fat-free mass. However, conduc-
tivity is also affected by many other factors such as temperature, distribution of fluid
within the intra- and extracellular compartments, the cross-sectional area of the limbs,
and the length of the body (60,61,65). Further studies comparing BIA with other mea-
sures have reported contrasting results. Depending on the model and equation, BIA has
been reported to overestimate and underestimate fat mass in obese individuals (66).

DUAL-ENERGY X-RAY ABSORPTIOMETRY

Although originally designed for the measurement of bone mineral content, dual-
energy X-ray absorptiometry (DEXA) is commonly used to assess total and regional fat
and fat-free mass in vivo (60,61). DEXA assesses body composition by measuring the
attenuation of X-rays emitted using pencil- or fan-beam technology at two energy levels
as it traverses the body (60,61). Measures of total and regional skeletal muscle (CV = 1–
7%) (67–69) and fat mass (CV = 1–7%) (68) using either pencil- or fan-beam technology
are highly repeatable, but results may differ between the two methods or model types
(e.g., Lunar, Holigic, etc.) (70). In addition to the scanner type (pencil- or fan-beam),
measures of fat and fat-free mass using DEXA are affected by the software used (algo-
rithms), and the sagittal diameter and hydration status of the individual (71). Application
of DEXA is also limited in obesity studies by the size of the subject, as obese individuals
may exceed the weight (250 to 350 lb) and size (193–197 cm by 58–65 cm) limits of the
machine (71). In addition, increased tissue thickness, such as that found in obese indi-
viduals, is associated with a phenomenon called beam hardening that may result in an
underestimation of the true fat content (68,72). A whole-body scan using DEXA requires
15 to 35 min, depending on the scanner, and is relatively easy to use in most populations,
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as it requires very little effort from the participant (71). In addition, the radiation expo-
sure associated with DEXA is less than that for computed tomography (CT), and is
readily available at a significantly lower cost.

DEXA measures of appendicular or total skeletal muscle mass are highly associated
with corresponding values obtained by CT or MRI (r = 0.86–0.98) (67,69,72–74). Simi-
larly, DEXA measures of appendicular fat mass are strongly associated with CT-fat mass
(r = 0.91–0.99) (72,74). There is also a tight association between total fat mass, as
measured by the four-compartment model, and fan-beam DEXA (r = 0.98) (72).

DEXA has also been used to measure abdominal adiposity. Within the abdominal
region, DEXA measures of total abdominal fat correlate very well to measures by CT
(r = 0.87–0.98) (75,76) in both black and Caucasian men and women (75). However,
DEXA can assess body composition only two-dimensionally. Thus, it is unable to dif-
ferentiate subcutaneous fat from visceral fat. Accordingly, the association between
DEXA measures of abdominal fat (r = 0.51–0.90) (48,75–77) and CT- or MRI-measured
visceral fat tend to be weaker than with total abdominal fat. In fact, some have argued
that the associations between visceral fat and DEXA-measured abdominal fat is no better
than those observed with simple anthropometry such as waist circumference (r = 0.61–
0.89) (75,76) and sagittal diameter (r = 0.68–0.93) (48,75,76). In a study by Snijder et
al. (75), DEXA-measured trunk fat explained only an additional 1 to 4% of the variance
in visceral fat beyond sagittal diameter or waist circumference alone, in Caucasian men
and black women. In that study none of the models that included DEXA trunk fat were
significantly better than the estimates derived from sagittal diameter in combination with
waist circumference (75). There is some evidence that DEXA may be more useful for
predicting visceral adiposity beyond anthropometry alone in black men (75) and Cau-
casian women (48,75); however, in those studies; models with DEXA and anthropom-
etry accounted for only 60 to 80% of the total variance (75).

There are very few studies in obese humans that have examined the ability of DEXA
to detect changes in fat mass or skeletal muscle as compared to criterion methods such
as the four-compartment model or CT, and none as compared with whole-body MRI.
Some researchers have examined the ability of DEXA to measure changes in fat by
adding pads of lard to the abdomen of a given individual. Two studies have reported that
DEXA underestimates the fat content in the lard pads when placed in the trunk region
by 40 to 50%, but accurately detected more than 90% of the fat content from the same
lard pads when placed in the thigh region (72,78). It has been suggested that this may
have been due to a limitation of older software to accurately assess body composition
(79). However, this is unlikely to be the sole explanation, as this observation was also
reported in one of the aforementioned studies (72) that used a more recent software
version. More likely, this is probably due to the increased sagittal thickness of the
individual with the addition of the fat pads. As mentioned previously, it is documented
that high tissue thicknesses can cause beam hardening and an underestimation of fat
mass (68,72).

Results from studies wherein DEXA is employed to measure change in body compo-
sition in obese persons suggest that DEXA underestimates changes in lean tissue mass
and overestimates changes in fat mass compared with criterion measures, such as the
four-compartment model or CT (64,80,81). Further, it is reported that the change in
scores derived using DEXA tend to be no better than those derived using simpler mea-



134 Kuk and Ross

sures such as BMI or BIA (64,80). For example, in obese premenopausal women,
although DEXA consistently overestimated fat mass (~10%) and underestimated fat-
free mass (~7%) before and after a 14% diet-induced weight loss intervention, it did
report comparable mean decreases in fat (11.5 vs 10.9 kg) and fat-free mass (1.6 vs 2.0 kg)
as compared with the four-compartment model (64). The authors concluded that DEXA
provides unbiased estimates of fat loss in response to caloric restriction; however, those
estimates were also no better than those derived using a simple equation with BMI (mean
difference vs four-compartment model: 0.6 ± 2.1 vs -0.3 ± 2.1, DEXA vs BMI, respec-
tively). Similarly, a study by Tylavsky et al. (81) reported that in response to a 7% weight
loss in women, changes in the thigh fat mass and lean mass as measured by CT were
correlated with changes as measured by fan-beam (fat: r = 0.67, lean mass: r = 0.55) and
pencil-beam (fat: r = 0.66, lean mass: r = 0.60) DEXA (81). However, again both fan-
and pencil-beam DEXA tended to underestimate changes in lean tissue mass (–24.9 g
and –11.8 g vs –44.7 g) and overestimate changes in fat mass (–112.1 g and –48.5 g vs
–45.7 g) in the thigh as compared with CT.

The accuracy of DEXA to measure changes in fat-free mass in response to a resistance
training program is also unclear, as studies using DEXA have reported differing results
from other criterion measures such as CT and the four-compartment model (82 – 84). For
example, Nelson et al. (82) report that DEXA did not detect small changes in appendicu-
lar fat-free (skeletal muscle) mass that were identified using a single CT image in the
mid-thigh, in response to a 1-yr resistance training program in postmenopausal women.
On the other hand, Houtkooper et al. (83) suggest that DEXA may be a more sensitive
measure of changes in fat-free mass than the four-compartment model or underwater
weighing. In response to a different 1-yr resistance exercise regimen in postmenopausal
women, DEXA identified significant increases in fat-free mass, which was not reported
with the four-compartment model or underwater weighing. We would suggest that the
opposite may also be true. That DEXA identified significant increases in fat-free mass
that was not evident using the four-compartment model which is arguably a criterion
measure, may indicate that the results using DEXA was a spurious observation, and that
DEXA is not a good measure of changes in fat-free mass. Clearly, more research is
needed in order to validate DEXA as a reliable measure of fat and fat-free changes
before DEXA can truly be called a “gold standard” measure for body composition
assessment (84).

IMAGING METHODS OF BODY COMPOSITION IN OBESITY

Imaging methods are considered the most accurate available for in vivo quantification
of body composition at the tissue level. CT and MRI can be used to measure fat and
skeletal muscle in vivo, and are the only methods available for measurement of internal
tissues and organs (60,61,85). Although access and cost remain obstacles to routine use,
these imaging approaches are increasingly available, and are now used extensively in
body composition research.

Computed Tomography: Quantification of Tissue Size
CT uses ionizing radiation and differences in tissue X-ray attenuation characteristics

to construct cross-sectional images of the body (60,61). The X-ray attenuation is deter-
mined mainly by the density of the matter, and is expressed as an attenuation coefficient
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or more commonly, in Hounsfield units (HU), which is a linear scale relative to air and
water (–1000 and 0 HU, respectively). Cross-sectional CT images are composed of
picture elements or pixels, each of which has a CT number or HU value on a gray scale
that reflects the molecular composition of the tissue. Although CT is more assessable
than MRI, exposure to radiation precludes its use for multiple-image whole-body tissue
quantification, and limits applicability in children and premenopausal women.

Magnetic Resonance Imaging: Quantification of Tissue Size
MRI does not employ ionizing radiation, but rather is based on the interaction between

strong magnetic fields and hydrogen nuclei (protons), which are abundant in all biologi-
cal tissues, and form the basis for generation of fat and muscle images (60,86). As MRI
is not associated with any known adverse side effects, it is the method of choice for
assessing whole-body tissue composition. However, the image acquisition time for MRI
is significantly longer than CT and image analysis is more complex and time-consuming.
Using multiple-image protocols acquired with standard clinical magnets (e.g., 1.5
Tesla), acquisition of whole-body MRI data for fat and lean mass can be acquired in
about 45 min (42,87,88).

Determination of Tissue Area
CT and MRI images are normally analyzed using a similar approach. The perimeter

of the tissue of interest can be traced using a light pen, trackball, or mouse-controlled
pointer (89); the area within the perimeter can be calculated by multiplying the number
of pixels in the region of interest by their known area. Alternatively, image segmentation
algorithms can be used that identify all pixels within a selected range of intensities (e.g.,
HU for CT) believed to be representative of a specific tissue (90). The latter approach,
however, is considered more problematic when applied to MRI than to CT images for
three reasons: (1) the distributions of pixel intensity (gray-scale) values for different
tissues overlap more for MRI than for CT images; (2) noise from respiratory motion blurs
the borders between tissues in the abdomen to a greater extent in MRI than in CT; and
(3) inhomogeneity in the magnetic field can produce “shading” at the peripheries of MRI
images (33).

Determination of Tissue Volume and Mass
If multiple CT or MRI images are obtained, tissue volumes can be calculated by

integrating the cross-sectional area data from consecutive images. Because the acquisi-
tion and analysis of contiguous images over the whole body or a given region is very
time-consuming and expensive, axial images are typically collected with gaps between
images (e.g., space between the top of one image and the bottom of the next image),
usually ranging from 20 to 40 mm. Volumes are then calculated using various geometric
models based on the tissue areas in the images and the distance between adjacent images
(42,87,91,92). Because tissue densities for adipose tissue, skeletal muscle, and organs
are fairly constant from person to person, CT and MRI volume measures for these tissues
can be converted to mass units by multiplying the volume by the assumed density values
for that tissue. For example, the constant densities for adipose tissue and skeletal muscle
are 0.92 g/cm3 and 1.04 g/cm3, respectively (93). Density values are also available for
the brain and visceral organs, although these vary from organ to organ (94).
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Measurement of Skeletal Muscle Mass
MRI and CT are the only measures available for in vivo quantification of body com-

position at the tissue level; accordingly, they are commonly used to measure skeletal
muscle mass. Measures of skeletal muscle by a single CT and MRI image have been
reported to be strongly correlated with results from cadaver sections across a wide range
of values (r = 0.97, SEE = 10%), with a low coefficient of variation (CV ~2%) (85). By
comparison with cadaver values, the error associated with MRI was further improved to
<1% when volume measures were acquired using multiple images. However, this is a
very time-consuming and expensive process. Consequently, a single image at the mid-
thigh is commonly used as a proxy measure of whole-body skeletal muscle in both men
and women (R2 = 0.77–0.79) (95). Interestingly, Lee et al. (95) have also reported that
abdominal muscle measured using a single image at L4–L5 is a significant predictor of
whole-body muscle mass in a cohort of middle-aged men (R2 = 0.63) and women (R2 =
0.58) across a wide range of adiposity (Fig. 9). As abdominal obesity is also an important
predictor of future morbidity and mortality, measurement of skeletal muscle in addition
to abdominal adiposity using the same image may be of clinical importance. However,
the utility of this measure to predict total muscle mass in the elderly population, where
muscle mass may be of greater concern, is unclear and warrants further investigation.

Fig. 9. Differences in abdominal muscle at L4–L5 and thigh muscle in two obese premenopausal
women with high and low levels of whole-body skeletal muscle mass as measured by magnetic
resonance imaging.The skeletal muscle is outlined by the white dotted line.
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Measurement of Visceral Fat
Radiographic imaging is the only in vivo method available to quantify visceral fat.

Measurement of visceral fat in vivo has stimulated great interest because a plethora of
data consistently demonstrates that visceral fat is an independent predictor of both
morbidity (36–39) and mortality (12). In this way it is important to note that similar to
waist circumference, there is no consensus as to the optimal location for measurement
of visceral fat. It has been suggested that T10–T11 and L5–S1 may represent the ana-
tomical boundaries for portally drained visceral fat, and that a contiguous image protocol
within this region may represent the gold-standard measure. However, this approach is
labor-intensive and, in the case of CT, would be associated with substantial radiation
exposure. Consequently, visceral fat is normally assessed using a single MRI or CT
image. Visceral fat measures at any given anatomical level using a single image are
highly correlated with mass measures using multiple image protocols, and also tend to
be highly intercorrelated, although there may be a substantial difference in the absolute
amount of visceral fat measured (Fig. 10) (96). Historically, visceral fat is measured
using a single image at L4–L5. However, Kuk et al. (96) report that visceral fat at the L1–
L2 level may be a stronger predictor of the total visceral fat mass and metabolic syn-
drome (Fig. 11) than visceral fat measured at the commonly used L4–L5 level in
Caucasian men. Because visceral fat distribution is influenced by sex and race, it is
unclear whether measurement site also influences the association with metabolic risk in
non-Caucasian populations.

Fig. 10. Visceral fat and abdominal subcutaneous fat deposition at various measurement sites
across the abdomen in men. Each data point represents the mean visceral or abdominal subcu-
taneous fat at each intervertebral space and midpoint of each vertebral body between L5–S1 and
T10–T11 in 85 Caucasian men. Adapted from ref. 96.



138 Kuk and Ross

Measurement of Abdominal Subcutaneous Fat
Consensus is also lacking with respect to the ideal measurement protocol for abdomi-

nal subcutaneous fat. Although it is reported that there are metabolic differences in
subcutaneous adipocytes within various regions within the abdomen (97), or between the
upper and lower body (98), the anatomical borders that distinguish these different re-
gions is unclear. It is not surprising that traditionally, abdominal subcutaneous fat is
measured on the single image acquired to measure visceral fat. In a manner similar to
visceral fat distribution, it is reported that substantial differences exist in the absolute
amount of abdominal subcutaneous fat measured across the abdomen (Fig. 10). How-
ever, unlike visceral fat, the association between metabolic syndrome and abdominal
subcutaneous fat appears to be similar across all measurement sites (Fig. 11) (96).

MEASUREMENT OF SKELETAL MUSCLE AND LIVER FAT

Emerging evidence suggests that excess fat deposition in regions other than the ab-
domen may carry independent health risk (99–101). Perhaps the two most studied ex-
amples of these ectopic depots include skeletal muscle and liver. Traditionally, fat
accumulation within the muscle and liver has been measured by biopsy. However, bi-
opsy acquisition may be painful, provides a limited amount of tissue for analysis, and in
the case of the liver, there is the added risk of bleeding and other complications that may
result in hospitilization and possible mortality (102). Further, there are other ectopic fat
depots such as those within or around the heart, kidneys, pancreas, or blood vessels that
are difficult, if not impossible, to assess using biopsy in humans, which may also be
important fat depots in the characterization of obesity and obesity-related metabolic
disease (103). Consequently, it is important to develop accurate noninvasive measures
such as CT, MRI, or magnetic resonance spectroscopy (MRS) for the quantification of
these ectopic fat depots.

Fig. 11. Odds ratios for prevalent metabolic syndrome using National Cholesterol Education
Program (NCEP) criteria according to measurement location for visceral fat and abdominal
subcutaneous fat in men. All odds ratios significant at p < 0.05. N = 85. Adapted from ref. 96.



Chapter 7 / Measurement of Body Composition 139

Computed Tomography: Quantification of Ectopic Fat
Although CT was originally employed in body composition research for assessing

tissue size, it has also recently been used to measure skeletal muscle tissue composition.
In addition, the average HU or mean attenuation value for adipose tissue-free skeletal
muscle voxels can be used as an index of skeletal muscle lipid content. Thus, the lower
the skeletal muscle mean attenuation value, or the greater the number of low-density
skeletal muscle voxels (e.g., 0–30 HU), the higher the skeletal muscle lipid content.
However, it is important to note that muscle attenuation values by CT are a reflection of
both intramyocellular and extramyocellular lipid content, and are not analogous to
intramyocellular lipid values obtained by skeletal muscle biopsy or proton MRS.

In a manner similar to that used to determine skeletal muscle density, CT has also been
employed to determine the density of liver tissue (104–106). In obesity research, this
approach has been used to identify fatty liver, which is an emerging predictor of meta-
bolic abnormalities such as insulin resistance (100) and dyslipidemia (99). As with
skeletal muscle, lower mean liver attenuation values are indicative of greater fatty infil-
tration or steatosis in the liver. In other words, CT-measured liver attenuation can be used
as a surrogate measure of liver steatosis, as liver density is inversely related to liver fat
(105). Unlike in the skeletal muscle, fat in the liver resides solely inside the hepatocytes;
thus there is no extracellular lipid component. However, it has been reported that al-
though extremely low HU values have been measured in biopsy-diagnosed fatty livers,
an overlap exists between normal and abnormal liver HU values (107). Therefore, the
absolute liver density determined by CT may not be sensitive for predicting fatty liver.
Because a constant relationship exists between liver and spleen attenuation in individu-
als with normal livers, the ratio of mean liver to spleen attenuation values is used as an
index of liver fat, as originally described by Piekarski et al. (107). This method has been
verified against histological methods (108) and is commonly used in obesity research.
Normally, the liver and spleen mean attenuation values are derived from two or three
regions of interest within the liver and spleen. However, owing to the small area of
interest, and subjectivity involved in placing the regions of interest, we have recently
suggested that the whole liver and spleen surface areas should be used to derive the
respective mean attenuation values (Fig. 12). Contrary to previous reports (109), we
demonstrate that the attenuation values within the liver and spleen are fairly homoge-
neous throughout, and by using the whole surface area the interobserver coefficient of
variation in the analyses is slightly reduced, from 5.1% (99) to 2.9% (109).

Obtaining a CT image that contains both liver and spleen presents a challenge; varia-
tion exists not only in the vertical positioning of the spleen relative to the liver, but also
in positioning of both organs within the abdominal cavity. As a multi-image approach
is not feasible because of excess exposure (110), Davidson et al. proposed that a single
axial image at the T12–L1 intervertebral space may provide the most optimal landmark
for assessing both liver and spleen attenuation, as liver and spleen were identified at that
level in approx 90% of the men and women studied (Fig. 13) (109). Interestingly, T12–
L1 is also a good predictor of visceral fat volume and metabolic syndrome that was in
a similar order of magnitude of L1–L2. As such, there is evidence that a single image in
the abdomen could be used to accurately quantify liver fat, visceral fat, abdominal
subcutaneous fat, and skeletal muscle. These studies are cross-sectional in nature, but
provide very important insight into measuring body composition in obesity.
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Fig. 12. An example of a normal and a “fatty” liver as measured using the ratio of liver-to-spleen
attenuation.

Fig. 13. Likelihood of simultaneous visualization of liver and spleen at three anatomical locations
in men and women. Men (N = 118), Women (N = 76). Adapted from Table 1 and Figure 1 from
ref. 109.
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Magnetic Resonance Imaging: Quantification of Ectopic Fat
MRI may also be employed to measure the fatty infiltration within tissues such as

skeletal muscle and liver (111). Because fat and water have different characteristics, the
water and fat signals within a region of interest can be separated using “chemical shift”
techniques such as the Dixon method. Using a similar method, Marks et al. have
described another method using MRI (112) to create a liver fat index by examining the
signal intensity in a region of interest within the right lobe of the liver and comparing this
to the signal intensity of an identically sized region of interest within the adjacent sub-
cutaneous fat (e.g., liver fat index = signal intensity of liver expressed as a percentage
of the intentiy of subcutaneous fat). Both these methods are highly correlated with
surrogate measures by biopsy (112) or MRS (113,114); however, as with CT, neither of
these methods can be used to separate the lipid into intra- and extracellular lipid com-
partments.

Magnetic Resonance Spectroscopy: Quantification of Ectopic Fat
Unlike CT or MRI, proton magnetic resonance spectroscopy (H1 MRS) is able to

partition the lipid signal into separate intra- and extramyocellular lipid (IMCL and
EMCL) components within the skeletal muscle. As it has been suggested that IMCL is
an important fat depot that is associated with deleterious effects on insulin sensitivity,
it may be important to accurately quantify this depot. Briefly, the principles of MRS
are very similar to those of MRI, and in many cases MRS can be acquired using the
same machine, and is used in conjunction with MRI in order to carefully landmark and
place the region of interest or voxel in a location that is free from visible macroscopic
fat depots. This voxel is generally 2 to 3 cm2, and it is important that the voxel contain
as little visible interstitial tissue or fat as possible, as the presence of large fat deposits
such as subcutaneous fat or large quantities of EMCL will obscure the relatively smaller
IMCL signal. Similar to MRI, H1 MRS uses magnetic fields to deviate hydrogen protons
from their normal orbits. When the protons relax back to the normal orbit, there is an
energy release and the generation of radio-frequency signals. Instead of using these
signals to generate cross-sectional images as with MRI, H1 MRS uses the differing
proton resonance signals from the fatty acyl groups within the muscle to quantify IMCL
(115–118). MRS tends to be highly repeatable (CV ~6%) (115–117) and is more sensi-
tive to small changes in IMCL than muscle biopsies.

Schick et al. (118) were the first to identify two compartments of triglycerides in
muscle that have resonant frequencies separated by 0.02 ppm. The two compartments
were identified to represent the lipid located inside (IMCL) and outside (EMCL) the
muscle cell. IMCL droplets are spherical with a relatively homogenous distribution, and
as such, are independent of muscle orientation relative to the magnetic field (115–117,119).
On the other hand, EMCL lies outside the muscle fiber, and appears in plate-like structures
(115–117,120) that have a highly variable distribution throughout the muscle. Due to
the varying orientations and patterns of EMCL, misalignment of the muscle fibers
relative to the magnetic field will cause the EMCL line to broaden, and potentially
overlap the IMCL resonance peak (117). Further, Boesch et al. demonstrated that IMCL,
and not EMCL, signals scale linearly with voxel size, water, and creatine signals, which
are used to quantify and scale the IMCL spectra (115,116). Thus, H1 MRS is typically
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used only for quantifying IMCL content within muscle, such as the tibialis anterior
muscle, which has an easily assessable fiber orientation, and cannot be used to accurately
quantify EMCL. Presently there is no available method for quantifying EMCL. Conse-
quently, the metabolic significance of EMCL has yet to be clearly demonstrated in a
well-controlled study. Nevertheless, it is generally thought to be a metabolically inert
lipid depot (120).

When assessing IMCL, it is important to also consider the muscle fiber type used to
quantify IMCL, as IMCL content within a muscle fiber correlates with the oxidative
capacity of the fiber (115,121–123). For example, the soleus is composed mainly of type
I fibers (slow twitch), and has two to three times the amount of IMCL as the tibialis
anterior, which is mainly type II fibers (fast twitch) (120). As mentioned previously,
MRS is normally measured in the tibialis anterior, and is used to reflect whole-body
IMCL values. However, this clearly has limitations due to the heterogeneity of the lipid
distribution between muscle groups.

Measurement of liver fat using H1 MRS tends to be much simpler than in muscle, as
the liver is devoid of extracellular lipid. Consequently, placement of the region of inter-
est or voxel is much simpler, as there will be no macroscopic extracellular lipid depots
to contaminate the spectra. The region of interest is generally placed in the parenchyma
of the right lobe, while the subjects lie supine to minimize motion artifacts. This process
is facilitated by MRI to ensure accurate and consistent landmarking, and in order to avoid
major blood vessels and areas of inhomogeneity within the liver. Liver spectra will have
only one peak that will reflect the IMCL component (methelyene signal) measured at 0
to 3.0 ppm, and another larger peak from the water signal between 3.0 and 7.8 ppm (108).
As with skeletal muscle, the percentage of liver fat is derived from the ratio of the area
under the curve for fat and then compared with the area under the curve for water
(100,108,124). This method has been validated against histological samples from human
liver biopsies (125).

OTHER NOVEL ECTOPIC FAT DEPOTS

As mentioned above, the advent of CT and MRI has allowed recent investigation into
other smaller ectopic fat depots such as those within or around the heart, kidneys, pan-
creas, or blood vessels that are not measurable by biopsy. Most of this literature has
focused on the use of CT, as it has a much shorter acquisition time, resulting in a much
clearer image. Further, CT provides an attenuation score that may reflect fatty infiltra-
tion within the tissue.

Pericardial Fat
Another emerging depot of potential interest is pericardial fat, the fat depot that lies

within the pericardial sac surrounding the heart. In human studies this fat depot is asso-
ciated with increased risk for coronary artery disease (126,127), and may be a source of
production for several inflammatory cytokines, which themselves are established ante-
cedents for disease (128). In animal models, increases in the size of the fat pads around
the heart have been shown to increase ventricular stiffness and impair cardiac function
through physical alterations such as limiting ventricular expansion, impairing venous
return, and increasing atrial pressure, which may ultimately lead to heart failure. The
extent to which this ectopic fat store is responsible for the alterations in cardiac function
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is still unclear, as these changes may also be due to cardiac hypertrophy related to the
increased cardiac work demand or even hemodynamic changes such as hypertension that
are also associated with obesity and an increased body mass. The independent contribu-
tion of the pericardial fat depot to obesity-related morbidity and mortality is unknown.

Perivascular Fat
Increases in ectopic fat around the blood vessels or perivascular fat may be associated

with an increased risk of cardiovascular disease (103). Nearly all blood vessels in the
body are surrounded by perivascular fat, which is thought to serve as structural support.
However, large amounts of perivascular fat could serve as a mechanical restraint, result-
ing in reduced vascular distensibility or increased vascular stiffness. It is unclear whether
perivascular fat has an independent contribution to vascular stiffness because obesity-
induced hypertension, endothelial dysfunction, insulin resistance, inflammation, or even
lipid accumulation within the vascular smooth muscle cell are also plausible candidates.
Because of the small size of this fat depot, this depot is difficult to quantify, and as such,
the present data are derived from animal models and await confirmation in humans.

Pancreas Fat
Fatty infiltration within the pancreas is the most common histological change in the

pancreas (129). Pancreas fat infiltration in vivo, commonly measured using CT (Fig. 14),
is thought to be associated with -cell hyperfunction, dysfunction, or apoptosis (111,130–
132). It is hypothesized that in the pre-diabetes stage, insulin secretion increases to
compensate for insulin resistance (133). However, when the increased pancreatic fat
accumulation reaches a critical point, lipoapoptosis ensues, and insulin secretion is
reduced, resulting in diabetes and hyperglycemia. This theory has been difficult to
confirm in humans owing to the challenges inherent to the measure of fat within this
relatively small organ. Thus, the majority of data suggesting the metabolic importance
of pancreas fat derive from animal models.

Fig. 14. Computed tomography image of a man with high and low pancreas fat. Pancreas is
indicated by black arrows.
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Kidney Fat

Ectopic fat storage in the kidney is another depot reported to be associated with
sodium retention and hypertension in animal models (128). In obese rabbits, lipid accu-
mulation occurs in the renal sinus and may compress the renal vasculature and other
structures, impeding sodium excretion. Further, increases in visceral adiposity may also
increase intra-abdominal pressure (134) and further exaggerate the compression associ-
ated with renal sinus lipomatosis by preventing the kidneys from expanding, thereby
exacerbating the restriction in renal vascularization and sodium excretion.

CONCLUSIONS

Understanding of the complex relationships between various components of human-
body composition and disease have advanced through the use of both simple and com-
plex methods. Anthropometry represents a straightforward and inexpensive set of tools
that can be used in the clinic to identify individuals at increased risk for obesity related
metabolic disorders. The extent to which these anthropometric measures are linked to
disease via their utility to measure body composition components relies on studies that
employ research-based imaging methods such as CT and MRI that quantify the major
body composition components at the tissue-system level. Indeed, these imaging tech-
niques allow for the quantification of several novel depots such as liver, skeletal muscle,
pericardial, perivascular, pancreatic, and kidney ectopic fat depots—fat depots that may
also have independent associations with morbidity and mortality. Further, novel appli-
cations of MRS are useful for assessing ectopic fat deposition within the cells of various
tissues in the body. In many ways the study of the associations between body composi-
tion in obesity and related comorbidities is in its infancy. Advances in our understanding
of these complex relationships will doubtless follow corresponding advances in technol-
ogy. However, the use of both simple and complex methods will be required to identify
the targets for obesity reduction and hence, the reduction of obesity related morbidity
and mortality.
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Summary
Body weight is dependent on an intricate balance between energy intake and energy expenditure.

When energy intake exceeds energy expenditure weight is gained, and the majority of this excess
energy is stored as body fat. Whether the culprit of weight gain is increased food intake or reduced
energy expenditure is generally unknown but it is most likely to be both, with proportions varying
from case to case. An accurate assessment of dietary energy intake is difficult and precise only under
laboratory conditions, but then the dietary intake tends not to accurately represent everyday life.
Measurements of food intake in free-living conditions are, however, weakened by poor accuracy and
precision. Scientists, therefore, have concentrated on the energy expenditure side of the energy
balance equation. This chapter will review the methods by which energy expenditure can be mea-
sured in humans, the components of daily energy expenditure, their inherent interindividual vari-
ability, and their contribution to weight gain in adults and children. Finally, recent advances in our
understanding of some of the molecular mechanisms underlying the regulation of energy expendi-
ture will be discussed.

Key Words: Energy balance; 24-h energy expenditure; resting metabolic rate; spontaneous
physical activity; diet-induced thermogenesis.

METHODS OF MEASURING ENERGY EXPENDITURE

Several methods have been developed to measure daily energy expenditure in humans
(Fig. 1). The most accurate methods involve continuous measurements of heat output
(direct calorimetry) or gas exchange (indirect calorimetry) in individuals confined within
a metabolic chamber. Confined individuals, however, are unable to pursue habitual
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activities; therefore, several field methods have been developed to measure energy
expenditure in free-living conditions. These include doubly labeled water, self-reports,
and portable monitors.

Direct Calorimetry
Heat is the ultimate fate of all the body’s metabolic processes; energy expenditure can,

therefore, be measured directly as heat loss. Direct calorimetry, first described by Zuntz
and Hagerman in the late 1800s, involves placing an individual in a small insulated
chamber in which all the heat released in the form of dry heat (representing heat dissi-
pated by convection and radiation) or evaporative heat (representing heat loss in the
evaporation of water from the lungs and skin) is measured. This method has been applied
to various animal and human studies (1–3), but has become largely obsolete because
these studies are very expensive to conduct and require individuals to be confined in a
very small room. Despite their limited use today, direct calorimeters have played an
important role for validating indirect calorimetry methods.

Indirect Calorimetry
The term “indirect calorimetry” arises from the premise that heat released from the

metabolic processes in the body can be measured indirectly from oxygen consumption.
Under normal physiological conditions, neither oxygen nor carbon dioxide is stored
within the body. Therefore, an indirect method of assessing energy expenditure is to
measure oxygen consumption, carbon dioxide production, and nitrogen excretion. The
use of indirect calorimetry in the study of energy expenditure dates back to the end of
the 19th century. Indirect calorimetry has proved useful for the study of energy expen-
diture and/or substrate oxidation in normal and diseased states. Indirect calorimetry can
be measured using both open-circuit and closed-circuit systems.

Fig. 1. Body weight is dependent on an intricate balance between energy intake and energy
expenditure. When energy intake exceeds energy expenditure, weight is gained; the majority of
this excess energy is stored as body fat. Whether the culprit of weight gain is increased food intake
or reduced energy expenditure is generally unknown but it is most likely to be both, with propor-
tions varying from case to case.
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Closed-circuit spirometry, developed in the late 1800s, involves rebreathing 100%
oxygen from a prefilled spirometer while the exhaled carbon dioxide is absorbed by a
canister of soda lime in the breathing circuit. The change in the volume of the circuit is
used to measure the rate of oxygen removal from the system and corresponds to an
individual’s oxygen consumption. This method has almost been abandoned by most
hospitals and research laboratories.

Open-circuit spirometry provides a relatively simple way to measure oxygen con-
sumption at rest and during exercise. The individual inhales ambient air with a constant
composition. Changes in oxygen and carbon dioxide percentages in the expired air
compared with percentages in inspired ambient air reflect ongoing energy metabolism.
With the addition of the volume of air breathed during a specific time period, respiratory
gas exchange can be measured and energy expenditure calculated indirectly. Early
measurements of resting metabolic rate were performed using mouthpieces or face
masks, but these have now been replaced by ventilated hood systems to improve the
comfort for the individual. During the past three decades, the indirect calorimetry method
has been applied to confined rooms called respiratory or metabolic chambers (4–16).
These chambers are large enough (12,000–40,000 L) for an individual to live in comfort-
ably for several days. Respiratory chambers enable the measurement of various compo-
nents of daily energy expenditure, including sleeping metabolic rate, the energy cost of
arousal, the thermic effect of food, and the energy cost of spontaneous physical activity
(Fig. 2). The measurement of energy expenditure in the chamber is accurate and is used
extensively to assess the determinants of daily sedentary energy expenditure in humans.

Doubly Labeled Water
The doubly labeled water (DLW) method was first developed in animals by Lifson in

1966 (17) and its first use in humans was reported by Schoeller and Van Santen (18). The
method is based on indirect calorimetry assumptions and on the differential elimination
of two nonradioactive isotopes, deuterium (2H) and 18oxygen (18O) from body water
following a single oral dose of the two isotopes. Oxygen tagged with the 18O tracer will
equilibrate not only in body water but also in circulating bicarbonate and expired carbon
dioxide. Over time the 18O tracer in body water will decrease as CO2 is expired and water
is lost in respiration, perspiration, and urine. The hydrogen molecule tagged with the 2H
tracer will distribute only in the circulating water and bicarbonate and over time will
decrease as water is lost. The elimination rates of the two isotopes from the body are
measured by mass spectroscopy in blood, saliva, or, most commonly, urine. The differ-
ence between the elimination rates of the two isotopes therefore provides a measurement
of carbon dioxide production from which energy expenditure is then calculated from
classical indirect calorimetric equations. The major advantage of the DLW method is
that it provides an integrated measure of total carbon dioxide production over periods of
1 to 2 wk, requiring only periodic sampling of urine for measurements of 2H and 18O
enrichments. The DLW method allows individuals to be studied in the free-living state,
without being influenced or limited in their activity by wearing cumbersome monitors.
The DLW method has been validated repeatedly with excellent accuracy (1–3%) and
precision (2–8%) against the gold-standard indirect calorimetry. The method is
noninvasive, and can be used for measuring energy expenditure in various populations,
such as pregnant women, infants, children, and the elderly (19–21), where other assess-
ments of energy expenditure are problematic. In conjunction with other determinations



154 Redman and Ravussin

of resting energy expenditure using indirect calorimetry, DLW is the best and most
accurate way of assessing the energy cost of physical activity in humans. The major
drawbacks of the method are the high costs of the 18O isotope for large clinical trials and
of the mass spectrometer necessary to determine the isotopic enrichments of 2H and 18O.

Self-Reported Assessments
An individual’s habitual and occupational physical activity can also be captured with

the use of activity diaries, questionnaires, interviews, or time-and-motion studies, with
the energy cost of the activities estimated from energy expenditure tables. This method
is called the factorial method. Factorial assessments of energy expenditure require that
the type and duration of physical activities be recorded across several days. The energy
cost of each activity is then estimated from energy-equivalent tables and multiplied by
the time spent in any given activity. This method therefore is extremely time-consuming
for individuals and investigators. Substantial variability with the technique has been
reported, which is owed to poor and inaccurate recall by individuals, as well as the
availability of numerous energy coefficients that can be applied to determine the energy

Fig. 2. The components of daily energy expenditure. Daily energy is expended in three major
physiological components: resting (basal) metabolic rate (BMR), which includes the energy cost
of maintaining the integrated systems of the body and the homeothermic temperature at rest and
can be divided into sleeping metabolic rate (SMR) and the energy cost of arousal; the thermic
effect of food or diet-induced thermogenesis, reflecting the surplus energy expended after the
administration of a meal related to absorption, digestion, and storage of the energy; and the
energy cost of physical activity, being the energy expended during both volitional (exercise) and
nonvolitional activities. These nonvolitional activities include the energy cost of sitting, fidget-
ing, maintaining posture, muscle tone, and performing leisure activities such as playing guitar,
shopping, etc. It has been named spontaneous physical activity (SPA) or nonexercise activity
thermogenesis (NEAT). The primary determinants of total daily energy expenditure are weight,
height, age, and gender. Total daily energy expenditure and its components can be measured in
the laboratory under standard conditions and in free-living situations. The left panel illustrates
the measurement of 24-h energy expenditure by indirect calorimetry in a metabolic chamber, and
the right shows the total energy expenditure measured over 7 to 10 d using the doubly labeled
water method.
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cost of the activities. Although factorial methods have been criticized (22), when com-
pared with other field assessments they provide reasonably good agreement for groups,
but not for individuals (23–28).

Portable Devices
Pedometers and accelerometers are devices worn by an individual to quantify move-

ment. Pedometers assess displacement of the body with a single stride, and the output
represents steps taken or steps/d. Because they are relatively cheap, pedometers are
commonly used by individuals, researchers, and practitioners to monitor physical activ-
ity (29). Pedometers are not designed to quantify stride length or the amount of body
displacement and hence cannot discriminate between different activities or intensities of
effort and do not provide any quantification of energy expenditure per se. Accelerom-
eters, on the other hand, are devices that detect body displacement in terms of accelera-
tion. Accelerometers can assess movements via piezoelectric sensors in a single plane,
usually vertical (uniaxial accelerometer) or within three planes, anterior–posterior,
mediolateral, and vertical (triaxial accelerometer). Accelerometers are worn on the wrist
or, more commonly, on the hip or waist; they capture the duration and intensity of
activities and can provide data storage for a number of days, which can be downloaded
directly to a computer (30). The triaxial devices tend to provide the best precision (31)
and correlation with activity energy expenditure measured by indirect calorimetry and
DLW (32). With the inability of the free-living assessments of energy expenditure to
differentiate between the type, intensity, and duration of activities, several laboratories
have begun to incorporate the use of multiple accelerometers on various body parts (33–
39). These studies have proven that multiple accelerometers can quantify varying activi-
ties and posture allocations. Recently, a single device incorporating these concepts has
been developed and made commercially available (40). The Intelligent Device for En-
ergy Expenditure and Activity (IDEEA; MiniSun LLC, Fresno, CA) system monitors
body and limb movements constantly via five sensors positioned to the chest, thighs, and
feet. Combinations of signals from the five sensors represent different physical activi-
ties, which were coded as 32 different movements. The IDEEA device provides data not
only on the specific type of activity (e.g., sitting, climbing stairs, jumping) but also the
duration, and estimated intensity on second-by-second basis (ranging from milliseconds
to hours). The ability of IDEEA to quantify type, duration, and intensity of various
activities has been validated (40). In terms of energy expenditure, IDEEA shows accu-
racy against both portable and chamber indirect calorimetry techniques (41).

COMPONENTS OF ENERGY EXPENDITURE
AND THEIR RELEVANCE TO OBESITY

Total daily energy expenditure (TDEE) varies substantially in humans (42) such that
two adults of the same size could have an EE that varies by 1500 kcal/d. The largest
determinants of TDEE are weight, height, age, and gender (42). Whereas both weight
and height are positive determinants of TDEE, age is a negative predictor in adults.
Across all ages, TDEE is approx 11% higher in males, after adjustments for body size (42).
With the increasing prevalence of obesity, understanding the inherent interindividual
variation in TDEE is important. The variability in daily energy requirements is related
to the variability in the energy expended in its three major components: resting metabolic
rate, diet-induced thermogenesis, and activity thermogenesis (Fig. 2).
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Resting Metabolic Rate
The resting metabolic rate (RMR) is the energy expended by an individual who is

resting but awake and fasted in comfortable ambient conditions. RMR, which includes
the energy cost of maintaining the integrated systems of the body and the homeothermic
temperature at rest, accounts for approx 60 to 70% of daily energy expenditure in sed-
entary adults (8) and is therefore the largest component of TDEE. There is a close
relationship between RMR and body size; this association has led to the development of
widely used equations to predict RMR from height and weight (43–47). Three-quarters
of the variation in RMR is determined by fat-free mass (48) and, to a lesser extent, by
fat mass, gender, and age. Together, these four components explain 80 to 85% of the
interindividual variance in RMR. Some of the remaining variance can be further explained
by family membership; therefore, genetic factors probably contribute (48,49).

Interestingly, RMR adjusted for differences in fat-free mass, fat mass, and age is
related to variability in body temperature (50). Such results indicate that body tempera-
ture could be a marker for a high or low relative metabolic rate. It is not clear whether
the heat production in the body—i.e., the metabolic rate—is regulated to maintain a
given “preset” temperature or whether the temperature is simply a reflection of the
equilibrium between the heat-producing and heat-losing mechanisms that are controlled
by other factors. Some of the variability in RMR has also been shown to be related to be
variability in muscle sympathetic nerve activity (51). Resting skeletal muscle metabo-
lism seems also to be a significant determinant of whole-body metabolism (52,53), and
studies suggest that uncoupling protein (UCP)-3 expression (54) and UCP-2 polymor-
phisms (55,56) appear to underlie some of this variability. Finally, whether the level of
physical activity and training are determinants of the RMR remains controversial (57–60).

Diet-Induced Thermogenesis
Diet-induced thermogenesis, or the thermic effect of food (TEF), is the increase in

energy expenditure observed after the administration of a meal; therefore, it corresponds
to the energy cost of chewing, digestion, and absorption of food. The TEF is the smallest
component of daily energy expenditure, accounting for approx 10% of TDEE (61,62).
The TEF is, however, the most difficult and least reproducible component of energy
expenditure to measure, and for these reasons its role in the etiology of obesity is con-
troversial. A comprehensive review of 49 studies that compared TEF in lean and obese
individuals suggested that obesity may be associated with an impaired TEF (63); how-
ever, a recent paper (64) identified substantial shortcomings in the methods used to
calculate TEF, questioning the role of low TEF in the development of obesity. The
methods for assessing diet-induced thermogenesis are cumbersome; in addition, the
energy expended following a meal is influenced by meal size and nutrient composition,
palatability of the food, and time of the meal, as well as the individual’s genetic back-
ground, age, physical fitness, and sensitivity to insulin. Importantly, prospective studies
have not identified a relationship between the TEF and weight change (61,65). It is safe
to say that a decrease in the TEF amounts to only a small number of calories and,
therefore, is very unlikely to explain significant degrees of obesity.

Activity Thermogenesis
Activity thermogenesis, the most variable component of TDEE, can account for a

significant amount of calories in very active people. However, sedentary adult individu-
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als exhibit a range of physical activity, which represents only 20 to 30% of total energy
expenditure. Reduced physical activity as a cause of obesity is an obvious and attractive
hypothesis. The energy expended in physical activity is quite variable, and the world-
wide increase in obesity parallels the increase in sedentary lifestyles (66). However, until
the introduction of the DLW method for measuring energy expenditure in free-living
conditions (18,67), there has been no satisfactory method by which to assess the impact
of physical activity on TDEE in humans. An increasing database of DLW in more than
1000 individuals confirms the wide variability in total energy expenditure in adults and
children alike and, therefore, in physical activity (42,68–70). In a review of 574 DLW
measurements, Black et al. compiled data to: (1) establish the extremes of sustainable
human energy expenditure; (2) establish the average and range of habitual energy expen-
diture in relationship to age and sex and; (3) describe the lifestyles and activity patterns
associated with different levels of physical activity (42). Prentice et al. described the
relationship between graded levels of obesity and free-living energy expenditure in men
and women of affluent societies and confirmed that habitual total energy expenditure is
increased with obesity because of concomitant increase in fat-free mass (68). They also
suggest that except in massive obesity, the energy cost of physical activity is quite similar
at different levels of body weight and BMI. Using the ratio between total energy expen-
diture and resting metabolic rate as an index of the level of physical activity, they have
also shown that physical activity is decreased in heavier or fatter individuals. This,
however, does not exclude the possibility that an inactive lifestyle may be an important
risk factor for the development of obesity. Whether a low level of physical activity is a
cause or a consequence of obesity can be tested only in prospective studies. Recent data
in pairs of twin children suggest that despite the high heritability of BMI, physical
activity was explained predominantly by shared environmental factors and not by genetic
variability (71).

There are two distinct types of activity thermogenesis—that is, the energy expended
during exercise or structured physical activity (normally planned activities) and the energy
expended in all other nonexercise activities (usually unplanned activities). The latter
activities include the energy cost of sitting, fidgeting, maintaining posture and muscle
tone, and performing leisure activities such as playing guitar, shopping, and the like. The
unplanned activity energy expenditure, also termed spontaneous physical activity (SPA)
or, more recently, nonexercise activity thermogenesis (NEAT), is quite variable between
individuals (72). Prospective studies are providing initial evidence that differences in
this nonvolitional muscle activity may be important in determining predisposition to
obesity and/or resistance to diet-induced weight gain (73,74). Levine et al found that
resistance to the development of obesity might be caused by the ability of an individual
to increase NEAT (73). In response to overfeeding (1000 kcal/d), fat gain varied 10-fold
within the group; the individuals who gained the least amount of weight had the greatest
increase in unplanned activities. In a follow-up study, Levine and colleagues published
some intriguing findings that suggests that some of the interindividual variation in NEAT
could be explained by a genetic component (37), therefore confirming our initial obser-
vation (74). In Levine’s latest study (37), NEAT measured by posture allocation and
ambulation remained unchanged before and after weight gain (~8 kg) or weight loss
(~4 kg), in lean and obese individuals, respectively. Obese individuals spent signifi-
cantly more time seated compared with their lean counterparts, resulting in an energy
surplus of 350 kcal/d. Put another way, if the obese individuals assumed the same posture
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allocation as their lean counterparts, they would accrue a daily energy deficit of 269 to
477 kcal/d that, if maintained, could result in substantial weight loss. Clearly there is a
need for more prospective studies in which free-living physical activity is measured to
assess if the level of unplanned physical activities is a major predisposing factor for
weight gain (75).

ENERGY EXPENDITURE IN THE ETIOLOGY OF OBESITY

Cross-sectional studies that compare lean and obese individuals have added little to
our understanding of the physiological mechanisms predisposing to weight gain (76). An
understanding of the etiology of human obesity demands longitudinal studies to reveal
predictors or risk factors. Several studies have prospectively examined these predictors
in the Pima Indian population in southwestern Arizona, a population where obesity is
extremely prevalent (77) and, therefore, weight gain is common in young adults. In these
individuals at least six metabolic parameters have been found to be predictive of weight
gain. In particular, related to energy expenditure and relevant to understanding the
etiology of obesity, are low metabolic rate, low activity thermogenesis, low sympathetic
nervous system activity, and low fat oxidation.

Low Metabolic Rate
Obesity is associated with a high absolute metabolic rate, both in resting conditions

and over 24 h (8,78), and therefore, cannot be caused by a low absolute metabolic rate,
as is often proposed. Many investigators who have studied energy expenditure in humans
have suggested that when a clear defect in energy expenditure is lacking in obese individu-
als, obesity can be only the result of excessive energy intake. It is important to note,
however, that there is wide variability in the relationship between metabolic rate and
body size, suggesting that, at any given body size, individuals can have “high,” “nor-
mal,” or “low” relative metabolic rates. Studies in adult nondiabetic Pima Indians found
that a low relative metabolic rate (resting and 24-h) adjusted for differences in fat-free
mass, fat mass, age, and sex was a risk factor for body weight gain (79). Specifically,
4 yr of follow-up in the same individuals identified that the risk of gaining 10 kg in
body weight was approx 8 times greater in those individuals within the lowest tertile of
RMR compared with those within the highest tertile of RMR. These findings were later
confirmed in an independent group of nondiabetic Pima Indians where weight change
(–9 to 26 kg) with 4 yr of follow-up was negatively associated with RMR independent
of body size and body composition (80). Moreover, a meta-analysis of 12 published
studies identified high rates of weight regain in formerly obese individuals related to a
3 to 5% lower mean relative RMR in these individuals compared with control individuals
(81). In contrast, relative low energy expenditure does not seem to be a predictor of
weight gain in other adult populations (82,83). In studies of the Pima Indians, it is
important to note that weight gain in most individuals could not be accounted for entirely
by lower rates of energy expenditure. Furthermore, theoretical estimates suggest that
only 30 to 40% of the increase in body energy stores in people who gained weight can
be attributed to the baseline deficit in energy expenditure. These results could indicate
that energy intake as well as a low physical activity could also contribute to the observed
variability in weight gain. It is also interesting to note, however, that in response to
weight gain, the new metabolic rate (adjusted) increases to “normal” levels and is com-
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parable to the metabolic rates of individuals who remained weight-stable (Fig. 3). This
explains why it is so difficult to identify impairment in energy metabolism in obese
compared with lean individuals. Weight gain seems to be the price to pay to “normalize”
energy metabolism (metabolic rate and fat oxidation).

Low-Activity Thermogenesis
Another component of 24-h energy expenditure is the energy cost of spontaneous

physical activity, which accounts for 8 to 15% of total daily expenditure (8). Consistent
with the cross-sectional observation of decreased spontaneous physical activity in obese
individuals, longitudinal studies in the Pima Indians showed that even in the confined
environment of a respiratory chamber, spontaneous physical activity is a familial trait
accounting for 57% of its variance. After 33 mo of follow-up, the level of spontaneous
physical activity was inversely correlated with weight change (–16 to 28 kg) and fat mass
change in males but despite significant weight change, these relationships were not
evident in females (74). Even though it could be argued that spontaneous physical
activity during a respiratory chamber study is limited, spontaneous physical activity is
highly correlated with habitual physical activity (measured by DLW) whether it is
expressed as the energy cost of physical activity (activity energy expenditure, AEE),
physical activity level (PAL), or body-size independent activity units (84). Prospective
studies in which free-living physical activity is measured (by the DLW technique) pro-

Fig. 3. Weight gain is the price to pay to counteract low energy expenditure or low fat oxidation.
The role of energy metabolism in metabolic adaptation and the long-term regulation of body
weight has been described by Weyer et al. (156). Cross-sectional studies show that energy
expenditure and fat oxidation increase with increasing body size, but for any given body size both
parameters vary substantially. Prospective studies demonstrated the relevance of this variation,
in that low rates of energy expenditure and fat oxidation predispose individuals to body weight
gain. Longitudinal studies suggest that upon gaining weight, the low rates of energy expenditure
and fat oxidation are increased on average and restored to normal levels and may oppose further
weight gain. The arrows in the figure represent this metabolic drive toward weight gain, which
probably diminishes at some point in some individuals, thereby limiting the amount of weight
gain (metabolic adaptation, arrow A), whereas it may be sustained in others, who will thus be
predisposed to further increases in weight (arrow B).
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vide conflicting evidence for the hypothesis that a low level of physical activity is a major
predisposing factor for weight gain in individuals and in populations. In a longitudinal
study of 92 nondiabetic Pima Indians (80), AEE or PAL (measured by DLW) was not
associated with changes in body weight (9 to 26 kg).

Low SNS Activity
Studies in Caucasians indicate that the activity of the sympathetic nervous system

(SNS) is related to each of the major components of energy expenditure—RMR (51),
TEF (85), and SPA (86). SNS activity is also negatively correlated with the 24-h respi-
ratory quotient (87). Cross-sectional studies indicate that Pima Indians, who are prone
to obesity, have lower rates of muscle sympathetic nerve activity compared with weight-
matched Caucasians (51). The role of impaired SNS and/or adrenal medullary function
in the etiology of human obesity was prospectively studied in 64 Pima Indian men. At
baseline and follow-up (~3 yr), sympathoadrenal function (estimated by 24-h urinary
norepinephrine and epinephrine excretion rates) was measured. At follow-up, body
weight increased (8.4 ± 9.5 kg) and the gain in weight was negatively correlated with
baseline urinary norepinephrine excretion rate (r = –0.38; p = 0.009), adjusted for its
determinants (i.e., fat-free mass, fat mass, and waist-to-thigh circumference ratio).
Baseline epinephrine excretion rate was correlated negatively with changes in waist-to-
thigh circumference ratio (r = –0.44; p = 0.003). These results demonstrate that sympa-
thetic nervous system activity is associated with body weight gain in humans and that
a low activity of the adrenal medulla is associated with the development of central
adiposity. Further indications of the possible role of SNS activity in the regulation of
energy balance in humans comes from a study showing that low SNS activity was
associated with poor weight loss outcomes in obese individuals treated with a dietary
restriction intervention (88).

Low Fat Oxidation
The composition of nutrient intake has been shown to be an important factor in the

development of obesity, and consequently, one might expect that the composition of
nutrient oxidation would also play a role in its etiology. The nonprotein respiratory
quotient is an index of the ratio of carbohydrate to fat oxidation. Values ranges from
approx 0.80 after an overnight fast when fat is the primary oxidative substrate (89) to
values approaching 1.00 following ingestion of a large carbohydrate meal when glucose
is the major substrate (90). Apart from the obvious impact of diet composition, the
respiratory quotient is also influenced by recent energy balance (negative balance caus-
ing more fat oxidation), sex (females tend to have reduced fat oxidation), adiposity
(higher fat mass leads to higher fat oxidation), and family membership, suggesting
genetic determinants (91). Toubro et al. confirmed that substrate oxidation rates, mea-
sured by respiratory quotient, exhibit familial aggregation after adjustment for energy
balance, sex, and age (92).

A longitudinal study of Pima Indians showed that a high 24-h respiratory quotient
predicted weight gain (91). Individuals in the 90th percentile for respiratory quotient—
i.e., “low fat oxidizers”—had a 2.5 times greater risk of gaining 5 kg or more body weight
than those individuals in the 10th percentile—i.e. “high fat oxidizers.” This effect was
independent of a relatively low or high 24-h metabolic rate. Similar results have been
also reported in Caucasians (93). In support of these observations, others have demon-
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strated that postobese volunteers have high respiratory quotients—i.e., low rates of fat
oxidation (94,95)—and those who are able to maintain weight loss have lower respira-
tory quotients compared with those experiencing weight relapse (96).

ENERGY EXPENDITURE IN CHILDREN

One of the most troubling aspects of the current epidemic of obesity is the increasing
prevalence of obesity and type 2 diabetes among children (97). Childhood obesity is a very
serious problem because tracking of adiposity is observed between childhood and adult-
hood (98) and children with one or two obese parents are at a higher risk of weight gain
during childhood and adolescence than children with both parents of normal weight.
Furthermore, duration of obesity is an independent predictor of health outcomes (99). The
risk of developing obesity seems to be especially elevated during early infancy, the adipos-
ity rebound period during prepubertal growth, and the adolescent growth phase (100).

The observation that obesity occurs more frequently in children of obese parents
led to a variety of studies to determine how much of the genetic predisposition to obesity
is related to energy metabolism. Stunkard et al. reported data on energy intake and energy
expenditure in infants born to lean and overweight mothers and concluded that excessive
energy intake, rather than low energy expenditure, is the cause of obesity in infants at
high risk of obesity (101). Childhood obesity is a vastly unexplored area and more
studies are needed to understand how eating behavior forms and solidifies in conjunction
with the final maturation of the human brain from childhood to adulthood. A hallmark
study (102) found that infants who were overweight at 12 mo of age had a 20% lower
TDEE (measured by DLW) compared with normal-weight infants when measured 9 mo
earlier (i.e., 3 mo of age). Similarly, low energy expenditure in 5-yr-old girls was nega-
tively correlated with BMI at adolescence (103). In girls, reduction in TEE as a result of
a marked reduction in physical activity during prepubertal growth has been reported
(104). However, other studies (105,106) have failed to confirm that resting energy
expenditure, TDEE, or AEE measured in early childhood are inversely related to the
development of obesity. Despite these large inconsistencies in the literature and because
low levels of aerobic fitness (107), excessive TV viewing (108,109), and limited playing
time (109) have all been associated with increased risk of weight gain, it seems reason-
able to conclude that a sedentary lifestyle in early childhood should be discouraged.

A recent study in 100 twin pairs provides some intriguing data on the role of
genetics and environment on the potential development of obesity (71). In monozygotic
and dizygotic twins aged 4 to 10 yr, physical activity energy expenditure (adjusted for
weight, age, sex, season, ethnicity, and study date) was not at all explained by genetic
influences, whereas environmental factors were the most significant determinants. These
data suggest that genetics play a small role in the tendency for children to be physically
active and that the environment shared by siblings is far more important for the variation
in activity levels among children and possibly later in life. This also provides a basis to
expose children to physical activity early in life.

Despite the attractiveness of prevention strategies aimed at children, which could
be based on correcting some of these early risk factors for obesity, caution should be
exercised. Until we fully comprehend the interplay among variability of energy metabo-
lism, growth, and obesity, we must be concerned about the risk of unforeseen adverse
consequences, particularly in respect to interruption of the normal growth pattern in



162 Redman and Ravussin

early childhood and distorted body image, excessive dieting, and anorexia in adoles-
cence. Taken together, these results suggest that a reduced physical activity-related
energy expenditure constitutes an important factor in the etiology of subsequent weight
gain and although genetics may be important for the development of this disease, lifestyle
and environmental factors deserve significant attention to reduce its prevalence in society.

MOLECULAR MECHANISMS OF ENERGY EXPENDITURE VARIABILITY

The study of obesity in human individuals is inherently difficult. This is because of
factors related to the disease itself, including heterogeneity, age-dependent penetrance,
uncontrollable gene-environment interactions, and gene–gene interactions. Ultimately,
proof that a putative mechanism of energy expenditure actually has a role in maintaining
caloric homeostasis must come through genetic studies in animal models and then
through the discovery of genetic variability for these mechanisms in humans. It is likely
that further gene discoveries in animal models will add to this knowledge and continue
to identify novel pathways that are important in nutrient partitioning and energy balance
in humans. Evidence that these mechanisms actually promote or limit the development
of obesity by stimulating or decreasing energy expenditure or nutrient partitioning must
be demonstrated. Some of the significant advances in our understanding of the regulation
of energy balance have stemmed from work in animal models; some of this work is
discussed below and summarized in Table 1. Genetic engineering of mice (knockout or
transgenic) has yielded many unexpected phenotypes, including obesity or resistance to
high-fat diets. When further refined phenotyping was obtained, it became clearer that
some of these mice were lean or obese not only because of hypo- or hyperphagia but also
because of an impact on energy metabolism.

Table 1
Gene Disruption Leading to Alteration of Energy Metabolism

Genetic disruption Phenotype Effect on energy balance metabolism

ob/ ob Obese �Activity, �fat oxidation
MC3R KO Obese �Activity, �fat oxidation
MC4R KO Obese �Activity, �energy expenditure
MCH KO Lean �Activity, �energy expenditure
DGAT1 KO Lean �Energy expenditure, �activity
ACC2 KO Lean �Fat acid synthesis, �fat oxidation
VGF KO Lean �Activity, �energy expenditure
PKA RIIbB KO Lean �Energy expenditure
PTP1B KO Lean �Energy expenditure, (�leptin signaling)
Mahogany Suppress obesity �Activity, �energy expenditure
Mohoganoid Suppress obesity �Activity (?), �energy expenditure

Abbreviations and references: ob/ob (123); MC3R, melanocortin receptor 3 (157); MC4R, melanocortin
receptor 4 (158); MCH, melaninconcentrating hormone (159); DGAT1, diacylglycerol transferase (120);
ACC2, Acetyl CoA carboxylase (151); VGF (160); PKARII , protein kinase A RII regulatory unit (161);
PTP1B, protein tyrosine phosphatase (162); mahogany (163); mahoganoid (163).
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3-Adrenergic Receptors
3-adrenergic receptors ( 3-ARs), which are located in skeletal muscle (88) and both

white (110) and brown (111) adipocytes, have been demonstrated to significantly regu-
late antiobesity and insulinsensitizing actions in rodents (see, e.g., refs. 112,113). Mice
lacking 3-ARs have a modest increase in body fat, indicating that 3-ARs play a role
in regulating energy balance. Acute treatment of normal animals with 3-selective ago-
nists leads to increased serum FFA and insulin levels, increased whole-body energy
expenditure, and decreased food intake, whereas when administered to 3-AR– /– mice,
each of these effects was completely absent, indicating that these responses are mediated
exclusively by 3-ARs (114). Indeed, testing in humans of the first generation of 3-AR
agonists, such as BRL 26830A (115,116) and CL 316243 (117), revealed encouraging
antidiabetic and antiobesity characteristics including energy metabolism. However, some
of these compounds shared substantial selectivity with the 1- and 2-AR subtypes,
inducing many undesired effects such as accelerated heart rate (118), hand tremors
(119,120), and hypokalemia (121). A novel generation of 3-AR agonists proved more
potent in rodents (122) by increasing the expression of UCP-1 in adipose tissue and
simultaneous conversion of large adipocytes into smaller ones. The effect of this novel
generation of 3-AR agonists in humans has yet to be reported.

Leptin
In 1994, the genetic mutation causing massive obesity in ob/ob mice was described

(123). The gene encodes an adipocyte-derived hormone known as leptin, which acts
primarily on the hypothalamus as a “ lipostat,” thus tending to adjust the size of the
body’s energy stores. Mice homozygous for the ob mutation completely lack the pres-
ence of circulating leptin; these animals develop severe, early-onset obesity, with many
associated metabolic and hormonal abnormalities including hyperphagia, defective ther-
mogenesis, infertility, and type 2 diabetes. The next experiments demonstrated that these
metabolic and physiologic abnormalities were rapidly corrected by leptin administra-
tion, which caused significant reductions in food intake and increased energy expendi-
ture; resulting in weight loss after only a few days of leptin administration (124–126).
These findings led to optimism that leptin therapy might be important for treating human
obesity. The human gene encoding leptin has been screened in a large number of obese
individuals, and only two families have been shown to have mutations resulting in
complete leptin deficiency (127,128). Treatment of three known leptin-deficient adults
with a functional recessive mutation in the leptin gene with recombinant human leptin
for 3 mo resulted in drastic changes in energy metabolism, with normalization of energy
expenditure and large increases in fat oxidation (129). Leptin was extremely potent in
causing weight loss (especially fat loss; 85% on average, by dual-energy X-ray
absorptiometry [DEXA]) resulting mostly from a drastic reduction in food intake and
increasing fat oxidation. By 18 mo the BMI had decreased by an astonishing 50% and
the individuals had a complete restoration of type 2 diabetes and hypogonadism (130).
Although the discovery of leptin and its receptor may ultimately facilitate the develop-
ment of new obesity treatments acting through this pathway, clinical trials in humans
have indicated that only some obese individuals may be sensitive to the weight-loss
effect of exogenous leptin administration (131). However, leptin may prove to be very
efficacious for weight-loss maintenance (132,133).
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Uncoupling Protein
UCP-3 is abundantly expressed in skeletal muscle, an important tissue for thermogen-

esis (53). Phenotypes of mice in which UCP-3 genes have been inactivated do not
indicate that these homologs have a function in regulating either body temperature or
body weight (134–137). In one study in which UCP-3 was overexpressed in skeletal
muscle of transgenic mice, mice showed a resistance to diet-induced obesity and an
improvement in insulin sensitivity (138). As the amount of UCP-3 in the muscle of the
transgenic mice was at a level that had been shown previously, by the same group of
investigators, to be toxic to the mitochondria of mammalian cells, it is possible that the
mitochondria of the transgenic mice were leaky owing to toxicity from the high levels
of UCP-3 (139). Consequently, the effects of the UCP-3 transgene expression were not
indicative of normal physiological function. A recent study, in which UCP-3 was in-
duced in human muscle by a high-fat diet and then the rate of recovery of energy stores
(i.e., creatine phosphate) was determined, failed to find an effect, suggesting that UCP-
3 in humans does not uncouple muscle mitochondria (140). It is interesting to note that
a genetic variation at UCP-2–UCP-3 is associated with low metabolic rate in Pima
Indians (54,141). However, whether UCPs play a significant role in human obesity
remain to be established.

Diacylglycerol Transferase
Triglyceride synthesis has been implicated to occur through the acyl CoA:

diacylglycerol transferases (DGATs), enzymes that catalyze the final reaction in the
glycerol phosphate pathway. DGAT enzymes are highly expressed in tissues associated
with triglyceride synthesis. In humans, an abundant expression of DGAT enzymes has
been observed in adipose tissue and liver (142,143). Dgat1– /– mice are leaner than wild-
type mice and have smaller adipocytes (120,144). When fed a high-fat diet, Dgat1– /–

mice are resistant to obesity and are protected from diet-induced hepatic steatosis (120).
These effects are likely caused in part by increased energy expenditure. Moreover, Dgat–
/– mice demonstrate an increase in spontaneous physical activity (145), increased expres-
sion of UCP-1 (144,146), and increased leptin sensitivity (144). An intact leptin pathway
appears to be required for the effects of DGAT deficiency on energy metabolism.
Although DGAT1 deficiency reverses obesity and insulin resistance in yellow agouti
mice, it has no impact on the leptin-deficient ob/ob mice (144). In general, the expression
profile of DGAT1 is similar in mice and humans but the mechanism of increased energy
expenditure in mice partially involves the increased expression of UCP-1 in brown
adipose tissue. Therefore, pharmacological inhibition of DGAT1 in humans may not
work in humans. Although genetic mutations leading to the complete inactivation of the
protein have not yet been identified in humans, a polymorphism in the promoter of the
DGAT1 gene was discovered and shown to be associated with body mass index in a
Turkish population (147). Because of the profound effects of DGAT deficiency on
energy metabolism, studies are under way to identify suitable natural and synthetic
compounds that can specifically inhibit its action.

Acetyl CoA Carboxylase 2
Acetyl CoA carboxylase (ACC), which exists in at least two isoforms in humans, is

responsible for synthesizing malonyl coenzyme A, a potent inhibitor of fatty acid oxi-



Chapter 8 / Energy Expenditure in Obesity 165

dation. ACC1 is expressed mainly in lipogenic tissue such as liver and adipose, and
ACC2 in the heart and skeletal muscle (148). In humans both isoforms have central roles
in fatty acid biosynthesis and oxidation (149). Although mice lacking ACC1 die young,
the ACC2-null mice have a normal life span and, compared with wild-type animals,
demonstrate continuous oxidation of fatty acid and therefore have substantial reductions
in fat stores and body weight (150,151). When fed a high-fat/high-carbohydrate diet, the
ACC2– /– mice demonstrate a resistance to obesity and the development of diabetes
(150). Primary adipocyte cells cultured from the ACC2-null mice fed either a normal or
high-fat/high-carbohydrate diet suggested that higher levels of fatty acid oxidation and
lipolysis are major factors contributing to leaner ACC2– /– mice (152). These findings
indicate that pharmaceutical targets that inhibit ACC2 may prove to be important for the
treatment of obesity and diabetes (149). An isoform-nonselective inhibitor of ACC has
recently been identified and tested in mice, rodents, and monkeys (153). Pharmacologi-
cal inhibition of ACC in experimental animals resulted in a reduction of malonyl-CoA
concentration in both lipogenic (liver and adipose) and oxidative (liver and muscle)
tissues, a consequential reduction in liver and adipose tissue fatty acid synthesis, and
increased whole-body fatty acid oxidation. Together these findings provide convincing
evidence that ACC inhibitors may serve as therapeutic targets in the treatment of obesity.

To date more than 600 genetic markers and chromosomal regions have been associ-
ated or linked with human obesity phenotypes (154). These have been identified from
human obesity cases owing to single-gene mutations, Mendelian disorders, transgenic
and knockout models relevant to obesity, quantitative trait loci from animal crossbreed-
ing, association studies with candidate genes, and linkages from genome scans. Future
studies will no doubt report that additional genetic loci will prove to affect energy
metabolism.

CONCLUSION

In summary, energy expenditure includes many components, such as physical activ-
ity, fidgeting, the thermic effect of food, ambient temperature, fever, shivering, and the
efficiency of basal metabolism. The effects of some of these factors, such as physical
exercise and ambient temperature, are obvious; however, what determines “metabolic
efficiency” is extremely complex. All components of energy expenditure, whether simple
or complex, are most likely influenced by variations in the genetic constitution of an
individual. Based on the “thrifty gene” hypothesis (155), one would predict that muta-
tions changing the efficiency of energy metabolism should exist. Yet biochemical spon-
taneous or induced mutations in mice or humans that can cause obesity without increased
food consumption are rare. Recent studies in animal models have contributed greatly to
our understanding of the regulation of energy balance. New peptides and pathways have
been discovered that could potentially lead to new therapies for the treatment of human
obesity.
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Summary
The past two decades have seen a dramatic increase in the prevalence of obesity in the US

population. Although increasing obesity was observed in every sociodemographic group, at every
point in time groups with lower education, African Americans and Native Americans, and women
in lower income households had higher rates of obesity and related chronic conditions such as
diabetes. Also noteworthy is the much faster increase of severe obesity compared with moderate
obesity, which added further strain to the health care system and proved especially challenging to
health care providers. We provide data on the populationwide trends in weight gain, economic
consequences of health care cost growth and the socioeconomic disparities in obesity and diabetes.
We further discuss the socioeconomic and environmental changes that are likely underlying mecha-
nisms for the obesity epidemic and related disparities. We conclude the chapter by discussing
implications of these trends for the prevention and treatment of diabetes and challenges and oppor-
tunities faced by the health care system and providers.

Key Words: Body mass index; health disparities; time use; diet; physical activity.

INTRODUCTION

The past two decades have seen an astonishing increase in obesity rates, and it is
generally thought that socioeconomic and environmental changes are the primary causes
(1–3). When talking about socioeconomic issues, we need to distinguish between two
phenomena. The first is trend over time, which is related to societal and economic
changes that affect everyone. Indeed, over the past two decades, the average increase in
body mass index (BMI) has been surprisingly similar in all sociodemographic groups
(4,5). This trend puts an increasing stress on the health care system. The second phenom-
enon is the disparity in obesity rates between groups at every point in time, which is
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related to socioeconomic differences across subgroups. As a rule, obesity rates tend to
be higher in groups with lower education levels, African Americans and Native Ameri-
cans, and women in lower-income households (5,6). Disparities in health status across
socioeconomic groups mirror disparities in obesity rates.

The time trend is paralleled by the increasing prevalence of diabetes and, to a lesser
extent, the prevalence of other chronic conditions. Medical care, especially develop-
ments in pharmacological treatments, has weakened the relationship between obesity
and major cardiovascular risk factors, such as high cholesterol and hypertension, over
time (7). In addition, the cardiovascular health of Americans has improved over time as
the strong positive effect of the falling smoking rates have outweighed the adverse effect
of increasing obesity rates.

Nevertheless, the obesity epidemic imposes several new burdens on providers, hos-
pitals, and the health care system in general. The proportion of the population that is
severely obese, defined by a BMI over 40 or about 100 lb overweight for men and 80 for
women, has been growing particularly quickly, and severely obese individuals face
different challenges. As yet, many physicians’ offices and even hospitals are not equipped
to meet the needs of severely obese patients, who may not fit standard imaging equip-
ments, operating tables, or wheelchairs. Even seemingly minor equipment limitations
could conceivably affect quality of care and invite lawsuits. And, again, there are differ-
ences across populations. For example, among African-American women, one-third of
diabetics have a BMI over 35, whereas in other groups a smaller share of diabetics are
that heavy.

This chapter provides data on several issues. In the next section, we address trends in
weight gain and economic consequences for health care. Typically, cited numbers are
based on the definition of obesity as having a BMI over 30. However, as we will show,
the time trend for moderate obesity differed from that for severe obesity, which has
important economic implications for physician practices. The following section turns to
cross-sectional (at a point in time) differences and provides data on socioeconomic
disparities in obesity and diabetes, in particular on the interaction among race/ethnicity,
income, education, severity of obesity, and diabetes. The next section discusses socio-
economic and environmental factors believed to be related to obesity and diabetes rates.
We discuss both the general time trend and possible mechanisms underlying cross-
sectional socioeconomic disparities in obesity and diabetes. We then discuss implica-
tions of these socioeconomic and environmental trends for the prevention and treatment
of diabetes and challenges and opportunities faced by the health care system and provid-
ers. Unless indicated otherwise, all the results shown in this chapter are nationally
representative for all adults, are based on self-reported height and weight (which means
that objectively measured BMIs are likely to be higher), and measure diabetes by an
indicator of physician-diagnosed diabetes or borderline diabetes (i.e., undiagnosed dia-
betes is not included).

OBESITY EPIDEMIC AND HEALTH AND COST CONSEQUENCES

The proportion of the US population that is considered obese has seen a marked
increase in the past two decades. Data based on the most recent National Health and
Nutrition Examination Survey (NHANES) (1999–2000) (8), which uses objectively
measured height and weight, indicate that 30.5% had a BMI over 30 (6), more than twice
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the rate in early 1980s (14.5% based on the second NHANES, conducted in 1976–1980)
(8,9). Moreover, none of the major sociodemographic groups of the population has been
immune to the epidemic: rapid weight gain has been found in both genders, all racial/
ethnic groups, and all educational levels (5,10); the entire population weight distribution
is moving to the right. Figure 1 is a depiction of the shift of the BMI (based on self-
reported weight and height) distribution among the US adult population from the early
1990s to the early 2000s.

There is another, possibly more disturbing, phenomenon. The distribution is becom-
ing flatter—i.e., a smaller proportion of the population is now in the center of the dis-
tribution (which is shifting as well), and a larger proportion further out in the right tail,
i.e., in the “obese” range. This picture does little to reveal what is going on at the more
extreme end of the weight distribution—i.e., in the “severe obesity” range.

Does severe obesity simply parallel the general trend in obesity? Or is there something
fundamentally different about clinically severe obesity? Two conflicting opinions exist
about the trends in clinically severe obesity. Clinicians tend to consider clinically severe
obesity a rare pathological condition that is not affected by behavioral changes in the
general population. This view would suggest that severe obesity changes little over time
and that the number of patients with these extraordinary health problems and care needs
remains roughly constant, even as there are more moderately obese individuals. Epide-
miologists tend to lean toward the opposite view, namely that severe obesity is part of
the general population distribution and small increases in the population BMI would
have proportionally larger effects in the extreme tail (11). Which of those views better
describes reality is an empirical question, but the answer has major ramifications for
health care systems (12).

Figure 2 shows the time trend in obesity prevalence by severity of obesity, adjusted
for sociodemographic changes to isolate the unique trend in obesity rates. In addition to
the standard “obese” category, defined as having a BMI greater than 30, the groups of
primary interest here are the more extreme categories: BMI greater than 35, BMI greater
than 40, BMI greater than 45, and BMI greater than 50.

Fig. 1. The population distribution of BMI is shifting. Source: Author’s calculation based on the
Behavioral Risk Factor Surveillance System (BRFSS).
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Between 1986 and 2000, the prevalence of BMI over 40 quadrupled from about 1 in
200 adult Americans to 1 in 50; the prevalence of BMI over 50 increased by a factor of
5, from about 1 in 2000 to 1 in 400 (12). In contrast, obesity defined as a BMI of over
30 roughly doubled during the same time period, from about 1 in 10 to 1 in 5. The rate
of increase for the BMI greater than 30 group is significantly lower than for the BMI
greater than 40 group, which in turn is significantly lower than that for the BMI greater
than 50 group. This trend has continued since those calculations were first published;
from 2000 to 2004, we calculate that the prevalence of a BMI over 40 has increased to
2.7%, or more than 1 in 40 compared to 1 in 50 only 4 yr earlier; the prevalence of a BMI
over 50 has increased to 1 in 300 (0.33%). These rates are all based on self-reported
height and weight, which substantially underestimate higher weight categories.

The immediate consequence is that the economic burden of obesity in the health care
system will increase at a much faster rate than the growth rate of moderate obesity. On
average, an obese adult incurs health care costs that are about one-third higher than an
otherwise similar normal-weight adult (13). Yet when we distinguish weight categories
among Americans 54 to 69 years old, a BMI of 35 to 40 is associated with twice the
increase in health care expenditures (about a 50% increase) relative to normal weight
compared with a BMI of 30 to 35 (about a 25% increase); a BMI of over 40 doubled
health care costs (approx 100% higher costs) compared with those with normal weight
(14).

A key factor behind the large differences in health care costs by weight is the preva-
lence of major chronic conditions associated with obesity. Figure 3 shows how quickly
the prevalence of diabetes increases with BMI. We measure diabetes here by self-re-
ported, doctor-diagnosed diabetes or borderline diabetes, which obviously excludes
what is likely to be a sizable number of undiagnosed cases.

Fig. 2. Prevalence growth by severity of obesity. Source: Ref. 12.
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SOCIOECONOMIC DISPARITIES IN OBESITY AND DIABETES

So far, we have discussed overall trends. At every point in time, obesity and diabetes
rates are higher in some populations than in others. Populations with higher rates gen-
erally include groups with less education, lower household income, blacks, and Native
Americans, but there are some noticeable variations and interactions depending on
whether we distinguish between moderate and severe obesity. For example, obesity as
defined by a BMI of over 30 has been higher among men than women (although that gap
has narrowed noticeably). However, severe obesity (BMI > 40) has been much higher
among women for some time, and women also make up the vast majority (close to 85%)
of bariatric surgery patients (15).

Table 1 shows descriptive prevalence statistics for obesity, severe obesity, and diag-
nosed diabetes for men and women and by socioeconomic characteristics. Individuals
without health insurance are, on average, 10 yr younger than those with health insurance
(partly an effect of Medicare), yet have somewhat higher obesity rates and much higher
severe obesity rates. Or, put in another way, severely obese patients who have the highest
need for treatment are less likely to have health insurance. Largely because of the age
difference between the insured and the uninsured populations, diagnosed diabetes is less
common among the uninsured. But once age and sociodemographic variables (but not
obesity) are adjusted for, the rate of diagnosed diabetes is slightly higher in the uninsured
than in the insured population. However, it is less than what would be expected given the
differences in obesity rates, suggesting that there is a higher rate of undetected diabetes
among the uninsured. There are several reasons for this. People without insurance are far
less likely to have a usual source of care—nearly 50% of the nonelderly uninsured, com-
pared with about 10% of the insured, reported no usual source of health care—and a usual
source of care and a sustained patient–physician relationship are strongly associated with
use of preventive care (16,17). Low-socioeconomic status (SES) patients are less likely to
receive regular screening for common health risk factors. Using the third NHANES study
(1988–1994) (8,9), Qi Zhang at the University of Chicago estimated that undiagnosed
diabetes was twice as common among adults without a high school diploma than among
those with higher levels of education (Zhang, personal communication).

Fig. 3. Prevalence of diabetes among adults by body mass index. Source: Authors’ calculation
based on BRFSS 2004.
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For women, a strong income gradient exists in obesity prevalence: those with annual
household income less than $15,000 had an obesity rate that was almost twice as high
as that among women with household income above $50,000. There is no such effect for
men—obesity rates are fairly similar throughout the income range, a fact that many
authors have noted. However, the same is not true for severe obesity, where there is an
income gradient for both men and women. As we saw in Fig. 3, diagnosed diabetes is
more prevalent among the severely obese than the moderately obese. The prevalence of
diabetes therefore displays an income gradient for men as well as for women. This
gradient exists even after adjusting for age (retirees have lower incomes) and other
sociodemographics.

The causal direction of these associations is unclear. Severe obesity can cause dis-
abilities that prevent people from working, and obesity therefore becomes the cause of
lower income. At least for women, obesity also has been implicated as the cause of
marrying lower-income spouses, lower educational achievements, and lower wage rates.
Alternatively, low income may be a cause of obesity, as hypothesized by several authors
and discussed in the next section. It is also possible that other factors cause both low
income and obesity. One of the most prominent factors is severe mental illness, espe-
cially psychotic disorders. Some of the newer antipsychotics are strongly associated
with weight gain and hyperglycemia (18,19) and mental illness obviously limits earning
capacity. However, we tried to calculate to what extent this group drives the income
gradient and realized that mental illness is not the reason for the association between
lower income and severe obesity or diabetes.

Table 1
Socioeconomic Status and Prevalence of Obesity, Severe Obesity, and Diabetes

BMI > 30 BMI > 40 % Diabetes

Women Men Women Men Women Men

All adults 22.4 23.4 3.4 1.8 7.7 8.4
By insurance

Uninsured (mean age = 37) 25.6 23.0 4.4 2.6 6.2 5.4
Insured (mean age = 47) 21.9 23.5 3.3 1.8 8.0 9.0

By annual household income
<$15,000 31.0 24.9 6.4 3.4 14.4 14.3
>$50,000 16.9 22.9 2.2 1.5 3.5 6.0

By education
Less than high school 30.8 27.0 5.4 2.4 15.5 11.6
Completed college 15.3 18.7 2.1 1.3 4.2 7.0

By race/ethnicity
Non-Hispanic white 19.9 22.9 2.9 1.8 7.1 8.0
Non-Hispanic black 36.8 28.6 7.5 2.9 11.5 11.1
Asian 6.6 7.7 0.2 0.1 3.6 7.4
Native American 32.2 29.7 5.8 2.5 13.2 12.4
Hispanic 26.0 25.2 3.3 2.2 7.9 8.0

Source: Authors’ calculation based on BRFSS 2004
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For both men and women, education is a socioeconomic factor that is strongly
associated with obesity and diabetes. Among women, the rates of both obesity and severe
obesity are more than twice as high in the group with less than a high school education
than in the group of college graduates. There are noticeable race differences, with Asians
having much lower rates of obesity and diabetes, and blacks and Native Americans
having the highest rates. These differences remain after adjusting for age, income, and
education, except that after this adjustment, Asians are no longer at lower risks for
diabetes. Table 1 also shows the high rates of severe obesity among black and Native
American women.

For women, several other adverse socioeconomic outcomes are associated with obe-
sity (and although causality runs both ways, it is thought that the main effect is from
obesity to adverse social outcomes). The effects appear to be larger for white women
than for black or Hispanic women. Obese women are less likely to be married, tend to
have lower family income, and are more likely to live in poverty. Table 2 shows addi-
tional details for employment status. The heavier a woman is, the less likely she is to
work for pay and also less likely to be a homemaker. Women in higher weight categories
are increasingly likely to be unemployed or unable to work. For men, there is no similar
gradient: the BMI 35–40 group has the same employment rate as the BMI less than 25
group. Only in the severe obesity range—i.e., with a BMI over 40—do we see an adverse
employment effect for men. For that group, employment rates are about 10 percentage
points lower than that for moderate obese men. The primary reason reported by severely
obese men is “unable to work,” which is 10 times more common among severely obese
men than among moderately obese men.

So far, we have discussed existing disparities in recent years, but there are concerns
that current obesity epidemic will increase gaps. Figures 4–6 show that average weight
gain has been fairly similar across all sociodemographic groups. Even the more
advantaged groups, such as those with higher education and the non-Hispanic white,
have seen large increases in BMI.

However, the weight distribution is more skewed to the right among those with less
education, African Americans, and women. If we focus on the heaviest individuals, there
actually may be an increasing gap by race or education and a decreasing gap by gender.
Compare Fig. 7, which shows the 80th percentile, with Fig. 6, which shows the mean.
Even though men have a higher mean BMI and this gap has not narrowed much, at the
80th percentile, the story is quite different. Based on self-reported height and weight,

Table 2
BMI and Employment Status

BMI % homemaker, women % Working for pay, women % Working for pay, men

<25 13.6 58.5 59.7
25–30 12.1 59.3 63.6
30–35 12.0 55.7 62.8
35–40 11.9 54.9 59.9
40+ 10.7 46.7 52.0

Source: BRFSS 2002, work for pay excludes self-employment
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Fig. 4. Average body mass index by education. Source: Authors’ calculation based on the BRFSS.
Reprinted with permission from ref. 54.

Fig. 5. Average body mass index by race. Source: Authors’ calculation based on the BRFSS.

Fig. 6. Average body mass index by gender. Source: Authors’ calculation based on the BRFSS.
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women have been catching up very rapidly (Fig. 7). In fact, when measuring weight
objectively, a BMI of over 30 has already become more common among women than
men, a dramatic reversal of the situation 20 yr ago (6). Furthermore, as we saw in Table
1, severe obesity rates are already much higher among women than among men (the lines
would cross if we plotted the 90th percentile).

POSSIBLE MECHANISMS UNDERLYING OBESITY AND DIABETES
TRENDS AND DISPARITIES

What are the underlying causes for these trends? Among researchers there has been
an increasing consensus that changes in dietary and physical activity patterns are driven
by changes in the environment and by the changing incentives that people face (1,2).
Many factors have been suggested as causes of the “obesity epidemic” and related health
disparities—automobiles, television, fast food, computer use, vending machines, subur-
ban housing developments, food portion sizes, and countless others. These are also the
same factors that will either simplify or complicate adherence to recommended behav-
ioral changes to maintain weight or manage diabetes. Putting a multitude of isolated data
points into a coherent picture is a challenging but necessary task to assess whether
proposed solutions are promising or likely to lead us down a blind alley.

Time Use: Do Americans Have Less Time for Exercise?
Over the past four decades, there have been some major changes in the lives of

Americans, though some are quite different from common perceptions. Big increases in
time use occurred in leisure or free time and time spent in transportation. Leisure time
has increased substantially since 1965—by more than 4 h per week (20,21). Occupation
and productive activities at home (cooking, cleaning, repairing things, child care) have
diminished to make room for increases in leisure time. Thus, increasing weight has been
accompanied by increased, not reduced, leisure/free time. Free time between 1965 and
1985 increased by 4.9 h for women (to a total of 39), despite increasing labor force
participation, and by 4.7 h (to a total of 40) for men (20). Women spend more time in the

Fig. 7. Eightieth percentile body mass index by gender. Source: Authors’ calculation based on
the BRFSS.
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labor force than before, but that increase is more than offset by declines in home produc-
tion. We plot time trends in Fig. 8 for the several main categories.

What are the possible economic drivers behind this change? A reduction in the relative
prices for prepared meals (relative to, for example, the price for women’s time in the labor
market) has reduced home production (cooking and cleaning up), leaving more time for
leisure. Technological changes have also made (largely sedentary) leisure activities
(DVDs, cable TV, games, surround-sound) more attractive relative to work or household
production.

One persistent myth is that Americans are exercising less. In reality, there has been
a consistent increase in active sports or walking/hiking. Between 1985 and 1999, active
sports increased by 20 min a week based on two time-use surveys (21). Median leisure
time physical activity in the Behavioral Risk Factor Surveillance System from 1990 to
2000 increased by 20 min a week, whereas there was a consistent decline in sedentary
behavior (21). Obviously, a rather small proportion of the increased free time went into
active leisure activities, but Americans are exercising more in their leisure time than ever
before.

In terms of industry output, the growth of industries associated with leisure time far
exceeded gross domestic product (GDP) growth. Between 1987 and 2001, GDP in
constant 1996 dollars increased by about 50% (from $6113 billion to $9215 billion),
whereas retail of sporting goods and bicycles more than doubled (from $4.7 billion to
$11.4 billion). Sports/fitness clubs also more than doubled, and similar growth rates exist
in smaller “active” industries, such as dance studios. However, this is dwarfed by the
explosive growth of home entertainment retail, an industry that was smaller than sport-
ing goods in 1987 and now is four times as large (Fig. 9). This appears to be a fairly
consistent trend: leisure-time industries are growing faster than other industries, paral-
leling time use. But “sedentary” industries are growing even faster than “active” indus-
tries, just as more of the increase in leisure time has gone to sedentary activities than to
physical activity (21).

In contrast to adults, who now have more free time than ever, children’s free time has
substantially declined as a consequence of increased time away from home, primarily in
school, day care, and after-school programs (a consequence of increased labor force
participation among parents), as shown in Fig. 10. Participation in organized activities

Fig. 8. Changes in time allocation. Source: Reprinted with permission from ref. 21.
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Fig. 9. Retail: sports and television. Source: Sturm, 2004 based on Bureau of Economic Activity,
Constant Dollar Gross Output for Double-Deflated Industries; detailed data in constant 1996
dollars.

Fig. 10. Changes in weekly minutes spent on activities from 1981 to 1997, ages 3–12.
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(including sports) also increased. To make room for this, play time decreased, but so did
time in some sedentary activities such as watching TV, conversations, or other passive
leisure, which fell at the same time that obesity became a major public health concern
(22). As time away from home in structured settings increases, so does the importance
of physical activity in those settings and we know little what is going on there. Certainly,
with the decline in discretionary free time, behavioral changes to increase physical
activity are harder for youth than for adults. Thus, over the past few decades, time
barriers to complying with recommendations to increase leisure time physical activity
have been lowered for adults, but increased for youth. Whether there are differential
trends for sociodemographic subgroups is not known.

Even though the proportion of adults reporting no leisure-time physical activity at all
has been falling across all groups, and three-fourths of the population now reports some
activity, there are some groups with inactivity rates over 50%: severely obese Hispanic
men and women and severely obese black women. Figure 11 shows that inactivity rates
increase quickly with obesity, but also that there are noticeable racial differences even
in the normal weight range, which might predict future weight gain as these individuals
age. Given the high rates of inactivity in the heavier populations, maybe the counseling
message should emphasize any activity, rather than trying to achieve guideline levels of
activity.

Leisure-time physical activity is only a component of total physical activity; how total
physical activity has changed depends also on labor force and home production as well
as transportation patterns. Transportation is part of everyday life, not just for commuting

Fig. 11. Americans reporting no leisure-time physical activity for major racial/ethnic groups, by
body mass index. Source: Authors’ calculation from BRFSS 2004.
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to work, but also for an array of other essential life components such as running errands,
dining out, shopping, and visiting family and friends. It could also be a key factor of
changes in physical activity because small shifts in travel modes noticeably alter energy
expenditures. Some small increases in utilitarian walking may have large health benefits
for diabetic and obese patients. Adults in the United States spend well over an hour a
day—more than ever before—traveling. Just between 1995 and 2001, time in vehicles
increased by 10%, although distance traveled remained about the same (23). Over the
past few decades, transportation time, together with leisure time, has increased substan-
tially at the expense of occupation and household activities.

Unfortunately, existing data do not tell us much more about physical activity involved
in transportation. The Nationwide Personal Transportation Surveys have shown a con-
sistent proportional shift from walking or biking to driving as the means of trips taken,
but the number of trips has also increased. Since 1969, the share of total trips that were
for the purpose of commuting to and from work decreased from about one in three to one
in six trips. The biggest growth for adults has been in trips for social or recreational
purposes. Trips for these purposes increased by about 100 more trips per person per year
between 1990 and 2001 (23). The problem, however, is with calculating active travel
time, because changes in survey design have made it difficult to calculate trend numbers
on physical activity: the 2001 survey prompted for walking trips, but others didn’t.

For youth, there has been a substantial decline in walking as a percentage of trips to
and from school, falling from 20.2% in 1977 to 12.5% in 2001 (24), indicating a decrease
in active travel to school. Although these numbers are often cited as evidence for declin-
ing active travel, there has been a substantial increase in the total number of daily trips
that could offset declines in the share of walking and biking. However, even the highest
estimates based on any of the available surveys indicate that active travel accounts for
less than 10 min a day (24). Thus, active transportation is not an important source of
physical activity for youth and has not been one for at least 25 yr.

It is not clear how these populationwide trends would exacerbate or narrow socioeco-
nomic disparities in obesity and diabetes. Suburban sprawl has been associated with
higher rates of obesity, less walking, and related chronic conditions, after controlling for
individual sociodemographic characteristics. But neighborhoods with suburban sprawl
characteristics (low density, poorly connected streets, and single land use neighbor-
hoods) tend to have higher income and fewer minorities than more urban (higher density,
more connected streets, more land use mix) neighborhoods (25–28).

It is also not known to what extent environmental constraints make it more difficult
for obese or diabetic patients to increase utilitarian walking. Urban design plays a crucial
role because unless there are locations to walk to (stores, work, schools), there will be
little utilitarian walking. Even seemingly minor recommendations, such as increasing
stair use, are hard to follow when stairs are hard to find, have alarmed exit doors, and are
poorly maintained.

Food Supply and Dietary Changes
Changes in diet have been implied in the rising obesity and diabetes rates. One intrigu-

ing theory focuses on the economics of food supply, noting that the price for foods with
higher energy density is much lower than that of less energy-dense foods in terms of price
per calorie and that maintaining energy balance is more difficult with foods that have
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higher energy density (29,30). An alternative theory to the energy-density argument
centers around the glycemic index (a measure of the insulin response to ingested carbo-
hydrate) of food. A diet with a high glycemic index encourages higher total caloric intake
(31–33).

Figure 12 shows how prices for different types of foods changed differentially over
the past two decades. The price index for fruits and vegetables (foods that have both low
energy density and low glycemic loads) has increased much faster than the consumer
price index, or general rate of inflation. In contrast, sugars, sweets, and soft drinks, foods
either with high energy density or high glycemic index, have become relatively cheaper.

Figure 13 shows how macronutrients changed in the American diet. Whereas fat and
protein stayed fairly constant, since the early 1980s there has been a steady increase in
the consumption of carbohydrates, and in particular caloric sweeteners (Fig. 14).

If the price per unit of energy for energy-dense products and for sweetened products
is much lower than that for food such as fresh produce, lean meats, and fish, a differential
dietary pattern would develop between income groups if people of low income are more
sensitive to the price of food (29). The evidence is unclear, although low-income families
are less likely to purchase fresh produce and they spend less money on it (34). The secular
decline of prices for energy-denser foods and sugars relative to produce or fish would
suggest widening gaps in obesity and related chronic conditions (such as diabetes)
between populations of different socioeconomic status, but there is no strong evidence
for such an effect. Nevertheless, these economic effects point to differential challenges
in managing diabetes across socioeconomic groups. We do see that children, even at an
early age, in communities with higher relative prices for produce gain more weight, and
the effect appears to be more pronounced for children in low-income households (35).

Fig. 12. Price indices.
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Fig. 13. US food supply for macronutrients.

Fig. 14. US production of caloric sweeteners.

IMPLICATIONS FOR THE TREATMENT OF OBESE AND DIABETIC
PATIENTS

Socioeconomic and environmental trends are the driving forces behind increasing
obesity and diabetes rates. This section focuses on the challenges and opportunities that
confront the health care system, especially as they relate to socioeconomic disparities in
diabetes and diabetic treatment.

SES Disparities in Access to Health Care
Previous studies have shown that both lifestyle changes and medication (e.g.,

metformin) were effective in preventing or delaying the onset of diabetes among people
at elevated risk for the condition (36–40). However, people of low SES are likely to be
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disadvantaged in both regards because of their lower access to health care and possibly
lower quality of health care they receive compared with that received by their high-SES
counterparts. In 2002, almost one-third of the nonelderly population living in poverty
was without any health insurance coverage, compared with 10.9% among people of the
same age but with a household income above 200% of the poverty line (8). A similar
pattern is observed by education: in 2001, nonelderly adults without a high school
diploma had an uninsurance rate of 40.6%, compared with 21.1% among those with a
high school diploma, 10.7% among those with some college education, and 9.5% among
those with a college degree (authors’ calculation based on the 2001 National Health
Interview Survey).

Individuals without insurance, with low educational achievement, or with low house-
hold income are less likely to receive proper interventions to prevent the onset of diabe-
tes, and once diagnosed with diabetes, are less likely to receive regular and effective
clinical management of the condition. Data from the 2002 Behavioral Risk Factor Sur-
veillance System (BRFSS) indicate that, of all the adults with a diagnosis of diabetes,
those who did not have a high school diploma consistently lagged behind adults with
higher education in terms of getting essential care for their condition (Table 3), even
though these diabetic patients of different education all seemed to have seen their pro-
viders for diabetes for at least once in the past year.

Disparities in access to quality health care may develop even among people with
similar insurance coverage. One important factor at the systems level is the uneven
distribution of medical care resources across communities of different SES. Physicians
serving in low-income, minority communities are more likely to be graduates of foreign
medical schools and less likely to be board-certified (41–44). There is further evidence
that physicians serving disproportionately more low-income patients are not as knowl-
edgeable about national guidelines for preventive care (45) and therefore are less likely
to discuss preventive care issues with their patients including primary and secondary
prevention of diabetes.

Additionally, even when treated by the same physicians, patients with lower educa-
tion are likely to receive less physician advice regarding lifestyle and behavior changes
and such disparities may exist even after behavior-related conditions develop. Data from
the 2001 National Health Interview Survey (NHIS) indicate that among all adults who

Table 3
Treatment of Diabetes by Patient Education (%)

Less than College or
high school High school Some college  higher

Ever seen health professional 89.1 92.1 90.7 91.0
past 12 mo for diabetes

Health professional ever checked
hemoglobin A1C past 12 mo 72.7 85.5 87.7 87.7

Health professional ever checked
feet last 12 mo 63.8 69.6 70.3 68.3

Ever had eye exam past 12 mo 63.8 69.3 71.7 74.3

Estimates based on the 2002 BRFSS. Rates apply to the subpopulation that had diagnosed diabetes.
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had at least one visit to their regular health care providers in the past year, low-education
patients were less likely to have received advice for diet and physical activity. Even
among patients with diagnosed conditions that would benefit from physical activity, low
education was associated with a lower rate of advice on physical activity (Table 4).

Disparities in Access to Other Resources
Both lifestyle changes and adherence to diabetic treatment regimens are especially

challenging to patients of low SES for both personal/cognitive and environmental rea-
sons. The ability to understand the medical necessity of glycemic control and to inter-
nalize the consequences of nonadherence to prescribed regimens is closely related to
one’s education. The ability to adjust one’s diet to include more fresh produce or lean
meats and the ability to have regular leisure-time physical activity are partly determined
by one’s income. On the other hand, communities where low-SES patients reside are
associated with special environmental constraints for lifestyle changes. Low-income
neighborhoods have fewer supermarkets compared with wealthier communities, although
they do have more smaller grocery stores (35,46). Because supermarkets offer a wider
variety of food at lower prices, such features of the low-income neighborhoods further
constrain the ability of the residents to change the structure of their diets. Low-SES
neighborhoods also lack safe environments for outdoor physical activities (47,48). So-
cial supports and personal efficacy and control are likely to be lower and depression and
hostility higher among the low-SES population (49,50), which may further impair the
ability of low-SES patients to effectively manage serious health problems such as diabetes.

Role of Health Care Providers
Although preventing and managing diabetes is ultimately the responsibility of the

patient, health care providers play an important role in patient education and clinical
management of diabetes. In addition, providers may also play an active role in assisting
patients with effective utilization of community resources for self-management.

Table 4
Rates of Physician Advice on Diet and Physical Activity by Patient Education (%)

Less than College or
 high school High school Some college higher

Physician advice on diet
Unconditional 42.4 42.7 43.1 44.2
Precondition 30.2b 31.6b 33.9a 37.1
Postcondition 52.2 53.9 52.6 52.6

Physician advice on physical activity
Unconditional 42.2b 44.1b 46.9 48.0
Pre-condition 32.2b 33.6b 37.3 40.8
Post-condition 47.4b 50.2a 52.0 52.7

Rates are based on logistic models that adjust for patient demographics, insurance coverage, and
income. The “pre(post)condition” results are derived by conducting the analysis on the subsample of
individuals who did not have (already had) chronic conditions related to diet/physical activity. The group
with college or higher education is the reference group for comparison by education. Statistically significant
difference relative to the reference group is indicated by a p < 0.05 and b p < 0.01.
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Despite the fact that health information is now available through a variety of sources,
including the Internet, health care providers remain the most authoritative and dominant
source of such information. When asked the main reason that they did not comply with
national cancer screening guidelines, for example, individuals were most likely to respond
with “I didn’t know I need it” and “Dr. did not recommend it” (51). Reliance on health care
providers for health information and knowledge is likely to be greater for patients with
low education and/or low health literacy, given their limited exposure to other informa-
tional and educational sources. Health care providers should therefore take the oppor-
tunity of clinical encounters to educate patients about the relationship between health
behaviors (such as diet and physical activity) and diabetes and the importance of glyce-
mic control through behavior changes and/or medical management of one’s blood glu-
cose level.

Patient knowledge alone, however, will not be enough to lead to desired health out-
comes (52). Providers need to make sure that not only do patients understand self-
management strategies, but that these strategies can also be carried out in a patient’s daily
life and, if not, what the barriers are. Increasing utilitarian physical activity is feasible
only in walkable neighborhoods and changing diets is possible only when healthful
foods are available at reasonable prices. Low-SES patients face special challenges in
managing obesity or diabetes. Disease-management programs may need to be tailored
to the need of low-SES patients by, for example, administering more intensive clinical
management relative to self-management (53), directly providing access to resources
(e.g., referral to a diabetic patients’ support group), or teaming up with community
entities so that patients can more effectively utilize local resources (e.g., discount at local
gyms for diabetic patients, coupons for fresh produce at farmers’ markets).
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Summary
There is a growing consensus on the importance of addressing obesity in clinical practice. This

consensus is the product of clear evidence that obesity has become an extremely common condition,
that it is associated with adverse health consequences, and that treatment modalities are available
that can not only reduce weight, but improve some of the associated comorbidities. In this chapter,
some of the evidence that obesity, as defined by body mass index and waist circumference, is
associated with adverse health consequences will be reviewed. An approach to the assessment of the
obese patient that involves a focused weight history, evaluating diet and physical activity habits, and
determining the patient’s goals and readiness for treatment will be discussed. Assessing for second-
ary causes of weight gain and risk stratification based on a history, physical exam, and laboratory
evaluation are also discussed. The role of other health professionals in a multidisciplinary approach
to assessment is proposed. Later chapters in this volume will discuss a variety of treatment approaches
that can be used with obese patients.

Key Words: Obesity; assessment; diet, Physical Activity; waist circumference; metabolic syndrome.

IMPORTANCE OF EVALUATING OBESITY IN CLINICAL PRACTICE

Epidemiology of Obesity
The prevalence of obesity has increased dramatically over the past 30 yr. From 1985

to 2004, the Centers for Disease Control and Prevention (CDC) determined the preva-
lence of obesity by self-report across the country through the Behavioral Risk Factor
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Surveillance System (BRFSS). Despite the fact that self-reported weights underestimate
the true prevalence of obesity, the CDC obesity maps (www.cdc.gov/nccdphp/dnpa/
obesity/trend/maps/) document a dramatic rise in obesity in every state of the country
over the past 20 yr. More accurate composite data on the prevalence of obesity in the
United States come from a series of studies that directly measured height and weight in
carefully selected, nationally representative samples of adults in the National Health and
Nutrition Examination Surveys (NHANES). In the most recent NHANES report from
2001 to 2002, the prevalence of overweight or obesity among adults was 65.7%. The
prevalence of obesity (body mass index [BMI] > 30 kg/m2) was 30.6% and the preva-
lence of severe obesity (BMI > 40) was 5.1% (1). Perhaps even more troubling were the
numbers for children and adolescents. Among young people age 6 to 19, 31.5% were at
risk for overweight and 16.5% were overweight.

Morbidity and Mortality Associated With Obesity
Obesity is common and is associated with increased rates of mortality and morbidity.

The effect of obesity on mortality risk has been addressed by a large number of studies
over the past 20 yr. There are unfortunately a number of important methodological issues
that have made it difficult to establish a clear relationship between these variables. For
example, smokers weigh less than nonsmokers but have increased mortality related to
their smoking, not their reduced weight. People with undiagnosed cancer may lose
weight and have an increased risk of mortality that, again, is not related to their reduced
weight. In an effort to correct for these factors, many modern studies exclude smokers
and first 2- to 5-yr mortality (this period begins when BMI/weight is first measured)
when looking at the effects of obesity on mortality. When this has been done, there remain
some questions about whether mortality rates are increased in overweight individuals (BMI
25–30), but it is clear that obesity(BMI > 30) is associated with increased mortality. In one
study, those with a BMI > 30 had a 70% greater risk of dying than lean individuals (2).
Another study estimated that a man 20 to 30 yr old with a BMI > 45 would lose 13 yr of
life expectancy owing to his excess weight (3). Obesity is felt by many to now rival
cigarette smoking as a potentially modifiable contributor to mortality (4).

Many previous analyses, however, used older data sets obtained at a time when the
screening and treatment of cardiovascular disease risk factors and diabetes were less
aggressive than is currently the case. In a recent controversial analysis, Flegal et al. used
NHANES data to make new estimates of excess deaths associated with underweight,
overweight, and obesity (5). This analysis did not “correct” for the presence of comorbid
conditions such as treated hypertension or treated hyperlipidemia. The results demon-
strated that those with a BMI between 25 and 30 had a lower mortality rate than those
with either a lower or higher BMI. Those with a BMI greater than 35 clearly had increased
mortality. It appeared that the increased risk of mortality associated with obesity was
higher in earlier cohorts, suggesting that current treatments for comorbid conditions may
be improving the health of obese people. In a related study, Gregg et al. examined
longitudinal trends in the management of cardiovascular disease risk factors in the
NHANES cohorts (6). The authors looked at the prevalence of hypertension, hyperlipi-
demia, and diabetes in people of varying BMIs over time. If a person had, for example,
a blood pressure that was <140/90 mmHg because of treatment with antihypertensive
medications, they were considered to not have hypertension for purposes of this analysis.
A similar approache was used for hyperlipidemia. This study found that whereas hyper-

www.cdc.gov/nccdphp/dnpa/obesity/trend/maps/
www.cdc.gov/nccdphp/dnpa/obesity/trend/maps/
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tension and hyperlipidemia were more common in obese than in lean individuals at all
time points, because of more aggressive screening and treatment, an obese person in
2000 was less likely to have high blood pressure or hyperlipidemia than a thin person in
1960. The changes were dramatic and represented marked increases in the use of anti-
hypertensive and lipid-lowering medications over the past 40 yr. The one exception to
this pattern was in the area of diabetes. The prevalence of diagnosed diabetes has
increased dramatically over the past 40 yr and is, in fact, more common now among
obese individuals than it was in 1960. This is in part because the average obese person
in 2000 weighed more than the average obese person did in 1960. The situation appears
to be that whereas obesity has increased in prevalence, more aggressive treatment of
hyperlipidemia, hypertension, and diabetes have minimized the effect that this rising
prevalence has had on mortality. One might ask, though, if this is the public health
strategy that we want to pursue for the next 40 yr.

Costs Associated With Obesity
In addition to the impact of obesity on mortality and comorbid health, there are now

a great deal of data demonstrating that obesity is responsible for increased medical costs,
job absenteeism, and a reduced quality of life for both adults and adolescents (7,8).
Obese individuals have more visits to primary care providers and are the recipients of
more diagnostic and specialty services (9). In a study of more than 16,000 Medicare
recipients, Daviglus et al. found that individuals who were either obese or severely obese
in middle age generated $2020 and $6469 more per year in attributable health care
charges than their lean counterparts when they entered the Medicare program at age 65
(10). Other studies have also documented an increase in health care costs associated with
increasing weight in people covered by indemnity or preferred provider organization
(PPO) health insurance plans, as well as those enrolled in health maintenance organiza-
tions (11–13). The net effect of health-related economic costs attributable to obesity,
including paid sick leave, life insurance, and disability, amount to more than $4 billion
(14). Obesity then results in not only health problems but also a substantial economic
drain on the health care system and private business.

Consensus That Addressing Obesity Is Important
As a result of the increasingly compelling data on the growing prevalence of obesity,

the adverse effects of obesity on health, and the costs of the condition, a broad consensus
has emerged that evaluating patients for obesity should be an integral part of usual
clinical care. One of the first groups to provide guidance on this topic was the National
Heart, Lung, and Blood Institute (NHLBI) Clinical Guidelines on the Identification,
Evaluation, and Treatment of Overweight and Obesity in Adults, which was first pub-
lished in Obesity Research in 1998 (15). More recently, a comprehensive evaluation of
the evidence for screening for obesity in adults was published by the US Preventive
Services Task Force (USPSTF) (16) along with recommendations for clinical evaluation
(17). This organization, which is relatively conservative and firmly evidence-based, felt
that determining BMI in adult patients was justified and that there was fair evidence that
high-intensity counseling produces modest, sustained weight loss. More recently, fol-
lowing the publication of the USPSTF report, the American College of Physicians (ACP),
the professional organization that represents the field of internal medicine, published
meta-analyses of pharmacotherapy (18) and surgical therapy (19) for obesity and took
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the position that it was reasonable to discuss these interventions with obese patients who
had not reached a weight-loss goal through behavioral means alone (20). A large number
of organizations have taken positions advocating more awareness of obesity as a health
problem, encouraging screening for associated illnesses and a more aggressive approach
to counseling patients about diet and physical activity. These include the American Heart
Association (21), the American Academy of Pediatrics (22), the American
Gastroenterological Association (23), the American College of Preventive Medi-
cine (24), the American Diabetes Association (25), and the Surgeon General (26), to
name just a few. It seems clear that addressing weight as a health issue with patients in
primary and specialty care has been recognized as a legitimate even mainstream part of
clinical care.

Most Clinicians Currently Do Not Address Obesity
Despite the weight of the evidence and the broad consensus, there remains a great deal

of clinical inertia against making a diagnosis of obesity and advising patients to lose
weight. One study of more than 55,000 ambulatory care visits from the mid-1990s found
that physicians reported obesity in only 38% and counseled only one-quarter of their
obese patients (27). In another study of more than 12,000 obese adults, only 42% were
advised to lose weight, and yet those who were so advised were more likely to try to do
so (28). One might think that things have improved over the past 10 yr, but a recent study
found that the number of patients who received advice to lose weight was actually lower
in 2000 than it was in 1994 (40%, down from 44%) (29). Physicians feel that there are
many barriers to counseling their patients about weight loss. These include insufficient
confidence, knowledge, and skills, as well as a perception that there are no effective
therapies (30). Physicians seem more likely to discuss weight management with their
patients who have comorbid illnesses or are severely obese, or with those who are more
educated and have a higher socioeconomic status (29,31). This is despite the fact that
helping patients change their lifestyle behaviors, use weight loss medications, or have
bariatric surgery results in measurable health benefits (32,33). The health benefits of
treating obese patients are discussed in more detail in other parts of this book. Perhaps
as physicians gain broader experience in the treatment of obese patients and health care
delivery systems invest in the management of this chronic disorder, this unfortunate
circumstance will change. Obesity is a diagnosis that is easy to make and one for which
proven treatment modalities exist (34).

DEFINING OBESITY

Body Mass Index
There is general agreement that BMI, which is the weight adjusted for height, is the

best way to initially evaluate patients for obesity. BMI, generally expressed as kg/m2, is
easily determined using measured height and weight and a table such as the one provided
in the NHLBI and North American Association for the Study of Obesity’s (NAASO, the
Obesity Society) Practical Guide on the Identification, Evaluation, and Treatment of
Overweight and Obesity in Adults (Table 1) (35). An individual patient can then be
placed in a risk category based on the BMI (Table 2). A healthy weight is defined as a
BMI between 18.5 and 24.9, with overweight being defined by a BMI between 25 and
29.9 and obesity being the appropriate diagnosis when the BMI exceeds 30. The BMI is
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widely advocated for diagnosis and risk stratification because of its documented asso-
ciation with adverse health consequences and ease of determination in usual clinical
practice.

Waist Circumference
One might wonder what aspect of body composition is most closely associated with

the adverse health risks attributable to excess body weight and whether BMI is the best
measure for risk stratification. Is the critical factor total fat mass, the relative amount of
subcutaneous versus intra-abdominal fat, or ectopic fat deposition, to name just a few
possibilities? A growing body of evidence suggests that adverse consequences of obesity
are most closely associated with an accumulation of intra-abdominal fat (36–38). The
adverse health effects of increases in intra-abdominal fat are independent of other factors
such as total fat, insulin resistance, or serum levels of nonesterified fatty acids. This
compartment of adipose tissue can be estimated by measuring waist circumference.
Waist circumference is most easily measured with a tape measure parallel to the floor,
at the level of the superior iliac crest, while the patient is standing, at the end of a relaxed
expiration (Fig. 1). Waist circumference is most useful in risk stratifying patients with
a BMI between 25 and 35. When people have a BMI > 35, their health risks are quite high
and waist circumference adds little to risk assessment. Table 2 depicts the cut-points
advocated by the NHLBI and other consensus organizations for excess risk associated
with an increase in waist circumference. These cutoffs are >40 in. for men and >35 in.
for women.

Special Considerations for Specific Ethnic Groups
Even though a growing body of data suggests that waist circumference is a better

predictor of health risks associated with obesity as compared with BMI (39), it has
become increasingly clear that the cut-points generally advocated for risk stratification
have limitations. As one might expect, there appears to be a curvilinear relationship
between waist circumference and health risks, as opposed to a “threshold effect.” This
means that health risks rise incrementally as waist circumference increases. Recent
evidence suggests that the generally advocated cut-points may be too conservative for
Caucasians (39). There appear to be even greater concerns in the use of these cut-points
for individuals from different ethnic groups. Zhu and coworkers examined data from
NHANES to determine appropriate cutoffs for African Americans and Mexican Ameri-
cans (40). They found that cutoffs for African American men were 5 to 6 cm lower than
the value for Caucasian men. Mexican American men were intermediate. There were
few differences in waist-circumference cutoffs for women from different race–ethnicity
groups found in this study. They concluded that waist-circumference measurements that
correlated with BMIs of 25 and 30 overall for the three race–ethnicity groups examined
were 89 and 101cm for men and 83 and 94 cm for women. These numbers could then be
used to classify people as overweight or obese based on waist circumference as opposed
to BMI. Asian individuals also appear to have a greater risk of metabolic diseases at
lower waist circumferences than Caucasian individuals. Some of this difference may
relate to the lower average height in this ethnic group. Ethnic group specific cut points
for waist circumference have recently been proposed by the International Diabetes
Foundation in the context of its new definition for metabolic syndrome (41) (see
below).The waist-to-height ratio is another anthropometric measure, which has been
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Table 1

Body Mass Index

BMI 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

Height
(inches) Body weight (pounds)

58 91 96 100 105 110 115 119 124 129 134 138 143 148 153 158 162 167
59 94 99 104 109 114 119 124 128 133 138 143 148 153 158 163 168 173
60 97 102 107 112 118 123 128 133 138 143 148 153 158 163 168 174 179
61 100 106 111 116 122 127 132 137 143 148 153 158 164 169 174 180 185
62 104 109 115 120 126 131 136 142 147 153 158 164 169 175 180 186 191
63 107 113 118 124 130 135 141 146 152 158 163 169 175 180 186 191 197
64 110 116 122 128 134 140 145 151 157 163 169 174 180 186 192 197 204
65 114 120 126 132 138 144 150 156 162 168 174 180 186 192 198 204 210
66 118 124 130 136 142 148 155 161 167 173 179 186 192 198 204 210 216
67 121 127 134 140 146 153 159 166 172 178 185 191 198 204 211 217 223
68 125 131 138 144 151 158 164 171 177 184 190 197 203 210 216 223 230
69 128 135 142 149 155 162 169 176 182 189 196 203 209 216 223 230 236
70 132 139 146 153 160 167 174 181 188 195 202 209 216 222 229 236 243
71 136 143 150 157 165 172 179 186 193 200 208 215 222 229 236 243 250
72 140 147 154 162 169 177 184 191 199 206 213 221 228 235 242 250 258
73 144 151 159 166 174 182 189 197 204 212 219 227 235 242 250 257 265
74 148 155 163 171 179 186 194 202 210 218 225 233 241 249 256 264 272
75 152 160 168 176 184 192 200 208 216 224 232 240 248 256 264 272 279
76 156 164 172 180 189 197 205 213 221 230 238 246 254 263 271 279 287

BMI 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

58 172 177 181 186 191 196 201 205 210 215 220 224 228 234 239 244 248 253 258
59 178 183 188 193 198 203 208 212 217 222 227 232 237 242 247 252 257 262 267
60 184 189 194 199 204 209 215 220 225 230 235 240 245 250 255 261 266 271 276
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61 190 195 201 206 211 217 222 227 232 238 243 248 254 259 264 269 275 280 285
62 196 202 207 213 218 224 229 235 240 245 251 256 262 267 273 278 284 289 295
63 203 208 214 220 225 231 237 242 248 254 259 265 270 278 282 287 293 299 304
64 209 215 221 227 232 238 244 250 256 262 267 273 279 285 291 296 302 308 314
65 216 222 228 234 240 245 252 258 264 270 276 282 288 294 300 306 312 318 324
66 223 229 235 241 247 253 260 266 272 278 284 291 297 303 309 315 322 328 334
67 230 236 242 248 255 261 268 274 280 287 293 299 306 312 319 325 331 338 344
68 236 243 249 256 262 269 276 282 289 295 302 308 315 322 328 335 341 348 354
69 243 250 257 263 270 277 284 291 297 304 311 318 324 331 338 345 351 358 365
70 251 257 264 271 278 285 292 299 306 313 320 327 334 341 348 355 362 369 376
71 257 265 272 279 286 293 301 308 315 322 329 338 343 351 358 365 372 378 386
72 265 272 279 287 294 302 309 316 327 331 338 346 353 361 368 375 383 390 397
73 272 280 288 295 302 310 318 325 333 340 348 355 363 371 378 386 393 401 408
74 280 287 295 303 311 319 326 334 342 350 358 365 373 381 389 396 404 412 420
75 287 295 303 311 319 3274 335 343 351 359 367 375 383 391 399 407 415 423 432
76 295 304 312 320 328 336 344 353 361 369 377 385 394 402 410 418 426 435 443201
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advocated by Hsieh and others to more accurately assess risk in overweight and obese
individuals of Asian descent (42). In a study of more than 8000 Japanese adults, a waist-
to-height ratio (W/Ht) of 0.5 was found to be the factor most closely associated with
an adverse metabolic risk profile (43).

Measures of Body Composition
Some have advocated the use of bioelectrical impedance in an effort to provide

patients with more specific information on lean body mass as well as body fat content
(44). Unfortunately, at this time there are technical limitations with this measure in those
with a high BMI that limit its accuracy. As a result, there is not wide support for the use
of bioelectrical impedance in the assessment of obese patients in clinical practice (45).
Measurements of skinfold thickness, air displacement plethysmography, underwater
weighing, and dual-energy X-ray absorptiometry all can provide information on body fat
and regional fat distribution. However, in routine practice, BMI and waist circumference
provide adequate information for clinical assessment and initial risk stratification.

ASSESSING WEIGHT HISTORY

The pattern of weight change over time in an individual patient often gives important
clues as to likely causes of weight gain, past successes and challenges in weight loss, and
the reasons that the person is seeking assistance with their weight at this time. Asking
questions about the history of weight gain including maximum lifetime weight, factors
that were associated with periods of weight gain, and previous periods of weight loss
with a focus on events that precipitated previous weight-loss attempts and relevant
events associated with the termination of previous attempts at weight loss can be very
revealing. One way to get at this information efficiently is to have patients draw a graph
of their own weight over time (46). In this manner, triggers for weight gain such as
pregnancy, smoking cessation, introduction of a new medication, depression, or a mus-
culoskeletal injury can be identified and the clinician can help the patient see the con-

Table 2
Increased Disease Risk Associated With Waist Circumference

Disease riska

 (Relative to normal weight and waist circumference)

BMI Obesity Men�40 in. (�102 cm) >40 in. (>102 cm)
(kg/m2) class Women �35 in. (�88 cm) >35 in. (>88 cm)

Underweight <18.5 — —
Normalb 18.5–24.9 — —
Overweight 25.0–29.9 Increased High
Obesity 30.0–34.9 I High Very High

35.0–39.9 II Very High Very High
Extreme Obesity �40 III Extrememly High Extrememly High

aDisease risk for type 2 diabetes mellitus, hypertension, and CVD.
bIncreased waist circumference can also be a marker for increased risk even in persons of normal

weight.
Adapted from ref. 15.
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nection between these events and weight gain. A history of obesity during adolescence
with progressive weight gain during adulthood strongly argues against a medical con-
dition such as Cushing’s syndrome as the cause of obesity.

Assessing previous weight-loss attempts is also important. Some patients comment
with frustration that “diets never work for me.” Often, though, when discussed in greater
detail, previous efforts are revealed that produced an expected degree of weight loss (3–
8%) that was not maintained because of difficulties in sustaining the chosen weight-loss
strategy. Acknowledging and exploring these previous weight-loss attempts can provide
a useful platform for discussing the amount of weight that is commonly lost with a diet
and exercise program and to explore strategies that were or were not successful previ-
ously as a prelude to a discussion of potential future approaches to treatment. It is
common to hear a person say that he or she tried Weight Watchers or the Atkins diet and
had some success, but then encountered difficulties. This kind of discussion allows the
clinician to provide empathy and support around what are extremely common, almost
expected, periods of relapse. In addition, the patient’s own experiences can be leveraged
to emphasize the critical need for long-term behavior change strategies if maintenance
of weight loss is the goal. It is important to emphasize to patients that it is possible to learn
from previous weight-loss attempts and that if they do, future attempts need not be a
replay of prior attempts. By learning what did and did not work from those previous
attempts at weight loss, an improved, potentially more successful, approach can be
crafted. Elements of treatment such as cost, time commitment, social support, types of
foods consumed, self-monitoring, exercise, and the impact of special occasions, chronic
illnesses, vacations, and work can be explored. Things that did work, as well as barriers
to success, can be identified and incorporated into a new plan.

Fig. 1. Measuring tape position for waist (abdominal) circumference.
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ASSESSING FOR SECONDARY CAUSES OF OBESITY

Endocrine Causes of Obesity
Many patients are concerned that they have a “metabolic” or “glandular” cause for

their obesity. This may be a reflection of the frustration that some of these individuals
feel over the difficulties that they have had in battling a weight problem over many years.
They may be looking for a “medical” explanation of why they have not succeeded in their
goal of losing weight. Endocrine causes of serious obesity are not common. The three
most commonly cited are hypothyroidism, Cushing’s syndrome, and hypothalamic
obesity. To evaluate the patient for hypothyroidism, questions can be asked about cold
intolerance, constipation, irregular menses, fatigue, or depression. The presence of easy
bruisability, proximal muscle weakness (difficulty getting out of a chair, trouble getting
things out of a high cupboard), a change in appearance, or osteoporosis may be signs of
hypercortisolism. The patient can be examined for signs of hypothyroidism including
bradycardia, cool dry skin, a firm palpable thyroid, and delayed reflexes. Cushing’s
syndrome, though often cited as an endocrine cause of obesity, is rarely found. Central
obesity, enlarged supraclavicular fat pads, and a buffalo hump are features of
hypercortisolism, but they are not very specific for the condition. More specific physical
findings include a recent change in habitus demonstrated from old photographs, objec-
tive evidence of proximal muscle weakness, wide (>2 cm) violaceous striae, and visible
unexplained bruising. Hypothalamic obesity is exceedingly rare and is associated with
headaches, visual field defects, and evidence of hypothalamic/pituitary dysfunction. A
serum thyroid-stimulating hormone (TSH) is the best test to rule out the presence of
hypothyroidism. A 24-h urinary free cortisol level or an overnight 1-mg dexamethasone
suppression test are the most widely used screening tests for hypercortisolism, although
these tests have false negative and false positive results in a significant number of cases
(47,48). In particular, obese individuals, depressed persons, and chronic alcoholics may
have increased cortisol on these screening tests that is not caused by any of the usual
causes of Cushing’s syndrome (ACTH-secreting tumor, ectopic ACTH secretion, or an
adrenal tumor) (49). Some have recently advocated a nighttime salivary cortisol as a
good screening test; however this assay is not as widely available as the more traditional
measures. The most common cause of hypothalamic obesity is the presence of a
retrochiasmatic tumor such as a craniopharyngioma. This condition is predominantly
encountered in children and obesity occurs following surgical resection in 25 to 75% of
those affected.

Medications That Cause Obesity
Far more common, however, is weight gain associated with the introduction of medica-

tions to treat comorbid illnesses (50). These include antidiabetic medications
(sulfonylureas, thiazolidinediones, insulin) as well as a wide range of psychotropic
medications. The antipsychotic drugs clozapine, olanzepine, risperidone, and quetiapine
have all been associated with weight gain, as well as abnormalities in glucose homeo-
stasis (51). A number of antidepressant medications, incuding amitriptyline, mirtazapine,
and some serotonin reuptake inhibitors, may promote weight gain in some patients.
Other drugs that are used as mood stabilizers—including lithium, valproic acid, and
carbamazepine—can cause weight gain. Finally, the antiepileptic drugs valproate,
carbamazepine, and gabapentin can promote weight gain. Historically, psychiatrists and
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neurologists may have paid little attention to the weight-gaining properties of some of
the medications that they prescribed. This is fortunately changing, but it is still common
for a patient to be placed on a psychotropic medication or an antiepileptic medication and
experience substantial weight gain without the knowledge of the provider who initially
prescribed the medication.

Fortunately there are alternatives for each of these medications that could be consid-
ered if drug-associated weight gain is a serious problem. Metformin and newer GLP-1
analogs offer people with diabetes the benefits of glucose-lowering without weight gain
and, in some patients, even mild weight loss. Bupropion is an antidepressant medication
that has some weight-loss properties, although it does not have an FDA indication for
weight loss (52). Topiramate is a medication that is FDA-approved as an antiepileptic
medication and also for use in the treatment of migraines. It has some utility as a mood
stabilizer and in the treatment of neuropathic pain. It has moderate weight-loss promot-
ing properties (53,54). Topiramate has a number of side effects that limit its usefulness
as a weight-loss drug and it is not FDA-approved for weight loss. However, if a patient
has a seizure disorder or migraines, especially if weight gain has resulted from the use
of other medications for these conditions, topiramate may be a reasonable alternative.

ASSESSING FOR HEALTH COMPLICATIONS OF OBESITY

Clinical Evaluation for Diseases Associated With Obesity
It is clear that obesity is associated with a wide range of adverse health consequences

(55). These include type 2 diabetes, hypertension, hyperlipidemia, coronary artery dis-
ease, degenerative joint disease, depression, polycystic ovarian syndrome, some forms
of cancer, sleep apnea, urinary stress incontinence, and erectile dysfunction, among
others. Therefore, when evaluating an obese patient, it is important to tailor the visit in
part around looking for evidence of these associated comorbid conditions. The initial
evaluation should involve performing a directed history and physical examination with
particular emphasis on signs or symptoms of these disorders. Evidence of the presence
of any of these not only warrants further evaluation, but also has implications on the
interventions that will be suggested to manage weight. Gallstones are more common in
obese patients, and an inquiry should be made for symptoms consistent with episodic
biliary obstruction. Symptoms of reflux esophagitis or urinary stress incontinence may
be present as a result of increased intra-abdominal pressure, which is a feature of serious
obesity. A history of polycystic ovarian disease in women and erectile dysfunction in
men may be found, as both have a well-documented association with obesity. Daytime
hypersomnolence, morning headaches, and a history of snoring may alert the clinician
to the presence of obstructive sleep apnea.

The physical examination should include measurement of blood pressure in the seated
position with an appropriately sized cuff. The Joint National Commission has given clear
guidelines on the management of hypertension that can then be used to make decisions
based on this measured blood pressure (56). Acanthosis nigricans and skin tags are
cutaneous manifestations of insulin resistance and hyperinsulinemia that may be seen.
Because of the increased risk of cancer in obese patients, it is important to do a breast
or prostate exam where appropriate and make sure that appropriate screening for
colorectal cancer, including stool hemoccult testing, is done.



206 Bessesen

Laboratory Evaluation of the Obese Patient
Although one could make a case for obtaining a large number of biochemical tests in

the evaluation of an obese patient, a more limited initial screen seems warranted. A
fasting sample of blood for glucose; total, LDL, and HDL cholesterol; and triglyceride
levels is clearly indicated. These tests, along with an appropriate history, will provide the
information necessary for cardiovascular risk stratification and can be used to rule out
diabetes or impaired fasting glucose (25,57). Some have advocated obtaining a
glycosylated hemoglobin (HbA1C) level to screen for diabetes. Although this test should
be useful in the diagnosis of diabetes, the assay method has not been standardized and
at this time there is no widely accepted diagnostic criteria for diabetes based on an
HbA1C level. In addition, some have advocated obtaining a fasting insulin level to
determine whether insulin resistance is present. Unfortunately, here again, methods for
assaying insulin have not been standardized and there are no widely accepted diagnostic
criteria for diagnosing insulin resistance based on an insulin level. Although metrics
such as the homeostasis model assessment (HOMA) calculation, which use the fasting
insulin and glucose levels, have a greater ability to estimate insulin action, the same
problem with nonstandardized insulin assays apply, so this approach is not yet appropri-
ate for general clinical use. In fact, the waist circumference and fasting triglyceride and
glucose levels give almost as much information about insulin action as a HOMA calcula-
tion (58). A plasma measure of high high-sensitivity C-reactive protein (hsCRP) appears
to also provide useful information in risk-stratifying patients for cardiovascular disease
(CVD) risk (59). It is increasingly becoming clear that inflammation plays an important
role in CVD risk, and the level of hsCRP provides an indication of the degree of inflam-
mation present in an individual patient (60). Statin therapy has been shown to reduce
hsCRP levels, and CVD outcomes correlate with the degree of hsCRP achieved follow-
ing statin therapy (61,62). However, the exact role of measuring hsCRP levels in overall
CVD risk management remains undefined at this time.

Metabolic Syndrome
It is clear that obesity is often associated with a cluster of metabolic disorders that

increase the risk of cardiovascular disease and diabetes. These include insulin resistance,
glucose intolerance, hypertension, hyperlipidemia, activation of inflammatory path-
ways, endothelial dysfunction, and nonalcoholic steatohepatitis, to name just a few. This
cluster of disorders has been called syndrome X, insulin resistance syndrome, and other
names, but most now refer to this condition as metabolic syndrome. Initially proposed
by a number of thoughtful clinical investigators including Dr. Gerald Reaven, metabolic
syndrome came into broader awareness when formal diagnostic criteria were proposed
first by the World Health Organization and then the National Cholesterol Education
Program in its Adult Treatment Panel III guidelines (NCEP-ATPIII) (57). There have
been a number of other diagnostic criteria proposed by a range of professional organi-
zations since then. The most recent, and perhaps best formulated, diagnostic criteria have
come from the American Heart Association in conjunction with the National Heart Lung
and Blood institute (AHA/NHLBI) (63) and the International Diabetes Federation (IDF)
(41). In the paper from the AHA/NHLBI an updated version of the NCEP criteria for
defining metabolic syndrome is proposed, and is shown in Table 3. The criteria have
changed little with the exception that the criterion for increased fasting glucose has been
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reduced from 110 to 100 mg/dL in line with the new definition for impaired fasting
glucose from the American Diabetes Association, and lipid and blood pressure criteria
now explicitly state that if a person is on a medication to treat one of these conditions,
he or she is considered to have that condition. In recognition of the evidence that Asian
Americans may experience increased metabolic risk at a smaller waist circumference,
alternative cut-points for waist circumference of 35 in. in men and 31 in. in women are
proposed for individuals from this ethnic background. The IDF has proposed a definition
that requires central obesity, defined by an increased waist circumference, to be present
in conjunction with other criteria. The details of this definition are depicted in Table 4.
The IDF definition gives a range of ethnic specific waist cut-points (Table 5).

Table 3
Criteria for Clinical Diagnosis of Metabolic Syndrome

Measure (any 3 of 5 constitute diagnosis
of metabolic syndrome) Categorical cut-points

Elevated waist circumferencea,b
�102 cm (�40 in.) in men
�88 cm (�35 in.) in women

Elevated triglycerides �150 mg/dL (1.7 mmol/L)
or

On drug treatment for elevated triglyceridesc

Reduced HDL-C <40 mg/dl (1.03 mmol/L) in men
<50 mg/dL (1.3 mmol/L) in women

or
On drug treatment for reduced HDL-Cc

Elevated blood pressure �130 mmHg systolic blood pressure
or

�85mmHg diastolic blood pressure
or

On antihypertensive drug treatment in a
patient with a history of hypertension

Elevated fasting glucose �100 mg/dL
or

On drug treatment for elevated glucose

aTo measure waist circumference, locate top of right iliac crest. Place a measuring tape in a horizontal
plane around abdomen at level of iliac crest. Before reading tape measure, ensure that tape is snug but does
not compress the skin and is parallel to the floor. Measurement is made at the end of a normal expiration.

bSome US adults of non-Asian origin (e.g., white, black, Hispanic) with marginally increased waist
circumference (e.g., 94–101 cm [37–39 in.] in men and 80–87 cm [31–34 in.] in women) may have strong
genetic contribution to insulin resistance and should benefit from changes in lifestyle habits, similar to men
with categorical increases in waist circumference. A lower waist circumference cut-point (e.g., � 90 cm
[35 in.] in men and �80 cm [31 in.] in women) appears to be appropriate for Asian Americans.

cFibrates and nicotinic acid are the most commonly used drugs for elevated TG and reduced HDL-C.
Patients taking one of these drugs are presumed to have high TG and low HDL.
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Table 4
IDF Definition of Metabolic Syndrome

Central obesity
Waist circumferencea—ethnicity-specific (see Table 3)
Plus any two:

Raised triglycerides
>150 mg/dL (1.7 mmol/L)
Specific treatment for this lipid abnormaligy

Reduced HDL-cholesterol
<40 mg/dL (1.03 mmol/L) in men
<50 mg/dL (1.29 mmol/L) in women
Specific treatment for this lipid abnormality

Raised blood pressure
Systolic �130 mmHg
Diastolic �85 mmHg
Treatment of previously diagnosed hypertension

Raised fasting plasma glucoseb

Fasting plasma glucose $100 mg/dL (5.6 mmol/L)
Previously diagnosed type 2 diabetes
If above 5.6 mmol/L or 100 mg/dL, oral glucose tolerance test is strongly recommended,
but is not necessary to define presence of syndrome

aBMI is over 30 kg/m2, central obesity can be assumed and waist circumference does not need to be
measured.

bIn clinical practice, impaired glucose tolerance is also acceptable, but all reports of prevalence of
metabolic syndrome should use only fasting plasma glucose and presence of previously diagnosed diabetes
to define hyperglycemia. Prevalences also incorporating 2-h glucose results can be added as supplementary
findings.

In a controversial recent paper, the American Diabetes Association (ADA) and the
European Association for the Study of Diabetes (EASD) took the provocative position
that there is currently inadequate information available to accurately define metabolic
syndrome and that this designation should not be used in routine clinical practice (64).
This view grew out of a belief that the root cause of this clustering is not known and could
include obesity, insulin resistance, or inflammation. The authors of this paper also felt
that although the clustering of these conditions increases the risk of cardiovascular
disease, it was not clear that the syndrome had any greater risk than the sum of the
component parts. This alternative view from a respected organization has caused con-
fusion for many physicians.

The confusion over definitions and the appropriateness of the diagnosis of metabolic
syndrome, however, should not take away from what all agree on. It is clear that the
presence of abdominal obesity, hyperlipidemia, hypertension, insulin resistance, glu-
cose intolerance, and inflammation are very common (65) and increase a person’s risk
for both CVD (66,67) and diabetes (68). It is clear that each of these parameters has
predictive power for both diabetes and CVD. The term “syndrome” refers simply to a
clustering of signs and symptoms; it doesn’t necessarily mean that we have a clear
etiology, and a lack of consensus on the etiology doesn’t necessarily mean that there is
no value in identifying the condition. It seems that the designation of “metabolic syn-
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drome” by the AHA/NHLBI/NCEP has been useful in raising awareness about the role
of obesity and other factors in increasing CVD risk. It also seems that, although there
remains no clear consensus on the definition or treatment, continuing to use the NCEP
criteria as a screening strategy for this clustering is a reasonable clinical strategy that
likely represents the mainstream of clinical care at this time. The designation may espe-
cially be useful as a way to convey to patients a sense of their CVD risk and help them
come to decisions about modifying diet and physical activity behaviors.

ASSESSING ENERGY INTAKE

Weight change is produced by a long-term imbalance between energy intake (EI) and
energy expenditure (EE). Weight gain occurs only when EI > EE, and weight loss will
occur only when EE > EI. If weight is stable, then EE = EI. The problem is that it is
extremely difficult to accurately measure either EI or EE in a clinical environment. An
extensive body of research demonstrates that virtually everyone underestimates EI when
asked to self-report food intake. The best measure of EE is a method known as doubly
labeled water. This method can accurately determine EE over a period of weeks in free-

Table 5
Waist Circumference Cut-Points for Various Ethnic Groups

Ethnic group Waist circumference(as measure of central obesity)

Europidsa

Men �94 cm
Women �80 cm

South Asians
Men �90 cm
Women �80 cm

Chinese
Men �90 cm
Women �80 cm

Japanese
Men �85 cm
Women �90 cm

Ethnic south
and central Americans Use south Asian recommendations until more

specific data are available
Sub-Saharan Africans Use European data until more specific data are

available
Eastern Mediterranean

and middle east (Arab) populations Use European data until more specific data are
available

Data are pragmatic cutoffs and better data are required to link them to risl, Ethnicity should be basis
for classifications, not country of residence.

aIn the United States, Adult Treatment Panel values (102 cm male, 88 cm female) are likely to continue
to be used for clinical purposes. In future epidemiological studies of populations of Europid origin (white
people of European origin, regardless of where they live in the world), prevalence should be given, with
both European and North American cutoffs to allow better comparisons.
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living individuals. In a number of studies, self-reported food intake underestimated
measured EE by an average of almost 30% (69). A number of factors, including BMI,
previous weight-loss history, and fear of negative evaluation, have been shown to be
associated with underreporting of EI (70).

The reality that people tend to underreport food intake, however, does not undermine
the importance of gaining as much information as is reasonably possible on this impor-
tant parameter. Information on food intake can be easily obtained in an office visit using
a 24-h, 3-d, or 7-d dietary recall or a food frequency questionnaire. Information about
meal patterns, fast food consumption, calories consumed in beverages, and “trigger
foods” that tend to be overeaten can be identified. Even though the information may not
be completely accurate, asking for a self-report of food intake such as a 24-h dietary
recall on each office visit emphasizes to the patient that the clinician feels that this
information is critical in assessing weight health. Diet-record forms can be printed and
made available in the office so that patients can collect more extensive information
between visits. Handy tools that help patients estimate portion sizes can help improve
the quality of information obtained from diet records as well as building a foundation on
which dietary interventions can be built. In fact, self-monitoring of the diet appears to
be a key feature of both successful short- and long-term weight loss (71). For those
patients who use the Internet and computer programs regularly, a number of diet-moni-
toring tools are available for either PDA- or PC-based use. These are outlined, along with
tools for self-monitoring of exercise, in Table 6.

Taking a good diet history can provide useful information about situations and pre-
cipitating factors associated with overeating. The patient can be encouraged to look for
a “chain of events” that led to a loss of control over food choices. Were meals skipped?
Was stress involved? What were the circumstances by which the particular foods
overeaten were available? Was food eaten while the person was engaged in other activi-
ties, such as television watching? In this manner the patient can begin to identify points
along this sequence of events that could be modified through alternative approaches to
similar situations that will likely recur in the future. Although a busy clinician may not
have time to completely explore these issues in a brief office visit, some attention should
be paid to diet at both the initial and subsequent visits where weight is discussed.

ASSESSING ENERGY EXPENDITURE

Energy Expenditure and Obesity
Energy expenditure is made up of three components: basal metabolic rate (BMR),

which can be estimated as resting energy expenditure (REE), which has also been called
resting metabolic rate (RMR); thermic effect of food, which makes up only a small
fraction of total daily energy expenditure; and energy expended in physical activity
(EEPA), which is by far the most variable among individuals. Although patients often
complain that they have a “low metabolic rate,” careful studies have conclusively shown
that REE is linearly related to lean body mass (72). This means that heavier people have
higher REE than thin individuals, and as a result need to eat more on average each day
to maintain their higher weight. It is likely that the rise in the prevalence of obesity is the
result not only of increased EI associated within the modern food environment, but also
of a reduction in the habitual levels of EEPA associated with a modern environment
filled with technologies designed to reduce the need for physical labor (73). There is
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Table 6
Popular Internet Diet and Exercise Tracking Tools

Program Name/Website PDA/PC Comments Cost

Balance Log Both $29.95 PDA
www.healthetech.com (software) $49.94 Both

BeNutriFit PC $19.95 PC
www.benutrifit (software)

Calorie King Both $19.95 PDA
www.calorieking.com (software) $29.95 PC

Crosstrainer Both In addition to tracking, provides exercise $49.95 PC
www.crosstrainer.ca (software) prescription $64.95 Both

Diet and Exercise Assistant Both $19.95 PDA
www.keyoe.com (software) $9.95 PC

DietPro PC In addition to tracking, provides $64.95 PC
www.dietpro.net (software) menu plans/diet prescription

FitDay PC Tracks mood in addition $29.95 PC
www.fitday.com (Internet and software) to diet and exercise

Health Fit Counter Both $29.95 PDA
www.heatlthcoutner.com (software) $29.95 PC

Mealformation PC No exercise tracking. Focuses on food $49.00 basic
www.mealformation.com (software) menu plans, and shopping lists $169.00 expanded

My Food Diary PC In addition to tracking, provides $108/year
www.myfooddiary.com (Internet) social support for sharing ideas, recipes,

and social support
My Sport Training Both In addition to tracking $24.95 PDA

www.mysporttraining.com (software) provides exercise prescription $24.95 PDA
Nutrawatch PC $14.95/year

www.nutrawatch.com (Internet)
Nutrigenie PC In addition to tracking, provides $49.00 PC

www.nutrigenie.biz (software) menu plans/diet prescripton
Small Steps PC No diet tracking, only Free

www.smallstep.gov (Internet) exercise tracking
USDA Food Pyramid PC In addition to tracking, provides Free

www.mypyramid.com (Internet) basic menu plans and exercise prescription
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increasing evidence that the low levels of physical activity that characterize a sedentary
lifestyle are associated with not only obesity (74) and type 2 diabetes (75), but also
increased mortality (76,77). Conversely, increased levels of physical activity and high
levels of cardiorespiratory fitness are associated with reduced levels of morbidity and
cardiovascular mortality (78–80).

Physical Activity
Clinicians can and should solicit information about usual levels of physical activity

as part of the initial evaluation and at follow-up visits. Questions such as “how often do
you engage in planned physical activity?” or “do you ever walk for exercise?” can be
helpful. Asking about participation in sports or active pursuits in the past can also
provide a useful background on which plans for increases in physical activity to manage
weight can be based. Questions about the amount of time spent in sedentary activities
such as television watching, using the computer, or reading also provide useful informa-
tion about habitual activity levels. In addition, time spent in these sedentary activities
may be available for active pursuits should the person choose to increase his or her
physical activity level. A number of physical activity questionnaires are available to
obtain more in-depth information on energy expended in activities of daily living, as well
as planned bouts of exercise. As is the case with assessing EI, there are substantial
limitations to the measurement of EE in clinical practice. If people tend to underreport
food intake, they tend to overreport levels of physical activity. Adults overestimate
EEPA by as much as 50% (81). Overreporting EEPA tends to be a greater problem in
obese individuals as compared with lean ones, and in some groups tends to get worse
following the initiation of a weight-loss program (82).

More objective information about habitual levels of physical activity can be obtained
through the use of physical activity monitoring systems. The simplest of these is the
pedometer or step counter. These devices are worn at the waist and count the number of
steps accumulated over a day or week (83,84). A pedometer can be purchased for $10
to $30 and can be used to characterize an individual as sedentary (2000–5000 steps/d),
normal activity (5000–8000 steps/d), meeting guidelines for PA at a level to prevent
weight gain (8000–11,000 steps/d), or highly active or active at a level commensurate
with that needed to produce and maintain weight loss (11,000–15,000 steps/d). Pedom-
eters have limitations: some cheaper models may be inaccurate, and accuracy may be
reduced in obese individuals owing to difficulties in keeping the device in a proper
vertical alignment when worn on the belt and reduced sensitivity with slow walking
speeds. Like dietary self-monitoring, physical activity self-monitoring using either a
pedometer or minutes of moderate physical activity per week is valuable not only in
assessing the causes of weight gain, but also for laying a foundation for subsequent
interventions (85). A number of newer devices may become more widely available to
provide more accurate information on EEPA in free-living individuals. These include
the SenseWear armband made by Body Media, the Actiwatch and Actical physical
activity monitors made by Mini Mitter, and StayHealthy’s RT3 (formerly known as the
Tritrack R3D) triaxial accelerometer. These devices and others under development
combine measures of movement in space with other physiological measures such as
heart rate, skin temperature, and galvanic skin response to estimate EEPA in free-living
individuals. These systems tend to be moderately complex and require specialized soft-
ware for analysis, making them much less user-friendly than the pedometer.
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Indirect Calorimetry to Measure Energy Expenditure
Another tool that can be used clinically to measure energy expenditure is indirect

calorimetry. The indirect calorimeter measures air flow and the difference in the concen-
tration of oxygen between inspired and expired air to determine oxygen consumption,
which is then used to calculate energy expenditure in kcal/h. When measured in the
resting state, indirect calorimetry gives an estimate of REE/RMR that can be used to
estimate daily energy requirements. For most people, total daily energy expenditure
(which equals daily energy intake for weight maintenance) is roughly 1.3 to 1.5 times
RMR. A number of indirect calorimetry systems are commercially available to consum-
ers and health care providers for the measurement of RMR. These include the MedGem
and BodyGem devices made by Healthetech (www.healthetech.com) and the ReeVue
device made by Korr (www.korr.com), to name just a few. These indirect calorimeter
devices are designed to directly measure oxygen consumption. However, this is a very
technically difficult measurement to make and it is not clear how accurate these devices
are in a real clinical environment. Overall it is not clear at this time that these devices add
substantially to clinical assessment. However, in the future it seems likely that devices
such as these will increasingly be incorporated into the clinical management of over-
weight and obese patients.

OTHER ASPECTS OF BEHAVIORAL EVALUATION

In addition to gaining information on the weight history and usual diet and physical
activity patterns, it is important, if appropriate, to ask patients about their reasons for
thinking about weight loss at this time, their weight loss goals, and their readiness for
various treatment modalities. These behavioral factors will have a direct bearing on the
weight-management advice given. Clinical experience and clinical studies demonstrate
that many obese patients seeking treatment have unrealistic expectations of what their
weight will be after treatment (86). When patients seeking treatment for obesity were
asked what their dream weight loss would be, they reported a 38% weight loss. When
asked what level of weight loss would be disappointing—not successful in any way—
they reported a 15% weight loss. As most behavioral treatment programs give an average
of a 5 to 10% weight loss, patients seeking treatment are likely to be disappointed.
However, it seems that despite these high expectations, patients can find satisfaction
with more modest degrees of weight loss. It seems that encouraging patients to “lower
their expectations” does not improve treatment outcomes (87).

At a minimum, it may be useful to ask patients what their expectations of treatment
are. If they articulate a desire for dramatic weight loss, it may be useful to acknowledge
this as a common goal in patients embarking on a treatment plan, but that there appear
to be clear health benefits to more modest degrees of weight loss. The care provider can
place more emphasis on achievable behavioral goals such as changes in food intake,
making regular physical activity a priority, or even smaller goals such as self-monitoring
of the diet or purchasing a pedometer as a place to start.

Depression and anxiety are common in obese patients seeking treatment. This is true for
men (88,89) as well as women (90). It is important to ask patients about the presence of
symptoms of depression and determine whether there is a history of depression in the past.
Feelings about the benefits and shortcomings of previous periods of treatment for
depression can be explored. It is often difficult to determine with certainty whether the

www.healthetech.com
www.korr.com
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obesity is causing/exacerbating the depression or whether depression is promoting weight
gain. Having said this, it may be difficult for patients to succeed in the difficult task of
modifying diet and physical activity behaviors when they are feeling extremely depressed.
In situations where patients report a lack of energy, feelings of hopelessness, and a sense
of lack of control over their mood, and certainly if there is any suggestion of suicidal
ideation, referral to a mental health professional may be the best first step before embark-
ing on any discussion of weight management. As patients may fear abandonment, the
care provider can reassure the patient that the goal is only to have the patient succeed in
the attempt at losing weight and that the provider will continue to follow the patient on
a regular basis while he or she is exploring treatment for an underlying depression.

A formal psychological assessment is particularly important before weight-loss sur-
gery (91). This evaluation ensures that the patient is making an informed and reasoned
decision, allows for optimization of the psychological state prior to surgery, and forms
a therapeutic foundation should postoperative depression become a problem. Although
weight-loss surgery has been shown to produce an improvement in mood over the long
run (92), a significant number of patients experience a period of depression in the 6 mo
following bariatric surgery. Whereas the presence of a serious or unstable psychological
disorder is a contraindication to bariatric surgery, there remains controversy about ex-
actly what degree of pathology justifies this step in an individual who is otherwise a good
candidate. In the past it was felt that the patient needed to maintain a high level of dietary
compliance following the surgery. More recently, as evidence has accumulated that
bariatric surgery may have a biological mechanism of action, some have performed this
procedure in patients with stable but serious psychiatric diagnoses or binge-eating dis-
order and have had acceptable levels of success. Clearly the input of an experienced
psychiatrist or psychologist in the evaluation of these patients is extremely important.

ROLE OF ALLIED HEALTH PROFESSIONALS IN ASSESSMENT
OF THE OBESE PATIENT

The evaluation proposed here is extensive. It may be unrealistic to expect a busy
clinician to obtain, evaluate, and counsel around all the information that could be dis-
cussed with an obese patient. An alternative is to identify individuals with unique skills
and specialized resources in the clinical environment who can be brought into service
during the evaluation and treatment of these patients. Examples include registered dieti-
cians to assist in evaluation of the diet, exercise physiologists who help with assessing
exercise capacity and the safety of initiating an exercise program, psychologists or
psychiatrists to help evaluate and treat psychological comorbidities such as depression,
pharmacists who have an interest in weight loss medications, and surgeons who have
experience in bariatric surgery. If a clinician is interested in taking a more active role in
managing obesity in his or her practice it will be useful to identify resources in the
community to refer patients to. Having written materials available to patients in the
office will make these referrals more efficient for both the care provider and the patient.

CONCLUSION

Obesity is common and growing in prevalence. It is associated with an increased risk
for a wide range of comorbid conditions, increased health care costs, and disability.
Clinicians are in a unique position to have a positive impact on the health of their obese
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patients. There is a broad consensus now that the BMI should be calculated for all adult
patients and that this number should be used in risk stratification. For those with a BMI
between 25 and 35, the waist circumference adds clinically useful information and
should also be obtained.

Overweight and obese patients should have a complete history and physical to screen
for comorbid conditions. Targeted laboratory studies should also be obtained to both
look for disorders that can cause obesity as well as to screen for diseases that are asso-
ciated with obesity. Assessing food intake and physical activity behaviors is the foun-
dation on which treatment recommendations can be built. A number of tools are now
available to assist the clinician in assessing these parameters, which are subject to inac-
curate self-reports. To successfully manage obesity the clinician should take care to
assess the patient’s readiness to change, as well as ask questions that will help reveal the
presence of any comorbid psychological conditions. Finally, the clinician should
develop relationships with other professionals such as dieticians, psychologists,
exercise physiologists, and pharmacists to help them in the evaluation and management
of their obese patients. Other chapters in this book will provide specific advice on
treatment approaches that can be used to help overweight and obese patients lose weight
and maintain a reduced state.
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Summary
Polycystic ovary syndrome (PCOS) is a common but poorly understood endocrinopathy diag-

nosed by the combination of oligomenorrhea, hyperandrogenism, and polycystic ovaries. Many of
the women with PCOS are also uniquely and variably insulin-resistant. This can manifest as
hyperinsulinemia, glucose intolerance, and frank diabetes. Affected women are plagued by infer-
tility, menstrual disorders, dysfunctional uterine bleeding, and peripheral skin disorders including
acne and hirsutism. The etiology of the syndrome is poorly understood. Many, if not most, US
women with PCOS are also obese, which exacerbates many of the symptoms of the syndrome. This
suggests that lifestyle interventions should be the first line treatment for these obese women. Treat-
ment tends to be symptom-based, although some treatments can address multiple presenting com-
plaints. The two most commonly used medications for chronic treatment, oral contraceptives and
insulin sensitizing, do appear to improve multiple aspects of the syndrome simultaneously. Unfor-
tunately, clinical trials have focused primarily on surrogate measures rather than clinical outcomes.

Key Words: Polycystic ovary syndrome; insulin resistance; oligomenorrhea; infertility;
hyperandrogenism; hirsutism; insulin-sensitizing agents.

INTRODUCTION

Polycystic ovary syndrome (PCOS) is among the most common endocrine disorders,
affecting 5% of women in the developed world (1), yet there are still uncertainties about
the pathogenesis of the syndrome, and its etiology remains unknown. In their original
description of the syndrome, Stein and Leventhal (2) reported the condition character-
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ized by enlarged ovaries with multiple small subcapsular cysts, associated with amen-
orrhea and hirsutism. PCOS, as it is understood today, is a disorder characterized by
chronic anovulation, menstrual irregularities, and hyperandrogenism; by various clini-
cal stigmata—hirsutism, acne, male pattern balding, and acanthosis nigricans; and by
various biochemical findings—elevated serum adrenal and/or ovarian androgen con-
centration.

ETIOLOGY

A variety of theories have been proposed to explain the development of PCOS.

Central Hypothesis
The primary defect is thought to be the increased luteinizing hormone (LH) pulse

amplitude and frequency. Increased LH secretion (evident as an elevated ratio of LH to
follicle-stimulating hormone [FSH]), which stimulates ovarian theca cells to produce
excess androgens, may be caused by abnormal gonadotropin-releasing hormone (GnRH)
pulsatility (3), sensitization of GnRH receptor to GnRH by endogenous opioids (4,5), or
reduced dopaminergic inhibition of LH release (5).

Peripheral (Ovarian) Hypothesis
Ovarian theca cell hypertrophy (6), steroidogenic or mitogenic activity of granulosa

cells (7), or dysregulated function of the p450 C17-  in the ovaries and adrenal glands
(8–11) may cause an intrinsic ovarian or adrenal defect or block FSH activity at the
ovarian level, leading to overproduction of androgens and anovulation. The primary
defect may also be inhibin B deficiency. Because inhibin B locally enhances follicular
development, its deficiency results in anovulation (12).

Insulin Hypothesis
The discovery of hyperinsulinemia (13) and insulin resistance in women with PCOS

(14) led to a de-emphasis on the ovary as a diagnostic criterion, and resulted in the insulin
hypothesis. In insulin resistance there is a defect of insulin receptor at the postbinding
level, leading to abnormality of postreceptor insulin signaling and glucose transport
(15). This leads to overproduction of insulin to compensate for the perceived lack of
effect, and over time to -cell exhaustion and ultimately type 2 diabetes. There is now
a relatively substantial body of literature confirming -cell dysfunction in PCOS,
although as in diabetes, there is still considerable debate as to the primacy of the
defects and their worsening over time (16).

Women with PCOS may have hyperinsulinemia, insulin resistance, impaired glucose
tolerance, or diabetes mellitus (13,17,18). The increase in insulin resistance in women
with PCOS compared with appropriate controls (~35–40%), is of a similar magnitude to
that seen in type 2 diabetes and is independent of obesity, glucose intolerance, increases
in waist-to-hip ratio, and differences in muscle mass (14). Basal insulin levels are
increased and insulin secretory response to meals has been shown to be reduced in
women with PCOS (19), which is also independent of obesity (20).

It has been proposed that, by a variety of mechanisms, hyperinsulinemia increases
ovarian androgen production and contributes to the development of anovulation. Four
mechanisms of insulin resistance may lead to androgen overproduction in women with
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PCOS, resulting in abnormal ovarian follicular growth and anovulation, which is the
hallmark abnormality of the syndrome.

• The ovaries may be directly stimulated by insulin to produce abnormal amounts of
androgen (11).

• Synergism of insulin with LH may lead to theca cell stimulation, hyperandrogenism, and
large polycystic ovaries (21,22).

• Hyperinsulinemia may lead to inhibition of sex hormone binding globulin (SHBG)
secretion (12) and increase in free fraction of androgens.

• An increase in free insulin-like growth factors (IGFs) (23) may potentiate LH-stimulated
androgen synthesis in theca cells (24) and suppress IGF binding protein (IGFBP)-I syn-
thesis (25,26).

These theories, however, are reflective of our limited knowledge of both PCOS and
insulin resistance. As the pathophysiology and genetics of these disorders are better
elucidated, so too will be the putative pathways.

In the United States, PCOS is recognized as an endocrinopathy of undetermined
etiology, characterized by hyperandrogenism and/or hyperandrogenemia, oligo-ovula-
tion, and exclusion of other potential causes such as congenital adrenal hyperplasia,
Cushing’s syndrome, and androgen-secreting tumors (Table 1). This was summarized
in a 1990 National Institutes of Health–National Institute of Child and Human Develop-
ment (NIH–NICHD) consensus conference on PCOS (27), and has been upheld in simi-
lar proceedings in recent years.

In Europe, however, PCOS is often diagnosed based on ultrasound criteria with the
history of anovulation, without the biochemical evidence. To unify the criteria, in 2004
an international consensus group (28) proposed that the syndrome can be diagnosed if
at least two of the following are present: oligomenorrhea or amenorrhea, hyperandrogenemia
or hyperandrogenism, and polycystic ovaries as defined by ultrasonography (Table 1). Each
of these signs and clinical complaints associated with it will be discussed in the following
sections.

A suggested laboratory evaluation of women with PCOS is provided in Table 2, but
this remains an area where the cost-effectiveness of such an extensive workup should be
justified.

Table 1
Criteria for Diagnosis of PCOS

1990 NIH Criteria (both 1 and 2)

1. Chronic anovulation and
2. Clinical and/or biochemical signs of hyperandrogenism, and exclusion of other

etiologies.

Revised Rotterdam 2003 criteria (2 out of 3)

1. Oligo- and/or anovulation
2. Clinical and/or biochemical signs of hyperandrogenism
3. Polycystic ovaries

Exclusion of other etiologies—congenital adrenal hyperplasia, androgen-secreting tumors,
Cushing’s syndrome
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OLIGOMENORRHEA/AMENORRHEA

In the broadest definition, PCOS has been identified by the World Health Organiza-
tion as type 2 ovulatory dysfunction, or normoestrogenic anovulation. Although chronic
anovulation (6 to 8 spontaneous episodes of vaginal bleeding per year) may be the sine
qua non of the syndrome, only a small percentage of women with PCOS are completely
amenorrheic. The majority are oligomenorrheic and experience varying intervals of
vaginal bleeding. The cause of this vaginal bleeding may be physiologic (postovulatory
withdrawal bleed) or pathologic.

The baseline endogenous ovulatory frequency is unknown in an untreated PCOS
population but the ovulation rate in the largest randomized controlled trial in women with
PCOS to date demonstrated an almost 30% ovulatory frequency in the placebo-treated arm,
indicating either a significant placebo effect and/or a high endogenous rate (29).

Infertility
Chronic anovulation is the cause of the most common reason that women with PCOS

present to the gynecologist: infertility (30). As a general rule, PCOS patients represent
one of the most difficult groups in which to induce ovulation both successfully and
safely. Many women with PCOS are unresponsive to clomiphene citrate and human
menopausal gonadotropins, and this is exacerbated by underlying obesity. On the other
end of the spectrum are PCOS patients who overrespond to both these medications.

Table 2
Tests to Consider in Women With PCOS

Blood tests Normal rangea Purpose

Total testosterone <60 ng/dLa Determine extent of androgen excess
(consider also free or
bioavailable measures)

Fasting blood tests
17-hydroxyprogesterone <2 ng/mL Evaluate for NC-CAH; use <4 ng/mL

for random sample, ACTH
stimulation test if abnormal

Prolactin <20 ng/mL Evaluate for prolactin excess
Glucose <126 mg/dL Screen for diabetes
Insulin <20 microU/mLa Screen for insulin resistance
Glucose-to-insulin ratio >4.5 Screen for insulin resistance
Cholesterol <200 mg/dL Identify cardiovascular risk
HDL >35 mg/dL

(and preferably >45 mg/dL) Identify cardiovascular risk
LDL <130 mg/dL Identify cardiovascular risk
Triglycerides <200 mg/dL Identify cardiovascular risk

Dynamic blood tests
Oral glucose tolerance test, 2 h glucose > 140 mg/dL Identify or diagnose diabetes,

give 75 g glucose in AM —impaired glucose tolerance repeat if abnormal
after overnight fast 2 h glucose > 200 mg/dL—type 2

diabetes mellitus
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Women with PCOS are at especially increased risks of ovarian hyperstimulation syn-
drome (OHSS), a syndrome of massive enlargement of the ovaries and transudation of
ascites into the abdominal cavity that can lead to rapid and symptomatic enlargement of
the abdomen, intravascular contraction, hypercoagulability, and systemic organ dys-
function (31). There is also emerging evidence that baseline hyperinsulinemia may
contribute to the increased OHSS risk (32,33). Women with PCOS are also at increased
risk for multiple pregnancy.

HYPERANDROGENEMIA/HYPERANDROGENISM

Both the adrenal glands and ovaries contribute to the circulating androgen pool in
women. In ovarian theca cells, cholesterol is converted to androstenedione. The adrenal
preferentially secretes weak androgens such as dehydroepiandrosterone (DHEA) or its
sulfated “depot” form, DHEA-S (up to 90% of adrenal origin). These hormones, in
addition to androstenedione, may serve as prohormones and may be converted to more
potent androgens such as testosterone or dihydrotestosterone.

The ovary is the preferential source of testosterone; it is estimated that 75% of circu-
lating testosterone originates from the ovary (mainly through peripheral conversion of
prohormones by liver, fat, and skin, but also through direct ovarian secretion). Androstene-
dione, of both adrenal (50%) and ovarian (50%) origin, is the only circulating androgen
that is higher in premenopausal women than in men, yet its androgenic potency is only
10% that of testosterone. However, it is often elevated in PCOS patients. Dihydrotestosterone
(DHT) is the most potent androgen, although it circulates in negligible quantities, and
results primarily from the intracellular 5 -reduction of testosterone.

Thus circulating testosterone may be the androgen of choice to measure; indeed, its
circulating levels may offer better discrimination between a control population and the
affected population with PCOS. A 14% overlap in elevated androgen levels was noted
between women with PCOS and a prospectively recruited cohort of cycling control
women (34), versus a 20 to 30% overlap of polycystic ovaries in an normal population
(35,36). A circulating total testosterone level was found to be the best hormonal correlate
of the combined syndrome of hyperandrogenic chronic anovulation and polycystic ova-
ries (37). Many prefer either a free testosterone or a bioavailable testosterone level, as
that better reflects the suppressive effects of hyperinsulinemia on SHBG (38). Assays are
reproducible and eliminate any observer bias in identifying women with androgen
excess. However given the interassay variability, it is difficult to assign a uniform and
specific level of circulating testosterone as the cutoff for diagnosing PCOS (39).

Hyperandrogenism can also be documented based on clinical stigmata of androgen
excess, such as by the presence of acne, hirsutism, or androgenic alopecia, instead of
relying on biochemical confirmation of circulating hyperandrogenemia, but ethnic, and
presumably underlying genetic, differences in population may result in the presence of
hyperandrogenemia without clinical signs of hyperandrogenism (40).

Hirsutism
Hirsutism is defined as excess body hair in undesirable locations and, as such, is a

subjective phenomenon that makes both diagnosis and treatment difficult. Most com-
monly hirsutism associated with PCOS tends to be an androgen-dependent, midline-
predominant hair growth. It is important to note that other factors than androgen action
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may contribute to the development of hirsutism. Hyperinsulinemia that accompanies
many benign forms of virilization can also stimulate the pilosebaceous unit directly or
indirectly by contributing to hyperandrogenemia.

Hirsutism is heterogeneous and a common disorder with features similar to PCOS, but
only 50% of women with hirsutism may actually have PCOS (41). Hirsutism is also not
invariably present in a woman with PCOS. There are, for instance, ethnic differences in
target tissue sensitivity to circulating androgens and intracellular androgens (42), such
that marked androgen excess may not manifest as hirsutism (Asians, for example) (40).
Methodology of the assessment of hirsutism and response to treatment has been poorly
validated (43).

Hirsutism scores are notoriously subjective (44), and even the most frequently uti-
lized standard of subjective hirsutism scores, the modified Ferriman–Gallwey score,
relies excessively on nonmidline, nonandrogen-dependent body hair to make the diag-
nosis (45). In the largest clinical trial to date in PCOS, 50 to 60% of the 400 women
prospectively identified to have hyperandrogenemic chronic anovulation had no evi-
dence of hirsutism (Ferriman–Gallwey score < 6) (29). Also, hirsutism is frequently
idiopathic and accompanied by normal circulating androgen levels (42), although other
studies with more thorough examination have shown idiopathic hirsutism to be rare
(<10% of a hirsute population) (46).

POLYCYSTIC OVARIES ON ULTRASOUND

Different authors have defined PCOS on the basis of the morphology of the ovary
found on ultrasound, with multiple 2- to 8-mm subcapsular preantral follicles forming
a “black pearl necklace” sign (47). Polycystic ovaries are found in a wide variety of
unrelated disorders, including in up to 30% of women with normal menses and normal
circulating androgens (35,36,48). The differential diagnosis of polycystic ovaries is
extensive, with some syndromes having little overlap with hyperandrogenic chronic
anovulation.

There have been reports suggesting that polycystic ovaries per se may identify a group
of women with some further stigmata of reproductive and metabolic abnormalities found
in the endocrine syndrome of PCOS (49,50), but the data have not been consistent (51).
It is important to note that not all women with the endocrine syndrome of PCOS have
polycystic-appearing ovaries (51), and that polycystic ovaries alone should not be viewed
as synonymous with PCOS. Polycystic ovaries appear to be an independent risk factor
for OHSS after ovulation induction (52) and thus it may make clinical sense to document
the morphology of the ovary in infertile patients seeking ovulation induction.

LONG-TERM CONSEQUENCES

Type 2 Diabetes Mellitus
Retrospective studies looking at diabetes prevalence over time have generally noted

an increased prevalence with age in women with PCOS. Studies from Scandinavia have
shown increased rates of type 2 diabetes and hypertension compared with controls (53).
This study used a combination of ovarian morphology and clinical criteria to identify
women with PCOS and found that 15% had developed diabetes, compared with 2.3% of
the controls (53). A case-control study of PCOS in the United States has shown persistent
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hyperinsulinemia and dyslipidemia as PCOS patients age, though androgen levels tend
to decline in older women with PCOS (54). In a population of thin Dutch women,
although the overall prevalence of self-reported diabetes by telephone survery was 2.3%,
in PCOS patients aged 45 to 54 yr (n = 32) the prevalence of diabetes was four times
higher (p < 0.05) than the prevalence of this condition in the corresponding age group
of the Dutch female population as a whole (55).

Adult women with PCOS have glucose intolerance rates of 40%, as defined by preva-
lence of either impaired glucose tolerance (IGT) or type 2 diabetes as diagnosed by a 2-
h glucose value after a 75-g oral glucose tolerance test (OGTT) (56,57). New data now
suggest that adolescents may have soaring rates of glucose intolerance (58), comparable
with adults, and this appears to be mirrored in the adolescent population with PCOS (59).
Studies of large cohorts of women with PCOS have demonstrated that the prevalence
rates of glucose intolerance are as high as 40% in PCOS patients when the less-stringent
WHO criteria are used (56,57,60). They have also indicated the importance of family
history of diabetes contributing to these high glucose intolerance rates (Fig. 1) (60).

These studies are of interest because they have shown nearly identical rates of im-
paired glucose tolerance and type 2 diabetes among a diverse cohort, both ethnically and
geographically, as well as from different investigational groups. It does appear that obesity
contributes substantially, as rates of glucose intolerance in a thinner European population
with normal weight (BMI 19–25) are lower than in the US population (though still far
exceeding control rates) (61).

Fig. 1. Glucose (top panel) and insulin (bottom panel) concentrations obtained during a 75-g oral
glucose tolerance test (OGTT) in 408 premenopausal women with PCOS (�; positive family
history) and without (�; negative family history) a family history of type 2 diabetes. Adapted
from ref. 60.
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Obesity
Obesity has become epidemic in our society and contributes substantially to reproduc-

tive and metabolic abnormalities in PCOS. Obesity is defined by body mass index (BMI;
body weight in kilograms divided by height in meters2) of 30 kg/m2 or more (62).
However, BMI does not take into account patient habitus, so central obesity, which is
often present in patients with PCOS, can be diagnosed clinically by measuring the waist
circumference (WC) or waist-to-hip circumference ratio (WHR) (62). WC larger than
102 cm for men and 88 cm for women, or WHR greater than 0.95 in men and 0.85 in
women in obese individuals with BMI between 25.0 and 34.9 kg/m2 confer high risk for
diabetes, hyperlipidemia, hypertension, atherosclerosis, and insulin resistance (63–67).

Obesity is present in about 50% of patients with PCOS. Both insulin resistance and
hyperinsulinemia are magnified in the presence of obesity (68,69). Unfortunately there
are no effective treatments that result in permanent weight loss, and it is estimated that
90 to 95% of patients who experience a weight decrease will relapse (70). For obese
patients with hirsutism, weight loss is frequently recommended as a potential benefit.
Increases in SHBG through improved insulin sensitivity from weight loss may lower
bioavailable androgen levels. In one study about 50% of these women who lost weight
experienced improvement in their hirsutism (71).

Cardiovascular Risk Factors
Patients with PCOS may have abnormal lipid profiles, including elevated triglycer-

ide, LDL cholesterol, VLDL cholesterol, and decreased HDL. In a study of more than
200 patients with PCOS, Talbott et al. found increased BMI, insulin, triglyceride, cho-
lesterol, LDL, and blood pressure (72). The elevated insulin levels were found to corre-
late with the increased cardiovascular risk independently in PCOS patients.

The metabolic profile noted in women with PCOS is similar to insulin resistance
syndrome, a clustering within an individual of hyperinsulinemia, mild glucose intoler-
ance, dyslipidemia, and hypertension (73). There is a prolific literature identifying obe-
sity, dyslipidemia, glucose intolerance, diabetes, and occasionally hypertension as risk
factors for cardiovascular disease in women with PCOS (74–79). However, there is
actually little published evidence supporting a link between PCOS and cardiovascular
events—i.e., increased mortality from CVD, premature mortality from CVD, or an
increased incidence of cardiovascular events (stroke and/or myocardial infarction).

Several surrogate markers for atherosclerotic disease, including carotid wall thick-
ness as determined by B-mode ultrasonography, have been studied in women with
PCOS. The University of Pittsburgh performed ultrasonography of the carotid arteries
on 125 women with PCOS and 142 control women and found a significantly higher
prevalence of abnormal carotid plaque index in women with PCOS (7.2% vs 0.7% in
controls) (80). Thus the vast majority of predominantly premenopausal women with
PCOS (93%) had no evidence for subclinical carotid atherosclerosis. No difference was
noted in the intima–media thickness between PCOS and controls until the age group 45
to 49, after which the difference increased in the oldest age groups (80). Another group
recently replicated this finding in a separate group of women with PCOS (81).

In a study from the United Kingdom, 800 women diagnosed with PCOS, primarily by
histopathology at the time of an ovarian wedge resection, were followed for an average
of 30 yr after the procedure (82). Observed death rates were compared with expected
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death rates using standardized mortality ratios. There was no increased death from
cardiovascular-related causes, although there were an increased number of deaths from
complications of diabetes in the PCOS group. In a follow-up study by the same inves-
tigative group of 345 of these PCOS patients and 1060 age-matched control women,
there was no increased long-term coronary heart disease mortality, although there was
evidence of increased stroke related mortality even after adjustment for BMI (83). In a
cohort of women with proven coronary artery disease (N = 143 and age < 60 yr), poly-
cystic ovaries were noted in 42% of the women, and additionally their presence was
associated with more severe coronary artery stenosis (OR 1.7; 95% CI 1.1–2.3 of >50%
stenosis with PCO compared with normal ovaries) (84).

Despite the heterogeneous nature of anovulation in a reproductive-age population,
some of the best epidemiological studies of menstrual irregularity as a marker for chronic
anovulation have showed an increased risk for cardiovascular events. The Dutch breast
cancer screening study found a greater incidence of anovulatory cycles during the repro-
ductive years (based on a midluteal urine sample) in women later developing cardiovas-
cular disease (85). Utilizing a prospective cohort design from the Nurses’ Health Study
(86), 2439 female nurses provided information in 1982 on prior menstrual regularity (at
ages 20–35 yr) and were followed through 1996 for cardiovascular events. Incident
reports of nonfatal myocardial infarction, fatal coronary heart disease (CHD), and non-
fatal and fatal stroke were made and confirmed by review of medical records.

Compared with women reporting a history of very regular menstrual cycles, women
reporting usually irregular or very irregular cycles had an increased risk for nonfatal or
fatal CHD. Increased risks for CHD associated with prior cycle irregularity remained
significant after adjustment for BMI and other several potential confounders, including
family history of myocardial infarction and personal exercise history. There was a non-
significant increase in overall stroke risk as well as in ischemic stroke risk associated
with very irregular cycles. The Nurses’ Health Study has also identified oligomenorrhea
and highly irregular menstrual cycles as risk factors for developing type 2 diabetes, a
major risk factor in itself for cardiovascular disease, especially in women (87).

Thus the increased cardiovascular risk ascribed to women with PCOS is still largely
inferential, based on risk factors or surrogate markers (76,79), or epidemiologic studies
that focus on isolated stigmata of PCOS, such as polycystic ovaries or chronic anovu-
lation, that are even more heterogeneous than PCOS.

Risk for Malignancy

Endometrial cancer is the most commonly diagnosed invasive gynecological cancer
in women. Case series have identified women with PCOS at high risk for developing
endometrial cancer and often at an early age (88–91), but there is actually little solid
epidemiologic evidence to link PCOS and endometrial cancer (92). A stronger associa-
tion between PCOS and endometrial cancer may be possible if we were able to make the
diagnosis of PCOS in menopausal women, but a diagnosis based on hyperandrogenic
chronic anovulation becomes difficult to make after ovarian failure and cessation of
menses (93).

The mechanism by which women with PCOS may be at increased risk for endometrial
hyperplasia and endometrial cancer is thought to be chronic stimulation of the en-
dometrium with weak but bioactive estrogens, combined with the lack of progestin
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exposure. This condition, known as “unopposed estrogen,” is perhaps the clearest hor-
monal risk factor for endometrial cancer (94). Women with PCOS have been shown to
be normoestrogenic, and perhaps even hypoestrogenic with elevated levels of estrone
(95). A Scandanavian study looked at a group of both premenopausal and postmeno-
pausal women with endometrial carcinoma and found hirsutism and obesity in both
groups of cases compared with controls (96). In the younger group, they additionally
noted a recent history of anovulation and infertility, two of the most common presenting
complaints of women with PCOS (in addition to hirsutism and obesity) (30). Endome-
trial hyperplasia often has been noted in association with anovulation and infertility,
common symptoms of PCOS (90,97,98). There are no systematic prospective studies of
the prevalence of endometrial hyperplasia/neoplasia in a population with PCOS. Other
gynecological cancers have been reported to be more common in women with PCOS,
including ovarian cancer (99) and breast cancer (100).

Pregnancy Complications
PCOS is associated with increased risk for recurrent miscarriage. When using ovarian

morphology as surrogate marker, polycystic ovaries were identified in 82% of women
presenting with recurrent miscarriage (101). However, the risk of early first-trimester
pregnancy loss in women with PCOS is estimated to be 30%, compared with about 15
to 20 % in the general population (102,103).

Pregnancy complications (gestational diabetes, pre-eclampsia, infants who are small
for gestational age, preterm labor, and stillbirth) also appear to be high in patients with
PCOS (104–107), although there are reports that did not find such a connection (108,109).
Currently, the underlying pathogenesis of early pregnancy loss and pregnancy compli-
cations in PCOS is thought to be the result of a combination of several interrelated
factors, which include hyperandrogenaemia, insulin resistance, obesity, abnormal
folliculogenesis, and infertility therapy itself (110).

TREATMENT OF PCOS

We are currently changing from a symptom-oriented treatment approach to PCOS,
which often focused alternatively on either suppression of the ovaries (for hirsutism and
menstrual disorders) or stimulation of the ovaries (for infertility), to one that improves
insulin sensitivity and treats a variety of stigmata simultaneously (111). Multiple studies
have shown that improving insulin sensitivity, be it from lifestyle modifications or from
pharmacologic intervention, can result in lowered circulating androgens (primarily
mediated through increased SHBG and less bioavailable androgen but also through
decreased total testosterone), spontaneous ovulation, and spontaneous pregnancy.

Ovarian-Suppressive Therapies
Women with documented hyperandrogenemia, and stigmata of hirsutism and acne,

would theoretically benefit most from this form of therapy. Suppressing the ovary has
been achieved with either oral contraceptives, depot progestins, or GnRH analog treat-
ment. Oral contraceptives both inhibit ovarian steroid production through lowering of
gonadotropins and raise SHBG through their estrogen effect, thus further lowering
bioavailable testosterone. They also may inhibit DHT binding to the androgen receptor
and 5- -reductase activity, and increase hepatic steroid clearance. These numerous
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actions contribute to improving hirsutism (112). There are theoretical reasons for choos-
ing an oral contraceptive using a less androgenic progestin or one with specific andro-
gen-antagonistic properties (such as cyproterone acetate or drospirenone), but few studies
have shown a clinical difference between different types of progestins. Although several
oral contraceptives (OCPs), including a triphasic OCP containing norgestimate, have
been shown to improve acne and have received an FDA indication for this, other pills
also appear to offer similar results.

A GnRH agonist may cause greater lowering of circulating androgens, but compara-
tive trials against other agents and combined agent trials have been mixed and have not
shown a greater benefit to one or the other or combined treatment (113–116). A GnRH
agonist given alone results in unacceptable bone loss (116). Glucocorticoid suppression
of the adrenal glands also offers theoretical benefits, but deterioration in glucose toler-
ance is problematic for women with PCOS, and long-term effects such as osteoporosis
are significant concern. It may be useful as adjunctive therapy in inducing ovulation with
clomiphene citrate.

Insulin-Sensitizing Agents
Drugs developed initially to treat type 2 diabetes have also been utilized to treat

PCOS. None of these agents are currently FDA-approved for the treatment of PCOS or
for related symptoms such as anovulation, hirsutism, or acne. These include metformin
(117–119), thiazolidinediones, and an experimental insulin sensitizer drug, d-chiro-
inositol (120).

Table 3
Treatment of PCOS

Treatment of Hirsutism
• Oral contraceptives
• Spironolactone
• Flutamide
• Finasteride
• Eflornithine hydrochloride (topical)
• Cyproterone acetate
• Insulin-sensitizing agents

Treatment of Obesity
• Sibutramine
• Orlistat

Treatment of Infertility/Anovulation
• Clomiphene citrate
• Gonadotropins
• Laparoscopic ovarian drilling
• Insulin-sensitizing agents

Treatment of Hyperinsulinemia
• Weight reduction
• Exercise/lifestyle modification
• Insulin-sensitizing agents

– Biguanides (metformin), thiazolidenediones (rosiglitazone, pioglitazone)
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METFORMIN

Metformin was approved for the treatment of type 2 diabetes by the FDA in 1994, but
was used clinically for almost 20 yr before that in other parts of the world. The effects
of the drug are therefore well known. Metformin is a biguanide that works primarily by
suppressing hepatic gluconeogenesis, and in muscle and fat cells it enhanced glucose
uptake and utilization, therefore improving insulin sensitivity in the periphery. This
effectively lowers glucose and insulin levels. Its most serious, but rare, side effect is
lactic acidosis, which has been reported in individuals with renal deficiency, liver dis-
ease, and heart and respiratory failure. The most common side effect is gastrointestinal
disturbance, but this rarely is a cause to discontinue the drug. Metformin could also
decrease folic acid and vitamin B12 absorption.

There have been no reported abnormalities associated with the use of metformin
during pregnancy in women with diabetes (121–123) or in women with marked
hyperandrogenism during pregnancy (124), or to the small number of women with PCOS
who have conceived during treatment (125–127). The combination of metformin and
clomiphene markedly improves ovulation in PCOS patients by correcting the underlying
metabolic problem.

Metformin, in a meta-analysis of 13 studies in women with PCOS, was shown to
significantly reduce fasting insulin levels even in this heterogeneous population (128).
Fasting glucose also had a small reduction. Lipid profile was also positively affected by
metformin, but in the meta-analysis only LDL cholesterol was significantly reduced
after metformin treatment. Furthermore, the meta-analysis has shown that the effects of
metformin are independent of BMI changes or of fat distribution as assessed by waist-
to-hip ratio (119). There has never been an adequately powered placebo-controlled dose-
ranging study.

In a systematic review of seven randomized-controlled trials, it has been shown that
women with metformin treatment have a small improvement in ovulation rate—on
average, one additional ovulation every 5 mo (129). The Cochrane meta-analysis exam-
ined the effectiveness of metformin in spontaneous and clomiphene-induced ovulation
(128). Specifically, ovulation was achieved in 46% of the women who received
metformin alone (compared with 24% receiving placebo). Pregnancy rates are difficult
to interpret, however, owing to the small number of patients, the short follow-up period,
and the study design.

Some clinicians advocate the use of metformin during early pregnancy to reduce the
miscarriage rate, but the documentation for this claim is poor (130). Studies of longer
duration with metformin in PCOS suggest long-term improvement in ovulatory function
in about half the patients (131). Unfortunately there have been few well-designed studies
that test the effect of metformin on hirsutism.

THIAZOLIDINEDIONES

Thiazolidinediones are peroxisome proliferator activating receptor agonists and are
thought to improve insulin sensitivity through a postreceptor mechanism. Insulin resis-
tance is therefore decreased. It is difficult to separate the effects of improving insulin
sensitivity from that of lowering serum androgens, as any “pure” improvement in insulin
sensitivity can raise SHBG and thus lower bioavailable androgen. Given the long onset
of action for improving hirsutism, longer periods of observation are needed. The best
data were from a large, randomized, placebo-controlled study, where 305 moderately



Chapter 11 / Polycystic Ovary Syndrome 231

obese women received troglitazone at different doses (150, 300, or 600 mg/d) or placebo.
There was a dose-dependent reduction of testosterone, an increase in SHBG levels, an
improvement in hirsutism and menstrual cycle, and an increase in ovulation rates in
women who received troglitazone (132). Patients treated with 600 mg/d had a 60%
ovulation rate compared with a 32% rate among the placebo group (and this placebo rate
is greater than that traditionally noted in metformin trials) (Fig. 2). This appeared to be
mediated through decreases in hyperinsulinemia and decreases in free testosterone levels.

Troglitazone has been removed from the worldwide market because of hepatotoxic-
ity. The other two thiazolidinediones, rosiglitazone and pioglitazone, have not demon-
strated significant hepatotoxicity, and their administration has showed similar results in
improving insulin sensitivity, reducing testosterone levels, improving menstrual cycles,
and restoring ovulation (133,134). It has been shown that pioglitazone is as effective as
metformin in improving insulin sensitivity and hyperandrogenemia, despite an increase
in weight, BMI, and waist-to-hip ratio associated with pioglitazone (135).

Anti-Obesity Drugs
Apart from diet, combination with pharmacological treatment with metformin or with

weight-reducing agents has been used when required for further weight reduction. It has
been reported that the combination of a low-calorie diet with metformin treatment in-
duced greater reduction of body weight and visceral obesity in women with PCOS
compared with a low-calorie diet and placebo treatment (136). Weight-reducing agents
have been shown to increase the effect of lifestyle modification in reducing the incidence
of type 2 diabetes in obese patients (137), and similar effects have been noted in women
with PCOS. Sibutramine treatment alone and in combination with ethinyl estradiol and
cyproterone acetate in obese women with PCOS has been found to have positive effects
on clinical and metabolic risk factors for cardiovascular disease (decrease in waist-to-
hip ratio, blood pressure, triglycerides, and insulin levels) (138). Furthermore, orlistat
treatment in obese women with PCOS induced a more significant weight reduction than

Fig. 2. The mean rate of ovulation in patients with PCOS increased in a dose-related fashion with
troglitazone (TGZ) treatment and was significantly different from placebo (PBO) for TGZ 300
mg/d and TGZ 600 mg/d groups, but not for TGZ 150 mg/d patients. Adapted from ref. 132.
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metformin treatment. It also induced a reduction of testosterone levels, which is consis-
tent with the reduction of testosterone levels in overweight women with PCOS after
weight loss by dietary changes and exercise (139). However, it is difficult to assess the
long-term clinical efficiency of the medications because the literature is rather inconclu-
sive (small number of patients and short-term studies). Common side effects (headache,
insomnia) and potentially serious cardiovascular effects (hypertension, arrythmias, etc.)
limit the widespread use of sibutramine, and although orlistat generally has a safer side-
effect profile, the frequent adverse effects on bowel habits (flatulence, steatorrhea, GI
discomfort) are also significant hurdles to its use.

Treatment of Infertility

CLOMIPHENE CITRATE

Clomiphene citrate (CC) has traditionally been the first-line treatment agent for infer-
tility in women with PCOS. It is a nonsteroidal agent and a member of a large family of
triphenylethylene derivatives, which includes clorotrianisene and tamoxifen (both of
which compare favorably to CC in inducing ovulation). It is a racemic mixture of two
isomers, zuclomiphene (longer-acting) and enclomiphene (more potent in inducing
ovulation) (140). Clomiphene has a long half-life: only 51% of the oral dose is excreted
after 5 d and the zu isomer can be detected in the serum for up to 1 mo after treatment
(141). Clomiphene is thought to work as a selective estrogen receptor modulator (SERM)
acting as an estrogen antagonist at the hypothalamic–pituitary axis and stimulating
GnRH secretion.

A meta-analysis showed CC to be effective in patients with ovulatory dysfunction
similar to PCOS (142). Compared with placebo, CC was associated with increased
ovulation. CC (all doses) was associated with an increased pregnancy rate per treatment
cycle (OR 3.41, 95% CI 4.23–9.48). The odds ratio was better for high doses (50–250
mg/d) (OR 6.82, 95% CI 3.92–11.85) (142).

There are no clear prognostic factors to response, although increasing weight is asso-
ciated with a larger dose requirement and a greater likelihood for failure (143). Roughly
50% of women with PCOS do not respond to CC. There is no universal definition of
resistance to clomiphene citrate, although its simplest rendition would involve failure to
ovulate with three progressive dose increases up to 750 mg/cycle. Alternate CC regi-
mens have been developed, including prolonging the period of administration (144) and
adding dexamethasone (145), both of which, in small studies, have been shown to
improve response.

GONADOTROPINS

Gonadotropins are also frequently utilized in both step-up and step-down regimens to
induce ovulation in women with PCOS. In one of the largest trial of gonadotropins in
women with PCOS to date, women were randomized to a conventional method of ovu-
lation with more aggressive dosing and increases in FSH dosing compared with a low-
dose protocol; higher pregnancy rates were achieved with the low-dose protocol (40%
vs 20% for the conventional arm) (146). There were fewer cases of multiple pregnancy
and ovarian hyperstimulation in the low-dose arm and a higher percentage of
monofollicular ovulation (74% vs 27%) (146). Low-dose therapy with gonadotropins
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offers a high rate on monofollicular development (~50% or greater) with a significantly
lower risk of OHSS (20–25%) leading to cycle cancellation or more serious sequelae
(146–150). A Cochrane review reports a reduction in the incidence of OHSS with FSH
compared with human menopausal gonadotropin (hMG) in stimulation cycles without
the concomitant use of a GnRH-a (OR 0.20; 95% CI 0.08–0.46) and a higher
overstimulation rate when a GnRH-a is added to gonadotropins (OR 3.15; 95% CI 1.48–
6.70) (151). Despite theoretical advantages, urinary-derived FSH preparations did not
improve pregnancy rates when compared to traditional and cheaper hMG preparations;
their only demonstrable benefit was a reduced risk of OHSS in cycles when administered
without the concomitant use of a GnRH-a. A meta-analysis found no studies of adequate
power to confirm the benefit of pulsatile GnRH-a to induce ovulation in PCOS (152).

Nonfertility Treatments —Acne and Hirsutism
Oral contraceptive pills will increase SHBG, and insulin-sensitizing agents will lower

insulin levels, resulting in less free testosterone. Many of the aforementioned general-
ized treatments are also applicable to the treatment of hirsutism. Most medical methods,
however, although they improve hirsutism, do not produce the dramatic results patients
desire. In general, combination therapies appear to produce better results than single-
agent approaches, response with medical therapies often take 3 to 6 mo to notice
improvement, and adjunctive mechanical removal methods are often necessary. How-
ever, the majority of women will experience improvement in their hirsutism. There are
unfortunately no universally accepted techniques for assessing hirsutism and response
to treatment. Trials have been hampered by the aforementioned methodology concerns
as well as by the small number of subjects. For instance, although spironolactone has had
a long and extensive use as an antiandrogen and multiple clinical trials have been pub-
lished showing a benefit, the overall quality of the trials and small numbers enrolled have
limited the ability of a meta-analysis to document its benefit in the treatment of hirsutism
(153).

Spironolactone (154) antagonizes the binding of testosterone and other androgens to
the androgen receptor. However, it is teratogenic and poses a risk of feminization of the
external genitalia in a male fetus should the patient conceive (155). About 20% of women
treated with spironolactone will experience increased menstrual frequency; this is one
reason for combining this therapy with the oral contraceptive (156). Cyproterone
acetate, which is not available commercially in the United States, is a progestogen with
antiandrogen properties. It is frequently combined in an oral contraceptive. Acne has
also been successfully treated with spironolactone (157). Ornithine decarboxylase
inhibitor eflornithine is used as a facial cream against hirsutism and has been FDA-
approved for this indication. Flutamide is another nonsteroidal antiandrogen that has
been shown to be effective against hirsutism (158). There is greater risk of teratogenicity
with this compound and contraception should be used.

The 5 -reductase inhibitor finasteride has been found to be effective for the treatment
of hirsutism in women (159,160). Finasteride is better tolerated than other antiandrogens,
but has the highest and clearest risk for teratogenicity in a male fetus and adequate
contraception must be used. Randomized trials have found that spironolactone,
flutamide, and finasteride all have similar efficacy in improving hirsutism (161,162).
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Surgical Treatment
Stein and Leventhal performed ovarian wedge resection more than 80 yr ago and

noted regular menses and spontaneous pregnancy in some patients (2). Many studies
utilizing ovarian wedge resection or ovarian drilling have been performed over the years,
some with impressive results. The beneficial influence of such destructive ovarian inter-
ventions has been suggested (163–165), but not proven, and the value of laparoscopic
ovarian drilling as a primary treatment for subfertile patients with anovulation and PCOS
is undetermined according to a Cochrane review (166).

There is insufficient evidence to determine a difference in ovulation or pregnancy
rates when compared with gonadotropin therapy as a secondary treatment for clomi-
phene-resistant women (166), although a recent study suggested that the pregnancy rates
were equivalent (167). None of the various drilling techniques appears to offer obvious
advantages (166). The results of the ovarian drilling may in some cases also be temporary
(168). Surgery, consisting of total abdominal hysterectomy and bilateral salpingo-
oophorectomy, is not a usual initial treatment option for androgen excess, but may be
indicated in some cases of refractory ovarian hyperandrogenism.

Exercise /Lifestyle Modification
There is some evidence that lifestyle modification (diet and exercise) may be an

effective adjunct to the treatment of PCOS. The use of hypocaloric diets improves the
metabolic derangements in those patients, and low-calorie, low-fat diets have been
shown to improve clinical parameters and lower insulin and testosterone levels in PCOS
patients (169,170). Weight reduction has also been shown to increase noradrenalin
sensitivity in PCOS patients, as PCOS patients have a marked reduction in the lipolytic
effects of noradrenalin owing to a decreased number of noradrenalin receptors on fat
cells (171), resulting in dyslipidemia. Metformin, in addition to a hypocaloric diet,
improves hirsutism, menstrual function, visceral adipose tissue, and glucose-stimulated
insulin secretion (172,173). Thus, it appears that diet and medication in combination
may be helpful in patients with PCOS.

It is reasonable to assume that exercise would have the same beneficial effects in
women with PCOS as in women with type 2 diabetes (174). Moreover, exercise by itself,
such as regular walking, has been reported to reduce waist-to-hip ratio and homocysteine
levels in overweight PCOS patients (175).

Many popular sources advocate a high-protein diet as the diet of choice for women
with PCOS. There are few studies to support this, and there are theoretical concerns
about the adverse effects of high protein on renal function in a population at high risk for
diabetes, as well as the adverse effects of the increased fat composition of these diets on
dyslipidemia.

Other Treatments
Minoxidil has mild efficacy in increasing hair growth in women with alopecia.

Ketoconazole is an inhibitor of the P450 enzyme system and thus inhibits androgen
biosynthesis, but has hepatotoxicity. Others have given aromatase inhibitors to induce
ovulation and lower circulating androgens, although hirsutism has not been the primary
focus to date (176).

Mechanical hair removal (shaving, plucking, waxing, depilatory creams, electrolysis,
and laser vaporization) can control hirsutism, and often is the front-line treatment used
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by women. Laser vaporization is receiving increasing attention. Hair is damaged using
the principle of selective photothermolysis, with wavelengths of light well absorbed by
follicular melanin and pulse durations that selectively thermally damage the target with-
out damaging surrounding tissue. Patients with dark hair and light skin are ideal candi-
dates; this process appears to be most effective during anagen.

CONCLUSION

Polycystic ovary syndrome is a common endocrinopathy, but it is poorly understood.
It is a disorder clearly heterogeneous in etiology; conditions associated with PCOS may
include menstrual abnormalities and infertility due to chronic anovulation, hirsutism and
acne caused by hyperandrogenism, glucose intolerance and diabetes mellitus owing to
profound peripheral resistance to insulin, and cardiovascular disease.

Considering the long-term consequences, especially the risk for developing type 2
diabetes mellitus and cardiovascular disease, treatment should be directed at preventing
such complications. Unfortunately there are few randomized controlled trials of any
treatment of PCOS to provide us with clear treatment guidelines. Therefore, treatment
tends to be symptom-based, although lifestyle interventions and pharmaceutical treat-
ments directed at improving insulin sensitivity appear to improve multiple stigmata of
the syndrome. For obese women with PCOS, lifestyle modification should be a central
component of the overall treatment strategy.
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Summary
Obesity and impaired glucose tolerance (IGT) are associated with a greater health risk for a

number of conditions, including insulin resistance, diabetes mellitus, hypertension, dyslipidemia,
coagulation abnormalities, inflammatory markers, and coronary heart disease. Lifestyle changes
can delay or prevent the development of type 2 diabetes in patients with obesity and IGT. The risks
improve with weight loss and increased physical activity. A decrease of 7 to 10% or more from
baseline weight can have a significant effect. This has now been documented in a number of random-
ized controlled studies. This essay is directed on how the Diabetes Prevention Program approach to
lifestyle change can be translated in a meaningful way to routine clinical care practice settings.

Key Words: Diabetes; prevention; physical activity; weight loss; diet; impaired glucose tolerance.

INTRODUCTION

Impaired glucose tolerance (IGT) is a pathophysiological state that exists between
normal glucose homeostasis and frank diabetes mellitus. It is defined by the level of
plasma glucose 2 h after an oral glucose load. The conversion rate to diabetes has varied
in differing population groups, but is about 5 to 6% per year (1). IGT is a risk factor not
only for diabetes, but also for macrovascular disease (2,3) and for cardiovascular mor-
tality. Because diabetes is increasing rapidly around the globe (4) and is predicted to
continue to do so (5), it is important to attempt to prevent it, and persons with IGT are
obvious targets. The most important predictors of conversion are a higher 2-h blood
glucose and greater weight. Another predictor is a low level of physical activity (6).
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Increase in Prevalence of Obesity
The National Health and Nutrition Examination Survey (NHANES) III, which was

conducted from 1988 to 1994, showed that 59.4% of men and 50.7% of women in the
United States are overweight or obese. In the period between the second NHANES
survey and the third, the prevalence of obesity rose from 14.5% to 22.5% (7). More recent
data has put the figure at 30.5% for obesity and 64.5% for overweight (8). Obesity is also
increasing rapidly in other parts of the world (8). Global obesity increased from an
estimated 200 million adults in 1995 to more than 300 million in 2000 (9). Childhood
obesity has also increased. During the past 30 yr, childhood obesity in the United States
has more than doubled (10). As obesity increases, it leads to an increased disease burden
(11,12), increased mortality (13), and a shortened life span (14). It brings with it not only
an increased incidence of type 2 diabetes, but also of dyslipidemia, hypertension, and
cardiovascular disease.

Abnormal Glucose Metabolism and Type 2 Diabetes
Excess weight is the most important modifiable risk factor for the development of type

2 diabetes. The incidence of diabetes rises as obesity prevalence increases (15). The
prevalence of reported diabetes is 2.9 times higher in overweight than in nonoverweight
persons in the NHANES data (16). Obesity is associated with type 2 diabetes mellitus
in both women (17) and men (18). Also, the longer that people are obese, the higher
becomes their risk of developing diabetes (19). From 1990 to 1998, the prevalence of
type 2 diabetes increased by 33%. More than 85% of type 2 diabetic patients are over-
weight or obese (20). Type 2 diabetes accounts for 90 to 95% of the 20.8 million cases
of diabetes mellitus in the United States today (21).

Fat distribution is also very important in diabetes risk (22–25). Central or upper body
fat deposition is independently associated with insulin resistance (23), diabetes (24,25),
and cardiovascular disease (26). Intra-abdominal or visceral obesity is strongly associ-
ated with insulin resistance, as well as with dyslipidemia, hypertension, and glucose
intolerance (27–30). In Japanese American men intra-abdominal fat deposition was
closely correlated with type 2 diabetes, whereas subcutaneous fat deposits in the abdo-
men, thorax, or thigh were not statistically significant predictors (31).

A lack of adequate physical activity is another important risk factor for the devel-
opment of type 2 diabetes. Men who habitually engage in moderate levels of physical
activity have a substantially reduced risk of diabetes compared with physically inactive
men, even after adjustment for age, body mass index (BMI), and other risk factors (32).
Physical training can reduce insulin resistance (33) and high physical activity can lower
insulin levels (34–37). Adopting a regular exercise style also improves lipids, due to both
an independent effect of the exercise and to a loss of fat, particularly visceral fat (38).

Weight Loss in IGT
Weight loss can prevent or delay the progression to diabetes in obese patients. In the

Nurses’ Health Study, Colditz et al. found that women who lost more than 5 kg over a
10-yr period reduced their risk of diabetes by 50% or more—a remarkable benefit for a
relatively modest loss (39). Will et al. (40) examined retrospectively the 13-yr incidence
of diabetes in a large cohort of subjects from the first Cancer Prevention Study. The
authors also found that intentional weight loss was associated with a significant reduc-



Chapter 12 / Lifestyle Change and Diabetes Prevention 245

tion in the rate of developing diabetes. In the Swedish Obese Subjects (SOS) study, there
was a weight loss averaging 28 ± 15 kg (mean ± SD) at 2 yr, and this was associated with
an improvement of cardiovascular risk factors including glucose and insulin levels
(41,42). Thus, weight loss improves insulin sensitivity, leading to lower risk factors for
diabetes and cardiovascular disease (43–45). There have been a number of trials that
have tested the effect of lifestyle change on the development of diabetes in persons with
IGT. These have included generally both diet and exercise to effect weight loss and
improve fitness (46–49).

THE DIABETES PREVENTION PROGRAM

The Diabetes Prevention Program (DPP) asked whether lifestyle intervention or treat-
ment with metformin can prevent or delay the progression from IGT to diabetes, and
whether their effectiveness differs according to age, sex, race, or ethnic group (50). This
randomized trial engaged 27 centers in the United States and included 3234 individuals
(50). Subjects were selected who had impaired fasting glucose of 95 to 125 and/or
postprandial glucose of 140 to 200. The mean BMI of this group was 34 kg/m2. These
persons were therefore at high risk of developing diabetes. Individuals were randomized
to an intensive lifestyle arm, a metformin arm (850 mg bid), a troglitazone arm, and a
placebo “usual care” arm. The troglitazone arm was stopped after about a year because
of hepatic toxicity.

The lifestyle intervention goals were as follows (50): the weight loss goal was 7%
from baseline and the physical activity goal was at least 150 min/week. The study was
terminated early by the Data Safety Monitoring Board because of the superior effective-
ness of the lifestyle intervention in preventing diabetes. Patients had been followed for
up to 4 yr and the average length of follow-up was 2.8 yr. The weight loss effects are
shown in Fig. 1 and the physical activity results in Fig. 2 (50a). The goal of 7% weight
loss from baseline was reached at 6 mo. Thereafter there was a gradual return toward
baseline weight. With this amount of weight loss in the lifestyle arm, there was a 58%
reduction in the development of diabetes in the lifestyle intervention group as compared
with the usual care placebo group. The metformin group had a reduction of diabetes of
31%. The progression to diabetes in the three arms is shown in Fig. 3. The incidence of
diabetes was 11.0 cases per 100 person-years in the placebo group, 7.8 in the metformin
group, and 4.8 in the lifestyle group. The results were highly significant for both
metformin and lifestyle (p < 0.001). These results did not differ by sex, race, or ethnic
group. The lifestyle intervention was highly effective in all subgroups (50a). Nearly half
the participants were from minority groups, who have an increased risk for developing
type 2 diabetes. Also, it is interesting to note that preliminary data from the DPP suggest
that weight loss rather than physical activity was most responsible for the reduction of
the incidence of type 2 diabetes with the intensive lifestyle intervention.

The DPP showed that it is possible to significantly reduce the development of diabetes
in persons with IGT with a program of a hypocaloric diet and exercise that will drop
weight by about 7% and is at least partially sustained for up to 4 yr. This has prompted
the American Diabetes Association and the National Institute of Diabetes and Digestive
and Kidney Disease to put forth lifestyle intervention as the first line of treatment in
attempting to prevent diabetes (51).
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Fig. 1. Changes in body weight according to study group. Each data point represents the mean
value for all participants examined at that time. The number of participants decreased over time
because of the variable length of time that persons were in the study. For example, data on weight
were available for 3085 persons at 0.5 yr, 3064 at 1 yr, 2887 at 2 yr, and 1510 at 3 yr. Changes
in weight over time differed significantly among the treatment groups (p < 0.001). Reprinted from
ref. 50a with permission.

Fig. 2. Changes in leisure physical activity according to study. Each data point represents the
mean value for all participants examined at that time. The number of participants decreased over
time because of the variable length of time that persons were in the study. Changes in physical
activity over time differed significantly among the treatment groups (p < 0.001). Reprinted from
ref. 50a with permission.

Fig. 3. Cumulative incidence of diabetes according to study group. Reprinted from ref. 50a with
permission.
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Intervention in Clinical Practice
The National Institutes of Health (NIH) Roadmap (52) has placed great emphasis on

the translation of clinical research to clinical care in a timely and effective manner. The
DPP was developed to compare two strategies to prevent or delay type 2 diabetes in
individuals with IGT. The primary research goal was a comparison of the efficacy and
safety of each of three interventions (an intensive lifestyle [ILS] intervention or standard
lifestyle recommendations combined with either metformin or placebo) in preventing or
delaying the development of diabetes. We discuss below the nature of the ILS interven-
tion and how it might be translated to general clinical practice.

What have we learned from the DPP and how we can apply it to routine clinical
practice?

For adequate translation, translators are needed. These will be informed physicians
and other health professionals who feel comfortable in approaching the issue of weight
loss with their patients. This requires education programs that will provide physicians
with the tools they need for the task. Many physicians feel, and are, inadequately trained
for such a task and will therefore not embark on it. For translating DPP, the first issue
is to put physicians at ease about dealing with the issue of weight loss. Modern schools
of medicine do almost nothing to train practitioners who are conversant and comfortable
with treating people for obesity. As a result, these practitioners are very poorly equipped
to give advice to patients (53). Much stronger nutritional knowledge and more training
in counseling skills are necessary to allow them to be effective in facilitating lifestyle
changes in their patients. This will require better understanding of nutrition, exercise
physiology, behavior modification, and pharmacotherapy (53).

It is not only the physician who can be an agent of change. Nurses are also well
positioned in clinical practice to become the persons who take on much of the task of
patient behavior change. In some clinical practices, dietitians are also present; if they are,
they can also play a large role in providing support, training, and follow-up that is needed
(54).

There has been criticism that the ILS intervention is much too expensive and compli-
cated for translation to routine clinical practice settings. As the success of the ILS arm
of the trial is undoubted, it seems reasonable to try to dissect what might be possible and
not possible in the translation of this program to clinical care settings. Much of the cost
of the DPP was due to the fact that essentially all of the core curriculum and much of the
post-core were done individually by case managers. The study was designed in this way
to try to ensure that the weight loss occurred. The DPP was an effectiveness study, not
an efficacy study. The goal was thus to see if the weight loss was effective in changing
outcome, not whether we could produce weight loss.

A criticism is that although we showed that we could reduce the progression to
diabetes, we did not show how a physician can be successful in promoting weight loss
and preventing diabetes in a routine clinical practice. We had an “unreal” budget, an
“unreal” staff, a coordinating center, trained and knowledgeable investigators, coordi-
nators, case managers, and so on. How can all this be translatable to the average clinician’s
office? The way to do this is to try to dissect what was done, simplify it as much as
possible without emasculating it, and try it in physicians’ offices. One obvious step is to
change the patient–staff contacts from individual ones to groups. This has been done in
the Look AHEAD (55) trial that is currently under way. This is a trial trying to reduce
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cardiovascular outcomes in diabetic patients through weight loss and physical activity.
There is good evidence that the same degree of motivation and efficacy in weight loss
can be achieved in groups as in individual counseling (56,57). In fact, there is substantial
evidence suggesting that groups may actually be better. Physicians can organize patients
in groups and either meet them themselves or designate someone else in the office (nurse,
dietitian) to do it. This reduces costs greatly without reducing efficacy. Exercise testing
can be done so that submaximal, three-step tests, or some other form of less expensive
and sophisticated testing, can be done to ensure safety in the exercise program. The
diaries, self-monitoring, and questionnaires can be done more quickly, cheaply, and effi-
ciently on Palm Pilots or other electronic programs that are becoming rapidly available.

The ILS intervention was based on previous literature suggesting that obesity and a
sedentary lifestyle may both independently increase the risk of developing type 2 dia-
betes (58). The DPP focused on two of the modifiable risk factors for diabetes, sedentary
lifestyle and overweight. The DPP participants had a mean BMI of 34.5 kg/m2 and a
mean age of 51 yr, with age ranging from 25 to 85 yr. Two-thirds of the DPP participants
were women, and 45% were from high-risk minority groups (20% African American,
16% Hispanic, 5% American Indian, and 4% Asian American) (59). They were therefore
quite representative of the American population. The retention rate was more than 90%
over 4 yr.

Goals
It is important in a behavior modification program to set goals. It is common for

patients beginning a weight-loss program to have faulty and unrealistic beliefs about
how rapidly they can lose weight (60). There is a need to instruct them in this regard to
prevent disappointment and attrition. The goals for the ILS intervention were to achieve
and maintain a weight reduction of at least 7% of initial body weight through healthy
eating and physical activity, and to achieve and maintain a level of physical activity of
at least 150 min/wk (equivalent to about 700 kcal/wk) through moderate-intensity activ-
ity (such as walking or bicycling).

Were these goals reasonable? And why were they selected?
Attempting to lose 7% of body weight seemed a reasonable goal to set even though

it meant that most of the participants would not reach their ideal body weight. The goal
was set on the basis that a number of clinical trials had been carried out that were
successful in reaching that level (61). It was felt that trying to set the goal more aggres-
sively would be counterproductive in that most of the participants would not be able to
achieve this, become disappointed, and drop out of the study. Retention was considered
extremely important for a landmark trial such as this.

The physical activity goal of 150 min/wk was in agreement with the national physical
activity recommendations of the Centers for Disease Control and Prevention and the
American College of Sports Medicine at the time (62). The feasibility of using behavior
modification for the prevention of type 2 diabetes had been shown in two smaller pre-
vious trials (46,63).

A number of interactive interventions were used: training in diet, exercise, and behav-
ior modification skills; frequent (no less than monthly) support for behavior change; diet
and exercise interventions that are flexible, sensitive to cultural differences, and accept-
able in the specific communities in which they are implemented; a combination of
individual and group intervention; a combination of a structured protocol (in which all
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participants receive certain common information) and the flexibility to tailor strategies
individually to help a specific participant achieve and attain the study goals; and empha-
sis on self-esteem, empowerment, and social support. A Lifestyle Resource Core devel-
oped intervention materials and provided ongoing training and support for intervention
staff (50,64,65).

The intervention was conducted by case managers with training in nutrition, exercise,
or behavior modification who met with an individual patient for at least 16 sessions in
the first 24 wk and contacted the participant at least bimonthly thereafter (with in-person
contacts at least every 2 mo throughout the remainder of the program). The initial 16
sessions represent a core curriculum, with general information about diet and exercise
and behavior strategies such as self-monitoring, goal setting, stimulus control, problem
solving, and relapse prevention training. Individualization was facilitated by use of
several different approaches to self-monitoring and flexibility in deciding how to achieve
the changes in diet and exercise. All participants were encouraged to achieve the weight
loss and exercise goals within the first 24 wk.

The focus of the exercise intervention was a gradual increase in brisk walking or other
activities of similar intensity. Two supervised group exercise sessions per week were
provided to help participants achieve their exercise goal, but participants could also
achieve the exercise goal on their own and were given the flexibility in choosing the type
of exercise to perform. Exercise tolerance tests (performed in individuals with pre-
existing coronary heart disease, and in men aged greater than 40 yr and post-menopausal
women not using hormone replacement therapy who had at least two coronary heart
disease risk factors) were used to modify the individual’s exercise program.

For individuals having difficulty achieving or maintaining the weight loss or exercise
goal, a “tool-box” approach was used to add new strategies for the participant. Strategies
included incentives such as items of nominal value. Additional tool-box approaches
could include lending of aerobic exercise tapes or other home exercise equipment,
enrolling the participant in a class at an exercise facility, additional telephone remind-
ers, a buddy system, structured menus, and use of more structured eating plans, liquid
formula diets, or home visits. Also, individuals could be seen more often. Group courses
were also offered quarterly during maintenance, with each course lasting 4 to 6 wk and
focusing on topics related to exercise, weight loss, or behavioral issues. These courses
were designed to help participants achieve and maintain the weight-loss and exercise
goals.

Lifestyle participants were to complete the 16-module core curriculum during the first
24 wk of participation. It introduced basic skills related to nutrition, exercise, and behav-
ior change. Subsequently, participants were expected to be seen in person at least once
every 2 mo, either individually or in group sessions. This 16-module course is available
on an NIH website. It is self-explanatory and can be used by any physician or nurse in
a clinical care facility. After the curriculum was completed, the participant moved on to
post-core intervention activities. These consisted of bimonthly visits with a lifestyle
coach to discuss issues arising from the need to reach the goal or maintain it. After 6 mo,
participants were expected to be seen in person. Active case management involved
scheduling quarterly outcome assessment visits for participants within appropriate time
windows, reporting and documenting any adverse events, reviewing each participant’s
progress with lifestyle goals at weekly team meetings, and referring participants when
appropriate to the exercise specialist or psychologist on the team.
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In the DPP, 49% of the participants met the weight loss goals and 74% met the activity
goals initially (37% and 67%, respectively, met these goals long-term). At the first
intervention session, participants weighed, on average, 94.5 ± 21.0 kg with weights
ranging from 49.1 kg to 200.9 kg. The average BMI was 33.9 ± 6.8. Weight loss over the
core curriculum averaged 6.5 ± 4.7 kg, or 6.9 ± 4.5% of initial body weight. At the final
intervention visit, participants had maintained an average weight loss of 4.5 ± 7.6 kg or
4.9 ± 7.4% of initial body weight (65). The 7% weight loss goal was achieved by 49%
of participants at the end of the core curriculum, and these persons were three times more
likely to achieve the goal at study end. Figure 4 shows the percentage of participants who
achieved the weight loss goal at both the end of the core curriculum and the final inter-
vention visit in univariate analyses by BMI, age, gender, and ethnicity.

Behavioral Therapy
The DPP cohort was not that different from the usual patient in a physician’s office

who needs to lose weight. Almost 90% had previously tried to lose weight—45% on at
least five occasions—and almost two-thirds had lost and regained more than 20 lb at least
once in the past (66). Approximately one-half had never tried a formal weight loss
program (66).

The goal of behavioral therapy is twofold: to decrease food intake and to increase
physical activity. The behavior of a patient is changed in ways that are possible and in

Fig. 4. Percentage of participants who achieved the exercise goal (150 min/wk) at the end of the
core curriculum and at the final intervention visit by ethnic group, sex, baseline BMI, and baseline
age. Reprinted from ref. 65 with permission.
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reasonable steps, in concert with a physician or group therapy leader, who helps one
patient or, preferably, a group of patients.

The first step in such therapy is to describe the behavior to be controlled. This means
helping the patients in self-monitoring so that they become aware of the amount, time,
and circumstances of their eating and their activity (or inactivity) patterns. This increases
their awareness, which is required before corrective measures can be instituted. The
second step is to practice control over stimuli that negatively affect eating behavior.
Typical stimuli would be persons or situations that increase stress, anxiety, or hostility.
The particular stimuli need to be identified and the patient needs to make an effort to
distance himself or herself from them. The third step is to develop techniques to control
the act of eating. These include the places where the person eats, the speed of eating, the
size of mouthfuls, the number of times eating occurs, and the attention paid to eating. It
also includes learning the differences in the caloric value and nutrient content of foods,
which is of great importance. Some therapists have suggested that prompt reinforce-
ment of behaviors that delay or control eating is quite helpful. This would mean
setting up some reward system (e.g., money, entertainment) as positive reinforcement
for improved behavior.

The program is adapted to a patient’s goals and skills rather than to a physician’s idea
of how a patient should behave. This individualization of treatment enhances the chances
for success in a motivated person. The advantage of a behavioral approach is that both
the patient and the therapist (which may include the group) focus on the specific envi-
ronmental variables that seem to govern a particular person’s behavior. Central to a
behavioral analysis is the search by patient and therapist for solutions to problems that
are both relatively modest and potentially soluble. This simplifies and focuses therapy.
It has been our experience in our weight-control program that conducting behavioral
therapy in a group setting is highly efficacious. The group setting leads to inquiry and
mutual support and encouragement that are conducive to success. Another advantage of
a behavioral approach is that when patients are given the major responsibility for the
weight-loss strategy, they can attribute increased power to themselves. This tends to
reinforce the treatment, inasmuch as when patients believe that the positive results are
attributable to their own efforts, they gain confidence and a desire to continue. The final
and most important advantage of a behavioral approach is that it allows patients to learn
to eat and exercise under the natural social and environmental conditions with which
they live day to day. Thus, the habits learned during weight loss can be continued during
the difficult period of weight maintenance. It must be remembered that a behavioral
program often produces the slowest initial weight loss because caloric reduction is not
radical and patients are encouraged to eat a hypocaloric but balanced and sensible diet.
Patients must be advised to develop a long-term view. A goal weight should be set and
perseverance encouraged. It is of importance that the goal weight that is set is usually
higher than the normal weight for each patient. This needs to be negotiated with the
patient with an explanation of the general futility of reaching ideal weight in a person
who is significantly obese (67). It is imperative that the patient remain in the treatment
program not only until the goal is achieved, but also well into the weight-maintenance
period.

One should not underestimate the physician as an agent of change. There have been
a number of studies that have shown the powerful effect a physician can have on a patient
with regard to motivation and success in carrying through a difficult weight-loss pro-
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gram (68,69). Taking even 5 or 6 min to discuss weight, nutrition, and activity issues with
patients can be very empowering. Frequent visits or contacts of some kind are most
effective (70). Of course, the more engaged and interested the physician is in the patient,
the more effective the contact.

Diet
A crucial component of the DPP program was the diet. The weight-loss goal was

attempted initially through a reduction in dietary fat intake to less than 25% of
calories. If weight loss did not occur with fat restriction alone, then a calorie goal was
added. Energy requirements vary according to weight and activity (71). To lose
weight, energy intake must be less than energy expenditure. Energy intake was
aimed at in the DPP. Participants weighing 120 to 174 lb (54 to 78 kg) at baseline
were instructed to follow a 1200 kcal/d diet (33 g of fat); participants weighing 175
to 219 lb (79 to 99 kg) were instructed to follow a 1500 kcal/d diet (42 g fat); those
220 to 249 lb (100 to 113 kg) were instructed to follow an 1800-kcal/d diet (50 g fat);
and those over 250 lb (114 kg) were instructed to follow a 2000 kcal/d diet (55 g fat) (65).

To lose weight successfully, obese persons must lower their caloric intake and sustain
such a reduced intake for a prolonged period. It is important to develop a diet program
within the framework of a patient’s current food habits and preferences. This is some-
times impossible when dietary habits are so poor that a radical restructuring must take
place. However, better compliance occurs in patients for whom it can be done, because
such patients are familiar and comfortable with the foods that they are already eating.
Factors such as available cooking facilities, ethnic background, and economic back-
ground cannot be ignored. Documentation of food intake (e.g., diet records) is a good
method of tracking dietary pitfalls, patterns, and progress, but physicians must beware
of perfect records unaccompanied by weight loss. These should serve as a signal that a
patient may not be ready to accept the weight problem or be willing to work seriously
on improving it.

Patients were given a food frequency questionnaire to determine their food intake at
baseline and to track it over time. The DPP food frequency questionnaire was
semiquantitative, designed to collect information via in-person interviews regarding
usual intake of food and dietary supplements over the previous year. Implementation and
management of the dietary assessment was centralized at the DPP Nutrition Coding
Center (NCC). The main body of the questionnaire contained 117 line items, plus an
open-ended query for food not included within the line items. Foods added to enhance
sensitivity to regional or ethnic food choices were identified through queries to each of
the clinical centers (72). Baseline median estimated energy intake was 7676 kj/d (1828
kcal/d) and 8585 kj/d (2044 kcal/d) for women and men respectively. The median per-
cent of energy from fat ranged from 30.6% for Asian American men to 37.5% for
American Indian men and women. After 1 yr among the Lifestyle group, the median
change in total energy and percent energy from fat was –1897 kj/d (–452 kcal/d) and –
6.6%, respectively. Figure 5 shows the change in total kjoules from baseline to 1-year
post randomization by treatment group (72).

Decisions about dietary change should be made jointly by the patient and the physi-
cian to help promote long-term compliance. A diet must be adequate nutritionally, and
this is possible without supplements only in diets of 1100 to 1200 kcal per day or more.
To achieve this, patients must be taught to eat certain micronutrient-rich foods that they
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may not be used to eating. With very hypocaloric diets, the nutrients most likely to be
in deficit are iron, folic acid, vitamin B6, and zinc. If kilocalorie values fall below 1100,
vitamin and mineral supplements become necessary and should be prescribed by the
physician; a multivitamin–multimineral tablet once a day is enough. In the DPP, we opted
to give everyone in the ILS a multivitamin tablet daily. This was done to ensure that no
patient would be deficient in micronutrient ingestion. This seems a good practice with
no known downsides. Extra macrominerals (sodium, potassium, calcium) are usually
not necessary, unless patients go on very-low-calorie diets (300–600 kcal), which we did
not recommend for long-term use.

During weight loss, the emphasis should be on reduction of adipose rather than lean
tissue. Although there is some obligate loss of lean body mass, it should be kept to a
minimum. Lean body mass can generally be spared during weight loss with a protein
intake of 1.0 to 1.5 g/kg of ideal body weight. The dietary sources of protein should be
of high biologic value (e.g., egg whites, fish, poultry, lean beef, and low-fat dairy prod-
ucts). A vegetarian diet is perfectly acceptable, but the concept of protein complement-
ing must be explained, encouraged, and monitored. The remainder of calories should
come from carbohydrates (preferably high-fiber foods) and fat. Although the macronu-
trient ratio can vary according the patient’s preferences, it is important to obtain some
of the antiketogenic and digestive high-fiber benefits of carbohydrates and to get
adequate amounts of fat-soluble vitamins and essential fatty acids from the dietary fat.

In all cases of weight reduction, the emphasis should be on micronutrient-dense food
choices and away from empty calorie selections. A brief discussion of basic nutrition
should help alert the patient to the most appropriate food choices to maximize caloric
restriction. A patient must be taught that alcohol and sweets are not sources of any
essential micronutrients. These should therefore be avoided, especially in the early
stages of weight reduction, because they provide little more than excess calories. It
should be made clear that although some fats are less atherogenic than others, all fats are

Fig. 5. Change in total kjoules, baseline to 1 yr postrandomization, by treatment group. Statistical
significance for pairwise comparisons (p < 0.003) is shown only when overall treatment effect
was demonstrated (p < 0.01). *indicates statistically significant difference between lifestyle and
metformin; + indicates statistically significant difference between lifestyle and placebo. There
were no statistically significant differences between metformin and placebo. Reprinted from ref.
72 with permission.
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high-energy, low-micronutrient foods. As mentioned, in the DPP, they were restricted
to less than 25% of total daily calories. Gram for gram, pure fat has more than double the
caloric concentration of carbohydrate or protein (9 cal/g vs 4 cal/g). Because carbohy-
drate often absorbs water on cooking, the actual caloric density of hydrated carbohydrate
on the plate may be as low as 1 to 2 cal/g. Thus, eliminating or decreasing high-fat foods
from the diet should provide a substantial caloric decrease, even if pure-carbohydrate
foods are substituted. In general, high-fat spreads, condiments, sauces, and gravies are
far more detrimental in a weight-reduction program than are bread, potatoes, pasta, and
rice, if the latter are eaten in moderate portion sizes and in conjunction with other foods.

Many of the more popular media-touted diets have little scientific basis and simply
play on vulnerable people’s desperation to lose weight. They often completely ignore the
concept of balanced nutrition by totally eliminating or providing insufficient amounts of
a particular macronutrient (e.g., protein, carbohydrate, or fat) (73). In time, this can result
in a concurrent micronutrient imbalance. Such diets are clearly unsound, and if they are
followed for any significant length of time, serious health consequences such as electro-
lyte imbalances, deficiency syndromes, or protein malnutrition may ensue (73).

Very-low-calorie diets (300–500 kcal/d) are counterproductive and potentially dan-
gerous. Although weight loss can be large on such diets, the results are generally short-
lived (74). A return to pre-diet weight after solid foods are resumed is the rule. Unless
such diets are undertaken in the context of a complete medically supervised, stepwise
program in which the very-low-calorie diet is replaced after a few weeks by a high-
calorie balanced diet and intensive behavior modification program, they accomplish
little except for an initial loss of water and electrolytes. However, the use of formula diets
or bars to substitute for regular food for one or two meals a day for a period of time,
particularly initially, can be quite helpful. This was done in the DPP with good results.

Instruction in the use of low-energy-density diets is also helpful. This consists of
relatively large volumes of low-energy foods. Preferred foods are those that are high in
volume and require more time for ingestion, with the calories generally diluted by fiber
and water. Vegetables, fruit, and starches are emphasized, whereas sweets and fats and
oils are not. This has been shown to be a good strategy for losing weight and maintaining
weight loss.

To help the patient adhere to a diet balanced in micronutrients and vitamins, it is wise
to introduce the concept of the basic food groups and the food pyramid. These consist
of the following: (1) grains: bread, cereal, rice and pasta; (2) fruits; (3) vegetables; (4)
milk and milk products: milk, yogurt, cheese; (5) meat, poultry, fish, dry beans, eggs,
nuts and seeds; (6) legumes; (7) fats, oils, and sweets (use sparingly). By selecting
judiciously from these groups, patients can obtain adequate nutrients. Patients should be
encouraged to select a wide variety of food choices within these basic food groups to help
alleviate a lack of compliance caused by boredom or monotony. The number of servings
per day from each food group will vary according to the individual’s caloric restriction
and macronutrient breakdown. Because portion sizes are crucial, they should be ex-
plained in terms of common household measures (e.g., cups, ounces) and with the aid of
food models.

The macronutrient composition of the diet in the DPP was much like the Step 1 diet
of the AHA or the National Heart, Lung, and Blood Institute (NHLBI) Guidelines (75).
In order to be successful in reaching the goal, a great deal of emphasis was placed on self-
monitoring. This has been shown to enhance weight loss (76). But this can be improved
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if, as self-monitoring diaries are reviewed, education on estimating portion size, reading
food labels, nutrient density of foods, and recording of food intake shortly after a meal
are stressed. The more that meal plans are structured for individuals, the more likely they
will be successful. Prescribed individualized menus can also be helpful (77).

Formula diets can also be very helpful (77,78). One can prescribe 1200 to 1500 kcal/
d and the patient may find this much more convenient. This is particularly helpful at the
start of a weight-loss program. Individuals can then gradually move from three times per
day to two times per day to once per day over time but continue to use these effective
dietary aids indefinitely.

Exercise
Physical activity seems to be very helpful for weight maintenance but not so much for

weight loss (79–82). But increased physical activity in very sedentary individuals is
helpful in a number of ways. It helps in inducing a deficit in calories, preserves lean body
mass, enhances fat loss, and improves cardiovascular fitness.

It is important to discuss two types of physical activity: programmed and lifestyle.
Lifestyle activity occurs in the course of a regular day as one goes about normal activi-
ties. If one is conscious of it, one can increase energy expenditure by changing activities
such as using stairs rather than elevators, choosing distant parking spaces, and so on.
Programmed activity is actually planning exercise bouts (such as biking, walking, swim-
ming, etc.). Both types of activity are helpful (7). The more activity a person engages in,
the greater the weight loss he or she is able to achieve (83). This is shown in Fig. 6. This
can easily be initiated by a physician and monitored closely.

Because exercise expends calories, it is a logical part of any weight-loss program.
Overweight persons are generally inactive, spending much of their day sitting or lying
down (84,85). Many of them, particularly the heavier ones, have a real problem walking
even short distances and climbing steps and tend to avoid situations that require such
activities. By remaining as sedentary as they do, they are essentially almost at their
resting metabolic rate for most of the day. These persons must be taught first to walk, then
to walk faster, and then to run or bicycle or do aerobic dance. An exercise program must
start slowly. If an obese person is pushed too rapidly, discomfort and avoidance occur.
Careful observation for and treatment of skin intertrigo, dependent edema, and foot or
joint injuries is mandatory.

The ILS intervention stressed brisk walking as the means to achieving the activity
goal, although other activities of similar intensity (aerobics, dance, bicycle riding, skat-
ing, swimming) could also be applied to the goal. (No more than 75 min/wk of strength
training could be applied to the goal.) Participants were encouraged to increase their
activity slowly and to exercise at least three times per day 5 d/wk for at least 10 min per
session. Although most participants completed their activity on their own, two super-
vised exercise classes were offered at all clinics each week. Participants at high risk for
adverse events related to underlying coronary artery disease were given an exercise
tolerance test before starting the activity intervention.

Participants were instructed to self-monitor minutes of physical activity and fat grams
consumed every day during the core curriculum and then 1 wk per month over the
remainder of the trial. These self-monitoring records and measures of body weight taken
at each intervention visit were used to assess success at achieving the intervention goals.
Participants were sometimes missing values for weight, fat grams, and physical activity
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for a variety of reasons, including a lack of a scale for occasional visits conducted outside
the usual clinic or lack of self-monitoring information. These participants were excluded
from analyses where these values were required.

ILS participants reported completing an average of 224 min/wk of physical activity
at the end of the core curriculum and 227 min/wk at the final intervention visit. The goal
of >150 min/wk of activity was achieved by 74% of participants at the end of the core
curriculum and 67% at the final intervention visit (65). Figure 4 shows the percentage
of participants who achieved the activity goal at the end of the core curriculum and at
the final intervention visit according to baseline demographic characteristics (65).

It is helpful to educate the patient about how many calories are spent in an individual
exercise activity. Most tables of caloric expenditure with given levels of activity have
been compiled to reflect total caloric expenditure, not the amount over the resting meta-
bolic rate. As a result, the caloric contribution of exercise must be calculated as the
difference between the calories expended per minute during the exercise and the calories
that a person would have expended just sitting. It is instructive and often disappointing
to patients to discover just how much exercise they must do to expend a significant
number of calories. For instance, if an overweight woman’s basal metabolic rate is 1400
kcal/d, lying down awake she expends 1.1 kcal/min; sitting, about 1.2 kcal/min; walking
slowly, about 1.9 kcal/min; and walking a treadmill at 4.0 miles per hour, 7.2 kcal/min.
Thus, the difference in caloric expenditure between sitting quietly and walking fast on
a treadmill (at 4.0 miles per hour) is 6.0 kcal/min. In an hour, therefore, the energy

Fig. 6. Dose response of exercise on weight loss across 18 mo of treatment (mean [SEM]). For
time, group, and group × time, all p < 0.001. Error bars indicate standard error of the mean. Printed
from ref. 83 with permission.
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expended by walking 4 miles is only 360 kcal higher than the subject would have
expended just sitting quietly. It is important to emphasize that a significant and persistent
commitment to exercise must be present for exercise to have any substantial effect on
caloric balance and weight loss.

Drugs
The DPP allowed the use of drugs in the ILS arm. The drug orlistat was used as a rescue

operation in individuals who were unable to achieve their goal or to maintain it over time.
At the time (and also at present) the only two drugs that were approved in the United
States for long-term weight loss were orlistat and sibutramine. Sibutramine is a norepi-
nephrine and serotonin reuptake inhibitor. As a result of its effect on norepinephrine, it
has cardiovascular side effects. These include a potential for an increase in blood pres-
sure and heart rate (86,87). For this reason, the DPP investigators did not consider the
drug to be safe to give to overweight prediabetic individuals who have a high incidence
of metabolic syndrome and of cardiovascular disease. As a result, only orlistat was
provided.

Orlistat, a gastrointestinal lipase inhibitor, reduces dietary fat absorption by approxi-
mately 30% (88). Four 2-yr trials demonstrated the efficacy and safety of orlistat. Two
multicenter, double-blind, 2-yr studies, an 18-center US study (25) and a 15-center Eu-
ropean study (89), randomized patients to receive orlistat (120 mg tid) in conjunction with
a hypocaloric diet for 1 yr and orlistat in conjunction with a eucaloric weight-maintenance
diet for the second year. Both studies showed that orlistat-treated patients lost more
weight than placebo-treated patients during the first year (9% to 10%, respectively, vs 6%
of initial body weight) (88,89). In the US trial, patients who switched from placebo to
orlistat lost weight during the second year of treatment (88). The European Multicentre
Orlistat Study compared two dosage regimens of orlistat (60 vs 120 mg) in the weight-
maintenance phase of the trial. Patients treated with 120 mg orlistat throughout the 2-yr
study period regained less weight during the second year (3.2 kg; 35.2% regain) than did
those treated with 60 mg orlistat (4.26 kg; 51.3% regain) or placebo (5.3 kg; 63.4%
regain). Two other multicenter randomized controlled trials, the Orlistat Primary Care
Study (90) and the European Orlistat Obesity Study (91), compared orlistat in 120 mg tid
and 60 mg tid regimens versus placebo over a 2-yr period. At the end of the first year in
the US and European trials, the percentage of body weight lost from initial body weight
was greatest among patients treated with the higher orlistat dose: 9.7 and 7.9%, respec-
tively. During the second-year maintenance period, orlistat, particularly the 120 mg dose,
was associated with less weight gain in both trials. In the second year of the US study, only
6.6% of patients in the placebo group compared with 18.6% of those in the 120 mg orlistat
group (p = 0.001) and 14.6% in the 60 mg orlistat group (p = 0.008) sustained a weight
loss of >10% of initial body weight (90). Thus, four multicenter trials showed that orlistat
in conjunction with diet promoted sustained weight loss over a 2-yr period. The only side
effect of orlistat observed in clinical trials was a small decline in fat-soluble vitamins
(within the normal range). Gastrointestinal side effects, such as steatorrhea, or soft and
frequent stools, have also been reported in all the trials.

Using medication can be helpful in weight loss and also in weight maintenance.
Randomized controlled trials with both sibutramine and orlistat reported that patients on
the drug maintained weight loss almost twice as high as those on placebo. Also, the Storm
trial showed a similar ability to maintain an impressive weight loss with medication (87).



258 Pi-Sunyer

Weight Maintenance
Maintaining reduced weight once a loss has been achieved is very difficult. There is

a persistent tendency to regain the weight , and there is experimental evidence that the
metabolic rate is abnormally depressed after weight loss (92) and that lipogenic path-
ways enhancing the reaccretion of fat may be particularly efficient. Although the diet
may be liberalized after the goal weight has been reached, it must be done gradually, with
daily weight monitoring. A limitation of caloric intake will be required indefinitely (93).
All the lifestyle changes learned during the weight-loss period need to be continued,
including the exercise program. More long-term experience with the efficacy and safety
of drugs for longer than 2 yr of use is necessary. Perri et al. (70,94,95) have reported the
positive influence of frequent contact on weight maintenance.

Depressive symptoms were unrelated to success at achieving the activity or weight-
loss goals in DPP. This may result, in part, from the low levels of depressive symptoms
in our participants and the paucity of individuals with clinical depression. Prior behav-
ioral weight loss studies, however, have also failed to show a relationship between
baseline depressive symptoms and weight loss, although depression has, in some cases,
been related to the risk of dropping out of the program. As a result, depressive symptoms
should not deter a physician from initiating a weight loss attempt with a patient.

The DPP study suggests that getting patients off to a good start is important for
long-term success. Both for weight loss and physical activity, success at achieving the
goal at the end of the core curriculum was strongly related to the probability of success
at study end. This evidence supports the behavioral approach of incorporating frequent
contacts and more aggressive approaches at the start of the treatment program (68,96,97).

One of the key issues is for the physician to stay involved after weight loss, so that
weight maintenance is successful. The DPP recognized the need for continued and
frequent contact with the patient, and this needs to be done by the physician. The contacts
can be quite short, but they are crucial to the maintenance.

Costs
What about costs? A careful cost analysis was done in the DPP (98). The direct

medical cost of laboratory tests to identify one subject with impaired glucose tolerance
was $139. Over three years, the direct medical costs of the interventions were $79 per
participant in the placebo group and $2780 in the ILS. The direct medical costs of care
outside the DPP were $432 less per participant in the ILS compared with the placebo.
Indirect costs were $174 less in the ILS than placebo. From the perspective of a health
care system, the cost of lifestyle intervention was $2269 per participant over 3 yr. From
the perspective of society, the cost of ILS intervention relative to the placebo interven-
tion was $3540 per participant over 3 yr. Thus, the ILS was associated with modest
incremental costs. The costs of such prevention strategies must be balanced against the
savings related to averted disease. Utilizing a group approach, the cost of the ILS could
be considerably reduced.

Metabolic Syndrome and Lifestyle Change
Metabolic syndrome (MS) has been defined by the National Cholesterol Education

Program (NCEP). It has been reported that the MS increases the risk of cardiovascular
disease and the risk of cardiovascular disease mortality. In the DPP, 53% of the subjects
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had MS. Of the components, an elevated waist circumference was the most common
(73%) and high fasting glucose was the least common (33%). The prevalence of MS
between baseline and follow-up increased from 55 to 61% in the placebo group, re-
mained unchanged in the metformin group (54 to 55%), and was reduced in the lifestyle
group from 51 to 43%. The study showed that an ILS intervention with weight loss and
increased physical activity is more effective in reducing the onset of diabetes, but is also
more effective in reducing the other components of MS. This may mean that, over the
long run, it is more effective in reducing the incidence of cardiovascular disease.

CONCLUSION

Type 2 diabetes affects more than 150 million adults worldwide; this figure is ex-
pected to double over the next 25 yr. Lifestyle changes reduced the incidence of diabetes
in persons at high risk, and the lifestyle intervention was more effective than metformin.
Because the lifestyle changes worked equally well in all racial/ethnic groups in the DPP,
they should be applicable to high-risk populations worldwide and may be able to reduce
the projected progressive rise in the incidence of diabetes.
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Summary
Reducing caloric intake is the cornerstone of dietary therapy for long-term healthy weight man-

agement. Strategies individuals have typically used include limiting portion sizes, food groups, or
certain macronutrients. Although such restrictive approaches can lead to weight loss in the short
term, they can result in feelings of hunger or dissatisfaction, which can limit their acceptability,
sustainability, and long-term effectiveness. An alternative positive strategy to manage energy intake
is for individuals to eat more foods that are low in calories for a given measure of food—that is, they
are low in energy density (kcal/g). Data have shown that people eat a fairly consistent amount of food
on a day-to-day basis; therefore, the energy density of the foods an individual consumes influences
energy intake. Encouraging patients to eat more foods low in energy density and to substitute these
foods for those higher in energy density allows them to decrease their energy intake while eating
satisfying portions, thereby controlling hunger and lowering energy intake. This type of diet fits with
the current Dietary Guidelines for Americans in that it incorporates high quantities of fruits, veg-
etables, and fiber, which are often suboptimal in typical low-calorie diets, and it provides ample
intakes of numerous micronutrients. Moreover, studies have found that individuals who consume
lower-energy-dense diets consume more food by weight and have lower body weights compared
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with individuals who consume higher-energy-dense diets. This chapter reviews the evidence sup-
porting the use of diets rich in low-energy-dense foods for weight management and provides prac-
tical approaches to lowering the energy density of the diet.

Key Words: Energy density; energy intake; satiety; body weight; obesity.

INTRODUCTION

To prevent gradual weight gain over time, the 2005 Dietary Guidelines for Americans
recommend small decreases in energy from foods and beverages and increases in physi-
cal activity (1). For individuals who need to lose weight, the guidelines encourage a slow,
steady weight loss by decreasing energy intake while maintaining an adequate nutrient
intake and increasing physical activity. Strategies individuals have typically used to
reduce energy intake include limiting portion sizes, food groups, or certain macronutri-
ents. Clinical trials have found that restrictive approaches such as low-fat or low-carbo-
hydrate regimens, because of decreased caloric intake, have led to weight loss in the short
term (6 mo or less) (2,3). Restrictive approaches may, however, result in feelings of
hunger or dissatisfaction, which can limit their acceptability, sustainability, and long-
term effectiveness (4–6). An alternative positive strategy to manage energy intake is for
individuals to eat more foods that are low in calories for a given measure of food—that
is, they are low in energy density (kcal/g). Encouraging individuals to eat these types of
foods is one of the dietary strategies recommended in the Dietary Guidelines for Ameri-
cans to manage energy intake. In the following sections, energy density as a dietary
strategy for management of weight is discussed.

WHAT IS ENERGY DENSITY?

Energy density is the amount of energy in a particular weight of food. It is generally
presented as the number of calories in a gram (kcal/g). Foods with a low energy density
provide less energy relative to their weight than foods with a high energy density.
Therefore, for the same amount of energy, a larger, more satisfying portion size of food
can be consumed of a food low in energy density, compared with a food high in energy
density.

Energy density values, which are influenced by the moisture content and macronutri-
ent composition of foods, range from 0 kcal/g to 9 kcal/g (Fig. 1). The component of food
with the greatest impact on energy density is water (7). Water has an energy density of
0 kcal/g, as it contributes weight but not energy to foods. Fiber also has a relatively low
energy density, providing 1.5 to 2.5 kcal/g, and can lower the energy density of foods.
On the opposite end of the energy density spectrum, fat is the most energy-dense com-
ponent of food. Fat provides 9 kcal/g, more than twice as much energy as carbohydrates
or protein, which provide 4 kcal/g. Although most high-fat foods have a high energy
density, increasing the water content lowers the energy density of all foods, even those
high in fat.

The energy density of a food can be calculated easily by using information that is
readily available on the Nutrition Facts Panel of food labels. In order to better understand
which foods are low or high in energy density, Table 1 classifies foods into four catego-
ries. Water-rich foods, such as nonstarchy fruits and vegetables and broth-based soups,
are very low in energy density (<0.6 kcal/g) (8,9) and should constitute a large proportion
of each meal, be eaten as snacks, and be chosen as appetizers. In addition to foods with
a very low energy density, low-energy-dense foods (0.6 to 1.5 kcal/g) such as starchy
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fruits and vegetables, cooked grains, legumes, lean meat and fish, and low-fat mixed
dishes should accompany and/or be incorporated with very-low-energy-dense foods as
the primary focus of meals. Foods with a medium (1.5 to 4.0 kcal/g) and high (4.0 to 9.0
kcal/g) energy density should be consumed less frequently and attention should be given
to limiting their portion size.

By consuming a diet low in energy density, caloric intake can be reduced without
strictly limiting food portions. Figure 2 depicts the total amount of food that can be
consumed on a 1600-kcal diet depending on the overall energy density of the diet. The
energy density values in this figure correspond to a low- (1.4 kcal/g), medium- (1.9 kcal/
g), or high-energy-dense (2.2 kcal/g) diet, as defined by the average dietary energy
density of a representative group of US adults (10,11). When consuming a diet with an
energy density of 1.4 kcal/g, which would be rich in low-energy-dense foods, more than
1100 g of foods can be consumed for 1600 kcal. However, only 725 g can be consumed
on the high-energy-dense, 2.2 kcal/g diet. At any energy level, the lower the energy
density of the diet, the greater the amount of food that can be consumed.

This review will focus on several types of scientific evidence, including population-
based studies, laboratory-based studies, and clinical trials, showing the influence of

Fig. 1. Energy density values, which vary from 0 to 9 kcal/g, are influenced by the water content
and macronutrient composition of foods. This is illustrated using 1-g scale weights in which each
dot on the scales represents 1 kcal.

Table 1
Typical Energy Density Values for Different Types of Foods

Typical energy
Food examples density Description

Nonstarchy fruits and vegetables, 0 to 0.6 Very low
and broth-based soups energy density

Starchy fruits and vegetables, cooked grains, beans 0.6 to 1.5 Low energy
and legumes, lean meats, low-fat diary foods, and density
low-fat mixed dishes such as chili and spaghetti

Eggs, dried fruits, bread and bagels, jelly, fried 1.5 to 4.0 Medium energy
vegetables, and part-skim mozzarella cheese density

Low-moisture foods such as crackers, cookies, chips, 4.0 to 9.0 High energy
and high-fat foods such as croissants, peanut butter, density
margarine, and bacon

Adapted from refs. 8 and 9.
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energy density on energy intake, satiety, and body weight. Concepts important in under-
standing why diets low in energy density are effective at reducing energy intake and
managing body weight are highlighted in Table 2.

POPULATION-BASED STUDIES

Population-based studies suggest that energy density is associated with energy intake,
the amount of food consumed, diet quality, and weight status. Data from studies exam-
ining the foods people habitually consume in the course of their everyday lives provide
a first level of evidence that energy density is associated with energy intake and the
amounts of food individuals consume. A nationally representative study of US adults
found that men and women who reported eating a lower-energy-dense diet consumed
more food, by weight, yet had lower energy intakes than persons with a higher-energy-
dense diet (11). Studies among free-living Mediterranean (12), Chinese (13), and French

Fig. 2. The amount of food a person consumes on a 1600 kcal/d diet varies depending on the
energy density of the diet. At a given calorie level, a greater amount of food is consumed on a low-
energy-dense diet. The energy density values in this figure were based on values corresponding
to a low-, medium-, and high-energy-dense diet, as defined using food intake data from a repre-
sentative group of US adults (10,11).

Table 2
Information Important for Understanding Why Diets Low in Energy Density Are Effective

at Reducing Energy Intake and Managing Body Weight

• Energy density (kcal/g) (also called calorie density) is the amount of energy (calories) in a
specific amount of food.

• A food that is high in energy density provides a large amount of calories in a small weight,
whereas a food of low energy density has fewer calories for the same weight.

• For the same number of calories, one can consume a larger portion of a food lower in energy
density than a food higher in energy density.

• On a day-to-day basis, people generally eat a similar amount of food, by weight.
• Choosing foods with a lower energy density allows people to consume their usual amount of

food while they reduce their energy intake.
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(14) adults have also found that people with a diet low in energy density consume less
energy.

Epidemiological studies also provide information about the foods selected by indi-
viduals consuming a diet low in energy density. Components common to a diet low in
energy density include grains, dairy foods, and meat/meat alternatives with a low fat
content, a high micronutrient content, or a high water content. Increased consumption
of fruits and vegetables is a critical component of a lower-energy-dense diet. Although
lower-energy-dense diets tend to be relatively low in fat, this is not always the case. Even
the energy density of diets that are moderately high in fat can be reduced by the addition
of fruits and vegetables. Among a nationally representative group of adults, consump-
tion of nine or more servings of fruits and vegetables was associated with relatively low
dietary energy density values, even for diets moderately high in fat (11).

Additionally, several epidemiological studies indicate that the energy density of an
individual’s typical diet is related to weight status (11,13,15–17).  Normal-weight adults
have been shown to consume diets with a lower energy density than obese individuals
(11). Data have also shown that the prevalence of obesity was lowest among those
individuals with a high intake of fruits and vegetables; this was found even among
individuals with a diet relatively high in fat (>30% of kcal). This highlights the impor-
tance of fruits and vegetables in weight management and their potential to lower the
energy density even in diets relatively high in fat.

Many weight-management diets focus on reductions in certain macronutrients or food
groups, which may lead to inadequate nutrient intakes (18). Diets low in energy density,
however, encourage consumption of a variety of foods from all groups. Data from a
nationally representative survey of US adults indicate that people consuming a lower-
energy-dense diet do eat a balanced diet by making specific choices within each food
group in the Food Guide Pyramid (19), generally choosing foods that were low-fat,
micronutrient-dense, or with high water content (10). These food choices led to higher
intakes of fiber, vitamin A, vitamin C, and folate, compared with foods consumed in a
higher-energy-dense diet. These data indicate that choosing lower-energy-dense foods
can lead to food patterns consistent with a healthy diet based on the Dietary Guidelines
for Americans (1).

These epidemiological data suggest that a diet low in energy density allows people to
reduce their energy intake without necessarily decreasing the amount of food they con-
sume and is associated with a more favorable nutrition profile and weight status.

EXPERIMENTAL STUDIES

Further information regarding the influence of energy density on food intake is pro-
vided by experimental studies indicating that energy density affects energy intake, hun-
ger, and satiety. In a study conducted in 1983, Duncan and colleagues (20) showed that
providing people with a diet rich in lower-energy-dense foods was associated with a
spontaneous decrease in energy intake without a significant increase in reported hunger.
Obese and nonobese participants ate all meals over 5 d in a hospital on two separate
occasions in which the diets varied in both fat and energy density. On one occasion a
lower-fat, lower-energy-dense diet was provided, which included substantial amounts
of fresh fruits, vegetables, whole grains, and beans; the other diet included large amounts
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of high-fat meats and desserts. Participants reported that each diet satisfied hunger
similarly, and they consumed comparable weights of food during each 5-d session,
which resulted in a 50% lower energy intake on the lower-fat, lower-energy-dense diet.

In a longer-term study, Shintani and colleagues (21,22) provided participants with a
traditional Hawaiian diet, rich in fruits and vegetables, for 3 wk. This diet was consid-
erably lower in energy density and in fat than the participants’ habitual diet. They
consumed a similar amount of food, by weight, with both diets, which led to a reduction
in daily energy intake on the low-energy-dense traditional diet. Despite the reduction in
energy intake, the subjects reported the diet to be moderately to highly satiating. These
findings are supported by studies lasting up to 11 wk in which the energy density of the
diet was lowered by reducing the fat content of the available foods (23–25). Again the
participants consumed a similar weight of food so that the diet that was reduced in energy
density was associated with lower energy intake.

It is not clear from these studies whether it was the reduction in the fat content of the
diet or the reduction in energy density that affected energy intake. Although fat intake
and energy density are closely linked, energy density can be reduced independent of
changes in fat by adding water-rich fruits and vegetables to the diet. Bell and colleagues
(26) provided normal-weight women with all their meals for 2 d on three occasions. On
each occasion, the women were served mixed dishes with varying amounts of veg-
etables, which changed the energy density of the meals but not the fat content. Although
they could eat as much or as little as they liked, the women ate similar amounts of food,
by weight, over the 2-d sessions (Fig. 3). Consequently, reducing the energy density of
the diet by 30% through the addition of extra vegetables led to a 30% reduction in energy
intake. Despite the substantial reduction in energy intake, subjects rated themselves
equally full and satisfied. This indicates that when individuals continue to consume their
normal amount of food, reducing the energy density of the diet by adding water-rich
vegetables is an effective way to decrease energy intake.

Conversely, lowering the fat content of the diet without reducing the energy density
has not been shown to affect energy intake (27,28). For example, when men were pro-
vided with diets varying in fat (20, 40, or 60% of energy) that did not differ in energy
density for 2-wk periods, energy intakes were comparable in each diet condition (29).

Studies suggest that a practical approach to help moderate energy intake is to consume
a satisfying portion of low-energy-dense food, such as salad or soup, at the start of a meal.
Whereas large portions of energy-dense foods have been shown to increase energy
intake (30–36), recent laboratory-based studies indicate that having a large portion of a
low-energy-dense food at the beginning of a meal decreases energy intake (30,37). In
one study, subjects consumed a first-course salad, which was varied in energy density
and portion size on different days; this was followed by a main course of pasta consumed
ad libitum. Compared to having no first course, consuming a low-energy-dense salad as
a first course led to a decrease in total energy intake at the meal (Fig. 4). This reduction
in energy intake was greater when the subjects were served the larger rather than the
smaller low-energy-dense salad. It is, however, important to note that the energy content
of the low-energy-dense salads was fairly low, less than 150 kcal. Consumption of a low-
energy-dense soup at the start of a meal has also been shown to reduce overall meal intake
(39). This indicates that when choosing a first course, patients can enhance satiety and
reduce overall energy intake by selecting large portions of foods low in energy density.
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Fig. 3. When provided with meals varying in energy density over 2 d on three separate occasions,
participants ate similar amounts of food, by weight, over each 2-d session. As mean cumulative
food consumption was similar in each condition, mean cumulative energy intake was lowest
when participants were provided with low-energy-dense meals. (Means with different letters are
significantly different at each time point [p < 0.05]. B, breakfast; L, lunch; D, dinner; S, evening
snack.) Reproduced with permission from ref. 26.

Fig. 4. As part of a laboratory-based study, participants consumed a low-energy-dense salad as
a first course that varied in portion size on different days, followed by a main course of pasta
consumed ad libitum. Compared to having no first course, consuming either a small or large low-
energy-dense salad as a first course lead to a decrease in total energy intake at the meal. This
reduction in energy intake was greater when participants were served the large salad rather than
the smaller low-energy-dense salad. Reproduced with permission from ref. 30.
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CLINICAL INTERVENTIONS

Clinical interventions indicate that counseling patients to consume a lower-energy-
dense diet is an effective strategy for weight management. Multiple studies indicate that
individuals consistently consume less energy when presented with a lower-energy-dense
diet than with a diet consisting of similar foods having a higher energy density. An
important question is whether reductions in energy density can be successfully em-
ployed to manage body weight (38). The effectiveness of consuming a diet rich in low-
energy-dense foods for weight loss and maintenance was first demonstrated by Fitzwater
and colleagues (39). A group of more than 200 obese people were counseled to consume
a reduced-energy diet emphasizing foods that were low in energy density such as fresh
fruits, vegetables, whole grains, and beans. Over 7 mo, the participants lost an average
of 6.3 kg. At a follow-up approx 2 yr after the intervention, 77% of the participants were
below their pretreatment weight, and 53% were below the weight they had achieved
immediately after completion of the intervention. Even though detailed food intake
information was not collected as part of the study, these findings suggest that advice to
consume a diet rich in lower-energy-dense foods is an effective strategy for weight loss
and maintenance.

Stronger evidence regarding long-term effects of energy density on body weight has
been provided by controlled clinical trials that collected detailed food intake data. Rolls
and colleagues (40) examined the effectiveness of incorporating a single low-energy-
dense food into a reduced-energy diet. In a year-long clinical trial, 200 overweight or
obese men and women were randomly assigned to one of four intervention groups and
provided with one of the following items, which provided 100 kcal/serving, to incorpo-
rate into their daily diet: one serving of a low-energy-dense soup, two servings of a low-
energy-dense soup, two servings of a high-energy-dense snack food, or no special food.
Over the course of the year, incorporating soup into the diet led to the greatest decrease
in energy density (1.23 vs 1.73 kcal/g at 1 yr). The percentage of weight lost during the
first month of the study was correlated with the participants’ decrease in the energy
density of their diet (Fig. 5). Furthermore, when all dietary and subject characteristics
were considered, dietary energy density was the main predictor of weight loss during the
first 2 mo of the study, which was when the majority of the weight loss occurred and when
adherence was likely to be highest. After 1 yr, weight loss among those consuming two
servings of low-energy-dense soup a day was 50% greater than among those consuming
two servings of high-energy-dense dry snacks (7.2 vs 4.8 kg). Thus, incorporating a
single low-energy-dense food into a reduced-energy diet increased the magnitude of the
weight loss and helped participants to maintain this loss.

In the studies mentioned thus far, participants were counseled to consume a reduced-
energy diet. Ello-Martin and colleagues (41) recently tested the effects of two strategies
to reduce the energy density of the diet on weight loss with 71 obese women. Participants
were not given specific limits for energy intake. One group was counseled to decrease
the energy density of their diet by increasing consumption of water-rich foods, such as
fruits and vegetables, and choosing reduced-fat foods. A comparison group was coun-
seled to eat less fat. Both groups lowered the energy density of their diets, and both
groups lost weight. However, after 12 mo, the group counseled to eat more fruits and
vegetables while also reducing fat intake had a greater reduction in the energy density
of their diet and lost 23% more weight (7.9 vs 6.4 kg) than the group told just to eat less
fat. Even though they lost more weight, participants eating the lower-energy-dense diet
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reported consuming an average of 25% more food by weight. Furthermore, they reported
less hunger than participants who reduced the energy density of their diet by simply
reducing fat intake. Thus, dietary advice to reduce the energy density of the diet was
shown to be an effective strategy for long-term weight management. Furthermore,
achieving reductions in energy density by combining fat reduction with increased con-
sumption of fruits and vegetables was more effective for weight management than sim-
ply reducing fat intake.

PRACTICAL STRATEGIES TO REDUCE ENERGY DENSITY

The overall goal of any dietary strategy for weight loss is to reduce energy intake
below expenditure in a manner that is both nutritious and sustainable. Consuming a diet
low in energy density is not only associated with a healthy balance of foods, but it also
allows individuals to eat satisfying food portions while reducing their energy intake.
This section examines practical strategies to reduce the energy density of the diet, which,
along with physical activity, can be an important part of a healthy, lifelong weight
management plan.

Choose Foods Low in Energy Density
Palatability and preferences play a critical role in food selection (42); therefore,

modifying the energy density of a patient’s existing diet pattern increases the likeli-
hood of achieving lasting dietary changes. When providing patients with guidance for
decreasing the energy density of their diet, the main goals should be to increase fruit and
vegetable intake and decrease fat intake. These strategies can be used to lower the energy
density of many food items with a high energy content. For instance, instead of having
a cup of ice cream for dessert, which has an energy density of 2.4 kcal/g and provides
approx 235 kcal, consuming half a cup of reduced-fat ice cream with half a cup of fruit

Fig. 5. In a year-long clinical trial, the decrease in food energy density (from baseline value) was
significantly correlated (r = 0.36) with the percentage weight loss and was the best dietary predictor
of weight loss at 1 mo. Subjects followed an energy-restricted diet plan and either incorporated low-
energy-dense soup or high-energy-dense snacks (one or two servings daily) or did not incorporate
any special foods (comparison group). Reproduced with permission from ref. 40.



274 Ledikwe et al.

will decrease the energy density of this snack to 0.96 kcal/g and lower the calorie content
to 130 kcal.

The energy density of mixed dishes can also be reduced by adding water-rich ingre-
dients such as fruits and vegetables or by reducing the amount of added fat. For example,
the energy density of lasagna can be lowered by increasing the amount of vegetables in
the dish (add chopped spinach, shredded carrots, or broccoli) and reducing the fat content
(choose lower-fat meat and cheese, or simply use less). When consuming mixed dishes
such as this, studies indicate that people will likely consume their usual portion, but will
ingest less energy (26,37,43–45). This can help patients meet prescribed reductions in
energy intake while feeling full and satisfied with their diet.

Two sample menus are listed in Table 3 to demonstrate how food choices can influ-
ence the energy density, energy content, and the amount of food that a person consumes.
The first menu is a typical moderate-fat diet (35% fat) providing 2000 kcal. It provides
approx 955 g of food. The second menu is lower in fat (25% fat) and energy (1500 kcal),
but provides more food—almost 2000 g of food. This lower-energy-dense menu con-
tains foods that are both lower in fat and have a higher water content. The main lunch
entrée included in the sample menus is an example of how food selections can influence
the energy content and the amount of food an individual is able to consume. Compared
with the fried chicken sandwich, the grilled chicken salad with a low-fat dressing con-
tains less fat and more water-rich vegetables. It contains more than 50% fewer calories
(240 vs 510 kcal), yet provides approx 100 more grams of food. Although reductions in
energy density can be accomplished by decreasing the fat content of the diet or increasing
the consumption of water-rich foods, the most substantial reductions in energy density
are achieved when both these strategies are used simultaneously (41–46).

Encourage Consumption of First-Course Foods Low in Energy Density
A practical approach to help moderate energy intake is to consume a satisfying portion

of low-energy-dense food at the start of a meal. Evidence indicates that when choosing
a first course, patients can achieve the greatest enhancement of satiety and reduction in
overall energy intake by selecting large portions of foods low in energy density, such as
broth-based soups and low-energy-dense salads, which provide 100 to 150 kcal (30).

Avoid Large Portions of Foods High in Energy Density
In addition to modifying high-energy-dense foods to decrease their energy density,

patients should be counseled to consume smaller portions of energy-dense foods. Along
with energy density, food portion size has been shown to influence energy intake.

Specifically, studies have found that people consume more energy when presented
with large portions of food (30–36). This has been shown for a variety of foods, including
foods served in units such as sandwiches (35) or prepackaged potato chips, or foods with
an amorphous shape such as macaroni and cheese (33). The effect of portion size on
intake persisted when all foods in a 2-d period were increased in size (36). Given the
pervasiveness of large portions of energy-dense foods in today’s society, recent studies
have examined the combined influence of energy density and portion size on food intake
(30–32). In one such study (32), participants were provided with a variety of popular
commercially available foods over two consecutive days on four occasions. The foods
were varied in energy density and presented in either reduced or standard portion sizes.
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Table 3
Sample Menus for 2000-kcal and 1500-kcal Diets of Varying Energy Density

Typical, moderate-fat, 2000-kcal diet Reduced-energy-density, reduced-fat 1500-kcal diet

Energy Weight Energy Density Energy Weight Energy Density
(kcal) (g)  (kcal/g)  (kcal) (g)  (kcal/g)

Breakfast Breakfast

Waffles (2) with syrup (1/4 c) 305 115 2.65 Oatmeal (1 c) with strawberries 255 355 0.72
and butter (1 t) (3/4 c) and walnuts (1.5 T)

Cottage cheese (1/2 c) 100 115 0.87 Cottage cheese (1/2 c) 140 185 0.76
with blueberries (1/2 c)

Snack Snack

Snack crackers 105 20 5.25 Melon (1 c) 50 165 0.30
with peanut butter (3)

Lunch Lunch

Fried chicken sandwich 510 220 2.32 Grilled chicken salad with 240 325 0.74
vinaigrette dressing

Yogurt and fruit parfait 160 150 1.07 Yogurt and fruit parfait 160 150 1.07
Minestrone soup (1 c) 80 240 0.33

Dinner Dinner
Meatloaf (3 oz) 180 85 2.12 Lean beef (3 oz) stir-fried with 290 280 1.04

vegetables (1.5 c), soy sauce
(1 T), and oil (1 t)

Macaroni and cheese (3/4 c) 270 165 1.64 Brown rice (1/2 c) 110 100 1.1
Green beans (1/2 c) 20 60 0.33 Fortune cookie 30 10 3.0
Garlic bread (1) 95 25 3.80 Lite ice cream 145 160 0.91
Ice cream (3/4 c) 255 110 2.32 (1/5 c) with peaches (1)

with strawberry topping (1.5 T)
Total 2000 kcal 1065 g 1.88 kcal/g 1500 kcal 1970 g 0.76 kcal/g

35% fat 25% fat
49% carbohydrate 49% carbohydrate

16% protein 26% protein
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The effects of energy density and portion size were combined so the participants con-
sumed the least amount of energy when provided with the reduced portions of the lower-
energy-dense foods, and the greatest amount of energy when provided with the standard
portions of the higher-energy-dense foods. Over the 2 d, they consumed 1625 kcal less
when both portion size and energy density were decreased. Although longer-term studies
are needed, these data suggest that habitual exposure to large portions of energy-dense
foods is likely to be problematic for weight management. Energy-dense foods do not
need to be completely eliminated from the diet, but rather should be consumed in mod-
erate portions along with foods that are predominantly low in energy density.

CONCLUSIONS

Dietary strategies that help individuals maintain a healthy body weight and prevent
weight gain are important to reverse current trends in overweight and obesity. In addi-
tion, for those who are already overweight, sound and practical strategies are needed to
reduce daily energy intake by the recommended 500 or more kcal/d (1,47). However,
weight management plans should not only reduce energy intake; they should also satisfy
hunger, meet nutritional requirements, take food preferences into account, and include
physical activity. Practical approaches for incorporating energy density principles with
other dietary recommendations to achieve a balanced diet are summarized in Table 4.
Two important points for lowering the energy density of the diet are highlighted below:

• Individuals should ensure that meals include a large proportion of very-low-energy-
dense fruits and vegetables and are accompanied by low-energy-dense foods such as
starchy fruits and vegetables, cooked grains, legumes, lean meats, low-fat dairy foods,
and low-fat mixed dishes.

• High-energy-dense foods, such as low-moisture foods and high-fat foods, should not be
completely eliminated from the diet; however, they should be consumed in small or
moderate portions.

Achieving and maintaining a healthy body weight is a challenge for a large percentage
of the population. Diet, along with physical activity, continues to be a cornerstone of
weight management (47,48). Data support the suggestion that choosing a diet rich in
low-energy-dense foods is a nutritionally sound eating strategy that can help individuals
manage their energy intake while being able to enjoy satisfying portions of food. Be-
cause the energy density of a variety of eating patterns can be lowered, this type of diet
encourages the adoption of lifelong healthy eating habits, which is integral to weight
management.
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Table 4
Practical Approaches for Incorporating Energy Density Principles With Key Recommendations

From the Dietary Guidelines for Americans (DGA) 2005

Strategies for incorporating energy density principles
DGA focus area DGA 2005 key recommendation with the DGA (8,9)

Adequate nutrients Consume a variety of nutrient-dense foods Choose plenty of foods with a very low or low energy
within calorie needs and beverages within and among the basic food density and moderate portions of higher-energy-dense

 groups while choosing foods that limit the foods.
intake of saturated and trans fats, cholesterol,
added sugars, salt, and alcohol.

Weight management

Prevention of gradual To prevent gradual weight gain over time, make A reduction of 50 to 100 calories per day may prevent
   weight gain small decreases in food and beverage calories  gradual weight gain.

and increase physical activity.
Weight loss Those who need to lose weight should aim for a For patients who are overweight or obese, a reduction

slow, steady weight loss by decreasing calorie of usual intake by 500 calories per day can lead
intake and increasing physical activity. to a loss of a pound per week.

Food groups to encourage

Fruits and vegetables Consume a sufficient amount of fruits and vegetables Nonstarchy fruits and vegetables are very low in energy
while staying within energy needs. Two cups of density (<0.6 kcal/g); make these items a large
fruit and 2.5 cups of vegetables per day are proportion of each meal and consume them as snacks
recommended for a 2,000-calorie intake, with  and appetizers.
higher or lower amounts depending on the Have starchy fruits and vegetables as an accompaniment
calorie level. with lower-energy-dense fruits and vegetables

Choose a variety of fruits and vegetables each day.  at meals.
In particular, select from all five vegetable
subgroups (dark green, orange, legumes, starchy
vegetables, and other vegetables) several times
a week.

(continued)
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Table 4 (Continued)

DGA focus area DGA 2005 key recommendation Strategies for incorporating energy density (8,9)

Whole grains Consume 3 or more ounce-equivalents of whole-grain Select nutrient-rich whole grains such as fiber-rich
products per day, with the rest of the recommended  breakfast cereals and whole-wheat pasta.
grains coming from enriched or whole-grain
products. In general, at least half the grains should
come from whole grains.

Dairy products Consume 3 cups per day of fat-free or low-fat milk Choose reduced-fat, low-fat, or fat-free dairy foods.
or equivalent milk products.

Fats Limit intake of fats and oils high in saturated and/or Choose low-fat or reduced-fat foods with a
trans fatty acids, and choose products low in such low energy density.
fats and oils. Have beans, low-fat fish, lean meats, and low-fat

Consume less than 10% of calories from saturated fatty dairy foods as an accompaniment to lower-
 acids and less than 300 mg/d of cholesterol, and energy-dense fruits and vegetables at meals.
keep trans fatty acid consumption as low as possible.

When selecting and preparing meat, poultry, dry beans,
and milk or milk products, make choices that are
lean, low-fat, or fat-free.

Carbohydrates Choose fiber-rich fruits, vegetables and whole grains Emphasize carbohydrates from whole grains, vegetables,
often.  and fruits.

Choose and prepare foods and beverages with little
added sugars or caloric sweeteners

Sodium and Potassium Choose and prepare foods with little salt. At the same
time, consume potassium-rich foods, such as fruits
and vegetables. Emphasize carbohydrates from
whole grains, vegetables, and fruits.

Alcohol Those who chose to drink alcoholic beverages should Alcohol is high in energy density with 7 calories
do so sensibly and in moderation—defined as the per gram, and it is often mixed with sugar-laden
consumption of up to one drink per day for women liquids. Those who choose to drink alcoholic
and up to two drinks per day for men. beverages should budget those calories into their

overall dietary plan.

Adapted from ref. 1.
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Summary
Prescribing diets to treat obese patients and to prevent type 2 diabetes poses a challenge to

clinicians. Overemphasis on carbohydrate-to-fat ratio, with insufficient attention directed toward
diet quality, may partially explain disappointing outcomes with available approaches. The glycemic
index (GI) is an alternative system for classifying carbohydrate-containing foods according to
postprandial blood glucose responses to portions containing a standard amount of available carbo-
hydrate, thereby providing a measure of carbohydrate quality. Because GI is based on standardized
portions, glycemic load (GL; product of GI and carbohydrate amount) values are used to describe
how portions differing in both quality and quantity of carbohydrate affect postprandial glycemia.
Plausible physiologic mechanisms link high-GI or -GL meals with disease processes. Selecting
carbohydrate sources to reduce dietary GI—either without altering the contribution of carbohydrate
to total energy intake or in combination with a moderate decrease in carbohydrate consumption—
is a promising weight management strategy that can be implemented using a pragmatic approach.

Key Words: Glycemic index; glycemic load; dietary carbohydrate; body weight; obesity; hyper-
glycemia; type 2 diabetes.

INTRODUCTION

Diet therapy is the cornerstone of obesity treatment, with the spectrum of available
approaches ranging from very-low-carbohydrate to very-low-fat prescriptions. Although
short-term weight loss can be achieved with diets varying widely in carbohydrate-to-fat
ratio, few individuals are successful in maintaining weight at a reduced level over the
long term (1–4). Weight loss in response to energy-restricted low-fat diet prescriptions
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rarely exceeds 5% at 12 to 18 mo of follow-up (1–10). Although very-low-carbohydrate
diets seem to be more efficacious than low-fat diets during the initial 6 mo of treatment
(2,4,11,12), several studies have indicated no differences in body weight at 12 mo
(2,4,10). In a recent clinical trial, Dansinger et al. (10) compared four popular diets that
traversed the spectrum of available approaches. Consistent with previous studies, weight
losses approximated only 2 to 3% of initial body weight at 12 mo and did not differ
between the very-low-fat Ornish diet (70–75% of energy from carbohydrate, �10%
from fat) and the very-low-carbohydrate Atkins diet (�10% of energy from carbohy-
drate, 60% from fat). Moreover, outcomes of these two extreme diets did not differ from
more moderate approaches, including the Weight Watchers diet (variable carbohydrate-
to-fat ratio) and Zone diet (40% of energy from carbohydrate, 30% from fat).

Disappointing results may be due, in part, to insufficient attention directed toward diet
quality. Emerging data suggest that the quality (i.e., source) of carbohydrate and fat may
be as important as, or possibly even more important than, quantity (i.e., carbohydrate-
to-fat ratio) when considering optimal diet therapy for long-term weight management
and disease prevention (9,13–15). This chapter focuses on carbohydrate; the reader is
directed elsewhere for a discussion on dietary fat (13,16). First, we explore the glycemic
index (GI) as a method for classifying carbohydrate-containing foods. Because debate
concerning the GI has caused confusion among clinicians and patients, we briefly ad-
dress methodological issues, arguing that much of the controversy arises from improp-
erly controlled or underpowered studies. Second, we present proposed physiologic
mechanisms linking dietary glycemic index with disease processes. Third, we summa-
rize experimental evidence for the clinical utility of the GI for promoting weight loss and
preventing comorbidities, including type 2 diabetes mellitus (T2DM) and cardiovascu-
lar disease (CVD), in obese patients. (Treatment strategies for T2DM and CVD have
been addressed previously [13,16] and are beyond the scope of this chapter.) Finally,
we provide a pragmatic approach to diet prescription for treating obesity, informed by the GI.

CLASSIFYING CARBOHYDRATE-CONTAINING FOODS

Chemical Structure vs Glycemic Index
All dietary carbohydrates, regardless of chemical structure, can be digested or meta-

bolically converted to glucose. Classification as “simple sugar” or “complex carbohy-
drate” is based on the premise that rates of digestion and absorption are dependent on
saccharide chain length. Based on this classification system, recommendations to con-
sume complex carbohydrate, often in the form of starchy foods, and to restrict sugary
products are inherent to most conventional low-fat diets (17,18). However, the overlap-
ping postprandial responses to foods containing carbohydrates that vary in saccharide
chain length suggest that this system is overly simplistic and has limited physiological
relevance (19,20). For example, Wahlqvist et al. (19) observed similar blood glucose and
insulin responses in research subjects who consumed glucose as a monosaccharide,
disaccharide, oligosaccharide, or polysaccharide. Bantle et al. (20) found that meals
containing sucrose did not cause greater increases in blood glucose than those containing
potato or wheat starch. Nevertheless, these findings do not negate the importance of
carbohydrate source to health in general or body weight regulation in particular. There
are marked differences in responses to ingestion of carbohydrate-controlled portions of
foods such as white bread vs pasta (21), rolled oats vs steel-cut oats (22,23), and potatoes
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vs dried peas (24). Recognizing the potential influence of carbohydrate source on post-
prandial metabolism, Jenkins et al. (25) proposed the GI as an alternative classification
system.

The GI describes the 2-h postprandial blood glucose response following consumption
of a food portion containing a standard amount of available carbohydrate (i.e., total
carbohydrate minus dietary fiber) (25). To calculate GI, the incremental area under the
blood glucose response curve after consuming 50 g of available carbohydrate from a test
food is divided by the area under the curve after consuming the same amount of carbo-
hydrate from a reference food (i.e., either glucose or white bread) (26). High-GI foods
are rapidly digested and absorbed or metabolically converted to glucose, whereas low-
GI foods elicit a less dramatic response. The GI of any given food is influenced by
variables such as degree of food processing, type of starch, soluble fiber content, and
acidity, as previously reviewed (27).

Glycemic Index vs Glycemic Load
Given that the GI of foods is based on portions containing a standard 50-g amount of

carbohydrate, the glycemic load (GL) concept was proposed to describe how portions
differing in both quality and quantity of carbohydrate affect postprandial blood glucose
responses (28). GL is calculated as the product of GI and carbohydrate amount, as shown
in Table 1. In an experimental study designed to systematically validate this arithmetic
concept, Brand-Miller et al. (29) noted that calculated GL accurately predicted observed
postprandial glycemia to foods varying widely in GI and carbohydrate amount. More-
over, Wolever and Bolognesi (30) reported that the GI of a food and the amount of
carbohydrate in a given portion account for approximately equal variability in glycemic
responses (i.e., 46–64% vs 47–57%, respectively).

Among those who agree that dietary GL has a significant effect on postprandial
metabolism and disease processes, discussion concerning optimal diet prescriptions has
focused on determining the best strategies for decreasing GL (31). These include (1)
decreasing carbohydrate amount, without altering carbohydrate sources and GI, (2)
selecting carbohydrate sources to reduce GI, without altering carbohydrate amount; or
(3) moderately decreasing carbohydrate amount while also carefully selecting carbohy-
drate sources to reduce GI. Regarding the first strategy, similar glycemic responses were
observed following consumption of food portions differing in available carbohydrate by
more than twofold in the study by Brand-Miller et al. (29). Moreover, simply decreasing
carbohydrate amount, compared with altering carbohydrate source to reduce GI, may
have detrimental effects on -cell function (32), circulating free fatty acid and triglyc-
eride concentrations (33), and satiety (34). The relevance of carbohydrate source is
underscored by several, although not all (35–39), epidemiologic studies showing an
inverse relationship between GI and risk for obesity (14), diabetes and insulin resistance
syndrome (28,40–44), or cardiovascular disease (45–48); by comparison, several of
these studies showed no associations between total dietary carbohydrate and risk. These
findings call into question conventional “carbohydrate counting” regimens and attention
directed toward “net carbs” (i.e., a lay term for available carbohydrate) on food labels.
Therefore, the primary focus of this chapter is on the latter two strategies listed above for
decreasing dietary GL, with consideration for carbohydrate source as informed by the GI.

Before proceeding, it is important to summarize terminology (49). Glycemic response
is the change in blood glucose concentration following a meal or snack. Glycemic index
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Table 1
Glycemic Index and Glycemic Load Values for Selected Items from Carbohydrate-Containing

Food Groupsa

Portion

Household Available Glycemic Glycemic
Item measure (g) carbohydrateb(g)  indexc  loadd

Nonstarchy vegetables
Broccoli, rawe 1 cup 88 3.6 — —
Carrots, rawe 1 cup 155 10.4 47 4.9

Starchy vegetablesf

Yam, baked 1 medium 114 19.9 37 7.4
Potato, baked 1 medium 173 32.8 85 27.9

Legumes
Chickpeas 0.5 cup 82 16.3 28 4.6
Lentils 0.5 cup 99 14.1 28 3.9

Fruitg

Apple 1 medium 138 15.8 38 6.0
Apple juice 1 cup 248 28.7 40 11.5

Dairy
Milk 1 cup 244 11.0 27 3.0

Grainsf

Spaghetti, cooked 0.5 cup 70 18.4 44 8.1
Corn flakes 1 cup 28 23.1 92 21.3
White bread 2 slices 50 24.1 73 17.6

Nuts
Peanuts 2 tablespoons 18 2.5 14 0.3

Sweetsf

Angel food cake 1 slice 75 47.1 67 31.6

aThe food groups correspond to those delineated in the low-glycemic load food pyramid (Fig. 2) and
the food choice lists (Table 2).

bAvailable carbohydrate (total carbohydrate – dietary fiber) was determined using the Nutrition Data
System for Research software (NDS-R 2005, Nutrition Coordinating Center, University of Minnesota,
Minneapolis).

cValues for GI (glucose standard) were derived from the International Table of Glycemic Index and
Glycemic Load Values (56).

dValues for GL were calculated based on amounts of available carbohydrate in the specified portions,
GL = (GI × available carbohydrate) / 100%.

eThe GI of broccoli is not measurable due to the very large portions that would be required to ingest 50
g of available carbohydrate. The GI of carrots is measurable; however, the amount of carbohydrate, and
thus the GL, is minimal.

fStarchy vegetables, highly processed grains, and sweets are on Level 4 of the low-glycemic load
pyramid (Fig. 2) due to relatively high GI values and dramatic impacts on GL when consumed in large
portions. Whole-grain products, high-fiber cereal, and pasta have a lower GI and are on Level 2. Controlled
portions of these foods (Table 2) are included in a low-GL diet prescription.

gA whole piece of fruit, such as an apple, may have a similar GI as the corresponding juice form.
However, patients tend to drink large volumes of juice, thereby increasing GL. Also, a whole piece of fruit
offers more nutrition (e.g., more dietary fiber).
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provides a system for categorizing carbohydrate-containing foods according to their
effects on glycemic response, while controlling for carbohydrate amount. As such, the
GI is a measure of carbohydrate quality. Glycemic load describes the combined effects
of carbohydrate amount and GI on the glycemic response. In this chapter, we do not use
these terms interchangeably.

Debate
Much debate surrounds the practical utility of the GI. Critics contend that classifica-

tion of carbohydrate-containing foods based on the GI does not apply to mixed meals
(50–53). Their arguments often are based on studies that lack statistical power because
of small sample sizes or are not properly controlled owing to an inappropriate reliance
on published GI values instead of rigorous validation (50,51,54,55). Although the Inter-
national Table of Glycemic Index and Glycemic Load Values (56) is a useful reference
tool, it has recognized limitations. Tabulated values were derived from studies con-
ducted in laboratories located in several different countries. Variability in GI values for
the “same” food (e.g., a starchy vegetable or bread product) may be due to deviation from
standard methodology for quantifying GI—such as sampling venous rather than capil-
lary blood for analysis of glucose, using inaccurate glucose analyzers, and calculating
absolute rather than incremental area under the glucose-response curve (57–59). More-
over, differences in food production, processing, preparation, and storage may contrib-
ute to variability. The latter concerns are not unique to studies of the GI; for example,
a published value for the vitamin content of a Macintosh apple does not necessarily apply
to any given piece of fruit, at any time of year, from any location, regardless of time in
storage.

We argue that the GI differs across major food groups with excellent consistency,
ranging from nonstarchy vegetables, legumes, and nontropical fruits at the low end to
highly processed grain products at the high end. The cited limitations, therefore, do not
detract from the potential importance of carbohydrate source in modulating postprandial
metabolism through a variety of physiologic mechanisms. Moreover, most well-con-
trolled experimental studies provide evidence for the efficacy of choosing low-GI car-
bohydrate sources to decrease dietary GL, and efficacious interventions can be translated
to clinical practice using a pragmatic approach.

PROPOSED PHYSIOLOGICAL MECHANISMS

Elegant homeostatic regulatory mechanisms exert tight control over blood glucose
concentrations during the postprandial period to ensure a smooth transition from the fed
to the postabsorptive state. In the normal fed state, nutrients stimulate release of incretins,
including glucagon-like peptide-1 (GLP1) and glucose-dependent insulinotropic
polypeptide (GIP), into the circulation from endocrine cells located in the gut. The
incretins augment the effects of rising blood glucose in stimulating insulin release from
the -cells. Insulin promotes an anabolic response characterized by glucose uptake in
liver and muscle, and fat uptake in adipose tissue. In the postabsorptive state, counter-
regulatory hormones (i.e., glucagon, epinephrine, cortisol, growth hormone) antagonize
insulin action, stimulating release of stored metabolic fuels to maintain euglycemia.
Metabolic fuels are directed away from storage via increased hepatic glycogenolysis,
lipolysis, and gluconeogenesis.
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Meals that are high in GI challenge these regulatory mechanisms, as presented in Fig. 1.
To illustrate the dynamic changes that occur following a meal, the postprandial period can
be divided into early, middle, and late phases (60). During the early phase (0–2 h after
a meal), hyperglycemia can be more than twofold greater following consumption of a
high-GI food (e.g., potatoes) compared with a macronutrient-controlled portion of a
low-GI food (e.g., legumes) (24,61). Exaggerated hyperglycemia accentuates release of
gut hormones and promotes primary hyperinsulinemia, along with hypoglucagonemia.
This hormonal milieu enhances the normal anabolic response to feeding described above.
The middle postprandial phase (2–4 h after a meal) is marked by a decline in nutrient
absorption from the gastrointestinal tract. However, persistent elevation of circulating
insulin relative to glucagon stimulates continued glucose uptake by insulin-sensitive
tissues, often causing a rapid drop in blood glucose to concentrations below premeal
levels. Suppressed circulating free fatty acid concentrations also indicate continued
partitioning of nutrients toward storage and away from oxidation. As the body attempts
to restore homeostasis, hunger increases due to limited availability of metabolic fuels.
During the late postprandial phase (4–6 h after a meal), an exaggerated counterregulatory
response elicits increased glycogenolysis, gluconeogenesis, and hepatic glucose output
to restore euglycemia. In addition, there is an increase in lipolysis and elevated circulat-
ing free fatty acid concentrations. This metabolic state typically would be expected only
after fasting for several hours beyond the postprandial period (62).

The adverse effects of a high-GI meal or snack seem to persist beyond the postprandial
period, thereby compromising glucose uptake following a subsequent meal. This phe-
nomenon is known as the “second-meal effect” (63). The underlying mechanism likely
involves decreased insulin sensitivity with increased concentrations of circulating free
fatty acids during the late postprandial phase (64). The second-meal effect has been
observed during the postprandial period following breakfast in response to a high-GI
dinner or evening snack on the previous day (63,65,66). Likewise, the GI of breakfast
can affect glucose disposal at lunch on the same day (67–70).

Body Weight Regulation
The effect of endocrine-regulated partitioning of metabolic fuels on hunger is a criti-

cal aspect of the proposed mechanism linking obesity with high dietary GL, whether
modulated by carbohydrate quality or quantity (60,71). With regard to carbohydrate
quality, the vast majority of studies on the topic suggest that GI is important in regulating
hunger, voluntary energy intake, and satiety (27). Moreover, the drop in blood glucose
that occurs during the middle postprandial phase may increase preference for high-GI
foods (72,73), leading to repeated cycles of excess hunger followed by hyperphagia that
may last for several hours following restoration of euglycemia (73). These vicious cycles,
exacerbated by the second-meal effect, may contribute to disappointing long-term weight
control with conventional low-fat diet prescriptions that emphasize the importance of
consuming starchy foods.

In a study of hormone responses and voluntary food intake to meals varying in GL,
obese adolescent boys were fed three different breakfast meals (23). Two of the meals
had identical macronutrient composition (64% of total energy from carbohydrate, 20%
from fat, 16% from protein) but varied in carbohydrate source to achieve a GI differential
(i.e., high-GI instant oatmeal vs moderate-GI steel-cut oats). The third meal, a vegetable
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Fig. 1. Dynamic physiological changes occurring during the early, middle, and late phases of the
postprandial period, after ingesting a high-glycemic index meal compared with a low-glycemic
index meal. Vertical outlined arrows indicate direction and magnitude of change from the
preprandial state indicated by horizontal outlined arrows. Reproduced with permission from
ref. 60.
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omelet, had a low GL owing to reductions in carbohydrate amount (40% of total energy)
and GI. The blood glucose and hormone responses observed following the high-GL
breakfast meal were consistent with the proposed physiologic mechanism described
above, with responses progressively attenuated following the moderate- and low-GL
meals. When adolescents were given the same meals for lunch, the interval between
completing the meal and initiating voluntary intake of foods from a buffet platter was
shortest following the high-GL meal. Moreover, hunger ratings and cumulative volun-
tary energy intake over the 5-h postprandial period were highest following the high-GL
meal, intermediate following the moderate-GL meal, and lowest following the low-GL
meal.

Data from animal research provide support for the proposed mechanism relating GI
to nutrient partitioning and energy metabolism. In two experiments by Kabir et al.
(74,75), rats were fed diets varying only in carbohydrate source (i.e, high-GI vs low-GI
starch) for 3 wk. Based on 14C-glucose tracer studies, insulin-stimulated glucose oxida-
tion was lower, whereas incorporation of glucose into lipid was higher, in rats fed the
high-GI diet (74). Furthermore, the high-GI diet provoked changes in insulin-regulated
lipogenic and gluconeogenic enzymes as demonstrated by higher fatty acid synthase
activity in adipose tissue and lower mRNA for phosphoenolpyruvate carboxykinase in
liver (75), respectively. In a study of body composition and energy metabolism, Pawlak
et al. (76) fed rats identical diets that, like those in the previously cited studies, varied
only in the GI of the carbohydrate source. The rats on the high-GI diet seemed to become
more energy-efficient, as indicated by a progressive decrease in the amount of food
required to maintain the same mean body weight compared with the rats on the low-GI
diet. Although mean body weight between groups was controlled by study design, rats
on the high-GI vs low-GI diet had more body fat, and less lean tissue, after 18 wk.
Interestingly, the insulin concentration at 30 min following an oral glucose load prior to
the dietary intervention predicted most of the variance in body weight at week 18 for rats
on the high-GI diet but none of the variance for those on the low-GI diet.

Consistent with animal work, emerging data suggest that dietary GI and GL affect
energy expenditure in humans. In two feeding studies, GL was reduced by moderately
decreasing carbohydrate amount and selecting carbohydrate sources to reduce GI in
overweight or obese young adults (77,78). The first study showed that a low-GL diet,
providing 50% of estimated total energy requirements over only 1 wk, elicited a smaller
decrease in resting energy expenditure (REE) compared with a high-GL diet (77). The
second study compared a low-GL diet with a low-fat diet, each designed to reduce body
weight by 10% over approx 10 wk (78). As anticipated based on the previous work of
Leibel et al. (79), REE decreased in both groups; however, the decrease was 80 kcal/d
less with the low-GL diet. The subjects on the low-GL diet also reported less hunger.
These findings may be attributed to improved access to metabolic fuels during the active
phase of weight loss with the low-GL diet, providing additional support for the proposed
physiologic mechanism presented above.

Weight-Independent Mechanisms for Disease Risk
Metabolic events occurring in response to diet-induced hyperglycemia may play an

important role in the etiology of T2DM by weight-independent mechanisms that exac-
erbate the well-documented adverse effects of excess adiposity (28,40,42,44). Hyper-
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glycemia (early postprandial phase) and elevated circulating free fatty acid concentra-
tions (late postprandial phase) in response to high-GL meals may foster progression
toward T2DM by promoting insulin resistance and compensatory hyperinsulinemia, -
cell decompensation and relative insulin deficiency, and ultimately -cell failure (60,80).
Moreover, exaggerated postprandial blood glucose and insulin responses to a high-GI
meal are thought to increase risk for CVD associated with the insulin resistance syn-
drome, independent of body weight (43,45–48). Experimental evidence suggests that
even small increases in blood glucose levels, less than the difference in postprandial
glycemia following high-GL vs low-GL meals, can cause insulin resistance (81). The
adverse effects of a high-GL diet on the -cell (i.e., impaired insulin gene expression,

-cell apoptosis) and CVD risk (e.g., endothelial dysfunction) are likely mediated, in
part, by glucose-induced oxidative stress (82,83).

EXPERIMENTAL EVIDENCE FOR CLINICAL UTILITY
OF GLYCEMIC INDEX

Short-Term Weight Loss
Selecting carbohydrate sources to reduce GI—either without altering the contribution

of carbohydrate to total energy intake or in combination with a moderate decrease in
carbohydrate consumption—is a promising weight-management strategy based on sev-
eral short-term intervention studies of free-living subjects. Bouche et al. (84) treated 11
overweight men with low- vs high-GI diets, using a crossover design and controlling for
energy and macronutrient composition (39–42% of energy from carbohydrate, 37–38%
from fat). After 5 wk of intervention, trunk fat was 500 g less following the low-GI diet.
Slabber et al. (85) assessed the effects of low- vs high-GI diets (50% of energy from
carbohydrate, 30% from fat) in 16 obese hyperinsulinemic women in another crossover
study. After 12 wk on the respective diets, body weight decreased more with the low-GI
diet (–7.4 vs –4.5 kg). Fasting insulin decreased with the low-GI diet and increased with
the high-GI diet (–61 vs +17 pmol/L). Spieth et al. (86) conducted a retrospective out-
comes assessment of 107 obese children who attended a pediatric obesity clinic. Patients
had received an ad libitum low-GL diet (45–50% carbohydrate, 30–35% fat), emphasiz-
ing low-GI carbohydrate sources, or an energy-restricted low-fat diet (55–60% of energy
from carbohydrate, 25–30% from fat). Over a mean follow-up period of 4 mo, those on
the low-GL diet lost more weight, such that the group difference was –1.5 kg/m2 for
change in body mass index (BMI). Clapp (87) treated 12 pregnant women who were
randomly assigned to macronutrient-controlled low- vs high-GI diets (55–60% of
energy from carbohydrate, 20–25% from fat) at 8 wk gestation. The mothers on the
low-GI diet gained less weight during pregnancy (11.8 vs 19.7 kg) and had smaller
babies (3.27 vs 4.25 kg).

Decreasing dietary GL may be especially beneficial for obese patients who have
exaggerated insulin responses to an oral glucose load or insulin resistance (88,89). Two
controlled feeding studies of low-GL (40% of energy from carbohydrate, 40% from fat)
vs high-GL (60% of energy from carbohydrate, 20% from fat) diets have addressed this
issue. Cornier et al. (89) stratified 44 obese nondiabetic women by insulin sensitivity and
randomly assigned them to low-GL vs low-fat diets for 16 wk, modulating GL by altering
carbohydrate amount without consideration for GI. The low-GL diet caused more weight
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loss among women who were insulin-resistant; conversely, the low-fat diet caused greater
weight loss among those who were insulin-sensitive. Pittas et al. (88) randomly assigned
34 normoglycemic adults to respective dietary interventions for 24 wk, modulating GL
by altering carbohydrate source as well as carbohydrate amount. For post hoc analyses,
subjects were dichotomized based on the 30-min insulin response to a 75-g oral glucose
load. Among those who had insulin responses below the median, weight loss did not
differ between interventions. However, among those who had higher insulin responses,
weight loss was greater for those on the low-GL diet. Findings from the latter study are
consistent with the aforementioned animal data, indicating a particularly adverse effect
of a high-GI diet among rats with an exaggerated insulin response to an oral glucose load
(76). Taken together, these studies suggest that low-GL diets may be especially benefi-
cial for obese patients with higher insulin secretion or lower insulin sensitivity. More
research is needed to fully explore this topic.

In two studies, investigators were unable to document an effect of dietary GL on body
weight (54,55). Sloth et al. (54) prescribed ad libitum high-carbohydrate diets (55–60%
of energy from carbohydrate, �30% from fat) to 45 overweight adults, varying GL
between intervention groups by providing comparable low-GI (e.g., al dente pasta) or
high-GI (e.g., mashed potato) foods. Weight loss did not vary between intervention
groups at 10 wk (–1.9 vs –1.3 kg), although this study may have been statistically
underpowered in that a progressive divergence in rates of weight loss over time seemed
to favor the low-GI treatment. Raatz et al. (55) compared two high-carbohydrate diets
(60% of energy from carbohydrate, 25% from fat), one low-GI and the other high-GI,
with a high-fat diet (45% of energy from carbohydrate, 40% from fat) in 42 obese men
and women. No group differences in weight loss were observed among the 22 subjects
who completed the 36-wk intervention (i.e., 12-wk controlled feeding phase followed by
24-wk dietary counseling phase). However, analysis of food records obtained during the
dietary counseling phase suggested that both groups were consuming relatively low-GL
diets, making interpretation of results problematic. In the context of the ongoing debate
regarding GI, these studies do not provide sufficient evidence for dismissing the impor-
tance of carbohydrate source in dietary treatments for obesity. More large-scale and
long-term trials are needed in diverse patient populations.

Long-Term Efficacy
We examined relatively long-term efficacy in a small-scale randomized controlled

trial of 16 obese adolescents (9). The ad libitum low-GL diet prescription was based on
45 to 50% of energy from carbohydrate, with emphasis on low-GI sources, and 30 to 35%
from fat. The low-fat diet (55–60% of energy from carbohydrate, 25–30% from fat) was
prescribed using an exchange system to externally impose energy restriction, with
emphasis on low-fat sources of complex carbohydrate. Over 12 mo, BMI decreased in
adolescents on the low-GL diet and increased in those on the low-fat diet (–1.3 vs +0.7
kg/m2). Insulin resistance, by homeostasis model assessment (HOMA), increased less
with the low-GL diet. Moreover, comparing the same diets in 23 obese adults, we
observed greater declines in circulating triglyceride and plasminogen activator inhibitor
(PAI)-1 concentrations with the low-GL diet prescription, despite similar changes in
body weight (–7.8 vs –6.1%) (90). The latter findings extend data from numerous short-
term intervention trials showing beneficial changes in CVD risk factors with low-GI
diets (91–94).
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PRACTICAL APPLICATION

The dietary interventions employed in studies of free-living subjects can be translated
to clinical settings, taking a pragmatic approach. Although we use the International
Table of Glycemic Index and Glycemic Load Values (56) to inform how foods are
categorized in patient education materials, we do not present these values to patients in
light of the aforementioned limitations. Rather, we rely on the consistency with which
GI differs across major food groups. We counsel patients to reduce GL by replacing high-
GI foods with low-GI alternatives or sources of healthful fat. Thus, attention is directed
toward quality of dietary carbohydrate and fat, as opposed to quantity (e.g., carbohy-
drate-to-fat ratio). Although dietary fat is not the focus of this chapter, it is important to
note that certain unsaturated fats decrease risk for T2DM and CVD, whereas trans
(partially hydrogenated) fat increases risk (15,95).

The diet is operationalized using a low-GL food pyramid (Fig. 2) and corresponding
food choice lists (Table 2). The pyramid provides a broad overview of the diet, and the
food choice lists offer additional guidance in making appropriate selections within each
food group. With regard to carbohydrate sources, we encourage ad libitum consumption
of low-GL foods located on Level 1 of the pyramid (nonstarchy vegetables, nontropical
fruits, legumes), and restricted intake of high-GL foods on Level 4. Moderate-GL grains
(e.g., whole-grain products, high-fiber cereal, pasta) are on Level 2. Because we counsel
patients to eat an abundance of low-GL foods, we do not present portion sizes for these
options in the food choice lists. In contrast, we list recommended portion sizes for
moderate- and high-GL foods so that patients have adequate information for monitoring
intake, with upper limits of approx 1 to 3 servings per day of moderate-GL and 0 to 2
servings per day of high-GL foods. We encourage patients to complement low-GL foods
(Level 1) with reasonable portions of healthful oils (Level 2), nuts (Level 3), and other
sources of protein (including low-GL dairy products, Level 3). Foods high in trans fat—
such as commercial bakery products and packaged snacks—often have a high GL and
are on Level 4.

An ad libitum approach to diet therapy relies on intrinsic control of energy intake
based on the physiologic mechanisms and satiety hypotheses presented above. Thus, we
counsel patients to recognize what it means to be hungry using a variety of verbal
descriptors for physical sensations. We encourage them to eat when “hungry,” rather
than waiting until they become “famished,” and to stop eating when they are “satisfied,”
before becoming “stuffed.”

CONCLUSION

Much effort has been devoted to treating obese patients using diet therapy, with
limited success in achieving significant weight reduction over the long term. We and
others contend that available diets, ranging from very-low-carbohydrate to very-low-fat,
are not optimal because these approaches do not adequately consider carbohydrate (e.g.,
low- vs high-GI) or fat (e.g., unsaturated vs saturated) quality (16,60,90). A low-GL diet
may represent an ideal compromise between such extremes. Emerging data lend support
to proposed physiologic mechanisms linking GI and GL to body weight and obesity-
related comorbidites. Although critics argue that the GI is too complex and does not
apply to mixed meals (50–53), key concepts can be presented using a pragmatic ap-
proach given the consistency of GI values within food groups. Meaningful effects have
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Table 2
Food Choice Lists for Low-Glycemic-Load Diet, Informed by Glycemic Index

Carbohydrate
Vegetables Legumes Fruit Dairy Grains

Low Glycemic Load
Nonstarchy

Alfalfa sprouts Cabbage Lettuce Sauerkraut Beans Apples Lemon Milk
Artichoke Carrots Mushrooms Spinach Black-eyed peas Apricots Lime
Asparagus Cauliflower Okra Summer squash Chickpeas Berries Nectarines Yogurt
Bamboo shoots Celery Onions Swiss chard Hummus Cantaloupe Oranges plain,
Beans (green, wax) Cucumber Peppers Tomatoes Lentils Cherries Peaches sugar-free
Bean sprouts Eggplant Radishes Turnip Split peas Clementines Pears
Bok choy Greens Salsa Water chestnuts Grapefruit Plums
Broccoli Kohlrabi Scallions Zucchini Grapes Tangelos
Brussels sprouts Leeks Snow peas Honeydew Tangerines

Kiwi
Moderate Glycemic Load

Starchy (1/2 cup) Apple  sauce  (1/2 cup) Bread (1 slice, 1 oz) Grains (1/2 cup)
Acorn squash Green peas Pumpkin Banana (1/2) Flourless Barley
Beets Parsnips Yam Canned fruit  (1/2 cup) Pumpernickel Basmati rice
Butternut squash Plantain Dried fruit  (2 tablespoons) Stone ground Brown rice

Mango (1/2 cup) Whole grain Bulgur
Papaya  (1/2 cup) Cereal (1/2 cup) Kasha
Pineapple (1/2 cup) High-fiber Parboiled rice
Watermelon (1 cup cubes) Steel-cut oats Quinoa

Pasta (1/2 cup) Wheat berries
Al dente Wild rice

High Glycemic Load
Starchy Baked Beans Fruit juices (1/2 cup) Yogurt, Breads Cereal (1/2 cup)

Corn (1/2 cup)    (1/3 cup) Juice drinks (1/2 cup) sugar- Bagel (1/4) Most varieties
French fries  sweetened Bread (1 slice, 1 oz) Pasta (1/2 cup)
  (1/2 small order) (4 oz) Bread stick (1 oz) Canned
Potato, boiled Bun (1 small, 1 oz) Snacks
  (1/2 cup) Cornbread (2”) Crackers (6)
Potato, baked Muffin (1 small, 1 oz) Pizza
   (1 small) Pancake (4”)   (1/8 of 12”)
Sweet potato Pita ( 1/2 of 6”) Popcorn
  (1/2 cup, 1 small) Roll (1 small, 1 oz)   (3 cups)

Stuffing (1/3 cup) Pretzels
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Taco shell (6”)   (3/4 oz)
Tortilla (6”) Snack chips
Waffle (4”)   (10, 3/4 oz)

Grains (1/2 cup)
Couscous
Millet
Rice
Rice cakes (2 large, 7 mini)

Healthful Fat
Nuts Seeds Oils Other

Almonds Hazelnuts Pecans Flaxseed Canola oil Peanut oil Avocado
Almond butter (natural) Macadamia nuts Pine nuts Pumpkin seeds Mayonnaise Salad dressing Olives
Brazil nuts Peanuts Pistachios Sesame seeds Olive oil   (Italian style)
Cashews Peanut butter Soy nuts Sunflower seeds Soybean oil

  (natural) Walnuts

Protein
Fish and Shellfish Poultry

Cheese Eggs not breaded not breaded Soy products Deli meat

Cheddar Egg substitutes Bass Mackerel Tuna Chicken Seitan Chicken breast
Cottage Egg whites Catfish Mahi mahi Cornish hen Tempeh Turkey breast
Feta Whole eggs Cod Salmon Clams Duck Textured vegetable protein Turkey ham
Monterey Jack Flounder Sardines Crab Turkey Tofu
Mozzarella Grouper Snapper Lobster
Parmesan Haddock Sole Oysters
Ricotta Halibut Swordfish Scallops
Swiss Herring Trout Shrimp

Sweets (100 calories per serving)

High Glycemic Load
Angel food cake (1 slice, 1 oz) Doughnut, glazed (1/2 Dunkin Donut®) Ice cream (1/2 cup) Sweet roll (1 small, 1 oz)
Brownie (2” square) Energy, sport or breakfast bar (1/2) Jam, Jelly (1 tablespoon) Syrup, chocolate (1/2 tablespoons)
Cake, unfrosted (2” square) Gelatin (1/2 cup) Pie (“sliver”, 1/16 of 9” pie) Syrup, pancake (1.5 tablespoons)
Cookies (2 small) Gingersnaps (3) Pudding (1/4 cup) Vanilla wafers (5)
Cranberry sauce (1/8 cup) Granola bar (1) Sports drinks (8 fl oz) Whipped topping (1/2 cup)
Danish (1 small, 1 oz) Honey (1 tablespoon) Sugar (2 tablespoons)
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been observed in pilot studies of patients consuming self-selected diets based on low-GL
prescriptions, with an emphasis on selecting low-GI sources of carbohydrate (9,90).
Pending definitive randomized controlled trials, a low-GL diet, focused on carbohydrate
and fat quality, would seem to be a promising approach to the treatment of obesity and
prevention of type 2 diabetes and associated CVD risk.
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Summary
Traditionally, the gold standard for obesity treatment has been the combination of a low-fat, low-

calorie diet with regular physical activity and behavior therapy. This combination has been shown
to be safe and effective; however, the best dietary approach to weight loss continues to be a matter
of debate among professionals and the public alike. Preliminary short-term findings suggesting that
low-carbohydrate diets are effective in reducing body weight and do not appear to increase the risk
of cardiovascular disease have generated interest in the low-carbohydrate approach and have
spawned further research. This chapter reviews the most recent findings from short- and long-term
studies evaluating the effects of low-carbohydrate diets on weight, lipids, lipoprotein subfractions,
inflammatory biomarkers, blood pressure, and insulin sensitivity.

Key Words: Diet; low-carbohydrate; high-protein; weight loss.

INTRODUCTION

Various forms of low-carbohydrate, ketogenic diets have existed for centuries. Wil-
liam Banting’s “A Letter on Corpulence Addressed to the Public,” published in 1863, has
been coined as the first publicized low-carbohydrate diet (1). Ebstein’s diet is another
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example of a low-carbohydrate weight-loss diet that emerged in the early 20th century
(2). In addition to the management of obesity, low-carbohydrate diets were also used for
the treatment of seizures in the early 20th century (3). Different versions of low-carbo-
hydrate diets, varying in their degree of carbohydrate and calorie restriction, have
emerged since that time. In 1972 Dr. Robert Atkins proposed the use of a low-carbohy-
drate diet for the treatment of obesity. Although it gained some recognition in the 1970s
(4) and again in the 1990s (5), the popularity of the diet remained dormant until 2002 (6),
when it re-emerged as an alternative to conventional low-fat diets. Heightened public
interest in the low-carbohydrate approach and the failure of conventional dietary ap-
proaches to effectively manage obesity in the long term prompted researchers to study
this dietary approach and its effects on a variety of outcomes.

Despite its long history, relatively little is known about the short-term efficacy of low-
carbohydrate diets in the treatment of obesity and its effects on body composition, lipids,
or insulin insensitivity. Even less is known about its long-term effects. This chapter
reviews the most recent findings from short- and long-term studies evaluating the effects
of low-carbohydrate diets on weight, lipids, and insulin sensitivity.

BACKGROUND

Unlike low-fat diets, the FDA has not established a clear definition for “low-carbo-
hydrate” diets; however, diets prescribing less than 100 g of carbohydrate or approx 10
to 20%, 25 to 35%, and 55 to 65% of total energy from carbohydrate, protein, and fat,
respectively, are generally considered low-carbohydrate (7). The focus of existing low-
carbohydrate diets is replacement of foods containing refined carbohydrates (i.e., white
bread, rice, pasta, desserts, chips, and sweetened soft drinks) with controlled amounts of
nutrient-dense carbohydrate-containing foods (i.e., nonstarchy vegetables, fruits, and
whole-grain products). The hypothesis underlying this approach is that high intake of
refined carbohydrates results in hyperinsulinemia and insulin resistance, which ulti-
mately leads to weight gain; therefore, lower intakes of carbohydrate and a shift toward
consumption of foods that contain nutrients that do not cause a dramatic spike in insulin
levels is metabolically advantageous. Although consumption of foods that do not con-
tain carbohydrate (i.e., meats, poultry, fish, as well as butter and oil) is not restricted, the
emphasis is on moderation and quality rather than quantity.

The following section will present findings from studies comparing the effects of low-
carbohydrate and low-fat diets in the treatment of obesity. The remainder of this chapter
will focus on the effects of low-carbohydrate diets on mechanisms of weight loss, effects
on lipids, inflammatory biomarkers, lipoprotein subfractions and postprandial lipemic
response, blood pressure, and insulin sensitivity.

EFFICACY OF LOW-CARBOHYDRATE DIETS ON WEIGHT LOSS

Five randomized studies conducted over 6 to 12 mo have compared the effects of a
low-carbohydrate diet and a calorie-controlled, low-fat diet on weight and body compo-
sition in obese adults (8–13). (Note that the Samaha and Stern papers refer to the same
study but report 6-mo and 12-mo data, respectively.) With the exception of one study that
prescribed nutritional supplements including vitamins, minerals, essential oils, and
chromium picolinate to the low-carbohydrate group but not the low-fat group (12), diet
prescriptions in these studies were comparable (e.g., a low-carbohydrate diet containing
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20–60 g of carbohydrate). Body mass index (BMI) and ages ranged from 33 to 43 kg/m2

and 43 to 54 yr, respectively, in all five studies. Although there were many similarities
in diet prescriptions and participant characteristics, a few differences emerged. The
majority of the studies consisted of female participants (8,9,12,13) except for one (10,11).
Comorbidities and amount of clinician contact also differed slightly between these stud-
ies. Two of the investigations evaluated effects in obese but otherwise healthy adults
(8,9); three examined effects in adults with significant comorbidities such as diabetes,
metabolic syndrome (MetS) (10,11), hyperlipidemia (12), and other cardiovascular risk
factors (13). Treatment occurred primarily in a self-help setting in one study (8) and in
individual and/or group treatment in the others (9–13). Only three studies evaluated
effects at 1 yr (8,11,13). Findings of these studies are summarized in Table 1.

Participants who consumed a low-carbohydrate diet lost significantly more weight
than those who consumed a low-fat diet during the first 6 mo of treatment in four of the
five studies (8–12). Despite differences at 6 mo, there were no differences in weight loss
at 1 yr (8,11,13) (Table 1). Two studies (8,13) observed weight regain in both groups
after 6 mo, with a greater regain in the low-carbohydrate group. Although participants
in the low-carbohydrate group did not regain weight in the third 1-yr study, those in the
low-fat group continued to lose weight after 6 mo, resulting in similar weight losses at
1 yr (11).

Calories or Carbohydrates?
The focus of the low-carbohydrate approach is on carbohydrate rather than the num-

ber of calories consumed. Given that individuals following this approach track the grams
of carbohydrate from only a limited number of foods, it is appealing to many dieters
because it reduces the burden of accounting for all foods consumed; however, it may also
reduce awareness of total calories consumed because the emphasis is placed on altering
one’s metabolic state rather than altering one’s energy balance.

Rather than attribute differences in weight loss between low- and high- carbohydrate
diets to differences in energy intake, some suggest that low-carbohydrate diets confer a
“metabolic advantage” (i.e., differences in the metabolism of nutrients, increased energy
expenditure, etc.) that results in greater weight loss (6,14). Comparing the effects of
isocaloric low-carbohydrate and low-fat diets on body weight would test the hypothesis
that metabolic factors rather than calories account for the differences in weight loss. If
low-carbohydrate diets posses a metabolic advantage over low-fat diets, low-carbohy-
drate diets should result in greater reductions in body weight despite similar energy
intake. One study randomly assigned 43 obese individuals isocaloric diets (1000 kcal/
d) composed of either 15% carbohydrate (37 g/d) and or 45% carbohydrate (115 g/d)
(15). These diets contained similar amounts of protein, but the low-carbohydrate diet
was higher in fat (53% fat) than the high-carbohydrate diet (26% fat). Participants
consumed these diets in an inpatient clinic, where food intake was closely monitored for
6 wk. Weight loss between the 15% carbohydrate (8.9 ± 0.6 kg) and 45% carbohydrate
(7.5 ± 0.5 kg) diets was not significantly different. These findings are supported by a
number of metabolic ward studies that compare isocaloric diets varying in macronutrient
composition (16–18). These studies are summarized in a review by Freedman et al (7).

These findings suggest that when calories are held constant, weight loss is similar
between low-carbohydrate and low-fat diets, suggesting that a reduction in calories,
rather than “metabolic factors,” contributes to a decrease in body weight. Differences in
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Summary of Findings From 6- and 12-Mo Studies

Brehm Yancy Stern Foster Dansinger
(6-mo data) (6-mo data) (12-mo data) (12-mo data) (12-mo data)

Sample size (n) 53 119 132 63 80
LC 26 59 64 33 40
C 27 60 68 30 40

Sex
Male N/A 28 (15 LC/13 C) 109 (51 LC/58 C) 20 (12 LC/8 C) 36 (19 LC/17 C)
Female 53 (26 LC/27 C) 91 (44 LC/47 C) 23 (13 LC/10 C) 43 (21 LC/22 C) 44 (21 LC/23 C)

Age (years)
LC 44.2 44.2 53.0 44.0 47
C 43.1 45.6 54.0 44.2 49

Baseline BMI (kg/m2)
LC 33.2 34.6 42.9 33.9 35.0
C 34.0 34.0 42.9 34.4 35.0

Weight loss (% change)
LC –9.3 –12.9 –3.9 –7.3 –3.9
C –4.2 –6.7 –2.3 –4.5 –4.8

Percent Change
Triglycerides

LC –23.4 –47.2 –28.6 –28.1
C 1.6 –14.4 2.7 1.4 N/A

Total cholesterol
LC –0.4 –3.3 3.4 0.2 –3.8
C –0.9 –5.6 –4.2 –5.5 –5.7

LDL
LC –0.7 1.0 6.2 0.5 –9.9
C –5.3 –5.0 –3.2 –5.8 –10.0

HDL
LC 13.4 9.8 –2.8 18.2 13.3
C 8.4 –2.9 –12.3 3.1 11.1

LC = low-carbohydrate diet; C = conventional low-fat diet

302



Chapter 15 / Low-Carbohydrate Diets 303

weight loss do not appear to be due to differences in physical activity, the thermic effect
of food (TEF), or resting energy expenditure (19,20). There is some evidence to suggest
that gender (20), menopausal state (21), and degree of insulin sensitivity (22) result in
differences in weight-loss outcomes. For example, one study reported that insulin-resis-
tant obese women lost more weight following a hypocaloric, low-carbohydrate diet
compared with a hypocaloric, high-carbohydrate diet after 16 wk, whereas insulin-
sensitive women lost more weight on a high-carbohydrate diet compared with a low-
carbohydrate diet (22). Clearly more research needs to be conducted to understand the
mechanisms in which low-carbohydrate diets produce their effects.

It is interesting to note that in four of five studies at 6 mo, participants who were
instructed to count carbohydrate consumed fewer calories (i.e., lost more weight) than
those who were instructed to count calories (8–10,12). The reasons for this are unknown
but may include greater satiety on a higher-protein, low glycemic index (GI) diet and
increased structure (i.e., clear boundaries about what foods are allowed). Structured
approaches, including meal replacements and food provision, have been shown to increase
the magnitude of weight loss (23–30).

EFFICACY OF LOW-CARBOHYDRATE DIETS ON FASTING LIPIDS

A principal concern about low-carbohydrate approaches is that the high-fat content
of the diet may adversely affect serum lipids and increase the risk for cardiovascular
disease. As discussed in a review by Volek et al. (31), preliminary findings challenge this
argument. In studies that compared low-carbohydrate and low-fat diets over the course
of 6 to 12 mo, there were no differences in total cholesterol or low-density lipoprotein
(LDL) cholesterol concentrations between groups (8–12,21). One study reported that the
low-carbohydrate diet was less effective than the low-fat diet in reducing total choles-
terol and LDL cholesterol at 1 yr (13). Only one study reported a small, transient increase
in total cholesterol and LDL cholesterol during the third month of a 1-yr treatment (8).
Furthermore, compared with the conventional group, those in the low-carbohydrate
group experienced greater improvements in high-density lipoprotein (HDL) cholesterol
(8,12) and triglycerides (8–10,12). Only one study reported decreases in HDL choles-
terol in participants following a low-carbohydrate diet, but the decrease was less than the
decrease in the low-fat group (11). Findings of these studies are summarized in Table 1.
A meta-analysis of these data suggests that whereas the low-carbohydrate diet produced
more favorable changes in triglycerides and HDL cholesterol concentrations, the low-
fat diet produced more favorable changes in total cholesterol and LDL cholesterol con-
centrations (32). As such, further research is needed to understand whether the
improvements in triglycerides and HDL concentrations outweigh the relatively smaller
effects low-carbohydrate diets have on total and LDL cholesterol as compared with low-
fat diets.

EFFICACY OF LOW-CARBOHYDRATE DIETS ON INFLAMMATORY
BIOMARKERS

Evaluating fasting lipid profiles is one strategy for determining the effects of diets on
cardiovascular risk; however, this measurement alone does not provide a complete pic-
ture. Other factors, such as inflammatory processes, also significantly contribute to the
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pathogenesis and progression of cardiovascular risk. Inflammation markers (e.g.,
interleukin [IL]-6, tumor necrosis factor [TNF]- , intracellular cell-adhesion molecule-
1 [CAMs], and P-selectin) have been associated with increased risk for cardiovascular
disease (33–35).

Sharman and Volek compared the effects of short-term (6-wk) consumption of
hypocaloric low-carbohydrate and low-fat diets on C-reactive protein (CRP), CAMs,
and proinflammatory cytokines (i.e., IL-6, TNF- , and P-selectin) in 15 overweight but
otherwise healthy men (36). Consumption of both low-carbohydrate and low-fat diets
resulted in weight loss (–6.5 ± 3.0 kg and –3.7 ± 3.3 kg, respectively). Improvements in
inflammatory biomarkers were also observed following both diets (i.e., reductions in
IL-6, TNF- , CRP, and sICAM-1). These data were analyzed further to represent the
delta change in inflammatory biomarkers per 1 kg reduction in body weight. There were
no significant differences between the diets for IL-6, TNF- , CRP, and sICAM-1; how-
ever, there was a significantly lower response for P-selectin in the low-fat group. Com-
pared with individuals consuming a low-fat diet, greater reductions in CRP have been
reported in individuals consuming a low-carbohydrate diet after adjusting for differ-
ences in weight loss (37); however, these outcomes were observed only in participants
who had high baseline CRP levels (>3 mg/dL) and high mean BMIs (46 kg/m2). These
data support previous findings that weight loss decreases markers of inflammation, but
also suggest that improvements in inflammatory markers can also be achieved by diets
that vary in macronutrient composition.

EFFICACY OF LOW-CARBOHYDRATE DIETS ON LIPOPROTEIN
 SUBFRACTIONS

In addition to elevated fasting cholesterol, LDL cholesterol concentrations and
inflammatory markers, increased large very-low-density lipoprotein (VLDL) particle
concentration, increased chylomicron concentration, small particle size diameter, and
elevated postprandial lipemia are associated with increased risk for cardiovascular dis-
ease. Lipids and lipoprotein subfractions (i.e., chylomicrons and VLDL, LDL, and HDL
subfractions) were evaluated in one study in which 78 obese individuals were randomly
assigned to a low-carbohydrate (�30g/d) or low-fat (�30% energy from fat) diet for
6 mo (37). Forty percent of these participants had diabetes and 77% of those who did
not have diabetes had metabolic syndrome. After 6 mo, participants in the low-carbohy-
drate group lost more weight than those in the low-fat group (–8.5 ± 9.3 kg vs –3.5 ± 4.9 kg).
At 6 mo more participants in the low-carbohydrate group had detectable chylomicron con-
centrations. In addition, greater decreases in large VLDL concentrations, particularly in
men, were observed in the low-carbohydrate group. Decreases in LDL particle number,
increases in LDL particle size, and small increases in large HDL concentration were also
observed in both groups.

Sharman et al. compared the effect of hypocaloric low-carbohydrate (10% carbohy-
drate, 60% fat) and low-fat (55% carbohydrate, 25% fat) diets on postprandial lipemic
response in 15 overweight men (38). Participants consumed each diet for 6 wk and at the
end of the experimental period completed an oral fat tolerance test. Participants were
provided a low-carbohydrate, high-fat (11% carbohydrate, 86% fat) test meal and blood
samples were taken immediately after the meal and hourly for a total of 8 h. Serum lipids,
oxidized LDL, and lipoprotein particle size were measured.
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The low-carbohydrate diet produced greater weight loss than the low-fat diet (–6.1 ±
2.9 kg vs –3.9 ± 3.4 kg). Differences in lipoprotein fractions and particle size were also
observed between diets. Significant increases in the larger lipoprotein fractions (LDL-1),
decreases in the smaller lipoprotein fractions (LDL-3 and LDL-4), and increases in the
mean and peak LDL particle diameters were observed after consumption of the low-
carbohydrate diet. Both diets reduced postprandial lipemia compared with baseline, but
the magnitude of the reduction was greater under low-carbohydrate conditions. Given
that elevated postprandial lipemia and small particle size diameter are associated with
conditions that promote atherogenesis (39,40), these findings suggest that weight-reduc-
ing low-carbohydrate diets may reduce cardiovascular disease risk; however, given the
limited measures of cardiovascular risk biomarkers, small sample size, and short dura-
tion of the study, it is unclear whether these findings generalize to the larger population
or persist over time. Similar findings have been observed in another study measuring
lipid particle size in overweight individuals (41); however, the low-carbohydrate diet
provided in this study was supplemented with fish borage and flaxseed oil, which may
have affected lipid outcomes.

Volek et al. (20) also compared the effect of hypocaloric low-carbohydrate (10%
carbohydrate, 60% fat) and low-fat (55% carbohydrate, 25% fat) diets on postprandial
lipemic response in 13 normolipidemic, overweight women. Consumption of these diets
for 4 wk resulted in modest weight loss, with the low-carbohydrate diet producing larger
reductions in weight (–3.0 ± 1.5 kg vs –1.1 ± 2.1 kg). With the exception of lowered
VLDL cholesterol following the low-carbohydrate diet, no differences in lipoprotein
fractions, LDL size, or the magnitude of postprandial triglyceride concentrations were
observed between diets in this study. Based on their prior work in men, Volek et al.
suggest that differences in findings in men and women may be caused by differences in
baseline lipids and severity of dyslipidemia (20). Whereas 12 of 15 men were character-
ized as having pattern B dyslipidemia (i.e., having small, dense LDL particles) at baseline,
only one woman was classified as having pattern B dyslipidemia.

Taken together, findings from these studies suggest that low-carbohydrate diets are
effective in reducing inflammatory biomarkers and are either more or equally effective
in improving lipoprotein subfraction profile and postprandial lipemic response. Although
these data are clinically useful, they are confounded by weight loss and therefore do not
reveal whether effects are due to weight loss or specific characteristics of low-carbohy-
drate diets. In order to distinguish between the effects of macronutrient composition and
weight loss, the effects of low-carbohydrate diets on inflammatory biomarkers and
postprandial lipemic response should be studied under conditions of weight mainte-
nance and compared with effects produced by low-fat diets. Short-term studies (4–8 wk)
conducted in normal-weight men and women suggest that beneficial effects on postpran-
dial lipemic response (i.e., reduced lipemic response and increased LDL particle size)
following low-carbohydrate diets persist when weight is held constant (42–45).

The effects of low-carbohydrate diets on inflammatory biomarkers are less clear. A
study measuring CRP and inflammatory cytokines in normal-weight women found no
significant changes following low- and high-carbohydrate diets (46). Given that im-
provements in inflammatory biomarkers were observed in overweight individuals who
experienced weight loss following both low- and high-carbohydrate diets and no effects
were observed in women who experienced minimal weight loss following low- (–1.2 ±
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0.8 kg) and high- (–0.8 ± 1.0 kg) carbohydrate diets, preliminary findings suggest that
weight loss rather than the macronutrient composition of the diet may be responsible for
improvements in inflammatory biomarkers.

EFFICACY OF LOW-CARBOHYDRATE DIETS ON BLOOD PRESSURE

Weight-reducing low-carbohydrate and low-fat diets both appear to be effective in
reducing blood pressure. No significant differences in blood pressure have been observed
between groups in any of the long-term studies (8–12,32) or short-term studies (21,47) that
measured blood pressure.

EFFICACY OF LOW-CARBOHYDRATE DIETS ON INSULIN
SENSITIVITY AND GLYCEMIC CONTROL

A limited number of studies have compared the effects of low- and high-carbohydrate
diets on insulin sensitivity. Differences in methodology preclude a pooled analysis of
measures of glucose and insulin (32); however, there is some evidence to suggest that
low-carbohydrate diets are effective in improving insulin sensitivity and glycemic con-
trol (10,11,48).

Samaha et al. (10) measured fasting glucose and mean glycosylated hemoglobin
levels in nondiabetic and diabetic participants and insulin sensitivity (measured by the
quantitative insulin sensitivity check [QUICK]) in nondiabetic participants. Compared
with the low-fat group, greater decreases in fasting glucose were observed in the low-
carbohydrate group and a trend toward greater decreases in mean glycosylated hemoglo-
bin levels was observed in diabetic participants consuming a low-carbohydrate diet after
6 mo. After adjustment for the amount of weight lost at 6 mo, the low-carbohydrate diet
was no longer a significant predictor of decreased glucose concentrations (10); however,
significantly greater decreases in mean glycosylated hemoglobin levels were observed
at 1 yr even after adjustment for weight loss, suggesting that the diet had a direct effect
on glycemic control (11). In addition, greater increases in insulin sensitivity (6 ± 9% vs
–3 ± 8%) were observed at 6 mo in individuals consuming low-carbohydrate diets
compared with those consuming a low-fat diet (10); however, these effects did not persist
at 1 yr (11). It is important to note that participants in the low-carbohydrate group
experienced greater weight loss compared with the low-fat group at 6 mo, but no differ-
ences in weight were observed between groups at 1 yr. Another study reported no dif-
ference in the area under the glucose curve (as assessed by an oral glucose tolerance test)
even with weight loss at 6 mo and 1 yr in individuals consuming low-carbohydrate and
low-fat diets (8). Although the area under the insulin curve improved at 1 yr in both
groups, there were no differences in the area under the insulin curve or insulin sensitivity
between groups at 1 yr when there were no differences in weight loss between groups.
Unlike individuals participating in the Samaha study, participants in this study were
relatively healthy and did not have any clinically significant illnesses such as type 2
diabetes or metabolic syndrome.

Boden et al. (48) examined the effects of a low-carbohydrate diet (approx 20 g of
carbohydrate) on blood glucose concentration and insulin sensitivity (measured by
euglycemic hyperinsulinemic clamps) in 10 obese individuals with type 2 diabetes admit-
ted to the general clinical research center. The experimental diet was administered for
14 d. An energy deficit of approx 1030 kcal/d resulted in a weight loss of 1.65 kg, which



Chapter 15 / Low-Carbohydrate Diets 307

was caused primarily by a reduction of adipose tissue rather than a loss of body water.
In addition, 24-h plasma glucose concentrations normalized, hemoglobin A1C decreased
(from 7.3% to 6.8%), and insulin sensitivity improved.

In another short-term study, Corneir et al. (22) investigated whether insulin sensitivity
was differentially affected in insulin-sensitive and insulin-resistant women consuming
hypocaloric (–400 kcal/d) diets varying in macronutrient composition. The effects of
low-carbohydrate and low-fat diets on insulin sensitivity (measured by fasting insulin,
homeostasis model assessment, and QUICK) were compared in 12 insulin-sensitive and
9 insulin-insensitive obese women. After 16 wk on either a hypocaloric low-carbohy-
drate or hypocaloric low-fat diet, weight loss was observed in both insulin-sensitive
women consuming low-carbohydrate (–6.2 kg) and low-fat (–11.3 kg) diets and insulin-
resistant women consuming low-carbohydrate (–11.1 kg) and low-fat diets (–7.42 kg).
Fasting insulinemia improved in both groups and insulin sensitivity improved in insulin-
resistant women but did not change in insulin-sensitive women. The change in insulin
sensitivity was correlated with the degree of weight loss, suggesting that weight loss,
rather than macronutrient composition, improved insulin resistance in this study; how-
ever, this study also showed that hypocaloric low-carbohydrate diets were as effective
as hypocaloric low-fat diets in increasing insulin sensitivity.

One study suggests that low-carbohydrate diets do not confer any advantage over low-
fat diets on glucose metabolism and insulin sensitivity when studied under conditions of
weight maintenance. Sunehag et al. (49) compared the effects of isocaloric low-carbo-
hydrate (30% carbohydrate, 55% fat) and low-fat (60% carbohydrate, 25% fat) diets on
glucose metabolism and insulin sensitivity and secretion in 13 obese but otherwise
healthy, nondiabetic but insulin-resistant adolescents. In this crossover design study,
participants were instructed to consume a low- or high-carbohydrate diet 7 d prior to
metabolic testing. Glucose metabolism, insulin sensitivity, and insulin secretory indices
were measured by isotopically labeled tracers and a stable-label iv glucose tolerance test
(SLIVGTT). No differences in insulin sensitivity were observed between dietary con-
ditions and neither diet provided beneficial effects on glucose metabolism; therefore,
these researchers suggest that treatment of insulin resistance should focus on manage-
ment of weight rather than the macronutrient composition of the diet.

Taken together, these studies suggest that fasting glucose, glycosylated hemoglobin,
and insulin sensitivity improve during weight loss. Greater improvements in insulin
sensitivity and glycemic response at 6 mo in individuals consuming a low-carbohydrate
diet are associated with greater losses of weight. Improvements in glycemic response
and insulin sensitivity may be more prevalent in those with chronic disease.

CONCLUSION

Studies that compare low-carbohydrate and low-fat diets suggest that low-carbohy-
drate diets are effective in reducing body weight and do not appear to increase risk of
cardiovascular disease in the short term (50). In fact, the low-carbohydrate diet produces
favorable effects on triglycerides and HDL concentrations, traditional measures of car-
diovascular disease risk. Furthermore, low-carbohydrate diets for weight reduction do
not appear to confer additional costs compared to low-fat, low-calorie diets (51). These
results are preliminary and do not signal a call for revised dietary guidelines. Improve-
ments in lipid profiles associated with low-carbohydrate diets (increased HDL choles-
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terol and reduced triglycerides) are suggestive of an overall beneficial effect, but the
clinical implications of these findings clearly require additional study (52). As suggested
by the meta-analysis (32), potential unfavorable changes in total and LDL cholesterol
should be weighed against the favorable changes in HDL and triglycerides before low-
carbohydrate diets can be recommended for the long-term treatment of obesity. Further-
more, these preliminary data need to be replicated in larger and longer trials that include
more comprehensive assessment of safety, including measures of bone health and kid-
ney function. Additional studies comparing the effects of low-carbohydrate and low-fat
diets on fasting lipids, inflammatory biomarkers, postprandial lipemic response, and
insulin sensitivity under conditions of weight maintenance (i.e., without the confound-
ing factor of weight loss) are also needed to better understand mechanisms and effects.
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Summary
There is an increasing prevalence of overweight and obesity in the United States and other

developed countries. This can have significant public health implications because of the association
of excess body weight with increased risk of chronic diseases. It has been suggested that the increas-
ing prevalence of excess body weight (overweight and obesity) and related diseases also has a
significant impact on health care costs. Physical activity can significantly affect weight control and
can also have an independent effect on associated chronic disease risk factors. However, physical
activity participation is less than optimal. Thus, it is important for health care professionals to
understand the role of physical activity in weight loss, the prevention of weight gain, and the
prevention of weight regain, and to understand how to provide accurate and meaningful information
to their patients.

Key Words: Exercise; overweight; fitness; weight control.

INTRODUCTION

Obesity, physical activity, and poor dietary behaviors have been linked to increased
health risk, which may contribute to 300,000 to 400,000 additional deaths per year in the
United States (1). This may in part be a result of the increasing prevalence of overweight
(body mass index [BMI] �25.0 kg/m2) and obesity (BMI �30.0 kg/m2), with these rates
estimated to be approx 65% and 30% in adults, respectively (2,3). Moreover, it is esti-
mated that 16% of children and adolescents ages 6 to 19 yr are obese (4). The increasing
prevalence of overweight and obesity results in associated health risks from an increase
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in numerous chronic diseases that include heart disease, diabetes, and various forms of
cancer (1). These increased obesity-related health risks may contribute to more than
$100 billion in annual health care costs. Thus, the development and implementation of
interventions that result in weight loss, prevention of weight gain, and prevention of
weight regain can significantly reduce the health burden and have an impact on public
health.

It has been demonstrated that a reduction in body weight and an increase in physical
activity may facilitate the management of body weight and reduce the risk and onset of
obesity-related diseases (1). However, it is estimated that only 20% of adults in the
United States participate in adequate levels of physical activity to improve their health
(5), and it is clear that most children do not participate in adequate amounts of physical
activity (5). Thus, it is important for health care professionals to understand the role of
physical activity in the prevention of weight gain, weight loss, and the prevention of
weight regain, and to understand how to provide accurate and meaningful information
to their patients.

CONTRIBUTION OF PHYSICAL ACTIVITY TO TOTAL ENERGY
EXPENDITURE

Whether body weight remains stable, increases, or decreases is ultimately dependent on
the balance or imbalance between energy intake (calories consumed) and energy expen-
diture. To reduce body weight, energy expenditure must exceed energy intake, whereas to
prevent weight gain or to maintain weight loss, energy expenditure must equal energy
intake. Thus, the effect of an increase in energy expenditure on body weight is also depen-
dent on the relative contribution of energy intake to energy balance. This section will focus
on the contribution of the components of energy expenditure on energy balance.

There are three basic component of energy expenditure: resting energy expenditure
(REE), thermic effect of food (TEF), and voluntary physical activity (Fig. 1). Although it
is recognized that REE can vary among individuals, and there are physiological, meta-
bolic, and genetic influences on REE, the REE within a given individual remains rela-
tively stable, provided that weight and health status remain stable. Moreover, despite the
large contribution of REE to total energy expenditure, limited studies have shown the
ability of lifestyle interventions to increase REE; this is especially true during weight
loss when REE tends to decrease (6,7). Thus, it appears that interventions targeting an
increase in REE will have a small and limited impact on total energy expenditure for most
individuals, which will result in a limited impact on body weight.

TEF is the increase in energy expenditure resulting from the food that is consumed to
allow for the necessary components of digestion. Ravussin et al. (8) have suggested that
TEF is approx 10% of total daily energy expenditure. Moreover, TEF is influenced by
the macronutrient content of the food that is consumed. Despite the potential increase in
TEF based on dietary composition, this increase in energy expenditure is relatively small
compared with the total daily energy expenditure. Moreover, this would require a sig-
nificant increase in a specific macronutrient content sustained over a relatively long
period of time to significantly and independently affect body weight. Thus, attempting
to affect body weight solely through an increase in TEF is not practical and will likely
result in minimal impact. A more detailed discussion of this issue is not within the scope
or focus of this chapter.
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Leisure-time physical activity (LTPA) is the most variable component of energy
expenditure. LTPA can occur in the form of structured exercise, lifestyle activity, or
other forms of activity that contribute to an increase in energy expenditure. The amount
of the increase in energy expenditure varies based on the amount of LPTA that is per-
formed. For example, an individual who is relatively inactive will expend approx 30%
more calories above what is expended in REE, with this increasing to approx 50% or 80%
for individuals participating in moderate or higher amounts of LTPA, respectively (see
Fig, 1). Thus, it is important to understand the contribution of an increase in total daily
energy expenditure resulting from LTPA on energy balance, which can affect the pre-
vention of weight gain, weight loss, the prevention of weight regain following weight
loss.

CAN PHYSICAL ACTIVITY PREVENT WEIGHT GAIN?

Close examination of prevalence data indicates the need to focus intervention efforts
on the prevention of weight gain. If effective, this will decrease the likelihood of a
transition from normal weight to overweight or obesity, and decrease the transition from
overweight to obesity. There is some evidence that LTPA can play a significant role in
the prevention of weight gain; this is mostly likely a result of the increase in energy
expenditure resulting from an increase in LTPA. For example, there are data from pro-
spective observation studies that appear to support this hypothesis. Lee and Paffenbarger
(9) concluded that participants in the Harvard Alumni Study who reported levels of
physical activity consistent with approx 30 min of moderate-intensity physical activity
had a lower body weight when compared with individuals reporting lower levels of
physical activity. When change in cardiorespiratory fitness is used as a surrogate for
change in LTPA, the data reported by DiPietro et al. (10) demonstrate the inverse asso-
ciation between change in fitness and change in body weight, which also supports the
importance of physical activity in the prevention of weight gain in adults.

Fig. 1. Contribution of varying levels of leisure-time physical activity (LTPA) to total energy
expenditure (TEE) for a fix resting energy expenditure (REE - 1800 kcal/d) and thermic effect
of a metal (TEM = 180 kcal/d).
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The application of these prospective, observational findings need to be apply to inter-
ventions to have a meaningful impact on weight gain prevention. In fact, Sherwood et
al. (11) reported that an increase in physical activity was predictive of prevention of
weight gain. Moreover, preliminary data are available from an ongoing clinical trial that
is being conducted in our research center. Results indicated that an increase in physical
activity (150 to 300 min/wk) resulted in prevention of weight gain or modest weight loss
(1–2 kg) in approx 60% of overweight adults (BMI = 25.0–29.9), with change in fitness
predictive of prevention of weight gain (unpublished data).

These findings are important when considered in context of the recommendations for
physical activity in the prevention of weight gain that appeared in the 2005 US Dietary
Guidelines, which stated that to prevent weight gain there is a need for individuals to
“engage in approximately 60 minutes of moderate- to vigorous-intensity activity on
most days of the week while not exceeding caloric intake requirements.” Clinicians
should consider individually tailoring these recommendations based on the response of
the participant. For example, it has been established that approx 30 min of moderate-
intensity physical activity per day on most days of the week can result in a significant
reduction in the risk of chronic diseases. Thus, individuals should increase to this level
of activity and determine whether this level of physical activity is sufficient to prevent
weight gain. If it is not, the recommended level of physical activity can gradually be
increased (e.g, 30 to 35 min/wk, 35 to 40 min/wk, etc.) until weight gain ceases. This is
illustrated in the flow chart provided in Fig. 2.

PHYSICAL ACTIVITY FOR WEIGHT LOSS AND PREVENTION
OF WEIGHT REGAIN

Short-Term Weight Loss
It has been clearly established that effective behavioral weight-loss interventions

result in approximately a 10% weight loss compared to initial body weight within 6 mo
of initiating an intervention (12). These results appear to be achievable with the combi-
nation of a reduction in energy intake and an increase in energy expenditure (1). How-
ever, the contributions of each of these components (reduction in energy intake and
increase in energy expenditure) are not equal, with the majority of weight loss resulting
from a reduction in energy intake. In response to a 12-wk intervention, Hagan et al. (13)
reported a reduction in body weight of 8.4% in males and 5.5% in females, with Wing
et al. (14) reporting 9.1% in response to a 24-wk intervention, with energy intake ranging
from 1000 to 1500 kcal/d. The addition of exercise to a reduction in energy intake
resulted in weight loss of 11.4% and 7.5%, respectively in males and females (13), with
Wing et al. (14) reporting weight loss of 10.4%. In these studies, exercise alone resulted
in weight loss of 0.3, 0.6, and 2.1%, respectively (13,14). These findings support the
conclusions of the clinical guidelines developed by the National Institutes of Health that
recommend the combination of a reduction in energy intake and an increase in energy
expenditure to maximize weight loss in response to a behavioral intervention (1).

Long-Term Weight Loss and Weight-Loss Maintenance
Despite the minimal effect of exercise on short-term weight loss, exercise appears to

be an important component of long-term interventions. This is supported by the 2005 US
Dietary Guidelines (15), the Institute of Medicine (16), and extensive reviews of the
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Fig. 2. Example of exercise progression to prevent weight gain or weight regain.
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literature (17,18). However, a common conclusion that appears to be supported by cross-
sectional data, prospective observational data, and data from clinical trials is that physi-
cal activity equivalent to �2000 kcal/wk or approx 250 to 300 min/wk is associated with
improved long-term weight loss at 12 to 24 mo (19–24). These results appear to support
the recommendation of the US Dietary Guidelines that 60 to 90 min/d is required to
prevention weight regain following significant weight loss (15).

It appears that adequate levels of physical activity do not act alone to control body
weight long-term, but rather work in synergy with appropriate levels of energy intake.
For example, Jakicic et al. (25) reported that the combination of increased levels of
physical activity combined with reduced levels of energy intake were predictive of long-
term weight-loss outcomes following an 18-mo intervention. Similar findings were
reported by McGuire et al. (26) based on data from the National Weight Control Reg-
istry. Thus, these data appear to support the importance of maintaining adequate levels
of energy balance (energy intake and energy expenditure) to enhance long-term weight
loss and prevent weight regain following weight loss. Thus, it is important for clinicians
to address these components of energy balance equally when providing interventions for
overweight and obese adults.

DEVELOPMENT OF EXERCISE PRESCRIPTION
FOR WEIGHT CONTROL

Exercise Mode
The majority of clinical trials have incorporated aerobic forms of physical activity

(i.e., brisk walking) into the weight loss interventions; overweight/obese individuals
report that walking is the self-selected mode of physical activity for 80 to 90% of activity
sessions (20). This may be a result of ease of participation for most individuals, the low
cost of participation, and lack of need for special skills to participate in this form of
physical activity.

Despite these findings, additional forms of physical activity have been examined for
weight control with mixed results. For example, a review of the scientific literature
revealed no apparent improvement in weight loss with the addition of resistance exercise
(27), and preliminary data from our laboratory appear to support this conclusion (35).
Moreover, Jannsen et al. (28)  reported no significant improvement in risk factors with
the addition of resistance exercise when compared with weight loss resulting from diet
alone. However, there is initial evidence, that despite these findings, that resistance
exercise has been associated with a reduction in all-cause mortality (29). Moreover,
resistance exercise will improve muscular strength (30,31), which may affect physical
function of overweight and obese adults (32). Despite these potential benefits, resistance
exercise has not been shown to be more effective for weight loss or the maintenance of
weight loss compared with other forms of physical activity. Thus, although more re-
search is needed to understand the role of resistance exercise for weight control, this form
of exercise may be appropriate when used as a complement to other forms of physical
activity such as walking.

Because of the potential functional limitations of overweight and obese adults, alter-
native forms of physical activity may need to be considered. Yoga has been shown to
improve range of motion and physical function, while reducing pain (33,34). However,
there are limited data to support the addition of yoga to interventions to improve weight
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loss. Results from a 12-mo weight-loss intervention that included yoga as a complement
to aerobic forms of physical activity and a reduction in energy intake demonstrate no
improvement in weight loss when compared with interventions not including yoga (35).
Another popular recommendation is to include aquatic forms of physical activity for
overweight adults, as this may overcome functional limitations in overweight and obese
individuals. Again, the limited data in this area of research do not indicate that weight
loss is improved with the addition of aquatic exercise compared with other forms of
physical activity (36). These factors should be considered by clinicians when recom-
mending physical activity to overweight and obese adults when weight loss is the pri-
mary outcome, and used to enhance LTPA and energy expenditure for individuals who
find these activities enjoyable.

Physical Activity Intensity vs Volume
Current recommendations for physical activity to control body weight appear to

indicate that approx 60 to 90 min/d may be required to prevent weight gain or improve
long-term weight loss (15). Moreover, although the accumulation of at least 10,000 steps
per day, measured using a pedometer, may be associated with improvements in health-
related parameters (37), it has been suggested that it may be necessary to progressively
increase daily steps to levels above 10,000 steps per day to improve weight loss (38).
Thus, clinicians should focus on progressively increasing the total volume of physical
activity to maximize energy expenditure in overweight and obese adults. This could
involve increasing duration by 10 min/d or by 1000 steps/d at approximately 4-wk
intervals until the desired level of physical activity is attained.

The total volume of physical activity, expressed as energy expenditure, may be more
important for weight control than the intensity of the physical activity that is performed.
For example, Duncan et al. (39) have demonstrated that when total volume of physical
activity is held constant, there is no difference in the effect on body weight across
different intensities of physical activity. Similar results have been reported by Jakicic et
al. (20), who demonstrated that the magnitude of weight loss was affected by volume of
physical activity rather than the intensity of physical activity within a 12-mo clinical
trial.

Even though total volume of physical activity may be more important than the inten-
sity of physical activity for promoting weight control, this does not suggest that an
adequate intensity of physical activity to improve cardiorespiratory fitness is not impor-
tant. In fact, there is a growing body of literature to support the need for sufficient
improvements in cardiorespiratory fitness independent of body weight, with higher levels
of fitness reducing health-related risk even in overweight and obese adults (40–43). More-
over, this may also result in a reduction in all-cause mortality independent of body weight
(44). However, these data appear to only apply to individuals with a BMI <35, as there
are limited data to support the independent effects of physical activity on health-related
outcomes and mortality for individuals above this level of BMI.

An additional factor when considering the volume of physical activity is whether this
needs to be done in a continuous manner to have an effect on the desired outcomes. In
fact, there are numerous studies to support that intermittent exercise performed in mul-
tiple bouts of at least 10 min in duration can significantly improve desired outcomes.
These outcomes can include cardiorespiratory fitness (45–47) and selected risk factors
(46). Moreover, intermittent physical activity may provide an effective strategy for
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improving initial adoption of physical activity in overweight and obese adults (21,47).
This may provide a strategy for clinicians when addressing physical activity for indi-
viduals who are resistant to traditional forms of physical activity that require continuous
exercise for periods ranging from 20 to 60 min per session.

CONCLUSION

Excessive body weight that results in overweight or obesity has been linked to signifi-
cant health risks for numerous chronic conditions (1). A continuing challenge for clini-
cians is to address the increasing prevalence of weight gain in patients to prevent
overweight or obesity, and to prevent weight regain following initial weight loss. How-
ever, it appears that physical activity can contribute to a significant increase in energy
expenditure, which will facilitate long-term weight control provided that a sufficient
dose of physical activity is performed. It appears that the level of physical activity
necessary for prevention of weight gain and to enhance long-term weight loss mainte-
nance ranges from approx 30 to 60 min/d (15,17–20). Therefore, clinicians should encour-
age patients to progressively increase physical activity to this range (see Fig. 2) in addition
to maintaining a complementary level of energy intake. This may require clinicians to
individually tailor these recommendations to the needs of the patient in a progressive and
systematic manner to enhance both weight control and health-related outcomes in over-
weight and obese adults.
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Summary
Counseling by health care professionals represents a potentially important component of the

public health response to rising rates of obesity in the United States. One promising approach to
weight control counseling is motivational interviewing (MI). This manuscript explores conceptual
issues related to the application of MI for the prevention and treatment of obesity in medical practice.
Given the paucity of studies on MI and obesity, we examine what is known about the application
of MI to adult diet and physical activity behaviors, as well as the use of MI to modify weight, diet,
and activity in children and adolescents. We begin with a brief overview of MI and describe some
nuances of applying this approach to obesity counseling. Recommendations for future research and
clinical practice are also presented.

Key Words: Obesity; motivational interviewing; counseling; client-centered.

INTRODUCTION

Obesity and its medical and economic sequelae have risen dramatically in the United
States over the past 30 yr (1–4). Although slowing or reversing this trend will require
concerted effort at multiple levels of intervention, counseling by health care profession-
als represents an important component of the public health response. However, there are
significant barriers to counseling for health care practitioners, and as a result, both the
efficacy and reach of clinical interventions have been substantially limited (5–8).
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Patients who receive advice on how to control their weight are significantly more
likely to try to lose weight, but fewer than half of obese adults report that their health care
professional advised them to lose weight (9–13). One study found that although 65% of
patients received information on the health benefits of weight loss, only 37% were given
specific advice on how to control their weight (10). Obese individuals with obesity-
related comorbidities are more likely to receive weight management counseling (10,11),
which suggests that counseling is used more for secondary than primary prevention. Key
system-level barriers to nutrition and activity counseling include time constraints, lack
of organizational support, lack of referral mechanisms, and poor financial incentives
(8,9,12,14).

 Perhaps more important, health care practitioners report low confidence in their
ability to counsel their patients, and they also question the efficacy of behavioral coun-
seling (6,15–19). In one study, for example, 67% of primary care physicians agreed that
lack of training in counseling skills was a barrier to nutrition counseling, whereas 50%
felt that confidence in their ability to counsel patients about diet was a barrier to nutrition
counseling (6). Similar factors appear operative among pediatric practitioners. Kolagotla
and Adams (15) found that only 30% of pediatricians felt that their efficacy for obesity
counseling was good to excellent and only 10% felt obesity counseling was effective. In
another study, only 26% of pediatricians felt “quite” to “extremely” competent to coun-
sel overweight youth and only 37% felt “quite” to “extremely” comfortable providing
such treatment (20). Almost 80% of pediatricians report feeling “very frustrated” treat-
ing pediatric obesity (20).

Low practitioner confidence in the skills and perceptions of treatment futility appear
in part to stem from frustration over what practitioners perceive as low patient motiva-
tion and poor behavioral adherence (15,16). Perceived patient indifference likely decreases
practitioner efficacy as well as perceived treatment utility, which act synergistically to
discourage practitioners from attempting to intervene. Importantly, these factors appear
to be even more cogent inhibitors than lack of time or reimbursement, and they may be
more amenable to intervention. Yet, despite low confidence in their counseling skills,
practitioners are interested in improving their behavioral skills (6,16,17,21).

One promising approach to weight control counseling that may address both clinician
efficacy and treatment efficacy is motivational interviewing (MI). As originally described
by Miller (22) and more fully discussed in a seminal text by Miller and Rollnick (23),
MI has been used extensively in the addiction field (22,24–26). Numerous randomized
trials have demonstrated its clinical efficacy for addictive behaviors (27,28). Over the
past 10 yr, there has been considerable interest from health care practitioners in adapting
MI to address various nonaddictive, health-related and chronic disease behaviors (28–38).

This chapter will explore conceptual issues related to the application of MI for the
prevention and treatment of obesity in adults and youth. Given the paucity of studies on
MI and obesity, we will examine what is known about the application of MI to adult diet
and physical activity behaviors, as well as investigate the use of MI to modify other
behaviors in children and adolescents. We begin with a brief overview of MI and describe
some nuances of applying this approach to weight control.

OVERVIEW OF MI

MI is an egalitarian, empathetic “way of being” that manifests through specific tech-
niques and strategies such as reflective listening and agenda setting. One of the goals of
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MI is assisting individuals to work through their ambivalence about behavior change. As
a result, MI appears to be particularly effective for individuals who are initially less ready
to change (23,25,37,39,40). The tone of MI is nonjudgmental, empathetic, and encour-
aging. Counselors establish a nonconfrontational and supportive climate in which clients
feel comfortable expressing both the positive and negative aspects of their current be-
havior. Ambivalence is fully explored and at least partially resolved prior to moving
toward change. Many counseling models rely heavily on therapist insight or traditional
patient and nutrition education methods that emphasize information exchange. In con-
trast, a client engaged in MI is expected to do much of the psychological work. There is
generally no direct attempt to dismantle denial, to confront irrational or maladaptive
beliefs, or to convince or persuade. Instead, the goal is to help clients think about and
verbally express their own reasons for and against change and how their current behavior
or health status affects their ability to achieve their life goals or live out their core values.
A primary goal of MI is to encourage clients to make fully informed and deeply contem-
plated life choices, even if the decision is not to change.

To achieve these ends, MI counselors rely heavily on reflective listening and positive
affirmations. The assumption is that behavior change is affected more by motivation
than information. Whereas the essence of MI lies in its spirit, there are specific tech-
niques and strategies that, when used effectively, help ensure that such a spirit is evoked.
In addition to reflective listening, core MI techniques include allowing the client to
interpret information, agenda setting, rolling with resistance, building discrepancy, and
eliciting self-motivational statements or “change talk.” As recently noted by Rollnick et
al. (41), MI can be considered a form of guiding, as opposed to more directive methods
that rely on advice and persuasion.

Reflective listening can be conceptualized as a form of hypothesis testing. The hy-
pothesis can be stated in generic terms as “If I heard you correctly, this is what I think
you are saying …” or “Where you are going with this…” Reflections, particularly by
counselors who are new to the technique, often begin with the phrase “It sounds like...”
More skilled counselors often phrase their reflections as more direct statements such as
“You are having trouble with ...”, leaving off the assumed “It sounds like…” The goals
of reflecting include demonstrating that the counselor has heard and is trying to under-
stand the client, affirming the client’s thoughts and feelings, and helping the client
continue the process of self-discovery. One of the most important elements of mastering
MI is suppressing the instinct to respond with questions or advice. Questions can be
biased by what the counselor may be interested in hearing about rather than what the
client wants or needs to explore. Reflecting helps ensure that the direction of the encoun-
ter remains client-driven. Reflections involve several levels of complexity or depth (42).

The simplest level tests whether the counselor understood the content of the client’s
statement. Deeper levels of reflection explore the meaning or feeling behind what was
said. Effective deeper-level reflections can be thought of as the next sentence or next
paragraph in the story—i.e., “where the client is going with it.” A high level of reflective
listening involves selectively reinforcing positive change talk that may be embedded in
a litany of barriers. Similarly, skilled MI counselors selectively reflect statements that
build efficacy by focusing on prior successful efforts or reframing past unsuccessful
attempts as practice rather than failure.

In standard medical practice, practitioners often provide information about the risks
of continuing a behavior or the benefits of change with the intent of persuasion. With
regard to obesity counseling, a traditional counseling statement might be, “It is very
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important that get control of your weight. It can cause problems with diabetes and blood
pressure and the risks are significant.” In this style of communication the practitioner
often attempts to push motivation by increasing perceived risk. In contrast, information
is presented through MI by first eliciting the person’s understanding and information
needs, then providing this in a more neutral manner, followed by eliciting what this
means for them, with a question such as, “How do you make sense of all this?” MI
practitioners avoid persuasion with “predigested” health messages and instead allow
clients to process information and find their own personal relevance. To this end, the
guideline “elicit-provide-elicit” has been proposed as a framework for exchanging in-
formation in the spirit of MI.

Confronting clients can lead to defensiveness, rapport breakage, and, ultimately, poor
outcomes (22). Therefore, MI counselors avoid argumentation and instead “roll with
resistance.” An MI encounter resembles a dance more than a wrestling match (43). For
example, if a patient raises doubts that his or her weight poses any problem, MI practi-
tioners are trained to reflect the patient’s doubt and then provide opportunities for the
patient to voice any concerns he or she may have about remaining overweight or gaining
weight rather than stating facts to counter such beliefs. In cases where resistance is
severe, practitioners may use an amplified negative reflection. For example, a counselor
may comment, “It appears that you see no real problem with your weight.” This poten-
tially risky strategy is designed to “unstick” the entrenched client by short-circuiting the
“yes-but” cycle.

A core principle of MI is that individuals are more likely to accept and act upon
opinions that they voice themselves (44). The more a person argues for a position, the
greater his or her commitment to it often becomes. Therefore, clients are encouraged to
express their own reasons and plans for change (or lack thereof). This is referred to as
eliciting change talk. A technique to elicit change talk is the use of importance/confi-
dence rulers (39,43,45). This strategy begins with two questions: (1) “On a scale from
zero to 10, with 10 being the highest, how important is it to you to change your [insert
target behavior]?” and (2) “On a scale from zero to 10, with 10 being the highest,
assuming you wanted to change this behavior, how confident are you that you could
change [insert target behavior]?” These two questions assess the client’s importance and
confidence for change, respectively (24,45). Clinicians follow these questions with two
probes: (1) “Why did you not choose a lower number, like a 1 or a 2?” and (2) “What
would it take to get you to a 9 or a 10?” These probes elicit positive change talk and ideas
for potential solutions from the client. To help patients establish the discrepancy between
their current behavior and their personal core values or life goals, our group has devel-
oped a values list tailored for adult patients as well as parents seeking to improve their
children’s weight (see Table 1). Patients identify what is important to them and practi-
tioners then probe to see if they can find any connections between the values they
selected and the health issue at hand.

Three Communication Styles: Route to Integration
A challenge for practitioners is understanding how to fit MI into their everyday

practice. Some view it as a highly specialized skill developed and best delivered by
psychologists, which is difficult for the typical physician to integrate effectively. Yet,
it is also striking how brief consultations by skilled physicians can approach the spirit
and even the letter of MI. One resolution to this “intimidation factor,” proposed by
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Rollnick et al. (42), is to place MI within a model of communication that comprises three
naturally occurring communication styles: directing, guiding, and following. When
practitioners use a directing style, they primarily inform patients about what the practi-
tioner thinks they should do and why they should do it. This is similar what is often
referred to as anticipatory guidance. Conversely, when practitioners use a more guiding
style, they rely less on persuasion and instead encourage patients to explore their moti-
vations and aspirations. Following involves understanding and tracking the patient’s
story, and is typically used in the early phrase of a consultation and under special circum-
stances like when responding to a bereaved individual. Skillfulness is defined as the
ability to move flexibly between these styles according to patient needs; the guiding style
is seen as particularly suited to consultations involving health behavior change, and MI
is defined as a refined form of this naturally occurring guiding style. Seen in this light,
the task for practitioners in obesity counseling is to get better at guiding while also
suppressing the instinct to direct.

Applying MI to Obesity: Conceptual and Pragmatic Issues
There are several aspects of obesity counseling that pose unique challenges for the MI

counselor. First, for pediatric obesity, depending on the age of the patient, the interven-
tion may occur directly with the parent(s), directly with the child, or both. There is some
evidence that older obese children do not benefit from the involvement of their parents,
whereas parent involvement may be beneficial for younger children (46). However, it is
not known at what ages youth and parents should be seen alone versus together. For both
youth and adults, the practitioner needs to understand that obesity is not a behavior per
se. Therefore, a key task for clinicians is to work with patients to identify what behaviors
contribute to their own or their child’s weight status and use agenda setting strategies to
determine which behaviors they feel are most amenable to intervention (Table 1).

Although MI has been established as a useful method for helping individuals over-
come resistance and clarify motivation, it is important to note that additional strategies,
such as behavior therapy or cognitive behavioral therapy, may be needed once an indi-
vidual decides to attempt behavior change. There is an MI-consistent means for deliv-
ering treatment and at this stage of care, MI should perhaps be conceived as a platform
for treatment delivery rather than the primary treatment modality; as background rather
than foreground.

Table 1
MI Values List for Counseling Parents of Overweight Children

Values for your child Values for you Values for your family

Be healthy Good parent Cohesive
Be strong Responsible Healthy
Have many friends Disciplined Peaceful meals
Be fit Good spouse Getting along
Have high self-esteem Respected at home Spending time together
Not being teased On top of things Be able to communicate feelings
Not feeling left out Spiritual Fulfill our potential
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IDENTIFICATION OF PRIOR STUDIES

Studies were identified by electronic search of the Medline database using various
combinations of key search terms, including motivational interviewing, motivational
enhancement, obesity, nutrition, diet, and physical activity. Additional studies were
identified though bibliographies of published studies and informal communication with
peers. Given the lack of published randomized trials of MI for treatment or prevention
of obesity, we decided to include in our review obesity pilot studies as well as studies
of MI to modify diet or physical activity behavior. Both youth and adult studies are
reviewed.

Review of Studies
We first review studies in which MI was employed directly to modify weight in

children or adolescents. We then examine studies in youth where MI was used to address
dyslipidemia (34) or diabetes (47,48). Next, we examine adult studies in which MI was
used to modify dietary and/or physical activity behaviors (37,49–54) (Table 2).

MI Studies Targeting Pediatric Obesity
We identified two studies in which MI was used to intervene in pediatric obesity. The

first of these studies, the Healthy Lifestyles Pilot Study, focused on prevention of over-
weight among children 3 to 7 yr old. The second study, Go Girls, was a multicomponent
intervention for overweight African American adolescents aged 12 to 16 that included
MI as a key intervention element.

HEALTHY LIFESTYLES PILOT STUDY

The Healthy Lifestyles Study (HLS) (unpublished data) and Go Girls was conducted
in 2004–2005 as a partnership of the Centers for Disease Control and Prevention, the
American Academy of Pediatrics (AAP), and the American Dietetic Association. The
primary aim of the HLS pilot was to examine the feasibility and potential efficacy of
pediatrician and dietitian MI counseling for preventing childhood obesity in primary
care pediatrics. Study sites were members of the AAP Pediatric Research in Office
Settings (PROS) network, which is a practice-based research network established by the
AAP in 1986 (55). Fifteen PROS practices were randomly assigned to one of three
conditions: control; minimal intervention; or intensive intervention. Five practices were
allocated to each arm. The intervention phase lasted 6 mo. Each of the 15 PROS practices
was asked to recruit 10 patients. Subject eligibility included children ages 3 to 7 yr with
either a BMI-for-age-and-sex between the 85th and 95th percentiles or a combination of
at least one parent with a BMI greater than 30 and a BMI-for-age-and-sex between the
50th and 85th percentiles. Parents in all groups were administered questionnaires at
baseline and again 6 mo later. The only intervention provided to participants in the
control group consisted of two safety education tip sheets. Parents of children in the
minimal intervention group received a single, brief MI counseling session from their
pediatrician 1 mo after baseline. Pediatricians in the minimal intervention group were
trained to provide counseling in a 2-d MI workshop. In contrast, participants in the
intensive intervention group engaged in four MI counseling sessions. Two sessions were
led by the patient’s pediatrician, and two sessions were guided by a dietitian. These
counseling sessions were delivered at 1 mo and 3 mo post-enrollment. The physicians
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Table 2
MI Pediatric Weight, Diet, and Activity Trials: Study Design

Study Starting n Age Outcome/Design Intervention Interventionist

Healthy Lifestyles 93 3–7 BMI Standard Care Pediatricians
Dietz, Schwartz Pilot Mod = 1 MI (MD) Dietitians
Wasserman, Slora High = 2 MI (MD) +
Resnicow, Myers 2 MI (RD)
Hamre (unpublished)

Go Girls 147 12–16 BMI Multicomponent
Resnicow et al. RCT Group session & Health Educators
2005       4–6 phone MI Psychologists

DISC 127 13–17 Diet 1 in-person MI Health Educators
Berg-Smith et al. Lipids 1 phone MI Dietitians
1999 No Control

DIABETES
Channon et al. 40 14–18 HBA1c Variable 1–9 Investigator
2003 Nonparticipants       mean 4.7

as controls

Knight et al. 20 13–16 Perceptions about DM 6 1-h sessions RN
2003 Qualitative response Senior registrar

327
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and dietitians were trained at a joint, 2-d MI workshop. The dietitian-led sessions were
longer than the sessions with the pediatricians, generally in the range of 30 to 45 min.
Sick visits continued as usual for children in both groups. Recruitment occurred from
April through November 2004. One minimal intervention practice dropped out, leaving
a total of 93 enrolled patients from 14 practices.

To assess competence in MI skill, clinicians participating in the HLS pilot completed a
measure of MI fidelity developed by the HLS investigators called the 1-PASS. The 1-PASS
consists of self-evaluation rating forms for one or two patient encounters on which
performance on several MI dimensions is scored on a scale of 1 to 7. Scores of 4.0 and
higher are considered as indicators of adequate to proficient MI skill. Using audiotapes
of the HLS intervention encounters, a trained psychologist rated each MI session using
One-Pass MI Fidelity Rating Systemm (1-PASS) and then discussed her score with each
clinician. Overall scores for the first patient encounters ranged from 3.2 for moderate-
intensity pediatricians to 4.4 for high-intensity dietitians. Overall scores were slightly
higher in the second encounters, ranging from 3.7 to 5.8 for pediatricians and dietitians
combined. For the six clinicians who participated in two supervisor feedback sessions,
mean MI skills scores increased 1.1 points between the first and second encounters.

A subset of 16 parents, consisting of eight parents from the minimal intervention
group and eight parents from the high-intensity intervention group, was asked to rate
their reactions to their counseling sessions. Overall, 88% of parents reported being very
satisfied with their pediatrician visit and 100% reported being very satisfied with their
dietitian visit. Parents’ ratings of the “client-centeredness” (e.g., “listened to me,” “asked
my opinion”) of their encounters with the pediatricians and dietitians were highly posi-
tive. In addition, 100% of parents indicated that they talked about the same amount of
time as their pediatrician or dietitian during the visit, which is the target proportion of
client participation for MI counseling encounters. Results of the trial on BMI will be
available in 2007.

GO GIRLS

Go Girls was a church-based nutrition and physical activity program designed for
overweight African American adolescent females (56). Ten predominantly middle-
socioeconomic-status churches were randomized to either a high-intensity (20–26
sessions) or moderate-intensity (6 sessions) culturally tailored behavioral group inter-
vention delivered over 6 mo. Each session included an experiential behavioral activity,
approx 30 min of physical activity, and preparation and tasting of healthy foods. In the
high-intensity group, girls also received 4 to 6 MI telephone counseling calls. Counse-
lors were either health educators with master’s degrees or doctorally trained psycholo-
gists. All counselors received 2 d of experiential MI training by the first author of this
chapter, plus ongoing clinical supervision by doctoral-level psychologists. The tele-
phone calls were synchronized with the group sessions to ensure that the MI calls focused
on participants’ plans and progress regarding the same topics covered during each weekly
group session. The calls lasted approx 20 to 30 min each and were generally conducted
in the afternoon or evening.

From the 10 churches, 123 girls completed the baseline and 6-mo follow-up assess-
ments. The primary outcome was BMI. The 6-mo assessments indicated a net difference
of 0.5 BMI units between the high and moderate intensity. This difference was not
statistically significant (p = 0.20). Additionally, there was no association between change



Chapter 17 / Motivational Interviewing 329

in BMI and the number of MI calls completed in the high-intensity group. An additional
follow-up assessment was conducted at 1 yr post-baseline, and findings mirrored those
found at 6 mo.

MI Studies Addressing Dyslipidemia and Diabetes
DIETARY INTERVENTION STUDY IN CHILDREN

The Dietary Intervention Study in Children (DISC) was a multicenter, randomized
controlled trial sponsored by the National Heart, Lung, and Blood Institute to assess the
efficacy of dietary counseling to decrease elevated serum lipids (LDL-C). Children with
elevated LDL-C entered the initial clinical trial when they were 8 to 10 yr of age (34).
As the intervention cohort moved into adolescence, the investigators elected to add an
MI-based intervention to “renew” adherence to the prescribed diet among the original
intervention group (there was no control group for this phase). The counselors were
primarily masters-level health educators and dietitians who received 18 h of MI training.
Each study participant received one in-person MI session and one follow-up session that
was conducted either in person or by telephone. Twenty-four-hour recall data from the
first 127 youths to complete the two-session protocol indicated that the proportion of
calories from fat and dietary cholesterol was significantly reduced at the 3-mo follow-
up assessment. The mean proportion of calories from fat also decreased from 27.7 to
25.6% (p < 0.001), and overall dietary adherence scores improved. When asked about
their reaction to the counseling, 74% of the youths reported being satisfied or very
satisfied.

OTHER STUDIES TARGETING DIABETES

In a pilot study, Channon et al. tested the impact of MI on 22 adolescents, aged 14 to
18 yr, with diabetes (47). Participating youth received between one and nine MI sessions
each, with an average of 4.7 sessions over 6 mo. The focus of the MI sessions consisted
of awareness building (analyzing pros and cons), finding alternatives, problem solving,
goal setting, and minimizing confrontation. Between 8 wk and 6 mo after the end of the
intervention phase, patients who had received MI showed a significant reduction in
HbA1c, from an average baseline measure of 10.8% to approx 10.0%.

Knight and et al. (48) administered an MI-based group intervention in six weekly, 1-h
sessions to six youths, ages 13 to 16, with poorly controlled Type 1 diabetes. The interven-
tion included externalizing conversations as well as MI. Participation in the MI-based
group was compared with a “usual care” control group (n = 14). At the 6-mo follow-up
assessment, adolescents who had received the group MI were more likely than those
youtsh in the control group to display positive shifts in their perception of diabetes such
as increased feelings of control and acceptance. Changes in behavior or physiologic
outcomes were not assessed.

Studies on Diet and Physical Activity Among Adults
We identified eight controlled outcome studies and one pilot study in adults where MI

was used to modify diet and physical activity behaviors (see Tables 3 and 4) (35,37,49–
54,57–59). In none of these studies was weight the primary target.

For adult diet and activity trials in which data were available, outcomes are reported
as standardized effect sizes and presented as the mean group differences divided by
standard deviations according to the method of Hedges and Olkin (60). Effect sizes were
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Table 3
MI Adult Diet and Activity Trials: Study Design

Author Starting n Outcome Design Interventionist

Resnicow 2001a 1011 F & V Control RD
Eat for Life Self-help

Self-help + MI × 2
Resnicow 2004a 1022 F & V Control
Body & Soul Churchwide + Peer Counselors

peer counseling × 2
Resnicow 2005a 1056 F & V Control Master or higher
Healthy Body/Spirit Exercise Self-help Psychologists

Self-help + MI × 4
Bowen 2002a 175 Fat intake Standard care Dietitian

3 MI (phone or in person)
Harland, 1999a 523 Exercise No MI Health educator

1 MI × 40min
6 MI × 40min

Mhurchu, 1998a 121 Diet & exercise Standard care Dietitian
Weight loss Standard integrated

with MI
Smith, 1997a 22 Diabetes Standard care Psychologists

Glycemic control Standard care + 3 MI
Woollard, 1995a 166 Blood pressure Standard care Nurses

Weight loss 5 MI by phone (low)
6 MI face to face (high)

Wollard, 2003a 212 Blood pressure Standard care Nurses
Weight loss Monthly by phone,

10–15 min (low)
Monthly face to face,

1 h (high)

aRandomized trial

either computed directly from data available in published studies, obtained from prior
meta-analyses (27,61), or calculated from raw data provided by the study investigators.

Smith et al. (35) conducted a pilot study involving 22 overweight women (41%
African American) with non-insulin-dependent diabetes mellitus. Subjects were ran-
domized to receive either a 16-wk behavioral weight control group intervention or the
same intervention with the addition of three individual MI sessions delivered by expe-
rienced psychologists. One MI session was delivered before the group treatment began,
and two were delivered mid-treatment. The MI encounters included individualized feed-
back on glycemic control to help develop the discrepancy between participants’ current
status and desired goals. At the 4-mo post-test, the 16 women who received the MI
showed significantly better glycemic control, they better monitored their blood glucose,
and they attended more sessions than those in comparison group. No group effects on
weight loss were observed.
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Mhurchu et al. (52) randomly assigned 121 patients with hyperlipidemia to receive
either three MI sessions or a standard dietary intervention, both of which were delivered
by a dietitian. At 3 mo post-baseline, there were no group differences in dietary habits
or BMI. Analysis of audiotaped counseling sessions indicated greater use of MI tech-
niques such as reflective listening in the experimental condition, whereas more advice
giving occurred in the standard intervention. As the authors suggested, the efficacy of
MI may have been compromised because 80% of the sample was already making some
dietary changes at baseline.

Woollard et al. (57) randomly assigned 166 hypertensive patients in general medi-
cal practices to one of three groups: a high-intensity MI intervention consisting of six
45-min sessions every fourth week; a low-intensity MI comprising a single face-to-face

Table 4
MI Adult Diet and Activity Trials: Results

Author Time to FU (wk) Outcome Results/effect size

Resnicow 2001 52 F & V
Eat for Life MI vs control .58a

MI vs Self-help .51a

Resnicow 2004 24 F & V 2-item .39a

Body & Soul F & V 36-item .18a

Resnicow 2005 52 F & V
Healthy Body/Healthy Spirit MI vs control .30a

MI vs self-help .20a

PA
MI vs control .24a

MI vs self-help 0.0

Bowen 2002 52 Fat intake .39a

Harland 1999 12 PA 1 session .49a

12 PA 6 sessions .46a

52 PA 1 session 0
52 PA 6 sessions .17

Mhurchu 1998 13 Serum cholesterol .03
BMI .25

Smith 1997 18 Glycemic control .36a

Weight loss .34

Woollard 1995 18 SBP 1.24a,b

DBP 1.94a, b

Weight 1.75kga,b

Woollard 2003 18 SBP 3.3 mmHgb

DBP 1.1 mmHgb

Weight .5 kgb

aEffect significant p < 0.05
bHigh-intervention vs control group
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session plus five brief telephone contacts; or a control group receiving no MI counseling.
All MI interventions were delivered by nurse counselors. Both intervention groups also
received usual care plus an educational manual. After 18 wk, there were no significant
differences between the two MI groups. However, the high-intensity MI group had
significantly reduced their weight and blood pressure relative to the control group,
whereas the low-intensity MI group significantly decreased its alcohol and salt intake
relative to the control group. Physical activity and smoking were not significantly altered
in any of the groups. A follow-up study by Woollard et al. (50,51) among 212 adults with
high cardiovascular risk using a similar intervention protocol, again delivered by nurses,
found no significant effects on blood pressure, weight, or serum lipids at 18 wk (not
shown in table).

Harland et al. (53) recruited 523 adult patients from a general medical practice. Par-
ticipants were sedentary but otherwise healthy. The study had four intervention groups.
Two groups received a single 40-min MI session, and two groups received six 40-min
MI sessions delivered over 12 wk. Approximately half the participants in the MI groups
also received vouchers for free aerobics classes. There was also a control group that
received neither MI nor vouchers. At the 12-wk follow-up, self-reported physical activ-
ity improved in the four aggregate intervention groups relative to the controls (38%
improved vs 16%), but there were no significant differences between the “high” and
“low” MI groups. Twelve months later, there were no significant differences in physical
activity between the intervention groups, either combined or separately, relative to the
control group. One limitation of this study is that participants in the “high” group, on
average, attended only three MI sessions.

Resnicow et al. (37) conducted the Eat for Life (EFL) trial, a multicomponent inter-
vention designed to increase fruit and vegetable consumption among African American
adults recruited through black churches. Fourteen churches were randomly assigned to
one of three treatment conditions: comparison; culturally tailored self-help (SH) inter-
vention with one telephone cue; and SH intervention, one cue call, and three MI coun-
seling calls. The cue calls were intended to increase the use of the SH intervention
materials and were not structured as MI contacts. The MI counselors were either regis-
tered dietitians or dietetic interns. All counselors participated in three 2-h MI training
sessions and received ongoing supervision. Fruit and vegetable intake was assessed at
baseline and at 12 mo using three food frequency questionnaires (FFQs). Self-reported
fruit and vegetable intake at 12 mo was significantly greater in the MI group than the
comparison and SH-only groups. The net differences between the MI and the comparison
group were 1.38, 1.03, and 1.21 servings of fruit and vegetables per day for the 2-item,
7-item, and 36-item FFQs, respectively. The net difference between the MI and SH
group was 1.14, 1.10, and 0.97 servings for the 2-item, 7-item, and 36-item FFQs.

The Body & Soul project was a collaborative effort between two research universities,
the national office of the American Cancer Society (ACS), and the National Cancer
Institute (NCI). The Body & Soul intervention was constructed from two prior church-
based behavior change programs, Black Churches United for Better Health (62,63) and
Eat for Life. The Body & Soul intervention comprised several elements, including
church-wide activities, distribution of self-help materials, and peer counseling. The peer
counseling component was directly adapted from the MI protocol employed in the Eat
for Life study. Whereas in Eat for Life the MI was delivered by trained dietitians, in Body
& Soul MI was delivered by lay church members trained by project staff. These trained
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church members are subsequently referred to volunteer advisors. Churches were asked
to identify individuals, preferably with a college degree or higher and a background in
a “helping profession” (e.g., teacher, psychologist, nurse, counselor, social worker),
who were willing to attend a 1.5-d training, make two intervention calls to at least five
different church members, and undergo a tape-recorded evaluation to determine whether
they met performance criteria. The training provided general skills in asking open-ended
questions and reflective listening, as well as specific strategies to elicit discussion about
fruit and vegetable consumption. At the end of the training, participants were audiotaped
conducting a simulated encounter with another trainee using the semistructured protocol
provided by the research team. Tapes were coded by two staff members experienced in
MI. The coding system, based on the method developed by Miller and Mount (64),
included 17 discrete skills, each scored on a scale of 1 to 7. Participants scoring a mean
of 4.5 or higher across the 17 items were considered to possess adequate competence. Of
the 88 individuals trained, 64 (73%) met competency criteria and were certified as
volunteer advisors. Of those church members receiving at least one call, 72% reported
being very satisfied with their volunteer advisors.

A total of 16 churches were randomized into an intervention or a comparison group
of eight churches each. One comparison church dropped out, leaving 15 completing the
baseline and follow-up surveys. One intervention “church” in California was an aggre-
gate church that included five small, affiliated churches that were treated as a single unit
for analytic purposes. All churches had a predominantly African American membership.
The primary outcome for the study was fruit and vegetable intake, which was assessed
by two self-report FFQs at baseline and 6 mo post-enrollment. One FFQ was the National
Cancer Institute’s 19-item fruit and vegetable assessing intake in the past month (65) and
the second scale consisted of two items to assess usual fruit and vegetable intake on a
daily basis (66). At baseline, a total of 1022 individuals were recruited across the 15
churches. Of the initial sample, 854 (84%) were assessed at 6 mo. At the time of the post-
test, participants in the intervention group reported significantly greater consumption of
fruit and vegetables than those in the comparison group. The adjusted post-test differ-
ences were 0.6 servings per day for the two-item measure and 1.2 servings per day for
the 17-item measure. These differences equate to standardized effect sizes of 0.24 and
0.19 standard deviation units for the two-item and 17-item measures, respectively.

In a study by Bowen et al. (49), 175 participants from the Women’s Health Initiative
(WHI) dietary intervention study from three clinical centers were assigned randomly to
either intervention or control status. Participants assigned to the intervention group
received three individual MI counseling sessions with a dietitian, plus the usual WHI
dietary modification intervention. Participants randomly assigned to the control group
received only the usual WHI dietary modification intervention. The percent of energy
from fat was estimated at baseline and again at 12 mo using an FFQ. The change in
percent energy from fat between baseline and 12 mo was –1.2% for intervention subjects
and +1.4% for control participants, which yielded a significant net difference of 2.6%
(p < 0.001).

The final adult intervention reviewed is the recently reported Healthy Body/Healthy
Spirit study (54). Healthy Body/Healthy Spirit was a multicomponent intervention to
increase fruit and vegetable consumption and physical activity among a socioeconomi-
cally diverse sample of African Americans through black churches. The fruit and veg-
etable intervention was adapted from the Eat for Life trial. Sixteen churches were
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randomly assigned to three intervention conditions. Group 1 received standard educa-
tional materials; Group 2 received culturally targeted self-help nutrition and physical
activity materials; and Group 3 received the same intervention as Group 2, plus four MI
telephone counseling calls delivered over the course of 1 yr. The MI intervention was
delivered by telephone by master’s- or doctoral-level psychologists who received approx
16 h of initial training and 12 h of ongoing individual/group supervision. The four MI
calls were delivered at approx 4, 12, 26, and 40 wk. Two of the four MI calls addressed
fruit and vegetable intake, and two calls addressed physical activity. During the first and
third calls, participants chose which topics they would like to address. If participants
elected to address fruit and vegetable consumption during their first call, physical activ-
ity was discussed in the second call. This choice was repeated at the third call. Additional
details regarding the MI intervention can be found elsewhere (54,67).

At baseline, a total of 1056 individuals were recruited across 16 churches, of which
906 (86%) were reassessed at 1 yr. The cohort had an average age of 46 (range 18–86)
and was 76% female. The primary outcomes for Healthy Body/Healthy Spirit were self-
reported fruit and vegetable intake and minutes of physical activity. At 12 mo, Groups
2 and 3 showed significant positive changes in both fruit and vegetable intake and
physical activity. Changes were somewhat larger for fruit and vegetable intake. There
was a clear additive effect for the MI calls on fruit and vegetable intake, but this effect
was not replicated with physical activity. Because Groups 1 and 2 received no counsel-
ing, the effects of MI on fruit and vegetable consumption could be attributed to generic
effects of attention or other elements of counseling not unique to MI.

Summary of Outcomes for Adult Diet and Activity Trials

With the exception of the studies by Mhurchu et al. (52) and Woollard et al. (50,51),
each study reviewed showed a significant effect favoring the MI group on at least one
main outcome. In all three studies in which MI was used to modify fruit and vegetable
intake, significant effects were observed. In the four studies in which weight was at least
a secondary target outcome, only one, by Woollard et al. (57), found a significant effect.
Although Harland and colleagues (53) found a short-term effect of MI on physical
activity, significant long-term outcomes in this study and Healthy Body/Healthy Spirit
(54) were not observed. Effect sizes in positive studies generally were in the small to
moderate range, 0.20 to 0.50, as defined by Cohen (68) (see Table 4).

RESEARCH PRIORITIES

The studies reviewed here indicate that MI has potential as a component of obesity
prevention and treatment in medical practice. Data from youth and adult studies suggest
that MI can be effective in modifying diet and, at least short-term, physical activity
behaviors. However, data from randomized clinical trials are needed to establish the
efficacy of MI for weight control.

To establish the efficacy of MI for weight control, several methodologic issues will
have to be addressed. First, it is important to address intervention fidelity. Failure to
assess and statistically control for treatment fidelity can result in type III error. This
occurs when negative or weak results are due to poor intervention delivery but are
erroneously attributed to the failure of the intervention itself. Few studies have provided
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evidence of counselor competence or fidelity to MI. This is complicated by the fact that
there is considerable variability in how MI is conceptualized, executed, and assessed
across studies. There are no widely accepted criteria for what comprises an MI interven-
tion or for measuring how rigorously these components are administered.

An important question that should be examined is the extent to which the effects of
MI-informed interventions can be attributed to MI per se as opposed to more generic
elements of counseling such as attention effects and empathy. A related problem is that
in several positive studies, internal validity is threatened by the fact that the MI interven-
tions were often additive to other interventions. Client contact was often not comparable
across conditions, as the comparison groups did not receive any “sham” or alternative
counseling. Determining the efficacy of MI with high internal validity can be achieved
by comparing MI head-to-head with other counseling methods while holding dose and
delivery modality constant. An example of this is Project MATCH (26). An important
issue for pediatric obesity is determining the appropriate age at which to begin interven-
tion directly with youth, as opposed to their parents, and when, if at all, parents should
be included in the counseling (46).

Challenge of Technology Transfer
Many of the strategies and programs recommended for the medical management of

obesity were developed and tested under efficacy conditions (70,71). Under these cir-
cumstances, interventions are generally delivered by highly skilled practitioners, who
typically receive extensive training and supervision. The extent to which research-based
interventions can be replicated under real-world conditions remains unclear. Whereas
the primary “gatekeepers” for detection and treatment of obesity appear to be primary
care physicians, many (if not most) of the successful interventions were conducted by
psychologists or behavioral specialists. This is also true for MI interventions, where
counselors were again highly trained behavioral specialists. More research is needed to
develop and test MI-based interventions that a priori are designed for delivery by phy-
sicians that account for limitations of medical training, its implicit “disease” orientation,
practice structure, and reimbursement guidelines.

Recast Obesity as a Cluster of Heterogeneous Conditions: Consider
the Obesities

Perhaps, like cancer, obesity should be considered not as one disease but a rubric of
many diseases, each with a unique etiology, course, and treatment. As noted by Epstein
et al. (71): “Treating obesity as a homogenous condition, with all participants receiving
a common intervention, might contribute to the mixed treatment outcomes that are
reported” (p. 566). Factors operative in obesity include age, gender, dietary patterns,
physical activity, socioeconomics, psychosocial issues, metabolism, comorbidities, fa-
milial/genetic determinants, and race/ethnicity/cultural characteristics. With each of
these factors having a greater or lesser influence on obesity on an individual case,
classification and subclassification schemes should be developed to adequately describe
the heterogeneity of the obesities.

The reasons for energy imbalance can be highly variable across individuals, and
treatment programs can be better tailored to these individual differences. For example,
excess caloric intake could be caused by consuming high-fat foods or foods high in
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simple carbohydrates. And for some “high-fat” food consumers, excess caloric intake
could be attributed to one or two foods, whereas for others excess intake could be
attributed to a variety of foods. In addition to focusing on specific foods, tailoring could
also account for eating patterns such as consuming large serving sizes, rapid eating,
eating second helpings, or eating at “all you can eat” establishments. The same applies
to activity patterns. Despite the numerous potential differences in behavioral patterns,
our current detection and treatment algorithms often fail to account for such micro-level
individual differences. An advantage of MI is that with its emphasis on “pulling” rather
than “pushing,” clinicians are in a better position to tailor interventions to the behavioral
and psychological needs of their clients.

Recast Obesity as a Behavioral Rather than Medical Condition: Flip Nexus
of Care to Behavioral Professionals

“To treat malaria, go to a physician. To prevent it, consult a mosquito controller.”
Documenting the severe medical consequences of obesity can help motivate patients,
practitioners, and policy makers to attend to the epidemic. However, despite its numer-
ous and severe physiologic medical sequelae, the origins of obesity (and the recent
increase in its prevalence) are largely social and behavioral. This raises questions about
our current treatment paradigm. The medical profession has been (perhaps de facto,
rather than by design) designated as the primary gatekeeper charged with stemming the
epidemic. In the current model, behavioral and nutritional professions have largely been
cast as secondary resources—as treatment adjuncts. This has considerable implications
for how we conceptualize obesity and how we reimburse those who care for it. Given the
behavioral origins of the condition, perhaps we should reconsider the nexus of profes-
sional responsibility. A model that casts behavioral professionals as the first line in
clinical care would be more consistent with the underlying etiology. This paradigm shift,
however, would require dramatic alterations in how managed care reimburses behav-
ioral counseling, including a de-emphasis on the comorbidities of obesity and a greater
focus on the underlying behavioral and psychological causes as well as alteration for
how the public perceives the role of behavioral and psychological professions. As part
of this reconceptualization, individuals, rather than being viewed as suffering from
obesity, might be seen as having a particular eating or activity problem. Obesity becomes
the symptom rather than the disease. Creation of an obesity treatment subspecialty
within psychology and/or health education, not unlike what has been done with HIV and
substance use specialists, should be considered.

CONCLUSION

Ultimately, the essential question may not be whether MI is effective for control of
obesity, but rather how “effective,” in what populations, at what dose, and at what cost.
Which health care providers are best able to deliver MI with sufficient fidelity, how
much training is needed to raise their competence to adequate levels, and how best to
impart clinical skills at various career stages should also be explored. How different
health care delivery systems may be willing and able to incorporate MI into training and
clinical guidelines and how health care providers are reimbursed for training and deliv-
ery of MI also merits examination.
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Summary
Obesity is increasing in prevalence and its medical liabilities are largely related to central adi-

posity and the associated insulin resistance. The present drugs available for the treatment of obesity
and metabolic syndrome are few in number and limited in efficacy. This chapter reviews the drugs
approved by the US Food and Drug Administration (FDA) to treat obesity, drugs approved by the
FDA for other indications than weight loss, drugs in the late development process that have not been
approved by the FDA, drugs in earlier stages of drug development for which clinical information
is limited, drugs that have been dropped from development, and new potential drug targets for which
essentially no clinical data yet exist. We also review the nonprescription products sold for the
treatment of obesity and metabolic syndrome. The developmental pipeline of drugs for the treatment
of obesity and the metabolic syndrome is rich. Because drugs to treat obesity are being developed
in an era characterized by more sophisticated tools for drug development than existed when hyper-
tension drugs were being developed, much faster progress in developing safe and effective drugs for
obesity and metabolic syndrome is anticipated. With safe and effective drugs available, we antici-
pate that the chronic treatment of obesity with weight loss medication will become as well-accepted
and prevalent as is the chronic drug treatment of hypertension and diabetes in the medical practice
of today.

Key Words: Obesity; metabolic syndrome; development; drugs; prescription; over-the-counter.

INTRODUCTION

Although the drug treatment of obesity has at least a century-long history, progress
in drug discovery related to obesity was given a new impetus by the discovery of leptin
in 1994. This peptide demonstrated that obesity can be caused by a hormone deficiency
and be reversed by replacement of that hormone (1,2). Even before the discovery of
leptin, obesity had been declared a chronic disease by a National Institutes of Health
(NIH) consensus conference in 1985 (3). In the 20th century, bad eating habits were
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considered a primary cause of obesity. As bad habits can be behaviorally extinguished
over a 12-wk period of time, obesity medications approved before 1985 were approved
for periods up to 12 wk as an adjunct to a lifestyle change program. Equating obesity with
bad habits and the stigmatization of obesity slowed the chronic use of obesity medica-
tions as is done with other chronic diseases (4). With the recognition that longer-term
therapy was needed, clinical trials have been extended in length, and since 1990 three
medications have been approved for the chronic treatment of obesity. One of them,
dexfenfluramine, was withdrawn 2 yr later (5,6).

ALGORITHM FOR USING CURRENTLY AVAILABLE DRUGS

Guidance on the use of medications to treat obesity can be found in a variety of sources
(7–9). One algorithm recently proposed is by the American College of Physicians (9).
It provides an organized approach and a framework to comment on drugs for the treat-
ment of obesity. As a document prepared by physicians, it emphasizes the medical model
in which drugs are used to treat symptoms. However, the algorithm shown in Fig. 1, from
a National Heart, Lung, and Blood Institute (NHLBI) report, is a more versatile algorithm.

The first step is to measure height and weight to establish the body mass index (BMI)
for the patient. If the BMI, the weight in kilograms divided by the square of the height
in meters (kg/m2) (weight in pounds divided by square of the height in inches times 703),
is higher than 30, the patient is by definition in the obese category and medications can
be considered. Not mentioned in this guideline is the essential next step of measuring
waist circumference (for individuals with a BMI < 35—if the BMI is above 35, the waist
circumference will almost certainly be increased). The currently recommended upper
limit for waist circumference is 102 cm (40 in.) for a man and 88 cm (35 in.) for a woman.
Values above these numbers have the same meaning as a BMI > 30 kg/m2.

Another important initial step is to assess the associated (comorbid) conditions by
measuring blood pressure, glucose, and lipids, and, when indicated, performing other
tests. With this laboratory panel and the waist circumference, the presence of metabolic
syndrome can be diagnosed. This is best done using the criteria from the National
Cholesterol Education Panel Adult Treatment III Guidelines that are shown in Table 1,
although other classification schemes are available.

Once it is established that the patient is an appropriate candidate to lose weight and
that he or she is motivated to do so, the next step is to set a weight loss goal. Most patients
have an unrealistic view of how much weight they can lose. For them a weight loss of
less than 15% would often be viewed as a failure. In contrast, the goal with monotherapy
with the drugs described here that are currently available is not more than 10% for most
patients. It is thus important for physician and patient alike to set a weight-loss goal for
initial therapy that is not more than 10% and to set a lower limit for weight loss of not
less than 5%, which will suggest that an alternative strategy is needed.

The next step is to be certain that the patient is “ready” to lose weight. Using ideas from
psychology, we need to have the patient ready to work on weight loss, as opposed to not
yet thinking about the problem. Once the weight goal is established and the patient is
prepared to take charge of the weight-loss program, the next steps are to help develop
lifestyle changes that will benefit the program. The most important of these are moni-
toring what is eaten, where it is eaten, and under what circumstances. A second element
is to provide dietary advice. Replacing voluntary choices with “portion-controlled”
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Fig. 1. Algorithm for use of drugs to treat obesity.
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foods at one or more meals can be useful. There are frozen foods, ready-to-make food
items, and meal replacements that can be used for this purpose. The patient also needs
more exercise; one strategy is to have the patient get a pedometer, or “step-counter,” and
to records the number of steps taken, with the goal of gradually increasing it to 10,000
steps per day. When the patient returns, you establish whether the patient has met the
goals. If so, the patient may continue as is, but if after 3 mo the patient fails to meet the
goals, then medications may be considered.

The American College of Physicians (ACP) guidelines appropriately suggest discuss-
ing the pros and cons of medication with the patient and having a consent form signed
for the use of medications to treat obesity. The algorithm then goes on to recommend six
medications: orlistat, sibutramine, phentermine, diethylpropion, fluoxetine, and
bupropion. Two other drugs, topiramate and zonisamide, are also mentioned in the ACP
paper, but not included as “recommended” drugs in the algorithm. In our view, two of
the drugs that are included in the algorithm, fluoxetine and bupropion, should be used
only in special conditions. Fluoxetine is appropriate for the overweight patient who is
depressed. Bupropion can be helpful in reducing or preventing weight gain when people
try to stop smoking and when they are depressed. We will review each of these drugs
below.

MEDICATIONS FOR OBESITY TREATMENT

Approved Medications
SIBUTRAMINE

Sibutramine is approved by the Food and Drug Administration for long-term use in
the treatment of obesity. Sibutramine has been evaluated extensively in several
multicenter trials lasting 6 to 24 mo; a meta-analysis of some of these trials is shown in
Table 2 (10–13). In a 6-mo dose-ranging study of 1047 patients, 67% treated with
sibutramine achieved a 5% weight loss from baseline, and 35% lost 10% or more (14).

Table 1
Clinical Features of Metabolic Syndromea

Risk factor Defining level

Abdominal obesity (waist circumference)
Men >102 cm (>40 in.)
Women >88 cm (>35 in.)

High-density lipoprotein cholesterol
Men <40 mg/dL
Women <50 mg/dL

Triglycerides �150 mg/dL
Fasting glucose �110 mg/dL
Blood pressure

Systolic �130 mm Hg
Diastolic �85 mm Hg

a Metabolic syndrome is present if 3 of the 5 risk factors are abnormal.
Modified from ref. 134.
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There was a clear dose-response effect in this 24-wk trial, and patients regained weight
when the drug was stopped, indicating that the drug remained effective when used. Data
from this multicenter trial are shown in Fig. 2 (14).

In a 1-yr trial of 456 patients who received sibutramine (10 mg or 15 mg/d) or placebo,
56% of those who stayed in the trial for 12 mo lost at least 5% of their initial body weight,
and 30% of the patients lost 10% of their initial body weight while taking the 10-mg dose
(8). In a third trial in patients who initially lost weight eating a very-low-calorie diet
before being randomized to sibutramine (10 mg/d) or placebo, sibutramine produced
additional weight loss, whereas the placebo-treated patients regained weight (8). The
Sibutramine Trial of Obesity Reduction and Maintenance lasted 2 yr and provided evi-
dence for weight maintenance (15). Seven centers participated in this trial, in which
patients were initially enrolled in an open-label phase and treated with 10 mg/d of
sibutramine for 6 mo. Of the patients who lost more than 8 kg, two-thirds were then
randomized to sibutramine and one-third to placebo. During the 18-mo double-blind
phase of this trial, the placebo-treated patients steadily regained weight, maintaining
only 20% of their initial weight loss at the end of the trial. In contrast, the subjects treated
with sibutramine maintained their weight for 12 mo and then regained an average of only
2 kg, thus maintaining 80% of their initial weight loss after 2 yr (16). Despite the higher
weight loss with sibutramine at the end of the 18 mo of controlled observation, the blood
pressure levels of the sibutramine-treated patients were still higher than in the patients
treated with placebo.

The possibility of using sibutramine as intermittent therapy has been tested in a
randomized, placebo-controlled trial lasting 52 wk (15). The patients randomized to
sibutramine received one of two regimens. One group received continuous treatment
with 15 mg/d for 1 yr, and the other had two 6-wk periods when sibutramine was
withdrawn. During the periods when the drug was replaced by placebo, there was a small
regain in weight that was lost when the drug was resumed. At the end of the trial, the
continuous-therapy and intermittent-therapy groups had lost the same amount of weight.

Some trials have reported the use of sibutramine to treat patients with hypertension.
In a 3-mo trial, all patients were receiving -blockers with or without thiazides for
their hypertension (17). The sibutramine-treated patients lost 4.2 kg (4.5%), compared
with a loss of 0.3 kg (0.3%) in the placebo-treated group. Mean supine and standing
diastolic and systolic blood pressure levels were not significantly different between
drug-treated and placebo-treated patients. Heart rate, however, increased by 5.6 ± 8.25

Table 2
Meta-Analysis of Net Weight Loss With Sibutramine (Placebo Drug)

Author (Ref. no.) Mean (95% CI)

Apfelbaum (10) –5.70( 95% CI –7.77 to –3.63)
Davis (13) –3.00 (95% CI –4.55 to –1.45)
Hauner (11) –5.30 (95% CI –6.83 to –3.77)
McNulty (12) –4.80 (95% CI –6.02 to –3.58)
Wirth (16) –4.00 (95% CI –5.01 to –2.99)

Adapted from ref. 5.
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(mean ± standard deviation) beats per minute in the sibutramine-treated patients, as
compared with an increase of 2.2 ± 6.43 beats per minute in the placebo group. One
52-wk trial involved patients with hypertension whose blood pressure levels were
controlled with calcium channel blockers with or without -blockers or thiazides (18).
Sibutramine doses were increased from 5 to 20 mg/d during the first 6 wk. Weight loss
was significantly greater in the sibutramine-treated patients, averaging 4.4 kg (4.7%),
as compared with 0.5 kg (0.7%) in the placebo-treated group. Diastolic blood pressure
levels decreased by 1.3 mmHg in the placebo-treated group and increased by 2 mmHg
in the sibutramine-treated group. The systolic blood pressure levels increased by 1.5
mmHg in the placebo-treated group and by 2.7 mmHg in the sibutramine-treated
group. Heart rate was unchanged in the placebo-treated patients, but increased by 4.9
beats/min in the sibutramine-treated patients.

Six studies with diabetic patients treated with sibutramine have been published (19).
In one study, patients were treated for 12 wk or 24 wk with sibutramine. In the 12-wk
trial, patients with diabetes treated with sibutramine at 15 mg/d lost 2.4 kg (2.8%),
compared with 0.1 kg (0.12%) in the placebo group (20). In this study, hemoglobin A1C
levels decreased 0.3% in the drug-treated group and remained stable in the placebo
group. Fasting glucose values decreased by 0.3 mg/dL in the drug-treated patients and
increased by 1.4 mg/dL in the placebo-treated group. In the 24-wk trial, the dose of
sibutramine was increased from 5 to 20 mg/d over 6 wk (21). Among those who com-
pleted the treatment, weight loss was 4.3 kg (4.3%) in the sibutramine-treated patients,
compared with 0.3 kg (0.3%) in placebo-treated patients. Hemoglobin A1C levels
decreased 1.67% in the drug-treated group, compared with 0.53% in the placebo-treated

Fig. 2. Effect of sibutramine on body weight. (From ref. 14)
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group. These changes in glucose and hemoglobin A1C levels were expected from the
amount of weight loss associated with drug treatment.

Sibutramine has been studied as part of a behavioral weight-loss program. With
minimal behavioral intervention, the weight loss was approx 5 kg (5%) over 12 mo.
When behavior modification was added, the weight loss increased to 10 kg, and when
a structured meal plan was added to the medication and behavioral modification, the
weight loss increased further to 15 kg (22).

Sibutramine has also been used in children and adolescents (23–25). The trial by
Berkowitz et al. (23) included 85 adolescents 13 to 17 yr of age with a BMI of 32 to 44
kg/m2 who were treated for 6 mo. Weight loss in the drug-treated group was 7.8 kg, for
an 8.5% reduction in BMI, compared with 3.2 kg for a 4.0% reduction in BMI. When the
placebo group was switched to sibutramine after 6 mo, there was an additional signifi-
cant weight loss in this group. In a multicenter trial, 498 adolescents aged 12 to 16 were
randomized to receive either placebo or sibutramine for 12 mo. BMI was reduced by a
mean of –7.9 kg/m2 (–8.2%) in those treated with sibutramine, compared with –0.3 kg/
m2 (–0.8%) in those treated with placebo. Lipids and insulin sensitivity were improved,
but there was no significant difference in blood pressure changes between the groups
(25).

Sibutramine is available in 5-, 10-, and 15-mg doses; 10 mg/d as a single dose is the
recommended starting level, with titration up or down depending on response. Doses
higher than 15 mg/d are not recommended. Of the patients who lost 2 kg (4 lb) in the first
4 wk of treatment, 60% achieved a weight loss of more than 5%, compared with less than
10% of those who did not lose 2 kg (4 lb) in 4 wk. Combining data from the 11 studies
on sibutramine showed a reduction in triglyceride, total cholesterol, and LDL cholesterol
levels and an increase in HDL cholesterol levels that were related to the magnitude of
the weight loss.

ORLISTAT

Orlistat is a lipase inhibitor. In pharmacological studies, orlistat was shown to be a
potent selective inhibitor of pancreatic lipase that reduces the intestinal digestion of fat.
The drug has a dose-dependent effect on fecal fat loss, increasing it to approx 30% on
a diet that has 30% of its energy as fat. Orlistat has little effect in subjects eating a low-
fat diet, as might be anticipated from its mechanism of action (8).

A number of 1- to 2-yr long-term clinical trials with orlistat have been published, and
the results of a meta-analysis of these data are shown in Table 3 (5). The results of a 2-yr
trial are shown in Fig. 3 (26). The trial consisted of two parts. In the first year, patients
received a hypocaloric diet calculated to be 500 kcal/d less than the patient’s require-
ments. During the second year, the diet was calculated to maintain weight. By the end
of year 1, the placebo-treated patients lost 6.1% of their initial body weight and the drug-
treated patients lost 10.2%. The patients were randomized again at the end of year 1.
Those switched from orlistat to placebo gained weight from 10 to 6% below baseline.
Those switched from placebo to orlistat lost weight from 6 to 8.1% below baseline,
which was essentially identical to the 7.9% loss in the patients treated with orlistat for
the full 2 yr.

In a second 2-yr study, 892 patients were randomized (27). One group (97 patients)
remained on placebo throughout the 2 yr, and a second group (109 patients) remained
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on orlistat (120 mg three times per day) for 2 yr. At the end of 1 yr, two-thirds of the group
treated with orlistat for 1 yr were changed to orlistat (60 mg three times per day) (102
patients), and the others were switched to placebo (95 patients) (27). After 1 yr, the
weight loss was 8.67 kg in the orlistat-treated group and 5.81 kg in the placebo group (p
< 0.001). During the second year, those switched to placebo after 1 yr reached the same
weight as those treated with placebo for 2 yr (–4.5% in those with placebo for 2 yr and
–4.2% in those switched to placebo during year 2).

In a third 2-yr study, 783 patients remained in the placebo or orlistat-treated groups
at 60 mg or 120 mg three times per day for the entire 2 yr (28). After 1 yr with a weight-
loss diet, the placebo group lost 7 kg, which was significantly less than the 9.6 kg lost
by the group treated with 60 mg orlistat three times daily, or the 9.8 kg lost by the group
treated with 120 mg orlistat three times daily. During the second year, when the diet was
liberalized to a “weight maintenance” diet, all three groups regained some weight. At the
end of 2 yr, the patients in the placebo group were 4.3 kg below baseline, the patients
treated with 60 mg orlistat three times per day were 6.8 kg below baseline, and the
patients who took 120 mg orlistat three times per day were 7.6 kg below baseline.

The final 2-yr trial that has been published evaluated 796 subjects in a general-practice
setting (29). After 1 yr of treatment with 120 mg orlistat three times per day, the orlistat-
treated patients (n = 117) had lost 8.8 kg, compared with 4.3 kg in the placebo group (n
= 91). During the second year, when the diet was liberalized to “maintain body weight,”
both groups regained some weight. At the end of 2 yr, the orlistat group was 5.2 kg below
their baseline weight, compared with 1.5 kg below baseline for the group treated with
placebo.

The results of a 4-yr double-blind, randomized, placebo-controlled trial with orlistat
have also been reported (30). A total of 3304 overweight patients, 21% of whom had
impaired glucose tolerance, were included in this Swedish trial. The lowest body weight
was achieved during the first year: more than 11% below baseline in the orlistat-treated
group and 6% below baseline in the placebo-treated group. Over the remaining 3 yr of
the trial, there was a small regain in weight, such that by the end of 4 yr, the orlistat-
treated patients were 6.9% below baseline, compared with 4.1% for those receiving
placebo. The trial also showed a 37% reduction in the conversion of patients from
impaired glucose tolerance to diabetes; essentially all of this benefit occurred in the
patients with impaired glucose tolerance at enrollment into the trial.

Table 3
Meta-Analysis of Net Weight Loss With Orlistat (Placebo Minus Drug)

Author (year) Mean (95% CI)

Davidson (1999) –2.95 (95% CI –4.45 to –1.45)
Hauptman (2000) –3.80 (95% CI –5.37 to –2.23)
Rossner (2000) –3.00 (95% CI –4.17 to –1.83)
Sjostrom (1998) –4.20 (95% CI –5.26 to –3.14)
Torgerson (2004) –4.17 (95% CI –4.60 to –3.74)

Adapted from ref. 5.
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Weight maintenance with orlistat was evaluated in a 1-yr study (8). Patients were
enrolled if they had lost more than 8% of their body weight over 6 mo while eating a 1000
kcal/d (4,180 kJ/d) diet. The 729 patients were randomized to receive placebo or orlistat
at 30, 60, or 120 mg three times per day for 12 mo. At the end of this time, the placebo-
treated patients had regained 56% of their body weight, compared with 32.4% in the
group treated with 120 mg orlistat three times per day. The other two doses of orlistat
were not different from placebo in preventing the regain of weight.

Patients with diabetes treated with 120 mg orlistat three times daily for 1 yr lost more
weight than the placebo-treated group (31–33). The subjects with diabetes also showed
a significantly greater decrease in hemoglobin A1C levels. In another study of orlistat
and weight loss, investigators pooled data on 675 subjects from three of the 2-yr studies
described previously in which glucose tolerance tests were available (34). During treat-
ment, 6.6% of the patients taking orlistat converted from a normal to an impaired glucose
tolerance test, compared with 10.8% in the placebo-treated group. None of the orlistat-
treated patients who originally had normal glucose tolerance developed diabetes, com-
pared with 1.2% in the placebo-treated group. Of those who initially had normal glucose
tolerance, 7.6% in the placebo group but only 3% in the orlistat-treated group developed
diabetes.

In a further analysis, patients who had participated in previously reported studies were
divided into the highest and lowest quintiles for triglyceride and HDL cholesterol levels
(35). Those with high triglyceride and low HDL cholesterol levels were labeled “syn-
drome X,” and those with the lowest triglyceride levels and highest HDL cholesterol
levels were the “non-syndrome X” controls. In this classification, there were almost no
men in the non-syndrome X group, compared with an equal sex breakdown in the syn-

Fig. 3. Orlistat and body weight. (From ref. 26.)
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drome X group. In addition, the syndrome X group had slightly higher systolic and
diastolic blood pressure levels and a nearly twofold higher level of fasting insulin.
Besides weight loss, the only difference between the placebo and orlistat-treated patients
was the decrease in LDL cholesterol levels in the patients treated with orlistat. However,
the syndrome X subgroup showed a significantly greater decrease in triglyceride and
insulin levels than those without syndrome X. Levels of HDL cholesterol increased more
in the syndrome X group, but LDL cholesterol levels showed a smaller decrease than in
the non-syndrome X group. All the clinical studies with orlistat have shown significant
decreases in serum cholesterol and LDL cholesterol levels that usually are higher than
can be accounted for by weight loss alone (8). One study showed that orlistat reduces the
absorption of cholesterol from the GI tract, thus providing a mechanism for the clinical
observations (36).

A multicenter trial tested the effect of orlistat in 539 obese adolescents (37). Subjects
were randomized to placebo or 120 mg orlistat three times a day and a mildly hypocaloric
diet containing 30% fat. By the end of the study, BMI had decreased 0.55 kg/m2 in the
drug-treated group but had increased 0.31 kg/m2 in the placebo group. By the end of the
study, weight had increased by only 0.51 kg in the orlistat-treated group, compared with
3.14 kg in the placebo-treated group. This difference was caused by differences in body
fat. The side effects were gastrointestinal in origin as expected from the mode of action
of orlistat.

Safety of Orlistat. Orlistat is not absorbed from the GI tract to any significant degree,
and its side effects are thus related to the blockade of triglyceride digestion in the
intestine (38). Fecal fat loss and related GI symptoms are common initially, but they
subside as patients learn to use the drug (8). The quality of life in patients treated with
orlistat may improve despite concerns about GI symptoms. Orlistat can cause small but
significant decreases in fat-soluble vitamins. Levels usually remain within the normal
range, but a few patients may need vitamin supplementation. Because it is impossible to
tell which patients need vitamins, it is clinically appropriate to provide a multivitamin
routinely with instructions to take it before bedtime. Orlistat does not seem to affect the
absorption of other drugs except cyclosporin.

Combining Orlistat and Sibutramine. Because orlistat works peripherally to re-
duce triglyceride digestion in the GI tract and sibutramine works on noradrenergic and
serotonergic reuptake mechanisms in the brain, their mechanisms of action do not over-
lap, and combining them might provide additive weight loss. To test this possibility,
researchers randomly assigned patients to orlistat or placebo after 1 yr of treatment with
sibutramine (Fig. 3) (39). During the additional 4 mo of treatment, there was no further
weight loss. This result was a disappointment, but additional studies are needed.

PHENTERMINE AND DIETHYLPROPION: SYMPATHOMIMETIC DRUGS APPROVED

FOR SHORT-TERM USE

Most of the data on phentermine, diethylpropion, benzphetamine, and phendimetrazine
come from short-term trials (8). One of the longest of these clinical trials lasted 36 wk and
compared placebo treatment with continuous phentermine or intermittent phentermine
(40). Both continuous and intermittent phentermine therapy produced more weight loss
than placebo. In the drug-free periods, the patients treated intermittently slowed their
weight loss, only to lose more rapidly when the drug was reinstituted. Phentermine and
diethylpropion are classified by the US Drug Enforcement Agency as schedule IV drugs;
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benzphetamine and phendimetrazine are schedule III drugs. This regulatory classifica-
tion indicates the government’s belief that they have the potential for abuse, although
this potential appears to be very low. Phentermine and diethylpropion are approved for
only a “few weeks,” which usually is interpreted as up to 12 wk. Weight loss with
phentermine and diethylpropion persists for the duration of treatment, suggesting that
tolerance does not develop to these drugs. If tolerance were to develop, the drugs would
be expected to lose their effectiveness, and patients would require increased amounts of
the drug to maintain weight loss. This does not occur.

Drugs Approved by FDA for Other Uses Than Weight Loss
Although sibutramine and orlistat are the only two medications approved for the long-

term treatment of obesity, there is a great deal of activity in the pharmaceutical industry
to develop new drugs or rediscover old ones to treat this disease. The prevalence of
obesity is continuing to grow and new obesity drugs are clearly needed. One group of
potential antiobesity drugs has approved indications for other purposes, but has been
demonstrated to give weight loss. Bupropion, somatostatin, zonisamide, and topiramate
are in this category. Although topiramate was being developed as an obesity drug, the
manufacturers of others are not seeking an obesity indication, and the topiramate obesity
development program was terminated in December 2004.

FLUOXETINE

Fluoxetine and sertraline are both selective serotonin reuptake inhibitors (SSRIs)
approved for the treatment of depression. Sertraline gave an average weight loss of 0.45
to 0.91 kg in clinical trials for depression lasting 8 to 16 wk. Fluoxetine at a dose of 60
mg/d (three times the usual dose for treatment of depression) was evaluated in clinical
trials by the Eli Lilly Company for the treatment of obesity. A meta-analysis of six
studies showed a wide range of results, with a mean weight loss of 14.5 kg in one study
and a weight gain of 0.40 kg in another (5). Goldstein et al. reviewed these trials, which
included one 36-wk trial in type 2 diabetic subjects, a 52-wk trial in subjects with
uncomplicated obesity, and two 60-wk trials in subjects with dyslipidemia, diabetes, or
both (41). A total of 1441 subjects were randomized to fluoxetine (719) or placebo (722).
Five hundred twenty-two subjects on fluoxetine and 504 subjects on placebo completed
6 mo of treatment. Weight loss in the placebo and fluoxetine groups at 6 mo and 1 yr were
2.2, 4.8, and 1.8, 2.4 kg, respectively. The regain of 50% of the weight during the second
6 mo of treatment on fluoxetine makes this drug inappropriate for the long-term treat-
ment of obesity, which requires chronic treatment. Fluoxetine and sertraline, although
not good antiobesity drugs, may be preferred for the depressed obese patient over some
of the tricyclic antidepressants that are associated with significant weight gain.

BUPROPION

Bupropion is a norepinephrine and dopamine reuptake inhibitor that is approved for
the treatment of depression and for smoking cessation. Gadde et al. reported a clinical
trial in which 50 obese subjects were randomized to bupropion or placebo for 8 wk with
a blinded extension for responders to 24 wk. The dose of bupropion was increased to
maximum of 200 mg twice daily in conjunction with a calorie-restricted diet. At 8 weeks,
18 subjects in the bupropion group lost 6.2 ± 3.1 % of body weight compared with 1.6
±2.9% for the 13 subjects in the placebo group (p < 0.0001). After 24 wk, the 14 respond-
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ers to bupropion lost 12.9 ± 5.6% of initial body weight, of which 75% was fat as
determined by dual-energy X-ray absorptiometry (DEXA) (42).

Two multicenter clinical trials, one in obese subjects with depressive symptoms and
one in uncomplicated obesity, followed this study (43, 44). The study in obese patients
with depressive symptom ratings of 10 to 30 on a Beck Depression Inventory random-
ized 213 subjects to 400 mg of bupropion per day and 209 subjects to placebo for 24 wk.
The 121 subjects in the bupropion group who completed the trial lost 6.0 ± 0.5 % of initial
body weight compared with 2.8 ± 0.5 % in the 108 subjects in the placebo group (p <
0.0001) (43). The study in uncomplicated obese subjects randomized 327 subjects to
bupropion 300 mg/d, bupropion 400 mg/d, or placebo in equal proportions. At 24 wk,
69% of those randomized remained in the study and the percent losses of initial body
weight were 5 ± 1%, 7.2 ± 1%, and 10.1 ± 1% for the placebo, bupropion 300 mg, and
bupropion 400 mg groups, respectively (p < 0.0001). The placebo group was randomized
to the 300-mg or 400-mg group at 24 wk and the trial was extended to week 48. By the
end of the trial the dropout rate was 41%, and the weight loss in the 300-mg and 400-mg
bupropion groups was 6.2 ± 1.25% and 7.2 ± 1.5% of initial body weight, respectively
(44). Thus, it appears that nondepressed subjects may respond to bupropion with weight
loss to a greater extent than those with depressive symptoms.

TOPIRAMATE

Topiramate is an antiepileptic drug that was discovered to give weight loss in the
clinical trials for epilepsy. Weight losses of 3.9% of initial weight were seen at 3 mo and
losses of 7.3% of initial weight were seen at 1 yr (45). Bray et al. reported a 6-mo,
placebo-controlled, dose-ranging study (46). Three hundred eighty-five obese subjects
were randomized to placebo or topiramate at 64, 96, 192, or 384 mg/d. These doses were
gradually increased over 12 wk and were tapered in a similar manner at the end of the
trial. Weight loss from baseline to 24 wk was 2.6, 5, 4.8, 6.3, and 6.3% in the placebo,
64-mg, 96-mg, 192-mg, and 384-mg groups, respectively. The most frequent adverse
events were paresthesias, somnolence, and difficulty with concentration, memory, and
attention (46). This trial was followed by two multicenter trials (47,48). The first trial
randomized 1289 obese subjects to topiramate 89 mg/d, 192 mg/d, or 256 mg/d. This trial
was terminated early owing to the sponsor’s decision to pursue a time-release form of
the drug. The 854 subjects who completed 1 yr of the trial before it was terminated by
the sponsor lost 1.7, 7, 9.1, and 9.7% of their initial body weight in the placebo, 89-mg,
192-mg, and 256-mg groups, respectively. Subjects in the topiramate groups had signifi-
cant improvement in blood pressure and glucose tolerance (47). The second trial enrolled
701 subjects who were treated with a very-low-calorie diet to induce an 8% loss of initial
body weight. The 560 subjects who achieved an 8% weight loss were randomized to
topiramate 96 mg/d, 192 mg/d, or placebo. The sponsor terminated this study early too.
At the time of early termination, 293 subjects had completed 44 wk. The topiramate
groups lost 15.4 and 16.5% of their baseline weight, whereas the placebo group lost 8.9%
(48). Although topiramate is still available as an antiepileptic drug, the development
program to obtain an indication for obesity was terminated by the sponsor owing to the
associated adverse events.

Topiramate has also been evaluated in the treatment of binge-eating disorder. Thirteen
women with binge-eating disorder were treated with a mean dose of 492 mg/d of topiramate.
The binge-eating disorder symptoms improved and a weight loss was observed (49). This
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open-label study was followed by a randomized controlled trial of 14 wk in subjects with
binge-eating disorder. Sixty-one subjects were randomized to 25 to 600 mg/d of
topiramate or placebo in a 1:1 ratio. The topiramate group had improvement in binge-
eating symptoms and lost 5.9 kg at an average topiramate dose of 212 mg/d (50). The 35
completers of this trial were given the opportunity to participate in an open-label exten-
sion. The topiramate-treated subjects continued to maintain improvement in binge-
eating symptoms and weight (51).

Topiramate has also been used to treat patients with Prader-Willi syndrome. Three
subjects with Prader-Willi syndrome were treated with topiramate and had a reduction
in the self-injurious behavior that is associated with this uncommon genetic disease (52).
A second study in seven additional subjects confirmed these findings (53). A third study
evaluated appetite, food intake, and weight. Although the self-injurious behavior im-
proved, there was no effect on the other parameters (54). Topiramate was also used to
treat two subjects with nocturnal eating syndrome and two subjects with sleep-related
eating disorder. There was an improvement in all subjects and there was an 11-kg weight
loss over 8.5 mo with an average topiramate dose of 218 mg/d (55).

ZONISAMIDE

Zonisamide is an antiepileptic drug that has serotonergic and dopaminergic activity
in addition to inhibiting sodium and calcium channels. Weight loss was noted in the trials
for the treatment of epilepsy. Gadde et al. performed a 16-wk randomized control trial
in 60 obese subjects (56). Subjects were placed on a calorie-restricted diet and random-
ized to zonisamide or placebo. The zonisamide was started at 100 mg/d and increased
to 400 mg/d. At 12 wk, subjects who had not lost 5% of initial body weight were
increased to 600 mg/d. The zonisamide group lost 6.6% of initial body weight at 16 wk
compared with 1% in the placebo group. Thirty-seven subjects completing the 16-wk
trial elected to continue to week 32—20 in the zonisamide group and 17 in the placebo
group. At the end of 32 wk, the 19 subjects in the zonisamide group lost 9.6% of their
initial body weight compared with 1.6% for the 17 subjects in the placebo group (56).
McElroy et al. evaluated zonisamide in an open-label prospective trial in subjects with
binge-eating disorder. Fifteen subjects were treated with doses of 100 to 600 mg/d for 12 wk.
The eight subjects who completed the trial had an average dose of 513 mg/d, experienced an
improvement in their binge-eating symptoms, and lost significant weight (57).

SOMATOSTATIN

Hypothalamic obesity has been associated with insulin hypersecretion (58). Lustig
treated eight children with obesity owing to hypothalamic damage with octreotide injec-
tions to decrease insulin hypersecretion. These children gained 6 kg in the 6 mo prior to
octreotide treatment and lost 4.8 kg in the 6 mo on octreotide, an analog of somatostatin
(59). The weight loss was correlated with the reduction of insulin secretion on a glucose
tolerance test. This open-label trial was followed by a randomized controlled trial of
octreotide treatment in children with hypothalamic obesity. The subjects received 5 to
15 µg/kg/d octreotide or placebo for 6 mo. The children on octreotide gained 1.6 kg,
compared with 9.1 kg for those in the placebo group (60). This same group of investi-
gators postulated that there might be a subset of obese subjects who were insulin
hypersecretors and that these subjects would respond with weight loss to treatment with
octreotide. Following an oral glucose tolerance test in which glucose and insulin were
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measured, 44 subjects were treated with long-acting octreotide-LAR 40 mg/mo for 6 mo.
These subjects lost weight, reduced food intake, and had a reduced carbohydrate intake.
Weight loss was greatest in those who hypersecreted insulin, and the amount of weight
loss was correlated with the reduction in insulin hypersecretion (61). In a controlled trial
of octreotide LAR, 172 obese subjects who were shown to hypersecrete insulin during
screening were randomized to doses of 20, 40, 60 mg/mo or placebo for 6 mo. The
greatest weight loss was 3.8% of initial body weight in the high-dose group, an amount
that does not meet the criteria for approval by the FDA (62).

Octreotide has been shown to decrease gastric emptying (63). Treatment with
octreotide of Prader-Willi syndrome patients who have elevated ghrelin levels does not
cause weight loss, but ghrelin levels are normalized. The reason for the lack of weight
loss was postulated to be the reduction of PYY, a satiating gastrointestinal hormone that
also decreased (64).

METFORMIN

Metformin is a biguanide that is approved for the treatment of diabetes mellitus, a
disease that is exacerbated by obesity and weight gain. This drug reduces hepatic glucose
production, decreases intestinal absorption from the gastrointestinal tract, and enhances
insulin sensitivity. In clinical trials where metformin was compared with sulfonylureas,
it produced weight loss (8). In one French trial, BIGPRO, metformin was compared to
placebo in a 1-yr multicenter study in 324 middle-aged subjects with upper-body obesity
and insulin resistance syndrome (metabolic syndrome). The subjects on metformin lost
significantly more weight (1–2 kg) than the placebo group, and the study concluded that
metformin may have a role in the primary prevention of type 2 diabetes (65).

The best trial of metformin, however, is the Diabetes Prevention Program (DPP)
(66) study of individuals with impaired glucose tolerance. The main part of this study
included three treatment arms to which participants were randomly assigned, if they were
over 25 yr of age, had a BMI above 24 (except Asian-Americans, who needed only a BMI
�22) and had impaired glucose tolerance. The three primary arms included lifestyle
(N = 1079 participants), metformin (N = 1073), and placebo (N = 1082). At the end of
2.8 yr, on average, the Data Safety Monitoring Board terminated the trial because the
advantages of lifestyle and metformin were clearly superior to those of placebo. During
this time the metformin-treated group lost 2.5% of their body weight (p < 0.001 com-
pared with placebo), and the conversion from impaired glucose tolerance to diabetes was
reduced by 31% compared with placebo. In the DPP trial, metformin was more effective
in reducing the development of diabetes in the subgroup who were most overweight, and
in the younger members of the cohort (66). Although metformin does not produce
enough weight loss (5%) to qualify as a “weight-loss drug” using the FDA criteria, it
would appear to be a very useful choice for overweight individuals with diabetes or at
high risk for diabetes. One area where metformin has found use is in treating women with
polycystic ovary syndrome, where the modest weight loss may contribute to increased
fertility and reduced insulin resistance (67).

PRAMLINTIDE

Amylin is secreted from the -cell along with insulin, and amylin is deficient in type
1 diabetes where -cells are immunologically destroyed. Pramlintide, a synthetic amylin
analog, was recently approved by the FDA for the treatment of diabetes. Unlike insulin
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and many other diabetes medications, pramlintide is associated with weight loss. In a
study in which 651 subjects with type 1 diabetes were randomized to placebo or 60 µg
subcutaneous pramlintide three or four times a day along with an insulin injection, the
hemoglobin A1c decreased 0.29 to 0.34% and weight decreased 1.2 kg relative to pla-
cebo (68). Maggs et al. analyzed the data from two 1-yr studies in insulin-treated type
2 diabetic subjects randomized to pramlintide 120 µg twice a day or 150 µg three times
a day (69). Weight decreased by 2.6 kg and hemoglobin A1c decreased 0.5% in the
combined pramlintide-dose groups. When weight loss was then analyzed by ethnic
group, African Americans lost 4 kg, Caucasians lost 2.4 kg, and Hispanics lost 2.3 kg;
the improvement in diabetes correlated with the weight loss, suggesting that pramlintide
is effective in ethnic groups with the greatest obesity burden. The most common adverse
event was nausea, which was usually mild and confined to the first 4 wk of therapy.

EXENATIDE

Glucagon-like peptide-1 (GLP-1) is a protein derived from proglucagon and secreted
by L-cells in the terminal ileum in response to a meal. GLP-1 decreases food intake and
has been postulated to be responsible for the superior weight loss and superior improve-
ment in diabetes seen with obesity bypass surgery (70,71). Increased GLP-1 inhibits
glucagon secretion, stimulates insulin secretion, stimulates glycogenogenesis, and de-
lays gastric emptying (72). GLP-1 is rapidly degraded by dipeptidyl peptidase (DPP)-
4, an enzyme that is elevated in the obese. Obesity bypass operations increase GLP-1,
but do not change the levels of DPP-4 (73).

Exendin-4 (exenatide) is a 39-amino-acid peptide that is produced in the salivary
gland of the Gila monster lizard. It has 53% homology with GLP-1, but has a much longer
half-life. Exenatide decreases food intake and body weight gain in Zucker rats while
lowering HbA1c (74). Exenatide increases -cell mass to a greater extent than would be
expected for the degree of insulin resistance (75). Exenatide induces satiety and weight
loss in Zucker rats with peripheral administration and crosses the blood–brain barrier to
act in the central nervous system (76,77). In humans, exenatide reduces fasting and
postprandial glucose levels, slows gastric emptying, and decreases food intake by 19%
(78). The side effects of exenatide in humans are headache, nausea, and vomiting, which
are lessened by gradual dose escalation (79). Exenatide at 10 µg/d subcutaneously or a
placebo was given for 30 wk to 377 type 2 diabetic subjects who were failing maximal
sulfonylurea therapy. The HbA1c fell 0.74% more than placebo, fasting glucose decreased,
and there was a progressive weight loss of 1.6 kg (80). In ongoing open-label clinical trials,
the weight loss at 18 mo is 4.5 kg without using behavior therapy or diet. Exenatide has
been approved by the FDA for use in type 2 diabetics.

Drugs on the Near and Distant Horizons
Rimonabant is an orally active antagonist at the cannabinoid-1 receptor that is in the

late stages of development, with approval by the FDA and a launch anticipated in 2006.
The development of axokine has been terminated. Pramlintide and exenatide have been
recently approved for the treatment of diabetes. Both these drugs give weight loss. There
are other drugs in phase II, phase I, and earlier in development. There is less information
about these compounds, but they generally fall into one of three categories: drugs acting
on the central nervous system, drugs with a focus on the gastrointestinal tract, and
metabolic regulators.
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RIMONABANT

There are two cannabinoid receptors, CB-1 (470 amino acids in length) and CB-2 (360
amino acids in length). The CB-1 receptor has almost all the amino acids that comprise
the CB-2 receptor, and additional amino acids at both ends. CB-1 receptors are distrib-
uted throughout the brain in the areas related to feeding, on fat cells, in the gastrointes-
tinal tract, and on immune cells. Marijuana and tetrahydrocannabinol stimulate the CB-1
receptor and increase high-fat and high-sweet-food intake; fasting increases the levels
of endocannabinoids, such as anandamide and 2-arachidonyl-glycerol. The rewarding
properties of cannabinoid agonists are mediated through the mesolimbic dopaminergic
system. Rimonabant is a specific antagonist of the CB-1 receptor, and inhibits sweet food
intake in marmosets as well as high-fat food intake in rats, but not in rats fed standard
chow. In addition to being specific in inhibiting highly palatable food intake, pair-
feeding experiments in diet-induced obese rats show that the rimonabant-treated animals
lost 21% of their body weight compared with 14% in the pair-fed controls. This suggests
that, at least in rodents, rimonabant increases energy expenditure in addition to reducing
food intake. CB-1 knockout mice are lean and resistant to diet-induced obesity. CB-1
receptors are upregulated on adipocytes in diet-induced obese mice, and rimonabant
increases adiponectin, a fat cell hormone associated with insulin sensitivity (81).

The results of four phase III trials of rimonabant for the treatment of obesity have been
presented. These reports are posted on the Sanofi website (82); only one exists in the
form of a peer-reviewed publication at the time of this writing (82,83). The summary of
these trials, therefore, comes primarily from these Sanofi press releases. The first trial
to be announced was called the Rio-Lipids trial. This was a 1-yr trial that randomized
1018 obese subjects equally to placebo, 5 mg/d rimonabant, or 20 mg/d rimonabant. The
subjects in this trial had untreated dyslipidemia, a BMI between 27 and 40, and a mean
weight of 96 kg. Weight loss was 2% in the placebo group and 8.5% in the 20-mg
rimonabant group. In the 20 mg/d rimonabant group, waist circumference was reduced
9 cm, triglycerides were reduced by 15%, and HDL cholesterol was increased by 23%,
compared with 3.5 cm, 3% ,and 12% respectively in the placebo group. In the 20 mg/d
group the LDL particle size increased, adiponectin increased, glucose decreased, insulin
decreased, C-reactive protein decreased, and metabolic syndrome prevalence was cut in
half. There was no increase in depression or anxiety, and neither pulse nor blood pressure
increased in contradistinction to sibutramine. Fifteen percent of subjects in the
rimonabant 20 mg/d group dropped from the trial for adverse events. The most common
adverse events were nausea and diarrhea, as one might expect from the location of the
CB-1 receptors. Forty percent of the study cohort dropped out by 1 yr and 15% dropped
in the high dose group for an adverse event.

In the second study, called Rio-Europe, 305 subjects were randomized to placebo, 603
subjects to 5 mg/d rimonabant and 599 subjects to 20 mg/d rimonabant for a 2-yr study.
Weight loss at 2 yr in the placebo group was 2.5 kg compared with 7.2 kg in the 20 mg
rimonabant group (83). The third study, Rio-North America, was also a 2-yr study that
randomized 3040 obese subjects without diabetes to placebo, 5 mg rimonabant, or 20 mg
rimonabant. At 1 yr, half the rimonabant groups were rerandomized to placebo. At 1 yr,
weight loss was 2.8 kg in the placebo group and 8.6 kg in the 20 mg rimonabant group.
The 2-yr results have not yet been published. It is anticipated that these three rimonabant
studies will become available as peer-reviewed publications within the next year.
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LEPTIN

The lack of leptin, a hormone derived from the fat cell, causes massive obesity in
animals and man (1,2). Its placement reverses the obesity associated with the deficiency
state. The discovery of leptin generated hope that leptin would be an effective treatment
for obesity. Leptin at subcutaneous doses of 0, 0.01, 0.05, 0.1, and 0.3 mg/kg daily were
tested in 54 lean and 73 obese humans of both sexes (84). Lean subjects were treated for
4 wk and lost 0.4 to 1.9 kg. Obese subjects were treated for 24 wk; a dose–response
relationship for weight loss was seen, with the 0.3 mg/kg group losing 7.1 kg (84).
Pegylated leptin allows for weekly, rather than daily, injections. Although pegylated
leptin at 20 and 60 mg/wk in obese subjects over 8 to 12 wk did not give any weight loss
above placebo, pegylated leptin at 80 mg weekly combined with a very-low-calorie diet
for 46 d gave 2.8 kg more weight loss in 12 subjects randomized to leptin compared to
the 10 randomized to placebo (p < 0.03) (85).

Leptin has been found to ameliorate many of the symptoms of lipodystrophy (86).
Nine female patients with lipodystrophy and a serum leptin level of less than 4 mg/mL
were treated with recombinant methionyl human leptin for 4 mo. Eight of the women had
diabetes. During treatment with leptin, the glycosylated hemoglobin decreased an aver-
age of 1.9%. During the 4 mo of therapy, triglyceride levels decreased by 60%. Liver
volume was also reduced by an average of 28%, and resting metabolic rate also decreased
significantly with therapy (87). A reduced body weight is associated with decreased
24-h energy expenditure and decreased leptin and thyroid hormone levels. When body
weight was reduced by 10%, circulating T3, T4, and leptin concentrations were decreased.
All these endocrine changes were reversed by administration of “replacement” doses of
recombinant human methionyl leptin. Total energy expenditure increased in all subjects
during treatment with leptin, indicating that decreased leptin may account for some
aspects of the endocrine adaptations to weight loss.

AXOKINE

Axokine is an analog of ciliary neurotrophic factor that, like leptin, acts through the
STAT signaling pathway in the brain (88). Axokine has been tested in two phase II
studies, one in obesity and one in diabetes, in addition to one phase III study in obesity.
The first multicenter 12-wk phase II study randomized 170 obese subjects with a BMI
between 35 and 50. The optimal dose was 1 µg/kg, and this group lost 4.6 kg compared
with a weight gain of 0.6 kg in the placebo group (89). The second 12-wk phase II study
randomized 107 overweight and obese type 2 diabetic subjects with a BMI between 35
and 50 (90). Those subjects treated with the 1.0 µg/kg dose of axokine lost 3.2 kg
compared with 1.2 kg in the placebo group (p < 0.01).

The 1-yr phase III trial with a 1-yr open-label extension randomized 501 subjects to
placebo and 1467 subjects to axokine at a dose of 1 µg/kg/d (90). Subjects had a BMI
between 30 and 55, if their obesity was uncomplicated, or between 27 and 55, if their
obesity was complicated by hypertension or dyslipidemia. At the end of 1 yr, the axokine
group lost 3.6 kg, compared with 2.0 kg in the placebo group (p < 0.001), a difference
that does not meet the FDA efficacy criteria for approval. The most common adverse
events were mild and included injection site reactions, nausea, and cough. The most
concerning finding, however, was that two-thirds of those receiving axokine developed
antibodies after 3 mo that limited further weight loss, and there was no way to prospec-
tively predict those who would develop the antibodies. Development of axokine has
been terminated.
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Drugs in Early Phases of Development
GROWTH HORMONE FRAGMENT

AOD9604 is a modified fragment of the amino acids in growth hormone from 177 to
191, and is orally active. This growth hormone fragment is said to bind to the fat cell,
stimulating lipolysis and inhibiting reesterification without stimulating growth. A 12-wk
multicenter trial randomized 300 obese subjects to one of five daily doses (1, 5, 10, 20, and
30 mg) of AOD9604 or placebo. The 1-mg dose was the most effective for weight loss.
Subjects on the 1-mg dose lost 2.6 kg, compared with 0.8 kg in the placebo group, and
the rate of weight loss was constant throughout the trial (91). Phase III trials are evidently
in the planning stages.

PYY 3-36
PYY 3-36 is a hormone produced by the L-cells in the gastrointestinal tract and is

secreted in proportion to the caloric content of a meal. PYY 3-36 levels are lower when
fasting and after a meal in the obese compared with the lean subjects. Caloric intake at
a lunch buffet was reduced by 30% in 12 obese subjects and by 29% in 12 lean subjects
after 2 h of PYY 3-36 infused intravenously (92). Thrice-daily nasal administration over
6 d was well-tolerated and reduced caloric intake by about 30% while giving 0.6 kg
weight loss (93).

OXYNTOMODULIN

Oxyntomodulin, like PYY and cholecystokinin, is released from the GI tract and can
inhibit food intake. In a study of healthy overweight and obese volunteers, participants
self-administered saline or oxyntomodulin subcutaneously in a 4-wk randomized,
double-blind, parallel-group protocol. Injections were given three times daily, 30 min
before each meal, over a period of 4 wk. Body weight was reduced by 2.3 ± 0.4 kg in the
treatment group, compared with 0.5 ± 0.5 kg in the control group (p = 0.0106). On
average, the treatment group experienced an additional 0.45 kg weight loss per week.
Oxyntomodulin reduced energy intake by 170 ± 37 kcal (25 ± 5%) at the initial study
meal (p = 0.0007) and by 250 ± 63 kcal (35 ± 9%) at the final study meal (p = 0.0023).
In this small, short-term trial, oxyntomodulin treatment produced a small weight loss and
decreased food intake over a 4-wk period (94).

CHOLECYSTOKININ

Cholecystokinin decreases food intake by causing subjects to stop eating sooner (95).
Although the relationship between cholecystokinin and satiety has been known for many
years, development as a weight-loss agent has been slow owing to concerns regarding
pancreatitis. As the human pancreas has no cholecystokinin-A receptors, an orally active
compound that is a selective agonist of the cholecystokinin-A receptor is being evaluated
in clinical trials, but no reports of those trials have yet appeared.

OLEOYLESTRONE

Oleoylestrone is a weakly estrogenic compound that is produced in fat cells, carried
in the blood on HDL particles, and feeds back to the central nervous system to reduce
food intake while maintaining energy expenditure. Oleolyestrone is orally active and has
been used to treat one morbidly obese male without an accompanying weight loss pro-
gram. Oleoylestrone was given in doses of 150 to 300 µmol/d in 10 consecutive 10-d
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courses of treatment separated by at least 2 mo. Weight dropped 38.5 kg and BMI
dropped from 51.9 to 40.5 over 27 mo, and weight was still declining at the time of the
report (96). Oleoylestrone was well tolerated and there were no estrogenic side effects
observed. Pharmaceutical company-sponsored phase I trials are presently in progress.

SEROTONIN 2C RECEPTOR AGONIST

Mice lacking the 5HT-2c receptor have increased food intake, because they take
longer to be satiated. These mice also are resistant to fenfluramine, a serotonin agonist
that causes weight loss. A human mutation of the 5HT-2c receptor has been identified
that is associated with early-onset human obesity (97,98). The FDA website lists, under
ongoing clinical trials, a phase II trial of APD356, a serotonin 2C agonist. This is a
multicenter, randomized, 4-wk trial in 400 obese subjects. No further information is
available (99).

NEUROPEPTIDE-Y RECEPTOR ANTAGONISTS

Neuropeptide Y (NPY) is a widely distributed neuropeptide that has six receptors, Y-1
through Y-6. Neuropeptide Y stimulates food intake, inhibits energy expenditure, and
increases body weight by activating Y-1 and Y-5 receptors in the hypothalamus (100).
Levels of NPY in the hypothalamus are temporally related to food intake and are elevated
with energy depletion. Surprisingly, NPY knockout mice have no phenotype. NPY-5
receptor antagonists fall into two categories, those that reduce food intake and those that
do not, but of those that do seem to do so through a mechanism separate from Y-5. Thus,
Y-5 receptor antagonists do not appear promising as antiobesity agents (101).

Y-1 receptor antagonists appear to have greater potential as antiobesity agents. A
dihydropyridine neuropeptide Y-1 antagonist inhibited NPY-induced feeding in satiated
rats (102). Another Y-1 receptor antagonist, J-104870, suppressed food intake when
given orally to Zucker rats (103). A study measuring NPY in obese humans casts doubt
on the importance of the NPY antagonists in the treatment of obesity in humans. Obese
women had lower NPY levels than lean women and weight loss with a 400 kcal/d diet
and adrenergic agonists (caffeine and ephedrine or caffeine, ephedrine, and yohimbine)
did not change NPY levels at rest or after exercise (104).

MELANIN-CONCENTRATING HORMONE RECEPTOR-1 ANTAGONIST

Melanin-concentrating hormone (MSH) and -MSH have opposite effects on skin
coloration in fish, and excess melanin concentrating hormone blocks the effects of

-MSH when both are injected into the cerebral ventricles of rats (105). MCH has two
receptors, MCH-1 and MCH-2. Mice without the MCH-1 receptor have increased activ-
ity, increased temperature, and increased sympathetic tone (106). Overexpression of the
MCH-1 receptor and chronic infusion of an MCH-1 agonist cause enhanced feeding,
caloric efficiency, and weight gain, whereas an MCH-1 antagonist reduces food intake
and body weight gain without an effect on lean tissue (107). MCH-1 antagonists reduce
food intake by decreasing meal size, and also act as antidepressants and anxiolytics
(108,109). An orally active MCH-1 receptor antagonist that has good plasma levels and
CNS exposure induced weight loss in obese mice with chronic treatment (110). A num-
ber of other MCH-1 antagonists reduce food intake and body weight in experimental
animals (111). No human studies have been reported.
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PANCREATIC LIPASE INHIBITOR

Although orlistat, a lipase inhibitor, is already approved for the treatment of obesity,
ATL-962, another gastrointestinal lipase inhibitor, is also in development. A 5-d trial of
ATL-962 in 90 normal volunteers was conducted on an inpatient unit. There was a three-
to sevenfold increase in fecal fat that was dose-dependent, but only 11% of subjects had
more than one oily stool. It was suggested that this lipase inhibitor may have fewer
gastrointestinal adverse events compared with orlistat (112).

Drugs No Longer Under Investigation or Withdrawn
PHENYLPROPANOLAMINE

Short-term studies with phenylpropanolamine were reviewed in 1992; weight loss
was similar to the short-term weight loss seen with prescription obesity drugs (113). The
longest study of phenylpropanolamine lasted 20 wk. There was a 5.1-kg weight loss in
the drug group and 0.4-kg weight loss in the placebo group, meeting the FDA criteria for
a prescription weight loss drug of a greater than 5% weight loss compared with placebo
(114). Although phenylpropanolamine had a long history of safety in clinical trials
dating to the 1930s, it was taken off the market because of an association with hemor-
rhagic stroke in women (115).

EPHEDRINE

Ephedrine, combined with methylxantines, was used in the treatment of asthma for
decades. A physician in Denmark noted weight loss in his patients taking this combina-
tion drug for asthma. The combination of 200 mg caffeine and 20 mg ephedrine given
three times a day was subsequently approved as a prescription obesity medication in
Denmark, where it enjoyed commercial success for more than a decade (116). In 1994,
legislation in the United States declared ephedra and caffeine to be foods, eligible to be
sold as dietary herbal supplements. The use of this combination as an unregulated dietary
supplement for the treatment of obesity was accompanied by reports of cardiovascular
and neuropsychiatric adverse events, leading to the FDA declaring ephedra, the herbal
form of ephedrine, as an adulterant (117). Recently, courts in the United States have
overturned the FDA decision to withdraw ephedra from the herbal market, at least in
regard to ephedra doses of 10 mg or less, and the implications this legal decision may
have on the availability of ephedra in the herbal dietary supplement market remain to be
determined.

-3 ADRENERGIC AGONISTS

In the early 1980s the -3 adrenergic receptor was identified and shown, when stimu-
lated, to increase lipolysis, fat oxidation, energy expenditure, and insulin action. Selec-
tive -adrenergic agonists based on the rodent -3 adrenergic receptor were not selective
in humans, and the human -3 adrenergic receptor was subsequently cloned and found
to be only 60% homologous with rodents (118). A -3 adrenergic agonist selective for
the human -3 receptor, L-796568, increased lipolysis and energy expenditure when
given as a single 1000-mg dose to obese men without significant stimulation of the -2
adrenergic receptor (119). A 28-d study with the same compound at 375 mg/d vs placebo
in obese men gave no significant increase in energy expenditure, reduction in respiratory
quotient, or changes in glucose tolerance. There was a significant reduction of triglyc-
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erides, however. This lack of a chronic effect was interpreted as either a lack of recruit-
ment of -3 responsive tissues, a downregulation of -3 receptors, or both (120). Thus,
despite encouraging results from rodent trials, human trials of selective -3 agonists
have been disappointing.

BROMOCRIPTINE

Hibernating and migratory animals change their ability to store and burn fat based on
circadian rhythms; these circadian rhythms are controlled by prolactin secretion. It has
been postulated that obese and diabetic individuals have abnormal circadian rhythms.
These abnormal rhythms favor fat storage and insulin resistance. Rapid-release
bromocriptine (Ergocet®), given at 8:00 am, has been postulated to reverse this abnormal
circadian rhythm and effectively treat diabetes and obesity. An uncontrolled trial of
quick-release bromocriptine given orally for 8 wk significantly decreased 24-h plasma
glucose, free fatty acid, and triglyceride levels from baseline (121). This was followed
by a controlled trial in which 22 diabetic subjects were randomized to quick-release
bromocriptine or placebo. The hemoglobin A1c fell from 8.7 to 8.1% in the bromocriptine
group and rose from 8.5 to 9.1% in the placebo group, a statistically significant differ-
ence (122). In an uncontrolled trial, 33 obese postmenopausal women reduced their body
fat by 11.7% measured by skinfold thickness over 6 wk of treatment with quick-release
bromocriptine (123). This was followed by a controlled trial in which 17 obese subjects
were randomized to rapid-release bromocriptine (1.6–2.4 mg/d) or a placebo for 18 wk.
The bromocriptine group lost significantly more weight (6.3 kg vs 0.9 kg) and more fat
as measured by skinfolds (5.4 kg vs 1.5 kg) (124). The company developing Ergocet
received an approvable determination by the FDA for quick-release bromocriptine to
treat diabetes, but was asked to do additional safety studies. These studies were never
performed, and the obesity development program proceeded no further.

ECOPIPAM

Ecopipam is an antagonist to dopamine 1 and 5 receptors. It was originally studied for
the treatment of cocaine addiction (125). Ecopipam was in development as an obesity
drug but its development was recently terminated (126).

New Areas for Drug Development
HISTAMINE-3 RECEPTOR ANTAGONISTS

Histamine and its receptors can affect food intake. Among the antipsychotic drugs that
produce weight gain, binding to the H-1 receptor is higher than with any other monoam-
ine receptor; histamine reduces food intake by acting on this receptor (127). The search
for drugs that can modulate food intake through the histamine system has focused on the
histamine H3 receptor, which is an autoreceptor—that is, activation of this receptor
inhibits histamine release, whereas blockade of the receptor increases histamine release.
Both imidazole and nonimidazole antagonists of the H3 receptor have been published
and shown to reduce food intake and body weight gain in experimental animals (98,128).

MELANOCORTIN-4 RECEPTOR AGONISTS

Of the potential targets for drugs to treat obesity, the biological data favoring this
receptor are among the strongest (129). There are five melanocortin (MC)  receptors that
belong to the G protein-coupled 7-transmembrane family of receptors. The MC1 recep-
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tor is located primarily in skin and modulates pigmentation changes in response to -
MSH. The MC2 receptor is in the adrenal gland, where it responds to ACTH-modulating
steroid production. The MC3 and MC4 receptors are primarily in the brain, where they
are both involved in energy homeostasis. The final receptor, MC5, is located in exocrine
tissues. The MC4 receptors in the brain are located in sites that affect feeding. In the
hypothalamus, leptin-responsive neurons modulate MC4 expression, modifying energy
balance. The MC4 receptor responds to -MSH with a decrease in food intake. When
animals are genetically engineered to remove expression of MC4 receptors, they become
massively obese. The effect of -MSH on the MC4 receptor can be blocked by agouti-
related peptide (AgRP). Mice that overexpress AgRP or its equivalent agouti peptide
(yellow mice) are obese. Numerous genetic variants of the MC4 receptor have been
identified in humans that are associated in variable degrees of overweight and taller
stature.

These biological observations have led to the search for agonists and antagonists to
this receptor (129). The first two, an agonist called melanotan-II (MT-II) and an antago-
nist called SHU-9119, are modifications of the core sequence of -MSH. They demon-
strate the viability of this strategy, as MT-II reduces food intake and body weight,
whereas SHU-9119 as well as AgRP block this effect. Both peptide and nonpeptide
agonists for the MC4 receptor have been developed, but no reports of clinical studies
have emerged yet (129).

MODULATORS OF ENERGY SENSING IN THE BRAIN

Recent developments suggest that the ratio of AMP to ATP in selected regions of the
brain may play a role in modulating food intake and energy balance. The discovery that
blockade of the fatty acid synthase with cerulenin, a naturally occurring product or a
synthetic molecule (C-75) opened the door to these insights (130). Fatty acid synthesis
and oxidation are coordinately regulated. Adenosine 5-monophosphate activated kinase
(AMPK) phosphorylates acetyl-Co-carboxylase to inhibit the enzyme that converts
acetyl-CoA to malonyl CoA in the first step toward long-chain fatty acid synthesis.
AMPK dephosphorylates malonyl Co-A decarboxylase, which activates this enzyme
that lowers malonyl-CoA concentration. The net effect of these phosphorylations by
AMPK is to convert substrate to oxidation rather than fatty acid synthesis. Cerulenin or
C-75 blocks fatty acid synthase, which also blocks fat synthesis and activates fatty acid
oxidation by activating carnitine palitoyl Co-A transferase-I. Injection of these fatty acid
synthase inhibitors into animals produces a reduction in food intake and weight loss,
suggesting the potential for future clinical drugs (130).

GHRELIN ANTAGONISTS

The search for small orally absorbed peptides that could release growth hormone led
to the identification in 1996 of the growth hormone secretogog (GHS) receptor, and the
isolation in 1998 of ghrelin, the natural ligand for this GHS receptor. Ghrelin stimulates
food intake in human subjects. Moreover, clinical trials with the small GH-stimulating
peptides produced weight gain in human beings, suggesting that antagonists to this
receptor might be useful in the treatment of obesity (131). No clinical data are yet
available.
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11- -HYDROXYSTEROID DEHYDROGENASE TYPE 1 INHIBITOR

Cortisol, the glucocorticoid secreted by the adrenal gland, can be inactivated through
conversion to cortisone in peripheral tissues. Cortisone can be reactivated by the enzyme
11- -hydroxysteroid dehydrogenase type 1. Mice in which this enzyme is overexpressed
have increased amounts of fat in the abdomen, suggesting that modulation of this enzyme
could be a target to selectively modulate visceral or central adiposity (132).

ADIPONECTIN

Adiponectin, also called adipocyte complement-related protein (ACRP), is produced
exclusively in fat cells, and is their most abundant protein. It has a long half-life in the
blood and is of interest because its production and secretion by the fat cell is decreased
as the fat cell increases in size. Higher levels of adiponectin are associated with insulin
sensitivity and lower levels of adiponectin, as seen in obesity, are associated with insulin
resistance. In experimental studies, adiponectin has been shown to reduce food intake
when administered into the brain (133). Although it is a large molecule, drugs that
modulate its production, release, or action may be potential candidates for treating
obesity.

CONCLUSIONS

Although the drugs currently available for the treatment of obesity are few in number
and limited in efficacy, the pipeline for obesity drug development is very rich. Because
drug development is more sophisticated today than in the past, we anticipate that the
development of safe and effective drugs for the treatment of obesity will proceed at a
more rapid pace than was the case for other chronic diseases, such as hypertension and
diabetes, that now have safe and effective medications.
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Summary
Weight-loss surgery is the only effective treatment for severe, medically complicated, and refrac-

tory obesity. It reverses, eliminates, or significantly ameliorates numerous life-threatening medical
comorbidities that occur as part of the pathophysiology of obesity. Rapid changes in surgical tech-
nology and in demand for weight-loss surgery have made the field one of medicine’s most dynamic.
This chapter reviews available surgical procedures, their possible mechanisms of action through the
enterohypothalamic endocrine axis, and their risks and outcomes.

Key Words: Bariatric surgery; weight loss surgery; morbid obesity; endocrinology; gastric
bypass; laparoscopic adjustable band; gut hormones; type 2 diabetes.

INTRODUCTION

Candidates for bariatric surgery include those who are morbidly obese, with a BMI
� 40 kg/m2, or those with a BMI � 35 kg/m2 and significant comorbidities (1). In the
United States, an estimated 8 to 10 million people suffer from morbid obesity (2). Their
numbers are increasing exponentially without any evidence of reaching a plateau or
approaching a downward trend (1).

The growing prevalence of severe obesity has spurred concomitant growth in obesity
surgery. Nguyen et al. (2) report a 450% increase in the number of bariatric operations
performed in the United States between 1988 and 2002. Similar findings have been
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reported by Liu et al. (3) and Courcoulas et al. (4). Most of the growth in bariatric surgery
rates has occurred in relatively large, high-volume hospitals (5) that meet best-practice
guidelines of more than 100 procedures per year. Other factors related to the safety and
effectiveness of weight loss surgery focus on the clinical data infrastructure needed to
assess and improve quality (6,7).

COMORBIDITIES

Obesity is associated with substantially increased risk of morbidity and all-cause
mortality from numerous comorbidities. These include type 2 diabetes, hypertension,
dyslipidemia, cardiovascular disease, stroke, sleep apnea and other respiratory prob-
lems, gallbladder disease, fatty liver disease, osteoarthritis, and several forms of cancer.
In addition to adverse health effects, people with obesity also suffer substantial social
stigmatization and workplace discrimination (6).

To facilitate assessment of obesity-related comorbidities in bariatric surgery patients,
Ali et al. (8) have developed a clinically based, standardized system for scaled assess-
ment of major comorbidities. By scoring each condition from 0 to 5, according to sever-
ity, this scheme allows for standardized preoperative characterization of a bariatric
patient population and uniform postoperative longitudinal assessment of changes in
comorbidities after weight-reduction surgery.

Weight loss improves or resolves many comorbid conditions. However, lifestyle and
pharmaceutical treatments fail most people. Bariatric surgery is known to provide marked
and lasting weight loss of 47.5 to 70.1% of excess body weight (9). This is approx 25 to
30% of baseline body weight. Such results have been obtained in relative safety, with
operative mortality equal to or less than that for other major operative procedures (about
0.5%) (2,9).

MECHANISMS OF ACTION IN WEIGHT-LOSS SURGERY

Physiological Changes
There are two major categories of weight-loss surgery: gastric restriction and intes-

tinal malabsorption. Restrictive operations create a small neogastric pouch and gastric
outlet to decrease food intake. Malabsorptive procedures rearrange the small intestine
in order to decrease the functional length or efficiency of the intestinal mucosa for
nutrient absorption. Although the malabsorptive approach produces more rapid and
profound weight loss than restrictive procedures, it also puts patients at risk of metabolic
complications, such as vitamin deficiencies and protein–energy malnutrition (10). Re-
strictive procedures are considered simpler and safer than their malabsorptive counter-
parts, but may result in a smaller amount of long-term weight loss.

Neuroendocrine Changes
One way bariatric surgery is thought to produce weight loss is through its effect on

the enterohypothalamic endocrine axis (12). Dramatic improvements in glycemic con-
trol have been observed in subjects with type 2 diabetes following bariatric surgery,
specifically the Roux-en-Y gastric bypass (RYGB) procedure (13–17). In many cases,
normal fasting plasma glucose concentrations are achieved prior to substantial weight
loss (11,15,16). Data suggest that changes in circulating gut hormones may promote
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improvements in glycemic control, reductions in appetite, and subsequent weight loss
following bypass surgery (15,18,19).

A number of peptides released from the gastrointestinal tract have recently been
shown to regulate appetite and food intake, effecting both orexigenic and anorexic
outcomes through actions on the hypothalamic arcuate nucleus (20,21). Peptides of
interest include ghrelin, which increases expression of the orexigenic hypothalamic
neuropeptide Y (NPY) and stimulates food intake in rodents and humans (12,22); pep-
tide YY (PYY), which acts within the arcuate nucleus to inhibit the release of NPY (12);
PYY3-36, which has been known to induce satiety and reduce food intake (23); and
glucagon-like peptide 1 (GLP-1), which acts mainly as an incretin, promoting postpran-
dial insulin release, improving pancreatic B-cell function, and inhibiting food intake in
humans (12). Pancreatic polypeptide (PP) has also been shown to inhibit food intake and
promote energy expenditure (24).

Le Roux et al. (12) have demonstrated a pleiotropic endocrine response to bariatric
surgery, which might account for the appetite reduction that leads to long-term changes
in body weight. Compared with lean and obese controls, postsurgical RYGB patients had
increased postprandial plasma (PYY) and glucagon-like-peptide (GLP)-1, which favor
enhanced satiety. Furthermore, those patients had early and exaggerated insulin responses,
potentially mediating improved glycemic control. None of these effects was observed in
patients losing equivalent weight through gastric banding. Leptin, ghrelin, and PP were
similar in both surgical groups (12).

CURRENTLY PERFORMED SURGERIES

Roux-en-Y Gastric Bypass
RYGB involves the creation of a small gastric pouch that is then connected to a distal

segment of small intestine (alimentary limb). The remainder of the stomach is left in situ
but is disconnected from the food stream. It reconnects with the alimentary limb at the
jejunojejunostomy (Fig. 1). The restrictive component is based on the small pouch as
well as the narrow aperture connecting the gastric pouch to the jejunum. The
malabsorptive component is marginal at best, as only 20 to 50 cm of small bowel is
bypassed. The altered anatomic configuration leads to changes in gut hormones that may
be associated with satiety, gastric emptying, and weight loss. Gastric bypass can be per-
formed laparoscopically (LRYGB) or via the open approach with similar success rates
(25,26). Mortality rates associated with gastric bypass surgery are reported to be be-
tween 0.3 and 2% (27–29). Early complications associated with gastric bypass include
leakage, bleeding, pulmonary embolus, gastrojejunal strictures, and death. Late compli-
cations include internal hernias, bleeding, ulcers, vitamin deficiencies, and anemia. To
prevent nutritional deficiencies, gastric bypass patients must take a daily multivitamin
(with iron), vitamin B12, folate, and calcium.

Gastric Banding
The laparoscopic adjustable gastric band (LAGB) and the Swedish band are placed

around the top portion of the stomach to reduce stomach size and thereby restrict the
volume of ingested solid food. Both bands have been used widely throughout Europe,
Australia, and South America for more than a decade, but only the LAGB has been
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Fig. 1. Restrictive weight-loss surgeries. (A) Vertical banded gastroplasty. Both a band and
staples are used to create a small stomach pouch. (B) Adjustable gastric banding. A band made
of a special material is placed around the stomach near its upper end, creating a small pouch of
the upper stomach and a narrow passage into the larger remainder of the stomach. (C) Roux-en-
Y gastric bypass: a restrictive procedure in which a small proximal gastric pouch is created,
followed by the creation of a jejunojejunostomy in a “Y” configuration to allow an end of the
jejunum to be brought up and anastomosed to this proximal pouch.Drawings were rendered by
A. Heffess and generously provided by E. C. Mun. Reprinted from ref. 12a, with permission from
the American Gastroenterological Association.

approved by the Food and Drug Administration for use in the United States since 2001.
The band itself is made of silicone and is connected via plastic tubing to a port implanted
in the patient’s abdominal wall. The quantity of fluid placed into the port gradually
increases the restriction on the stomach. Patients must have frequent follow-ups with
their physicians to titrate the volume injected into the port. No alteration of the anatomy
is required, and thus the procedure is completely reversible.

The mortality rate associated with the band is lower than it is with gastric bypass
surgery, only 0.05%. The difference might be due to the absence of leaks and shorter
operating times (30). Complications associated with the band include erosions, slips,
esophageal dilation, infections, and port problems. An average of 22% of patients with
gastric banding require some kind of reoperation after 4 yr (31).

Intragastric Balloon
The intragastric balloon (BioEnterics Intragastric Balloon, BIB), a temporary restric-

tive device implanted into the stomach endoscopically, promotes a feeling of satiety. In a
study of more than 2500 patients, Genco et al. found a 34% loss of excess weight at 6 mo,
with a complication rate of 2.8%. Many comorbidities were improved or resolved in
more than 80% of patients (32). After removal of the BIB, and with proper diet and
exercise, the percentage of excess weight lost decreased from 39 to 26% at 1 yr, suggest-
ing durable weight loss (33). However, the device is not yet approved for use in the
United States.
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Sleeve Gastrectomy
Still in its infancy, sleeve gastrectomy is a procedure currently being used as a bridge

for surgery in patients with supermorbid obesity (BMI > 50) (34). Laparoscopic sleeve
gastrectomy (LSG) is a new procedure for weight loss with lower surgical risk than
more complex surgeries, such as biliopancreatic diversion (BPD) with duodenal switch
or RYGB (34). The procedure, which is exclusively restrictive, involves removing 80%
of the stomach, leaving behind only a sleeve of the stomach. LSG may be particularly
well-suited for the most surgically challenging high-risk patients, defined as those who
are super-super-obese (BMI > 60) and those with severe comorbidities. Such patients
have higher perioperative morbidity and mortality with weight-loss surgery. Postopera-
tive complications are not increased; however, they are more often fatal (35). Milone et
al. have shown mean weight loss of 45 kg and percentage excess weight loss (EWL) of
35% at 6 mo with sleeve gastrectomy (36). Once weight is lost, surgery becomes less
technically challenging and patients can then go on to have gastric bypass or another
procedure.

Biliopancreatic Diversion
BPD is a malabsorptive procedure in which a distal gastrectomy and Roux-en-Y

configuration are created with a short common limb. The duodenal switch (DS) proce-
dure is similar to BPD, but a duodenojejunostomy is performed to limit marginal ulcer-
ation (Fig. 2). BPD is effective in inducing weight loss, particularly in super-obese

Fig. 2. Malabsorptive bariatric procedures. (A) Jejunoileal bypass. The first part of the jejunum
is connected to the last portion of the ileum to bypass the area of the intestine where nutrients are
absorbed;this procedure is no longer used. (B) Biliopancreatic diversion. Portions of the stomach
are surgically removed. The small pouch that remains is connected directly to the last segment
of the small intestine, bypassing both the duodenum and jejunum. (C) Duodenal switch.
Biliopancreatic diversion that keeps the pyloric valve intact, maintaining a portion of duodenum
in the food stream. Drawings rendered by A. Heffess and generously provided by E. C. Mun.
Reprinted from ref. 12a, with permission from the American GastroenterologicalAssociation.
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patients (BMI > 50) (37), but can cause significant complications (38). It involves gastric
resection and diversion of the biliopancreatic juices to the terminal ileum through an
entero–entero anastomosis performed between the proximal limb of the transected je-
junum and ileum, 50 cm proximal to the ileocecal valve. The distal end of the transected
jejunum is anastomosed to the gastric pouch (34).

Laparoscopic Mini-Gastric Bypass
Laparoscopic mini-gastric bypass (LMGB) has been proposed as a simple and effec-

tive treatment for morbid obesity (39). It differs from RYGB in that it has a smaller
dissection area and fewer anastomoses. The lower antecolic gastrointestinal anastomo-
sis is thought to be much easier to perform than the high retrocolic or antecolic gas-
trointestinal anastomosis used in LRYGB. In LMGB, the use of one less anastomosis and
the provision of a better blood supply to the gastric tube may decrease the incidence of
leakage. Data suggest that LMGB is a simpler and safer procedure than LRYGB, with
shorter operating time, reduced hospital stay, and significantly less postoperative pain
(40). However, there are controversies about the relative safety of the procedure—
mainly the incidence of marginal ulcer and reflux esophagitis (40).

OUTCOMES

Weight loss, possibly in association with changes in the gastrointestinal hormonal
milieu, results in dramatic effects on the comorbid conditions of severe obesity (1).
Reversal or improvement have been seen for the following comorbidities: type 2 diabe-
tes (11), hyperlipidemia, hypertension, obstructive sleep apnea, weight-bearing osteoar-
thritis, gastroesophageal reflux disease, and depression. Reversal or improvement are
reasonable and presumed for other comorbidities, including cardiac and peripheral vas-
cular disease, and carcinomas of the breast, uterus, ovary, prostate, colon, pancreas, and
liver (10). There are also improvements in quality-of-life factors related to body image,
personal hygiene, sexual activity, employment opportunities, and socioeconomic status
(1). Finally, growing epidemiological evidence suggests that weight-loss surgery may
increase longevity (41).

SAFETY AND EFFECTIVENESS

Rapid advances in bariatric surgical technology, coupled with rapidly expanding
numbers of operations performed, have made the development and implementation of
performance standards and patient safeguards a national priority. Although a focus on
surgical volume and the setting in which surgery is performed is a necessary step, it falls
short of what is required to protect the well-being of patients and the best interests of
physicians and facilities.

Standardization of presurgical education, patient selection, perioperative care, and
postsurgical support is essential to minimize risk to patients and avoid confounding in
studies of surgical effectiveness (6). Compatibility of database technology and consis-
tency in data collection are likewise essential in the analysis of morbidity and mortality
rates. Current variability in coding, information systems infrastructure, and database
analyses (29,42,43) highlights the need for a nationwide perspective in addressing broad-
based standards and outcome reporting. It also underscores the need for prospective,
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clinically derived outcome databases that will serve as a vehicle for quality improvement
(44), much like current systems for coronary artery bypass graft surgery established by
the Society for Thoracic Surgeons (45).

Efforts to address these shortfalls are part of a nationwide drive for quality control.
Massachusetts was the first state to develop comprehensive evidence-based recommen-
dations for best practices in weight loss surgery (6). Many professional societies and
other stakeholders have also moved forward with various patient protection and quality
performance initiatives These include, among others, the American College of Surgeons
(ACS), with its Bariatric Surgery Center Network Accreditation Program (46); the
Society of American Gastrointestinal Endoscopic Surgeons (SAGES) (47); the Ameri-
can Society of Bariatric Surgeons (ASBS) (48); Blue Cross Blue Shield of Massachu-
setts; and Aetna, Kaiser Permanente, Cigna, the California Association of Health Plans,
HealthAmerica, and Blue Cross/Blue Shields in South Dakota, Wisconsin, North Caro-
lina, and Idaho.

The ACS program, for example, is in-depth and comprehensive. Based on the Mas-
sachusetts Lehman Center report (6), it specifies the necessary physical and human
resources, clinical and surgeon credentialing standards, data reporting standards, and
verification/approvals processes required to receive designation as an ACS Bariatric
Surgery Center. Similarly, Blue Cross/Blue Shield of Massachusetts has based its reim-
bursement policy on the recommendations contained in the Lehman Center report. Such
steps will serve as an impetus and a role model to others engaged in the practice of weight
loss surgery and the delivery of required support services.

The Centers for Medicare and Medicaid Services (CMS) will also base reimburse-
ment on evidence showing that open and laparoscopic RYGB, LAGB, and open and
laparoscopic BPD/DS are reasonable and necessary for Medicare beneficiaries with a
BMI  35, at least one comorbidity associated with obesity, and a history of unsuccessful
medical treatment. Surgeries will be covered only if performed in ACS- or ASBS-
certified facilities (7).

CONCLUSION

Weight-loss surgery is fundamentally different from dieting. Changes in physiology
resulting from the surgery reset energy equilibrium (49), affect the complex weight-
regulatory system at multiple levels, inhibit environmental influences on weight regu-
lation, and defeat powerful mechanisms that are inappropriately active in obesity. Gastric
bypass procedures, in particular, induce physiological and neuroendocrine changes that
appear to affect the weight regulatory centers in the brain, suggesting alteration of the
reward pathways in the central nervous system.

Researchers have begun to explore the molecular pathways responsible for these
changes. As they identify those pathways and ascertain the differences between surgical
and nonsurgical treatments, new therapeutic options will become available. In the in-
terim, bariatric surgery has taken its place as a first-line treatment option for the rapidly
increasing population of patients who suffer from life-threatening severe obesity.
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Summary
Bariatric surgery is associated with development of several micronutrient deficiencies that are

predictable based on the surgically altered anatomy and the imposed dietary changes. The three
restrictive malabsorptive procedures—Roux-en-Y gastric bypass (RYGB), biliopancreatic diver-
sion (BPD), and biliopancreatic diversion with duodenal switch (BPD/DS)—pose a greater risk for
micronutrient malabsorption and deficiency than the purely restrictive laparoscopic adjustable sili-
cone gastric banding (LASGB). Metabolic and clinical deficiencies of two minerals (iron and
calcium) and four vitamins (thiamine, folate, vitamin B12, vitamin D) have been well described in
the literature. This chapter reviews the pathophysiology, clinical presentation, screening tests, and
treatment for each micronutrient deficiency. With careful monitoring and adequate supplementa-
tion, these deficiencies are largely avoidable and treatable.

Key Words: Bariatric surgery; micronutrient deficiency; Wernicke’s encephalopathy; iron
deficiency anemia; hypovitaminosis D; metabolic bone disease.

INTRODUCTION

Bariatric surgery has been endorsed as an acceptable weight loss option for patients
with severe (also called extreme, morbid, or class III) obesity or those with moderate
obesity who have comorbid conditions by several authoritative guidelines and confer-
ences (1–5). Between 1998 and 2002, the number of bariatric surgical procedures per-
formed in the United States increased by more than five times, from approx 13,000 to
71,000, according to the Nationwide Inpatient Sample of the Healthcare Cost and Uti-
lization Project (6), and was expected to surpass 140,000 per year by 2004 (7). The
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exponential growth in procedures is caused by several factors, including improved sur-
gical techniques, reduction in the postoperative mortality rate, significant improvement
in obesity-related comorbid conditions (8), increased media attention, and profitability.
The upsurge in surgical procedures also reflects the increasing prevalence of severe
obesity in the United States. Between 1986 and 2000, the prevalence of severe obesity
(body mass index [BMI] � 40 kg/m2) quadrupled from about 1 in 200 adult Americans
to 1 in 50; the prevalence of a BMI � 50 increased by a factor of 5, from about 1 in 2000
to 1 in 400 (9). Approximately 5% of adult Americans are considered severely obese,
with prevalence figures reaching 13.5% for African American women (10). It is there-
fore likely that health care professionals from all disciplines will encounter patients who
have undergone a bariatric surgical procedure. Similarly, primary care physicians and
endocrinologists will be expected to monitor and manage their patients on a long-term
basis. Although physicians are trained to manage chronic diseases commonly associated
with severe obesity, such as type 2 diabetes, obstructive sleep apnea, hypertension,
mixed hyperlipidemia, and arthritis, among others, nutritional management following
bariatric surgery is not routinely taught. The combined restrictive-malabsorptive surgi-
cal procedures—Roux-en-Y gastric bypass (RYGB), biliopancreatic diversion (BPD),
and biliopancreatic diversion with duodenal switch (BPD/DS)—place patients at high
risk for development of both macro- and micronutrient deficiencies unless they are
properly counseled and supplemented. As most of the deficiencies can be identified early
at a preclinical stage, early treatment will prevent or reduce symptoms and deficiency
syndromes. This chapter will review the identification and management of the most
common micronutrient deficiencies that may occur following restrictive-malabsorptive
bariatric surgeries.

BARIATRIC SURGICAL PROCEDURES

Weight loss surgeries fall into one of two categories—restrictive and restrictive-
malabsorptive (see Chapter 19 for illustrations of surgeries). Restrictive surgeries limit
the amount of food the stomach can hold and slow the rate of gastric emptying. The
vertical banded gastroplasty (VBG) is the prototype of this category but is currently
performed on a very limited basis owing to a lack of effectiveness in long-term trials.
Laparoscopic adjustable silicone gastric banding (LASGB) has replaced the VBG as the
most commonly performed restrictive operation. The first banding device, the Lap-
Band, was approved for use in the United States in 2001. In contrast to previous devices,
the diameter of this band is adjustable by way of its connection to a reservoir that is
implanted under the skin. Injection or removal of saline into the reservoir tightens or
loosens the band’s internal diameter, respectively, thus changing the size of the gastric
opening. As there is no rerouting of the intestine with LASGB, the risk for developing
miconutrient deficiencies is entirely dependent on the patient’s diet and eating habits.

The three restrictive malabsorptive bypass procedures combine the elements of gas-
tric restriction and selective malabsorption. The Roux-en-Y gastric bypass (RYGB) is
the most commonly performed and accepted bypass procedure. It involves formation of
a 10- to 30-mL proximal gastric pouch by either surgically separating or stapling the stomach
across the fundus. Outflow from the pouch is created by performing a narrow (10 mm)
gastrojejunostomy. The distal end of the jejunum is then anastomosed 50 to 150 cm below
the gastrojejunostomy. “Roux-en-Y” refers to the Y-shaped section of small intestine
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created by the surgery; the Y is created at the point where the pancreobiliary conduit
(afferent limb) and the Roux (efferent) limb are connected. “Bypass” refers to the exclu-
sion or bypassing of the distal stomach, duodenum, and proximal jejunum. RYGB may
be performed with an open incision or laparoscopically.

The biliopancreatic diversion (BPD) is more complicated and less commonly per-
formed than the RYGB. This operation involves a subtotal gastrectomy, leaving a much
larger gastric pouch compared with the RYGB. The small bowel is divided 250 cm
proximal to the ileocecal valve and connected directly to the gastric pouch, producing
a gastroileostomy. The remaining proximal limb (biliopancreatic conduit) is then anas-
tomosed to the side of the distal ileum 50 cm proximal to the ileocecal valve. In this
procedure, the distal stomach, duodenum, and entire jejunum are bypassed, leaving only
a 50-cm distal ileum common channel for nutrients to mix with pancreatic and biliary
secretions.

BPD/DS is a variation of the biliopancreatic diversion that preserves the first portion
of the duodenum. In this procedure, a vertical subtotal gastrectomy is performed and the
duodenum is divided just beyond the pylorus. The distal small bowel is connected to the
short stump of the duodenum, producing a 75- to 100-cm ileal–duodenal “common
channel” for absorption of nutrients. The other end of the duodenum is closed, and the
remaining small bowel connected onto the enteral limb at about 75 to 100 cm from the
ileocecal valve.

BARIATRIC SURGERY-RELATED MICRONUTRIENT DEFICIENCIES

By definition, micronutrients are essential nutrients that are required in only small
quantities (milligrams or micrograms) such as minerals, trace elements, and vitamins.
The micronutrient deficiencies of the RYGB, BPD, and BPD/DS procedures are predict-
able based on the surgically altered anatomy. By bypassing the stomach, duodenum, and
varying portions of the jejunum and ileum, malabsorption of thiamine, iron, folate,
vitamin B12, calcium, and vitamin D may occur (Table 1). In general, the greater the
malabsorption, the higher the risk of nutritional deficiencies. The prevalence of these
deficiencies varies widely in the literature owing to differences in surgical technique,
patient population, definition of deficiency, supplementation protocols, and length and
completion of patient follow-up. For example, iron deficiency is reported to range from
20 to 49% and vitamin B12 deficiency from 26 to 70% (11–19). An accurate incidence
of micronutrient deficiency following bariatric surgery will be obtained from the pro-

Table 1
Micronutrient Consequences of Bariatric Surgery

Deficiency of vitamins
Thiamine
Vitamin B12
Folic acid
Vitamin D

Deficiency of minerals
Iron
Calcium
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spective National Institutes of Health (NIH)-sponsored Longitudinal Assessment of
Bariatric Surgery (LABS) study that is currently under way (20). In the following sec-
tion, “at-risk” micronutrients will be reviewed considering pathophysiology, clinical
presentation, screening tests, and treatment. Other recent review articles address the
general topic of nutritional and metabolic problems following bariatric surgery (21–26).

Micronutrient Deficiency
THIAMINE

Thiamine (vitamin B1) is absorbed mainly in the jejunum, by both active and passive
diffusion. Because the biological half-life of the vitamin is rather short (in the range of
9 to 18 d) and only a small percentage of a high dose is absorbed (27), patients are at risk
of developing deficiency syndromes after bariatric surgery. Over the past two decades,
numerous case reports of thiamine deficiency have been reported following both restric-
tive and restrictive-malabsorptive surgeries (28–45). An acute deficiency of thiamine
associated with rapidly progressing clinical symptoms appears to result from a combi-
nation of restricted food intake and persistent intractable vomiting. Symptoms com-
monly occur 1 to 3 mo postoperatively, although they may occur later. The clinical
presentation varies, but three conditions have been reported. Classical Wernicke’s
encephalopathy is the most common presentation and consists of double vision, nystag-
mus, ataxia, and a global confusion manifested by apathy, impaired awareness of the
immediate situation, disorientation, inattention, and an inability to concentrate. Dry
beriberi presents as bilateral, symmetric, lower extremity paresthesia, whereas wet beri-
beri manifests as high-output congestive heart failure, edema, and metabolic acidosis.

Several case series of neurologic complications following bariatric surgery have been
published (46–48). These authors describe a constellation of symptoms including mono-
and polyneuropathy with weakness and/or paresthesias, burning feet syndrome, and
hyporeflexia. Chang et al. (48) coined the acronym APGARS (acute postgastric reduc-
tion surgery neuropathy) to describe conditions with features of weakness, hyporeflexia,
and vomiting. As all symptoms did not improve with thiamine treatment, the authors
suggest that additional nutritional deficiencies may be involved in the etiology.

Thiamine status is best assessed by determining erythrocyte transketolase activity.
Magnetic resonance imaging (MRI) is useful in confirming the diagnosis of acute
Wernicke’s encephalopathy. with a specificity of 93% (49). With this test, increased
T2 signal of paraventricular regions of the thalamus and increased T2 signal of
periaqueductal regions of the midbrain are seen. However, treatment should not be
delayed if a thiamine deficiency syndrome is suspected. Treatment with thiamine 100 mg
iv or im for 7 to 14 d followed by 10 mg po daily is recommended for these syndromes until
the patient fully recovers. To avoid deficiency, patients should be routinely discharged
from the hospital receiving a chewable multiple vitamin–mineral supplement that con-
tains between 1.5 and 1.8 mg thiamine.

IRON

Patients who have undergone restrictive malabsorptive procedures are at particular
risk for developing iron deficiency and iron-deficiency anemia (IDA) owing to reduced
iron absorption, decreased iron intake, and for menstruating women, increased iron
losses. Surgical bypass of the duodenum and proximal jejunum decreases total iron
uptake because the majority of iron absorption occurs in these regions (50). Furthermore,
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acid secretion is nearly absent in the small gastric pouch (51,52), which exacerbates the
deficiency because both heme (found only in animal products) and nonheme (found in
plants and dairy foods) iron depend on the acidic environment of the stomach for effi-
cient absorption (53). Specifically, nonheme iron requires an acidic pH to reduce it from
the ferric (Fe2+) to the ferrous (Fe3+) state, thus increasing its solubility. Although heme
iron is more soluble and readily absorbed than nonheme iron, it must be released from
its protein structure by the acid and proteases present in gastric juice before absorption
can occur (54). In addition to decreased iron absorption, bariatric surgical patients typi-
cally consume less heme iron, owing to an intolerance of meat products (11,55). Women
with menorrhagia are particularly prone to develop iron deficiency and IDA from exces-
sive menstrual blood loss. Menstrual iron losses range from 1.5 to 2.1 mg/d, bringing
the recommended dietary allowances (RDA) for females between 19 and 50 years old
to 18 mg/d compared with 8 mg/d for males (56). Because of the combination of these
factors, iron-deficiency anemia occurs postoperatively in 33 to 50% of patients, with a
higher incidence in menstruating women (13,14,57).

Iron deficiency may also be exacerbated in these patients as a result of a nutrient–
nutrient inhibitory absorptive interaction between iron and calcium, another mineral that
is routinely supplemented during the postoperative period. Most (58–63) but not all
(64,65) studies show that nonheme- and heme-iron absorption is inhibited up to 50 to
60% when consumed in the presence of calcium supplements or with dairy products.
Calcium at doses of 300 to 600 mg has a direct dose-related inhibiting effect on iron
absorption. This has been seen with calcium carbonate, calcium citrate, and calcium
phosphate. Studies by Hallberg et al. (59,61) suggest that the inhibitory effect is situated
within the intestinal mucosal cells. These observations are particularly important for
bariatric surgical patients who are routinely prescribed calcium supplements and advised
to consume dairy foods high in calcium, such as milk, cheese, and yogurt. In these patients,
it appears prudent to recommend that iron and calcium supplementation be separated by
several hours to avoid inhibitory interaction.

Early functional symptoms of iron deficiency include fatigue, poor exercise toler-
ance, and decreased work performance (66). Signs on physical examination include pale
conjunctiva and spoon nails. Serum ferritin is the most sensitive indicator of iron status
(normal values usually fall in the range of 20–300 µg/L) and is recommended for diag-
nosing early iron deficiency (67). The concentration of serum ferritin reflects the size of
the storage iron compartment, with each µg/L representing 8 to10 mg of storage iron
(53). However, caution is needed in interpreting ferritin concentration levels in the
presence of acute and chronic inflammation, as ferritin is also an acute phase reactant.
Thus, serum ferritin concentrations may fall within the normal range in individuals who
have no iron stores. After the iron storage pool is depleted, there is an increase in total
iron-binding capacity (TIBC), decreased serum transferrin saturation (serum iron con-
centration divided by TIBC × 100), followed by microcytosis (reduced mean corpuscu-
lar volume [MCV]), hypochromia (reduced mean corpuscular hemoglobin concentration
[MCHC]), and anemia.

An unusual and fascinating symptom that is particularly associated with IDA is ice
eating, or pagophagia, one of the most commonly reported forms of pica. Pica has been
previously reported to occur with IDA of pregnancy (68,69), gastrointestinal blood loss
(70), and sickle cell disease (71). Our group recently reported the first five cases of
pagophagia associated with RYGB surgery (72,73). All patients were women between
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34 and 45 yr old with menorrhagia. Onset of pica symptoms ranged from 1 mo to 23 mo
postsurgery. Three of the patients described symptoms suggestive of pica when they
were children and one during a previous pregnancy.

In order to prevent iron deficiency, all patients undergoing restrictive-malabsorptive
surgeries should be prescribed a daily multivitamin–mineral supplement containing
elemental iron. Often, supplementation with one prenatal vitamin and mineral tablet,
which typically contains 28 to 40 mg elemental iron, is sufficient. High-risk individu-
als—for example, those who have preoperative iron deficiency or excessive blood loss
or those who develop iron deficiency or any degree of anemia—require additional supple-
mentation with an iron salt preparation containing ferrous sulfate, gluconate, or fumarate
(74). Typical dosing of iron therapy is 150 to 300 mg/d po given in two to three divided
doses for 4 to 6 mo or until the serum ferritin reaches 50 µg/L. Coadministration with
ascorbic acid (vitamin C), the best known reducing agent, is recommended to increase
iron absorption (75). In the presence of ascorbic acid, ferrous iron forms a soluble iron–
ascorbic acid complex. In patients with profound iron deficits and severe anemia unre-
sponsive to oral iron supplementation, intravenous administration of iron dextran
(InFed®), ferric gluconate (Ferrlecit®) or ferric sucrose (Venofer®) will be required.
Dosing calculations are available from one manufacturer (www.infed.com).

VITAMIN B
12

Vitamin B12 (cobalamin) absorption requires a complex sequence of orchestrated
metabolic steps within the gastrointestinal tract. In the stomach, food-bound vitamin B12
is first dissociated from animal proteins by acid and peptic hydrolysis to liberate free
vitamin B12. Once released, the vitamin is avidly bound to R proteins, which are glyco-
proteins secreted by the salivary glands and the gastric mucosa. In the intestine, pancre-
atic proteases then degrade R proteins and permit vitamin B12 to associate with intrinsic
factor (IF), a glycoprotein that the parietal cells of the stomach secrete after being
stimulated by food. The resulting IF–vitamin B12 complex is then bound to specific
receptors in the distal ileum, where absorption occurs (27).

The restrictive-malabsorptive procedures disrupt several of these key steps. Vitamin
B12 deficiency may occur due to decreased acid and pepsin digestion of protein-bound
cobalamins from food, incomplete release of vitamin B12 from R proteins, and decreased
availability of IF to form IF–vitamin B12 complexes. Because the parietal cells that
secrete acid and IF, and chief cells that secrete pepsinogen, are located primarily in the
fundus and body of the stomach, the RYGB procedure essentially excludes food from
the normal gastric digestive process. Acid secretion has been demonstrated to be virtu-
ally absent in the small pouch constructed from the gastric cardia (51,52). Consequently,
cobalamins are not liberated from protein and are not available for intestinal absorption.
In all three restrictive-malabsorptive procedures, pancreatic secretions are diverted dis-
tally to mix with nutrients in a shortened common channel, thus affecting the vitamin’s
binding to IF and subsequent attachment to ileal IF–vitamin B12 receptors.

Although B12 deficiency is predictable, onset of signs and symptoms are typically
delayed for months to years owing to prolonged hepatic storage of the vitamin. When they
do occur, clinical effects of deficiency are similar to those of pernicious anemia—hema-
tological and neurological. Hypersegmented polymorphonuclear leukocytes and macro-
cytic erythrocytes can be seen on peripheral blood smear, along with a macrocytic anemia.
Neurological manifestations include sensory disturbances in the lower extremities (tin-

www.infed.com
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gling and numbness); motor disturbances, including abnormalities in gait; and cognitive
changes ranging from loss of concentration to memory loss and disorientation (27).

Vitamin B12 status is most commonly and easily assessed by serum or plasma vitamin
levels. The concentration of B12 in the serum or plasma reflects both the B12 intake and
stores. The lower limit is considered to be approximately 120 to 180 pmol/L (170 to 250
pg/mL). However, a more sensitive biochemical indicator of deficiency is elevation of
serum homocysteine and methylmalonic acid (MMA), levels that rise when the supply
of B12 is low and virtually confirms the diagnosis.

All patients who undergo restrictive-malabsorptive procedures should receive pro-
phylactic vitamin B12 supplementation to prevent deficiency. In contrast to the disrup-
tion of food-bound B12 absorption, crystalline vitamin B12 (the form found in vitamin
supplements) can be absorbed in the surgical patient, as approx 1% of orally adminis-
tered crystalline cobalamin is absorbed by passive diffusion (76,77). An oral dose of at
least 200 times the RDA was shown to normalize mild vitamin B12 deficiency in older
people assessed by reduction in plasma MMA concentration (78). Oral treatment has
also been effective in patients with pernicious anemia (79). As a practical matter, patients
should receive at least 500 µg B12 daily as a dietary supplement delivered orally as a
tablet or liquid or sublingually; as a once-weekly nasal spray 500-µg cyanocobalamin
gel (Nascobal®), or by im injection 100 µg monthly. The route of delivery is based on
patient preference and monitoring of vitamin B12 status.

FOLATE

Folate deficiency occurs with lower frequency than vitamin B12 or iron deficiency;
however, it should be considered when evaluating a patient who develops anemia. Folate
is absorbed primarily from the proximal third of the small intestine after food folate
polyglutamates are hydrolyzed to monoglutamates by intestinal brush border conjugases.
Folate deficiency presents with many features similar to vitamin B12 deficiency, includ-
ing hypersegmentation of the neutrophils, increased mean corpuscular volume (MCV),
and macrocytic anemia. Inadequate folate intake first leads to a decrease in serum folate
concentration, then a decrease in erythrocyte folate concentration, a rise in homocysteine
concentration, then clinical hematological changes as mentioned above (27). A serum
folate concentration of less than 7 nmol/L (3 ng/mL) indicates negative folate balance.
All patients undergoing a restrictive-malabsorptive bariatric operation should receive
supplemental doses of folate to prevent deficiency. Supplements of folic acid are nearly
100% bioavailable. Typically, the amount of folate present in a general (400 µg) or
prenatal multivitamin supplement (800 to 1000 µg) is adequate to prevent deficiency.

CALCIUM AND VITAMIN D
Calcium and vitamin D are considered together, as deficiency of both nutrients may

result in metabolic bone disease and their metabolism is inter-related. A negative cal-
cium balance may result from limited intake of calcium- and vitamin D-containing dairy
products, and reduced fractional intestinal absorption owing to surgical bypass of the
absorptive sites and vitamin D deficiency (80). The latter factor is important because
calcium is absorbed by an active transport process dependent on the action of 1,25-
dihydroxyvitamin D (1,25(OH)2D), which enhances calcium absorption primarily in the
duodenum and jejunum (81) although most of the absorption occurs in the lower segment
of the small intestine, the ileum (82). Calcium is also absorbed by passive diffusion
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across the intestinal mucosa, which becomes important at high calcium intakes such as
supplemental calcium (83).

Vitamin D deficiency may occur for the same reasons listed above for calcium defi-
ciency—that is, reduced intake of vitamin D-fortified dairy products and malabsorption
of vitamin D owing to mismixing of pancreatic and biliary juices in the distal small
intestine. As vitamin D is fat-soluble, it must be incorporated into the intestinal micelle
along with bile salts for absorption. However, the major source of vitamin D for most
people comes from casual exposure to sunlight. Unlike any other vitamin, vitamin D3 or
cholecalciferol is photosynthesized by the skin by UVB radiation, converting 7-dehy-
drocholesterol to previtamin D3 and eventually vitamin D3 (81). In the liver, vitamin D
undergoes hydroxylation at the 25-carbon position to form 25-hydroxy vitamin D
(25(OH)D) and subsequently transported to the kidney for additional hydroxylation at
the 1-carbon position to form 1,25(OH)2D, the biological active form of the vitamin.
Several factors will impede the initial photosynthetic process, including living at north-
ern latitudes, wearing sunscreen lotion, limited sun exposure, dark skin pigmentation
(84), aging, and obesity itself (85–88). Several studies have demonstrated an inverse
correlation between vitamin D concentrations and BMI or body fat percentage, suggest-
ing decreased bioavailability of skin-derived vitamin D in obese individuals. Thus,
severely obese individuals are predisposed to vitamin D insufficiency or deficiency prior
to undergoing bariatric surgery.

Clinical deficiency of calcium or vitamin D owing to bariatric surgery cannot be
detected on a routine chemistry panel, although an elevated alkaline phosphatase level
and a low calcium or phosphorus level may be seen. Unless specifically monitored, the
first indication of deficiency is likely to be a vertebral or wrist fracture secondary to
development of osteoporosis or osteomalacia. Physiologically, chronic calcium defi-
ciency causes the circulating ionized calcium concentration to decline, which triggers an
increase in parathyroid hormone (PTH) synthesis and release. In turn, PTH acts on three
organs to restore the circulating calcium concentration to normal. At the kidney, PTH
promotes the reabsorption of calcium in the distal tubule. PTH affects the intestine
indirectly by stimulating the production of 1,25(OH)2D. PTH also induces bone resorp-
tion, thereby releasing calcium into the blood (81). Chronic vitamin D deficiency results
in secondary hyperparathyroidism, diagnosed by an elevated PTH level in the setting of
low or normal serum calcium (84). Therefore, detection of subclinical calcium and/or
vitamin D deficiency requires measurement of several nutrients, hormone levels, and
biochemical markers of bone turnover that are not routinely assessed.

Serum 25(OH) vitamin D is the best indicator for determining adequacy of vitamin
D intake, as it represents the combination of cutaneous production of vitamin D and the
oral ingestion of both vitamin D2 (ergocalcerferol or plant-based vitamin D) and vitamin
D3. 25(OH)D is not only the transport form of the vitamin D, but is also a direct measure
of stores (90). In the current literature, severe vitamin D deficiency is identified as a
25(OH)D level of less than 5 to 8 ng/mL (12.5–20 nmol/mL) and mild deficiency or
insufficiency as a serum level less than 20 ng/mL (50 nmol/mL) (91). However, there is
debate about the exact cutoff values defining “deficiency” and “insufficiency,” as these
are static rather than functional definitions. When elevated PTH levels (secondary
hyperparathyroidism) are used as a functional indicator of vitamin D deficiency,
circulating levels of 25(OH)D of at least 30 ng/mL appear optimal (92,93). Biochemical
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monitoring of bone turnover includes measurement of bone formation markers—serum
osteocalcin and bone-specific alkaline phosphatase, and the bone resorption marker—
serum and urine peptide-bound N-telopeptide crosslinks of type 1 collagen (NTX) (94).
Assessment of bone mineral density and bone mineral content by dual energy X-ray
absorptiometry (DEXA) remains the gold standard for the diagnosis of osteoporosis (95).

Abnormalities in vitamin D and bone metabolism among patients undergoing restric-
tive-malabsorptive bariatric operations have been reported in numerous case series and
case reports (96–104). Although the studies are primarily observational, contain few
patients, and are uncontrolled for diet and vitamin mineral supplementation, most stud-
ies document the occurrence of hypovitaminosis D and elevated PTH over the first 1 to
3 postoperative years, with a prevalence ranging from 30% (98) to 80% (105). Many of
the studies also show a corresponding elevation in alkaline phosphatase levels and
biochemical markers of bone turnover. Several cases of severe secondary hyperparathy-
roidism with osteomalacia have been reported to occur from 9 to 17 yr postsurgery
(102,106). However, as weight reduction itself is associated with reduced bone mineral
density (BMD) and bone mineral content (BMC) (107), it is important to distinguish
between the weight loss and malabsorptive effects of bariatric surgery. Pugnale et al.
(108) showed that BMD of the cortical bone decreased significantly among 31 women
who underwent a restrictive banding procedure without evidence of secondary hyperpar-
athyroidism. Similarly, Guney et al. demonstrated that weight reduction causes bone
loss among both diet-treated patients and those who underwent a restrictive vertical
banded gastroplasty without a significant change in PTH levels (109). In another study,
six obese control patients were compared with four patients who underwent a RYGB and
nine patients who received gastric banding (101). The RYGB operation resulted in
significant net loss of bone mass in comparison with the banding and obese control
group. Unfortunately, a major limitation in most of the reviewed studies is the lack of
baseline data, as obesity itself is associated with abnormalities in the PTH-vitamin D axis
as discussed above. In the study by El-Kadre et al. (99), 10% of patients had elevated
PTH levels preoperatively, whereas the prevalence was 22% and 25% in the series by
Johnson et al. (104) and Hamoui et al. (100), respectively.

Inclusion of calcium- and vitamin D-containing dairy products in the postoperative
diet is important. One serving of milk contains approx 300 mg calcium. However, many
patients will avoid or limit dairy foods owing to lactose intolerance or lack of an acquired
taste. Choosing Lactaid milk or adding lactase to dairy products will address the former
problem. To avoid deficiency and supplement the diet, all patients should receive cal-
cium supplements of at least 1200 to 1500 mg/d in divided doses, depending on the
adequacy of dietary calcium. Postmenopausal, lactating, or pregnant women may require
higher ranges owing to increased needs. Calcium citrate + vitamin D is the preferred
preparation because it is more soluble than calcium carbonate in the absence of gastric
acid production. Vitamin D is typically supplemented through a multivitamin–mineral
tablet (400 IU) and the one to two servings of calcium + vitamin D tablets (400 to 800 IU)
for a total daily supplemental dose of about 800 to 1200 IU vitamin D.

If vitamin D deficiency is detected, measurement of PTH should be obtained to
provide a functional assessment. Treatment may involve recommending higher supple-
mental doses of calcium and vitamin D and reassessing in about 3 mo. In patients with
severe vitamin D deficiency, initial repletion of stores with the vitamin D analog, ergo-
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calciferol, should be prescribed with 50,000 IU daily for 1 to 3 wk, followed by weekly
or monthly administration until 25(OH)D and PTH levels are normalized (110). Moni-
toring of the alkaline phosphatase level and serum and urinary calcium should also be
done.

OTHER DEFICIENCIES

Deficiencies of other micronutrients are likely to occur in patients who have under-
gone a restrictive malabsorptive operation, particularly the BPD and BPD/DS, although
they are not well described. Slater et al. (111) observed an incidence of vitamin A
deficiency of 52% at 1 yr, which increased to 69% by year four. Similarly elevated
incidence rates of vitamin A deficiency were seen by Dolan et al. (112) at 1 to 1.5 yr after
BPD or BPD/DS. At least two cases of symptomatic vitamin A deficiency have been
reported following these procedures, occurring 18 mo and 24 mo postoperatively
(113,114). Both patients presented with night blindness (nyctalopia), and one developed
diffuse conjunctival xerosis with a Bitot’s spot and diffuse punctuate keratitis of both
corneas. As a fat-soluble compound, vitamin A, as well as the provitamin A carotenoids,
is more likely to be malabsorbed with the BPD and BPD/DS procedures, which limit the
exposure of food with biliopancreatic digestive secretions within a shortened common
channel. A prenatal multiple vitamin–mineral supplement containing at least 5000 IU
vitamin A should be provided on a daily basis. An incidence of serum vitamin E defi-
ciency of 3 to 14% has been also reported by Slater and Dolan (111,112), although no
clinical abnormalities have been reported.

PROPHYLACTIC MANAGEMENT AND MONITORING
FOR NUTRITIONAL DEFICIENCIES

Nutritional management of the bariatric surgical patient must include prophylactic
administration of vitamins and minerals to avoid deficiencies. As a practical manner, all
patients should be discharged from the hospital receiving a chewable multiple vitamin–
mineral supplement. After the first postoperative month, patients can be switched to a
prescribed or over-the-counter prenatal supplement. Examples of products with nutrient

Table 2
Vitamin and Mineral Supplementation

DRIa Childrens’ Prescription Over-the-counter
Nutrient chewable  Prenatal  Prenatal

Folate (µg) 400 400 1000 800
Thiamine (mg) 1.2 1.5 1.8 1.84
Calcium (mg) 1200 100 200 200
Iron (mg) 18 18 28 27
Vitamin B12 (µg) 2.4 6 12 4
Vitamin D (IU) 400 400 400 400

aDietary Reference Intake, highest value per individual group
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content are shown in Table 2. Because the calcium, vitamin D, and vitamin B12 contents
of the supplements are inadequate to meet postsurgical needs, all patients should receive
additional calcium citrate + vitamin D 1200 to 1500 mg daily depending on dairy cal-
cium, along with at least 500 µg vitamin B12.

Monitoring of nutritional status should begin preoperatively. Table 3 displays a list
of routine laboratory and micronutrient tests and procedures. Although no formal guide-
lines are available, it is reasonable to obtain all the micronutrient tests listed (except
DEXA scan) preoperatively and at 6-mo intervals for the first 2 yr, followed by yearly
assessments thereafter. Assessment of bone mineral density and screening for osteoporo-
sis by DEXA should be considered for all patients because of the higher risk for devel-
opment of metabolic bone disease. The timing and frequency of the DEXA test should
be based on several factors, including gender, age and presence of other risk factors.
Table 4 provides a summary of the assessment and treatment of micronutrient deficien-
cies. Once detected, deficiencies should be treated and monitored carefully. Patients at
particularly high risk, such as women with menorrhagia or patients receiving corticos-
teroids, will likely require additional supplementation of selected nutrients.

CONCLUSION

Restrictive-malabsortive bariatric surgeries are associated with an increased risk of
developing several micronutrient deficiencies. With judicious monitoring and adequate
supplementation, these deficiencies are largely avoidable and treatable. However, the
long-term sequelae of calcium and vitamin D malabsorption and development of meta-
bolic bone disease remain a major concern. It is recommended that patients be screened
preoperatively and at periodic intervals postoperatively. Identification of micronutrient
deficiencies should be treated aggressively.

Table 3
Nutritional Monitoring of the Bariatric Surgical Patient

Routine tests
Complete blood count (CBC)
Chemistry profile
Liver function tests
Lipid panel
HbA1c (for diabetic patients)

Micronutrient tests
Ferritin (for iron status)
Folate
Vitamin B12
25(OH)D
PTH (for calcium and vitamin D status)
DEXA (for calcium and vitamin D status)
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Table 4
Assessment and Treatment of Micronutrient Deficiencies

Nutrient Deficiency conditions Monitoring Treatment

Thiamine Wernicke’s encephalopathy Low basal erythrocyte transketolase activity, Acute deficiency
(vitamin B1) Dry beriberi  enhanced response after TPP addition Thiamin 100 mg iv or im × 7–14 d,

Wet beriberi Increased T2 signal on MRI of brain in thalamus then 10- mg po
and midbrain Prophylaxis 1.5–1.8 mg po qd

Iron Iron-deficiency anemia (IDA)  Decreased serum ferritin (normal > 12 µg/L) Deficiency
150–300 mg po qd, iv iron infusion

Prophylaxis 28 mg po q d
Vitamin B12 Macrocytic anemia Low plasma or serum vitamin B12 Deficiency

Peripheral neuropathy (normal >300 pg/mL (>221 pmol/L) Vitamin B12 1000 µg im q d x 1 wk,
Elevated homocysteine level followed by 1000 µg every other
Elevated methylmalnotic acids (MMA) wk × 4

Prophylaxis 500 µg po q d,
 intranasal 500 µg q wk, or
100 µg im q mo.

Calcium Tetany Low serum calcium Prophylaxis
Osteoporosis Elevated parathyroid hormone (PTH) level Calcium citrate 1200–1500 mg q d

Vitamin D Osteomalacia Low 25(OH)D level Prophylaxis
(normal >20–30 ng/mL) Vitamin D 400–800 IU po q d

Elevated parathyroid hormone (PTH) Deficiency
Ergocalciferol 50,000 IU po

390
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Summary
The National Weight Control Registry (NWCR) is a registry of more than 6000 individuals who

have succeeded in long-term weight loss. This is the largest group of successful weight loss
maintainers that has ever been studied. Over the past decade, we have identified many similarities
in how these individuals are managing their body weight. We think this information can be useful
in helping more people succeed at long-term weight management. We have eight recommendations
for weight management based on our research: (1) treat weight-loss maintenance differently from
weight loss; (2) make sure you are physically active during weight loss; (3) low-fat diets are best for
preventing weight regain; (4) eat breakfast every day; (5) weigh yourself regularly and periodically
keep diet and physical activity diaries; (6) get at least 1 h each day of physical activity; (7) maintain
a consistent eating pattern; and (8) limit television viewing.

Key Words: Weight loss maintenance; obesity treatment; physical activity, National Weight
Control Registry; breakfast; self-monitoring.

INTRODUCTION

The rise and fall of the popularity of low-carbohydrate diets is another indication that
the public takes a short-term rather than a long-term approach to weight management.
Many people seem willing to try each new popular diet, which usually involves relatively
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extreme diet changes, and often these diets seem to work for many people—at least for
a while (1,2). The problem is not in losing the weight in the first place, but in avoiding
regaining the lost weight. The most likely reason that so many people who lose weight
gain it back is because they are not able to sustain the behavioral changes they made to
lose the weight. Losing weight is about short-term food restriction, but keeping weight
off over the long term is about permanent lifestyle change. Our greatest challenge in
treating obesity is not in producing weight loss but in maintaining the reduced weight
once it is achieved.

A great deal of scientific research is directed toward developing and evaluating strat-
egies for weight loss, but much less research is directed at developing and identifying
strategies for maintenance of weight loss. In an effort to provide some of this informa-
tion, we have been studying a unique group of successful weight-loss maintainers for
more than a decade. These individuals have been successful not just in losing weight, but
also in keeping it off for long periods of time. The group we are following currently
consists of more than 6000 individuals who make up the National Weight Control Reg-
istry (NWCR). The NWCR began in 1994 to identify individuals who have succeeded
in long-term weight-loss maintenance and to determine if we could identify common
strategies used for weight loss and maintenance of weight loss. We have published 18
scientific articles about the individuals in the NWCR (3–20).

To join the NWCR an individual must have maintained a weight loss of at least 30 lb
for at least 1 yr. At present the average weight loss of the more than 6000 participants
is more than 67 lb and the average length of time the weight loss has been maintained
is about 6 yr.

The major intent of the NWCR research is to identify characteristics of successful
weight-loss maintainers. This is not a prevalence study and these individuals do not con-
stitute a random sample of those who have attempted weight loss. We recognize that the
weight losses achieved in NWCR participants may be much greater than weight losses
achieved by most people who attempt weight loss. However, we believe that there is value
in learning from those who have been the most successful, and the NWCR represents the
largest group of successful weight-loss maintainers that has ever been studied.

There are certainly other limitations to the NWCR. Individuals self-identify them-
selves as eligible for the NWCR and we only have retrospective self-reported informa-
tion about them before weight loss. We ask that they provide some documentation, such
as physician provided weight, pre–post pictures, and so on, but we do not vigorously
evaluate this documentation for all participants. However, with a subgroup of NWCR
participants, we did contact their physician or weight-loss counselor and found extremely
good correspondence between the participant’s self-reported weight and the verified
weight. Additionally, most of the information is obtained from self-reports obtained
through questionnaires that are mailed to participants; such information has been shown
to underestimate energy intake and overestimate physical activity.

CHARACTERISTICS OF SUBJECTS

Most (80%) NWCR participants are female, with an average age of 45 yr. We have
a low percentage (3%) of minorities in the NWCR. The majority (67%) of participants
are married. The average pre-weight loss body mass index (BMI) of participants was 35
kg/m2 and the average at time of entry into the NWCR was 25 kg/m2. Thus, these
individuals achieved an average decrease in BMI of 10 units.
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PREDICTORS OF SUCCESS IN LOSING WEIGHT

Most NWCR participants reported that they used diet and physical activity to lose
their weight (3). Fewer than 10% of participants lost weight with diet alone and fewer
than 2% lost weight with physical activity alone. Somewhat surprisingly, there was no
similarity in the types of diets used by the individuals to lose weight. We could find no
particular diet that seemed to be used more than others for losing weight in this popu-
lation. The fact that most of them used physical activity along with diet is interesting,
particularly as adding physical activity to food restriction has minimal effects on weight
loss (21).

PREDICTORS OF WEIGHT-LOSS MAINTENANCE

Unlike the differences for weight loss, many similarities are seen in how these indi-
viduals are maintaining their weight loss. We have identified five strategies that NWCR
participants have in common.

Choosing Moderately Low-Fat, High-Carbohydrate Diets
We reported that the first 784 NWCR participants reported eating a diet containing

24% fat, 19% protein and 55% carbohydrate (3). We recently reported that dietary fat
levels were increasing in those who entered the NWCR over the past 8 yr, from 24% to
29% (22). Even during the greatest popularity of the low-carbohydrate diets, most of the
people entering the NWCR reported eating a low-fat diet to keep their weight off.

Frequent Self-Monitoring
A common characteristic among NWCR participants is that they weigh themselves

frequently. Almost all of them weigh at least once a week and many weigh themselves
daily (3).

Eating Breakfast
NWCR participants are breakfast eaters. Seventy-eight percent report eating break-

fast 7 days a week and 90% eat breakfast 4 or more days a week. Only 4% report never
eating breakfast.

Lots of Physical Activity
NWCR participants report engaging in very high levels of physical activity to main-

tain their weight loss. From self-reports we have estimated the average energy expendi-
ture from physical activity to be about 2800 kcal/wk (3). This would correspond to about
1 h each day of moderate-intensity physical activity. Walking was the most frequently
reported form of physical activity. We asked a subsample of NWCR participants to wear
pedometers. We found that the average number of steps per day was about 11,000 (23).

Limiting TV Viewing
We recently reported (24) that NWCR participants spend a relatively minimal amount

of their time watching television. A relatively high proportion (63.5%) of participants
reported watching �10 h/wk upon entry in the NWCR. More than a third (38.5%)
reported watching <5 h, whereas only 12.5% watched �21 h/wk. These data contract
markedly from the national average of 28 h of TV viewing per week reported by Ameri-
can adults (25).
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PREDICTORS OF WEIGHT REGAIN

We follow NWCR participants over time, and some participants do experience some
weight regain. This has allowed us to examine factors that predict weight regain in these
individuals. In general, increases in dietary fat intake and decreases in physical activity
are associated with the greatest likelihood of weight regain (4,8). We have also found that
increases in TV viewing (24) and maintaining an inconsistent eating pattern (18) are
related to greater risk of weight regain. Further, the duration of weight loss mainte-
nance is a strong predictor of weight regain. The longer weight loss has been main-
tained, the less likely weight regain will occur (4,8). Interestingly, people who had
medical reasons for weight loss also appear to have better initial weight loss and
maintenance over time (18).

ARE THERE LESSONS TO BE LEARNED FROM THE NWCR?

We believe that results from the NWCR provide some important information for
people trying to manage their weight and for health care professionals who are trying to
help them with weight management. It must be emphasized that the results of the NWCR
are correlational and cannot be used to establish cause and effect. Therefore it is impor-
tant to evaluate NWCR results along with other information in the literature. With this
caveat, we offer the following as lessons that can be learned from the NWCR.

Treat Weight-Loss Maintenance Differently From Weight Loss
It may make sense to treat weight management as having two phases—weight loss and

maintenance of weight loss. Many people succeed in losing weight, but far fewer suc-
ceed in keeping it off. What works for losing weight may not work for keeping weight
off. We are impressed at how little similarity we see in NWCR participants during weight
loss but how much similarity we see during weight-loss maintenance.

It is clear that people can lose weight on many different types of diets (1,2,26). In
recent years, some of the popular diets (1,2,26) and some of the commercial weight-loss
programs (27) have been scientifically evaluated and shown to produce weight loss.
However, the problem for the popular diets and the commercial programs is that keeping
the weight off is difficult (1,2,26,27). The similarity of behaviors used by NWCR par-
ticipants to keep weight off suggests that although weight can be lost using many differ-
ent strategies, there may be less variability in how weight loss can be maintained.

Make Sure to Be Physically Active During Weight Loss
Successful weight loss maintainers used both diet and physical activity to lose weight.

It is interesting to ask them if and how physical activity contributed to their long-term
success in weight loss maintenance. Although the extra weight loss is probably quite
small, physical activity could be important during weight loss because of its impact on
body composition. Several studies have found that adding physical activity to food
restriction serves to preserve lean body mass (28), which could leave the participants
with a higher rate of metabolism after weight loss than if they had used diet alone.
Alternatively, as the NWCR participants report such high levels of physical activity
during weight maintenance, physical activity during weight loss could be important
because it is necessary to get them to the high levels of physical activity required to
maintain their weight loss.
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Low-Fat Diets Are Best for Preventing Weight Regain
Most successful weight-loss maintainers eat a low-fat, high-carbohydrate diet that is

low in total calories. Even though there is great controversy in the literature over the best
diet composition for maintaining a healthy body weight, the overwhelming majority of
the NWCR participants report eating a diet with less than 30% fat and that is high in
carbohydrate to keep their weight off. It is important to note that we did not see all NWCR
participants eating a low-fat, high-carbohydrate diet to lose weight, suggesting that there
can be more variety in weight-loss diets than in weight-loss maintenance diets.

Our results are consistent with many reports in the literature that low-fat, low-calorie
diets may be best for long-term weight management. Perhaps the major impact of dietary
fat is in helping individuals reduce their overall energy intake. Several studies have
shown that diets high in fat lead to greater energy intake than lower-fat diets (29–31). The
tendency to overeat on higher-fat diets may be because of the higher energy density of
these diets which is known to increase energy intake (32).

Eat Breakfast Every Day
Skipping breakfast is not a good strategy for long-term weight maintenance. We

believe that skipping breakfast is a common strategy used by many who are trying to lose
weight in order to lower total daily energy intake. Our results from the NWCR would cast
doubt on this as an effective strategy, at least for long-term weight-loss maintenance.
NWCR participants rarely skip breakfast. There is a growing body of literature associ-
ating breakfast eating with lower BMI and with lower daily energy intake (33,34).
Consuming calories in the morning may have a more satiating effect than consuming
calories later in the day (35).

Weigh Yourself Regularly and Periodically Keep Diet
and Physical Activity Diaries

Those who succeed in long-term weight-loss maintenance weigh themselves fre-
quently. In trying to maintain a constant weight, it helps to know what you weigh. Almost
all NWCR participants weigh themselves at least weekly, and most even more often.
Similarly, many NWCR participants periodically keep diet and physical activity diaries.
Frequent weighing and keeping records of food intake and physical activity promote
awareness. If an individual is trying to maintain a constant weight, it seems to help to
monitor weight frequently. This could serve as an “early warning system” allowing the
person to modify food intake and/or physical activity when weight starts to increase.
Similarly, because being vigilant in eating and physical activity behaviors is important
for long-term weight loss maintenance, it helps to maintain awareness of those behav-
iors. Other studies in the literature support the benefit of dietary self-monitoring in
weight management (36,37).

Get at Least an Hour Each Day of Physical Activity
It is very difficult to maintain a significant weight loss without a lot of physical

activity. NWCR participants are physically active and report an average of about 1 h per
day of physical activity, or about 11,000 steps/d. Further, we have found that the more
weight lost, the more physical activity reported (unpublished). The literature is consis-
tent in that high levels of physical activity are perhaps the best predictor of long-term
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success in weight-loss maintenance (38). Jakicic et al. (39) have shown in a perspective
study that high levels of physical activity are better than low or moderate levels in
maintaining weight loss after obesity treatment.

However, it is not clear why this is the case. Physical activity could be important
simply because of its effects on energy balance. The more physical activity a person
does, the more calories that can be consumed without weight gain. As energy require-
ments decrease with weight loss, a person who loses weight and does not increase
physical activity may have to eat far less than before weight loss. Because food restric-
tion is difficult for most people, increased physical activity may serve to allow the person
to consume an amount of food that is sustainable. Alternatively, physical activity may
have other metabolic effects that go beyond simply expending more energy. Some have
suggested that there is a threshold of energy expenditure below which it is harder to
match energy intake to energy expenditure (40). Perhaps the high levels of physical
activity seen in NWCR participants help get them above this threshold and makes match-
ing energy intake and expenditure easier. Finally, high levels of physical activity may
simply be a marker for achieving other lifestyle changes. People who are adherent to
physical activity may also be more adherent to diet. Regardless of the reason, high levels
of physical activity seem to be necessary for success in long-term weight-loss manage-
ment.

Maintain a Consistent Eating Pattern
Most NWCR participants report that their eating is the same on weekends, weekdays,

and on holidays/vacations throughout the year. Moreover, NWCR individuals who main-
tain a consistent diet regimen across the week and year appear more likely to maintain
their weight loss over time. Allowing for flexibility in the diet may increase exposure to
high-risk situations, creating more opportunity for loss of control.

Limit TV Viewing
Individuals in the NWCR spend a relatively minimal amount of their time watching

TV. A relatively high proportion (63.5%) of individuals in this sample reported watching
10 or fewer hours per week upon entry into the NWCR. This is in stark contrast to the
typical TV viewing behavior of American adults, who spend an average of 28 h per week
watching TV (25). These findings are consistent with a growing body of cross-sectional
and prospective research showing that TV viewing is an independent correlate of weight
status (41–43). Thus, reducing common sedentary behaviors, such as watching TV, may
help to promote long-term weight-loss maintenance. Although the effects of change in
TV on weight gain have to be mediated by changes in either physical activity and/or
dietary factors, it remains unclear which part of the energy balance equation is being
affected by TV viewing in adults.

EXCEPTIONS TO EACH WEIGHT-LOSS MAINTENANCE STRATEGY

Even though the majority of NWCR participants show common behaviors, there are
exceptions to each. For example, 4% of NWCR participants never eat breakfast and 9%
report that they are maintaining weight loss with little or no physical activity. Further,
with the recent popularity of low-carbohydrate diets, we are seeing more people (<10%
of the population) who are maintaining a weight loss with a low-carbohydrate diet.
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ARE NWCR PARTICIPANTS DIFFERENT FROM THE AVERAGE
PERSON TRYING TO LOSE WEIGHT?

One potential criticism of the NWCR is that we have just captured people for whom
weight loss is easy and that NWCR participants are somehow different from most over-
weight and obese people who try to lose weight. Although we cannot conclusively
determine whether or not this is the case, we do find that the majority of NWCR partici-
pants were overweight as children or adolescents and that most have at least one over-
weight or obese parent. It is generally thought that those with a family history of obesity
and those who developed obesity as children may find weight loss to be more difficult
than those without a family history of obesity or those who become obese later in life.

WHAT TO DO AND HOW TO DO IT

We think that the similarities we have identified in NWCR participants are supported
by many other studies in the literature. Eating a low-fat diet, eating breakfast, self-
monitoring, and being highly physically active are behaviors others have found to be
important in maintaining weight loss. We believe that results from the NWCR can be
useful both for people trying to lose weight and for health care providers who are helping
them.

Although it is useful to see the behaviors that contribute to success, it remains a
challenge to help more people achieve and maintain these behaviors. How, for example,
do you help your sedentary patients get to the point where they are physically active for
an hour each day—for the rest of their lives? We believe that our results are useful in
identifying what to do to achieve success in long-term weight-loss maintenance, and to
provide hope that weight-loss maintenance is possible. However, we still have the chal-
lenge of helping more people achieve and maintain the behaviors that are consistent with
maintenance of weight loss.
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Summary
Child obesity has increased dramatically in prevalence and severity over the past 40 yr. The

tendency for obesity in childhood and adolescence to persist into adult life ties it to other risk factors
for cardiovascular disease. This chapter will cover the epidemiology, evaluation, and management
of child and adolescent obesity, with an emphasis on the impact of obesity as a life-span condition.
The relationship between childhood obesity and other medical conditions will be reviewed. The
impact of obesity psychologically, socially, and economically on the individual, family, and society
will also be discussed. The bulk of the chapter will include information to assist the clinician in the
evaluation of children and adolescents who are overweight and a description of the variety of
medical, behavioral, and surgical approaches currently used in the management of this condition.

Key Words: Child obesity; adolescent obesity; overweight; body mass index; BMI, Stoplight Diet;
gastric bypass; very low calorie diet; low carbohydrate; low glycemic; television; physical activity.

INTRODUCTION

This chapter will cover the epidemiology, evaluation, and management of child and
adolescent obesity, with an emphasis on the impact of obesity as a life span condition.
The relationship between childhood obesity and other medical conditions will be reviewed.
The impact of obesity psychologically, socially, and economically on the individual,
family, and society will be discussed. The bulk of the chapter will include information
to assist the clinician in the evaluation of children and adolescents who are overweight
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and a description of the variety of medical, behavioral, and surgical approaches currently
available.

Simply put, child obesity results when an excess of energy intake over energy expen-
diture results in deposition of adipose tissue. The energy balance of caloric intake and
caloric expenditure in the pediatric age group, includes, not only basal metabolic rate,
the thermic effect of food, and physical activity, but also a small contribution to ongoing
growth.

EPIDEMIOLOGY

Obesity is increasing in prevalence and severity throughout the United States and the
rest of the world. It affects all racial, ethnic, and socioeconomic groups. Changes in
dietary patterns and physical activity probably account for this new “epidemic.” Based
on data from the survey years 1999 through 2002, 31.0% of youth ages 6 through 18 were
at or above the 85th percentile for body mass index and 16.0% were at or above the 95th
percentile for body mass index (BMI) (1).

Since the 1960s, the federal government has conducted a number of periodic nutrition
surveys, currently referred to as the National Health and Nutrition Examination Surveys
(NHANES). In all age groups, there has been steady increase in the prevalence of over-
weight over the past 40 yr. The most rapid increases in prevalence began to appear
following the second NHANES (1976–1980), as seen in the increases of prevalence
among white male adolescents by nine percentage points from the second NHANES to
the third NHANES (1988–1991) with less dramatic, though significant, increases in
rates for all other age and ethnic groups during that period of time (2). In particular, rates
among African American and Hispanic children have increased more rapidly than for
whites. In the 1999–2002 NHANES survey, the prevalence of overweight (BMI � 95th
percentile) was highest among Mexican American youth, with 22.1% of 6- to 19-yr-olds
and 13.1% of 2- to 5-yr-olds so categorized by BMI, whereas among non-Hispanic
whites, the comparable rates were 13.6% and 8.6% and among non-Hispanic blacks,
20.5% and 8.8%, respectively (1). During this same time period there has been a consid-
erable increase in the caloric intake derived from snacks, soft drinks, and out-of-home
meals. Adolescent females followed from before menarche until 4 yr post-menarche
showed significantly greater increases in BMI if they consumed two or more fast-food
meals out of their homes each week than those who ate fewer out-of-home meals (3),
consistent with other studies showing a relationship between out-of-home fried food or
fast-food intake and BMI (4,5). Likewise, portion sizes have increased steadily over the
past 25 yr (6). Many popular fast-foods provide more than 1000 calories per meal. Soft
drinks provide a particularly insidious source of extra calories to many children and
adolescents (7).

At the same time, daily participation in physical activity and physical education has
been steadily decreasing. Children spend the bulk of their time in low-intensity activity,
with a great deal of time spent watching television (8), often in association with increased
food consumption (9). Television viewing is increased among those children with a
television in their bedroom, as early as the preschool years (10).

Defining Pediatric Overweight and Obesity
What is pediatric obesity? The Expert Committee on the Evaluation and Treatment of

Childhood Obesity has defined pediatric obesity as “excess body weight (adipose tissue)
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associated with adverse health or psychological outcomes” (11). BMI is used to assess
the presence or risk of overweight. Children among whom the BMI exceeds the 95th
percentile for age and gender are considered overweight. Those whose BMI falls
between the 85th and 94th percentile for age and gender are considered “at risk” for
overweight. In this chapter, the term “obesity” will be used in reference to the clinical
condition as defined above, whereas the term “overweight” will be used in reference to
patients, individually or as a group. Although BMI is not an ideal measure of body
fatness, it represents a clear advance over reliance on skinfold thickness or other indirect
measures of fatness in the clinical environment. Difficulties with reliability make skinfold
measurement prone to error, especially as body fatness increases, and the BMI can be
assessed quickly with each well-child visit (12). For more precise estimation of body
fatness, investigators are turning to dual-energy X-ray absorptiometry (DEXA), which
is gaining acceptance in the research literature (13). Use of densitometry and bioelectric
impedance have not become widely accepted in studies of children and adolescents
owing to practical limitations and variations in hydration and fat-free mass in this age
group (14). Another method for estimation of body fatness, air-displacement plethys-
mography, shows promise as a method for monitoring change in body fatness over time
and is now becoming commercially available outside the research environment (15).

Persistence, Sequelae, and Costs of Pediatric Overweight

Increased body fatness can occur at any age and may or may not persist. The longer
a child is overweight, the more likely it is that he or she will be overweight as an adult.
At any point in time the positive predictive value of early obesity increases with the age
of the child but never reaches 100%. One of the most significant risks of childhood
obesity is that it is a strong predictor of adult obesity and the medical complications
associated with obesity in adult life, such as diabetes, hypertension, and hyperlipidemia.
Early obesity is also a risk factor for later cardiovascular and metabolic morbidities.
Although parental obesity is predictive of child and adolescent obesity, the contribution
of parental obesity to this risk ratio diminishes in importance over time in relation to the
child’s own BMI (16). The tendency for excess weight in childhood and adolescence to
persist into adult life has been demonstrated in a variety of studies (27–29). Thus, obesity
persisting from early in life into the adult years should also be considered a risk factor
for reduced lifespan, currently estimated at 4 to 9 mo of life lost but expected to increase
in the future to 2 to 5 yr of potential life lost (17).

Economic and social costs of obesity are quite high. Type 2 diabetes alone may
account for as much as $30 billion in direct costs and $30 billion in indirect costs per year
(18). The cost of inpatient treatment for comorbid conditions associated with obesity has
more than tripled over the past 20 yr. Health care-related costs for overweight and
obesity in the United States exceed $90 billion per year and account for 9.1% of total US
health expenditures (19). A study of direct costs for obesity and related conditions in
France showed that these costs represented about 11% of the total French health care
system budget, split evenly between inpatient and outpatient care (20).

 The social consequences of obesity are also quite profound, affecting likelihood of
employment, marriage, and educational attainment. Health-related quality-of-life scores
are comparable to those of children diagnosed with cancer and worse than those of
normal-weight peers or children with other chronic diseases.
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A number of public health and prevention efforts are currently under way. It is impor-
tant to understand the impact of policy decisions in each sector of government on access
to physical activity through production, distribution, and quality. Zoning and other
regulatory means may be available to increase safe opportunities for indoor and outdoor
physical activity. Incentives and policy must be developed to promote the production
and distribution of healthier foods. Economic tools may be used to modify institutional
and organizational behaviors that directly or indirectly discourage healthier eating and
physical activity. For example, regulation of food advertising during children’s TV
programs may be one approach to minimizing the promotion of sugared cereals and
“junk foods.”

ETIOLOGIES

Critical Growth Periods
There may be several “critical periods” during which adipose tissue development may

be more of a factor in the long-term development of obesity (21). Three such periods are
the prenatal period (22), the period of “adiposity rebound” (23), and puberty (24). Both
high and low birthweights have been shown to correlate positively with rates of obesity
later in life. Infants of diabetic mothers and other very large infants, as well as infants
whose mothers were energy-deprived during the first two trimesters, are at significantly
increased risk for hypertension, diabetes, and obesity later in life.

Examination of the pattern of change in BMI over the first 7 yr of life reveals a typical
increase in BMI following the initial postinfancy nadir that occurs in the second to third
year of life. The “adiposity rebound” then occurs between about 5 and 7 yr of age, with
children whose adiposity rebound occurs earliest showing the greatest risk of obesity in
the late teen years. Pubertal timing may also play a role in adiposity development, as
early menarche has been shown to increase the risk of obesity and the metabolic syn-
drome (25).

Genetics
Though accounting for a relatively small portion of obesity in the pediatric age group,

a number of endocrine disorders and genetic syndromes can be causally linked to child-
hood obesity. Of note is that these disorders are generally accompanied by poor linear
growth and developmental delay. Recent studies of large family pedigrees have also
identified a number of genetic loci that appear to be associated with severe obesity (103).
One such genetic locus found in some obese individuals is that which encodes for the
melanocortin 4 receptor (104). It is also possible that alterations in the genes that control
production of leptin and ghrelin may play a role in some cases of human obesity (105).
Leptin is a hormone secreted from adipocytes that moderates food intake and energy
expenditure. Circulating levels correlate with body fat and BMI. Leptin increases in boys
and girls from 5 to 15 yr of age, before the appearance of other pubertal hormones.
Ghrelin is a gastric hormone that influences appetite and weight regulation.

Many investigators have attempted to develop and test risk factor models that include
parental BMI as well as the child’s BMI at various ages. For example, in one prospective
British study, children with early adiposity rebound had parents with higher BMI and
were more likely to have at least one obese parent (26). In a US cohort, followed in the
Fels Longitudinal Study, the probability of adult obesity increased in relation to child
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BMI with the child’s age at time of measurement a significant factor, in that the older the
child with an elevated BMI, the more likely was that child to become an obese adult (27).
As mentioned above, Whitaker and colleagues have shown that both parent BMI and
child BMI play important roles in predicting child to adult outcomes, with the parent’s
BMI having a decreasing influence and the child’s BMI having an increasing influence
over time (16). These findings were echoed in another longitudinal cohort from the
Quebec Family Study (28). Prediction of adult BMI improves considerably after a child
reaches 13 yr of age (29).

The statistical contribution of parental BMI could be a result of environmental, rather
than genetic, effects. In a study of parental eating attitudes and child BMI, parents who
were both overweight and displayed high levels of disinhibited eating, coupled with a
high level of dietary restraint on the Three Factor Eating Questionnaire (30), had chil-
dren with higher BMIs than those whose parents did not display disinhibited eating (31).
These parents may exert excessive control over their children’s food consumption while
themselves modeling excessive food intake (32).

Impact of Food and Diet
Though very difficult to measure accurately, dietary excess remains the most likely

explanation for most overweight children. Fast food is one such source of excess energy.
Children who eat fast food, compared with those who do not, consume more total energy,
more energy per gram of food, more total fat, more total carbohydrate, more added
sugars, more sugar-sweetened beverages, less fiber, less milk, and fewer nonstarchy
vegetables and fruits (5). An association has been demonstrated between the presence
of soda machines in schools and intake of sugared sodas by students (33). Studies of
dietary intake and adiposity development have not provided a consistent picture of the
relationship between early patterns of intake and excessive weight gain, although a
recent study involving an adult cohort from Spain demonstrated significant relationships
between consumption of soft drinks, hamburgers, pizza, and sausages and subsequent
weight gain (34). In one pediatric study, protein intake at age 2 was predictive of BMI
at age 8 and of early adiposity rebound (35), whereas in another study, diet was not
associated with change in BMI from 3 to 6 yr of age (36).

An interesting literature has developed concerning parental feeding practices and
beliefs and their relationship to child weight gain. In general, these studies support the
notion that restrictive or overcontrolling parent feeding practices may increase the risk
for later overweight, perhaps via an influence on the child’s own development of feeding
control (32,37,38), whereas others have found no such relationship (39). In two obser-
vational studies, encouragements to eat were associated with variation in BMI (40,41).

Decreased Physical Activity
Both decreased physical activity and an increase in screen time likely contribute to the

increasing prevalence of child and adolescent obesity. The majority of school age chil-
dren in the United States do not participate in sufficient leisure-time physical activity
during their nonschool hours. The amount of television viewing among young children
and teens shows a significant positive correlation with increasing BMI (42). A random-
ized controlled trial (RCT) that manipulated television viewing in elementary school
children showed that children who reduced their time spent watching television increased
their BMI at a slower rate than did children who did not reduce their television viewing
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(43). An additional effect of television may be via its influence on buying and eating
habits, as result of its powerful influence on children and the marketing of products to
children during programming designed to be watched primarily by children. A longitu-
dinal study of diet, physical activity, and TV viewing showed that TV viewing and
physical activity predicted change in BMI from 3 to 6 yr of age, with no significant
contribution of dietary intake to the prediction model (36).

Behavioral Risk Factors
A prospective study of 150 children from birth to 9.5 yr of age examined the interplay

of multiple proposed risk factors for child overweight and found that parent overweight
was the largest factor but that the effect was mediated by child temperament. A risk factor
was the presence of a “difficult” temperament, accompanied by tendencies to tantrum
and parental tendencies to use food as a reward or behavioral contingency (44). In the
same study, coded videotapes of children observed during a meal with the parent also
showed that maternal food offers, food presentations, and total prompts were all signifi-
cantly related to child intake. Children who ate the fastest had mothers who delivered
eating prompts at a higher frequency, suggesting that maternal interactions could
encourage rapid eating or poor self-regulation during eating (41).

Psychological Factors
A number of psychological factors may also influence eating behavior and weight gain.

The prevailing social desirability of thinness leads many teens to engage in unhealthy
weight-control practices. Dietary restraint, caloric restriction, exercise for weight-con-
trol purposes, and appetite suppressant/laxative use are all associated with an increased
risk of obesity among female adolescents. In fact, weight reduction practices are more
likely to result in weight gain than in weight loss in adolescent girls.

Food insecurity may be considered another psychological risk factor. In a sample of
Hispanic school-age children, food supplies, children’s at-home food consumption, and
household food security were analyzed in relation to child BMI (45). Although weekly
food intake varied over the course of each month in food-insecure households, children’s
food intakes were not associated with the degree of food insecurity reported for the
household and food insecurity was associated with lower child BMIs, rather than higher
BMIs as had been previously shown for adults (46).

COMORBIDITIES

Table 1 shows a list of medical conditions that are known to be associated with obesity
in adult life. As indicated in the table, a number of these conditions are also commonly
seen with severe overweight during childhood and adolescence.

Cardiovascular risk factors—including hyperinsulinemia, hypertension, and hyper-
lipidemia—begin to appear long before the adult years in overweight children and ado-
lescents. Children with one or more cardiovascular risk factors may begin to show
atherosclerotic changes in their coronary arteries at a young age. Children and adoles-
cents between 5 and 17 yr of age whose BMI exceeds the 95th percentile are two to three
times more likely to have one or more cardiovascular risk factors than children whose
BMI is below the 95th percentile (47). The clustering of metabolic disorders, often
referred to as syndrome X or metabolic syndrome, can be seen in childhood and adoles-
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cence. Its primary components include dyslipidemia, hypertension, hyperinsulinemia,
and obesity. An analysis of data from the third NHANES found evidence of metabolic
syndrome in 28.7% of youth with BMI in excess of the 95th percentile (48,49). Non-
insulin-dependent diabetes, as well as hyperinsulinemia, is growing in prevalence, in
association with child overweight (50). In one recent study, 84% of overweight patients
entering a behavioral weight management program were hyperinsulinemic (51). There
has been considerable interest in the use of metformin as an approach to reducing the risk
of these hyperinsulinemic patients going on to develop diabetes (52).

The evaluation of the overweight child should include assessment for these various
cardiovascular comorbidities as well as for liver disease, obstructive sleep apnea, and
orthopedic disorders. For example, nonalcoholic fatty liver disease (NAFLD, some-
times also referred to as nonalcoholic steatohepatitis [NASH]) has been reported in up
to two-thirds of overweight youth (53,54). Likewise, obstructive sleep apnea is now
known to be more common among overweight than nonoverweight youth (55). Polycys-
tic ovary syndrome (PCOS) commonly occurs in overweight adolescent females, al-
though it can also occur in normal-weight individuals. PCOS is characterized by irregular
menses, infertility, and hyperandrogenism, with other commonly occurring findings,
including hirsutism, acne, acanthosis nigricans, and clitoromegaly (56).

Slipped capital femoral epiphyses (SCFE) and other orthopedic syndromes appear to
occur with increased frequency among overweight adolescents (57). In one series, two-
thirds of patients with Blount’s disease were overweight (58) and up to half of patients
with SCFE were overweight (59,60).

Pseudotumor cerebri is a potentially vision-threatening condition that has been asso-
ciated with obesity and recent weight gain (61).

The psychological morbidity of obesity is difficult to measure and often unrecognized
(62). Psychological comorbidities include depression, anxiety, and binge eating. The

Table 1
Medical Conditions Resulting From or Associated With Obesity*

Insulin resistance*
Type 2 diabetes*
Hypertension*
Dyslipidemia*
Coronary artery disease
Gallbladder disease
Cancer
Arthritis
Stroke
Asthma*
Sleep apnea*
Breathing difficulties*
Menstrual and pregnancy difficulties*
Hirsutism*
Surgical complications
Psychological disorders

* Indicates conditions also seen with some regularity in pediatric obesity.
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stigma of obesity is manifested at all ages (63,64), with significant psychosocial conse-
quences in the adolescent years, associated with social isolation (65) and victimization
(66). Educational attainment and social outcomes are affected by excessive weight (67).
The stigma of obesity is linked to lower self-esteem and body esteem (64). This stigma
may also explain higher rates of depression. It may lead to self-blame and further feeling
of guilt. Parents also blame themselves and feel stigmatized as a result of their over-
weight children. Studies of stigma associated with childhood obesity were performed in
1961 and replicated 40 yr later in 2001 (68), at both times showing that children react to
children who appear overweight more unfavorably than to children who appear to have
a variety of physical disabilities.

As excessive body weight is often accompanied by body image disparagement, poor
self-esteem, depression and anxiety, it is imperative that overweight children be screened
for psychological comorbidities and referred if necessary to appropriately trained clini-
cal psychologists or psychiatrists (69). Overweight children and adolescents are also at
risk of disordered eating, most commonly overeating and binge eating disorder (70,71).
Adolescents who overeat are more likely to be overweight or obese, to have dieted in the
past year, to be trying to lose weight currently, and to express unhappiness and dissat-
isfaction with themselves. Health-related quality of life has been shown to be diminished
in overweight youth (72,73), particularly those with obstructive sleep apnea (72).

EVALUATION

The evaluation of the overweight child should include a complete assessment of the
child’s medical condition and associated comorbidities. In addition, this evaluation
should include the psychosocial impact of the child’s weight, the child’s eating behavior,
physical activity, and sedentary behavior, as well as the child’s and family’s readiness
to make changes in the home food environment and activities. The diet assessment
should include a global assessment of a typical day, including meals, snack food, fre-
quency, and types of restaurant and take-out food, opportunities for eating without adult
supervision, either after school or weekends, and the adolescent’s interest and access in
social activities outside the home. Physical activity assessment should include both
organized as well as unstructured vigorous activity, normal activities of daily living,
sedentary behavior, and deterrents to activity. Although they are extremely uncommon,
the evaluation of the child should include the assessment of rare causes, such as under-
lying genetic disorders. The presence of developmental delay, hypotonia, poor early
weight gain and growth, and dysmorphic features, and should suggest further evaluation
for Prader-Willi syndrome (PWS) or other genetic disorders (see Table 2). PWS is the
most commonly recognized of the clinical obesity syndromes and results from the absence
of normally expressed paternally derived genes in the chromosome region 15q11–q13.
About 70% of affected individuals have a paternally derived interstitial deletion and
about 25% have maternal disomy of chromosome 15, with the remaining 5% having an
imprinting defect, with severity of the disorder varying with the genetic etiology (74).

A number of medications, particularly some used in the treatment of neurologic and
psychiatric disorders, have been associated with excessive weight gain. These include
depakote and tegretol, two anticonvulsants, as well as a number of mood stabilizers and
antidepressants, including lithium, risperdol, paroxetine, neurontin, and others.
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Taking the History
The process of history taking can be used to develop a narrative of the child’s weight

history, eating habits, important influences on eating and physical activity, and the
family’s role in supporting the factors contributing to the child’s overweight. This nar-
rative can then be used in the treatment process as a context for discussion of the food
environment at home and the impact of the child’s weight on his or her own health as well
as on the family. For example, discussion of the child’s weight history encourages
parents to recognize important factors that, over time, may have contributed to excessive
weight gain. Asking whether the child resembles any particular family members not only
establishes the familial nature of the weight problem, but also allows parents to recog-
nize some of the long-term health consequences of obesity, such as the presence of type
2 diabetes mellitus. Obesity rarely occurs in isolation. There are commonly other family
members who have struggled with weight and whose experience can be valuable in
helping to develop a realistic set of goals for the child and family. Inquiring as to what
exactly concerns the parent about the child’s weight helps to establish the motivating
factors in seeking medical evaluation and treatment.

A very powerful portion of the history has to do with understanding ways in which the
child’s weight influences him or her directly, as well as how the weight affects the
family. For example, the child may experience difficulty keeping up with others in
athletic activities, be excluded from group activities, or may experience uncomfortable
situations when shopping for clothing. Likewise, the presence of an overweight child
may lead to parental disagreements over meals, family activities, vacation planning, and
even attendance at family events. Such disagreements may add further stress to the child
and contribute to difficulty engaging in productive strategies to modify the family’s
lifestyle and food environment. Another useful line of questioning concerns the parent’s
expectations or fears if the child’s weight problem becomes a long-term problem. This

Table 2
Clinical Syndromes That Include Obesity

Bardet-Biedel: short stature, developmental delay, hypogonadism, polydactyly of feet or hands,
retinitis pigmentos

Cohen Syndrome: microcephaly, developmental delay, distinctive facies, long slender toes and
fingers, occasional syndactyly

Carpenter Syndrome: acrocephaly, profound retardation, brachyclinosyndactyly of the hands

Cohen Syndrome: microcephaly, developmental delay, distinctive facies, long slender toes and
fingers, occasional syndactyly

Cushing: short stature, “buffalo hump”

Hypothyroidism: growth delay, developmental delay, obstipation

Prader-Willi Syndrome: short stature, developmental delay, early FTT and hypotonia,
hypogonadism, polyphagia, problems with behavioral control

Pseudohypoparathyroidism: short stature, round face, brachydactyly, developmental delay,
delayed dental eruption
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question encourages parents to express their fears about the impact of the child’s obesity
on his or her life and to discuss ways in which their own experiences with weight may
have influenced their decision to seek help with this problem. Many parents seek to
protect their children from the misery they themselves have experienced in relation to
their weight.

A narrative approach can be very effective in learning about the child’s eating habits
and physical activity. Gathering information about daily routines, meal times, typical
meals, and, similarly, habits of physical activity, provides the clinician with a thorough
understanding of the child and his environment, which is critical in determining which
elements of a structured treatment program might be most salient to the specific child.
Of course, additional detailed nutrition and physical activity data can be collected using
3- to 5-d diaries (or longer) of food intake and activity, as well as using food and activity
frequency methodologies.

Physical Examination
A careful general physical examination is useful in the evaluation of the obese child.

Such an examination yields identification of physical findings that may suggest an
underlying endocrine syndrome or genetic disorder. The physical examination should
include an overall assessment of the child’s body habitus and notation of the pattern of
fat distribution. Careful measurement of the height and weight of the child is important
to rule out underlying short stature, which may indicate an associated endocrine or
genetic abnormality. The presence of a buffalo hump, moon facies, short stature, and
hypertension may suggest Cushing’s syndrome (although many normal obese children
have extra fat deposition over the upper back). Hypogonadism is present in a number of
syndromes (Prader-Willi, Bardet-Biedl, and others). Short stature, short metacarpals
and metatarsals, subcutaneous calcifications, and mental retardation are present in
pseudohypoparathyroidism. The presence of acanthosis nigricans should be noted, although
in overweight children, acanthosis is not a reliable predictor of hyperinsulinemia, with a
sensitivity of only about 0.65 (75).

Laboratory and Diagnostic Studies
Laboratory and diagnostic studies should be conducted as part of the initial evaluation

to assess the patient’s risk or presence of comorbidities. Such laboratory studies should
include a fasting lipid profile, fasting insulin and glucose, and liver function tests. Should
the history and physical examination suggest the presence of pseudotumor, a head CT
scan should be ordered and consultation with a pediatric ophthalmologist arranged.
Orthopedic complaints should lead to the use of relevant X-ray studies such as hip films
to assess for slipped capital femoral epiphyses, and knee films to assess for the presence
of Blount’s disease. A sleep study should be ordered for patients with a history of apnea
or snoring. An echocardiogram is important in patients whose degree of obesity may be
causing cor pulmonale. Pulmonary function testing is indicated particularly for patients
who complain of respiratory symptoms or shortness of breath with exercise. Indirect
calorimetry is helpful in establishing baseline caloric requirements and when, during the
course of treatment, weight loss is not progressing as might be expected from the diet and
exercise history.

The Expert Committee also considered the need for referral guidelines in the evalu-
ation and care of overweight children. The committee concluded that conditions that
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indicate consultation with a pediatric obesity specialist include pseudotumor cerebri,
obesity-related sleep disorders, orthopedic problems, massive obesity, and obesity in
children younger than 2 yr of age (11).

BEHAVIORAL TREATMENT

In 1998, Dietz and Barlow published a protocol for the evaluation and treatment of
child overweight based on the findings of an expert committee. This protocol calls for
the assessment of BMI and for the presence of comorbidities of obesity (11). The com-
mittee recommended that children 7 yr of age and older, with a BMI greater than or equal
to the 85th percentile with complications of obesity or with a BMI greater than or equal
to the 95th percentile, with or without complications, undergo evaluation and possible
treatment. The committee also recommended that children between 2 and 7 yr of age with
BMI greater than or equal to the 95th percentile, with complications, also undergo
evaluation and possible treatment, while for those above the 85th or 95th percentiles and
no complications, the emphasis should be on maintenance and prevention of further
excessive weight gain.

Health professionals are often discouraged by the prospect of weight management. A
study published of health professionals (76) found that a perceived lack of patient
motivation and parent involvement presented a significant barrier to effective treat-
ment, with feelings of treatment futility and lack of time, reimbursement, and lack of
adequate support services also being cited as barriers. A consistent finding in the litera-
ture, and one that exemplifies the difficulty encountered by the clinician caring for an
overweight child, is that parents often do not perceive their overweight children as
overweight (77), nor do they worry about the child’s weight unless the child is being
teased or experiencing a limitation in activity due to weight (78).

Obesity is a problem that develops over time and is not easily treated. Unless the
patient is experiencing life-threatening complications from severe obesity, the problem
should be approached in a nonemergent fashion. Intervention for child obesity begins
during the evaluation process. Involving the family in the evaluation gives the message
that they are part of the solution. In the course of evaluation, it is important to assess the
family’s readiness to make the changes necessary to support the child’s behavioral
treatment program. Obesity is not the child’s problem alone. The child lives within the
family environment, and the family must be drawn into the process of evaluation and
change; if the family appears to be dysfunctional, it is appropriate to delay the implemen-
tation of behavioral strategies until the family has had more extensive evaluation and
entered into family counseling. Referral to a family therapist, particularly one familiar
with many of the issues associated with obesity, can be extremely helpful.

For families who are capable of supporting the child’s efforts, the initial strategies are
focused on gradual alterations of the child’s eating and physical activity. There are a
number of behavioral strategies that are useful in the office-based approach to child
obesity (Table 3). Over the past 20 yr, a number of behavioral treatment programs have
been the subject of reports in the medical literature, all of which provide evidence of
limited efficacy and long-term benefit (79–81). Recently Kaiser Permanente has
launched a massive population-based weight-management program (82).

Intervention does not require calorie counting or specific calorie intake. An alterna-
tive approach is to categorize foods as more or less desirable and to set goals for the
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reduction of less desirable foods and encouragement of more desirable foods. One such
system of categorization is described in The Stoplight Diet for Children (81), which
categorizes food as “red light,” “yellow light,” and “green light.” By identifying foods
in this way, parents can support the child’s efforts to reduce intake of “red light” foods
and increase intake of foods from the other categories. Gradual reduction in intake of
“red light” foods can be rewarded and sustained in association with goals of weight loss
or maintenance.

Medical and behavioral therapies are the cornerstone of weight management in child-
hood and adolescence. Successful models of behavioral treatment have been shown to
produce modest weight reduction with somewhat limited long-term efficacy. Treatment
is known to be more effective in groups than when provided to individuals or family units
alone. One group should consist of children or adolescents within a narrow age range
(e.g., 8 to 12 yr) and a separate group should be conducted simultaneously, with at least
one parent from each family. These groups should meet independently on a weekly basis,
with some mixing of the two groups occurring from time to time to facilitate further
communication within the family.

Perhaps the best follow-up data from group behavioral treatment can be found in the
follow-up studies using the Stoplight Diet. Four follow-up studies targeted children
between the ages of 6 and 12 yr, who participated in the group behavioral program along
with at least one parent (83). Ten-year follow-up of children participating in these four
different family-based group behavior change studies that used the Stoplight Diet showed
a significantly larger decrease in the percentage of overweight patients if their parents
had also been targeted, as compared to controls whose parents were not also targeting
weight loss. Another important finding was that a larger decrease was seen in children
of nonobese parents than in patients whose parents were obese. At the 10-yr follow up
assessments, 30% of patients no longer met the study’s definition of obesity (now more
comparable to the BMI-based categorization as overweight). Further analyses within
these groups showed that parental weight change was a significant predictor of the
child’s weight change (84).

Physical Activity
Just as behavioral approaches can be applied to support dietary change, so too can they

be applied to encourage and reinforce changes in physical activity, be they lifestyle
changes or organized physical activity. Most weight-loss experts advocate a combina-

Table 3
Characteristics of Successful Behavioral Treatments

Parent and family participation
Longer duration of treatment
Greater frequency of sessions
Dietary guidelines that are simple and explicit
Physical activity
Self-Monitoring
Use of goal and rewards both proximal and distal
Parent skills
Individualized problem-solving
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tion of aerobic and strength exercises, combined with behavioral modifications and
calorie reduction, for optimal results in weight reduction. A focus on screen time—such
as television viewing, video game playing, and computer use—among children and
adolescents is also helpful in encouraging increasing physical activity in the adolescent
population (85). In a school-based study involving a 6-mo classroom curriculum to
reduce television viewing by third- and fourth-graders, a statistically significant decrease
was found over the course of the study in change in BMI, triceps skin fold thickness, waist
circumference, and waist-to-hip ratio in the intervention group as compared with con-
trols. These studies highlight the importance of reducing sedentary behaviors to achieve
effective weight control in the pediatric population (43).

Reduced-Fat/Calorie-Deficit Diets
 Although there have been fewer carefully controlled studies of dietary manipulation

in the pediatric age group, a number of points can be made in regard to the application
of reduced calorie diets for children and adolescents. These diets usually suggest that
approx 20 to 30% of the daily caloric intake should come from dietary fats and that
saturated fats be minimized. A good source of protein, such as meat, poultry, or fish,
should be included in the daily diet. Soft drinks and juices should be avoided where
possible. Carbohydrates should be selected from among whole-grain products rather
than highly refined products.

Low Carbohydrate and Low Glycemic Index
There has been a dramatic increase in interest in use of diets low in carbohydrate

content or having a low glycemic index (GI) to promote weight loss. (See Chapters 14
and 15 for discussion of these diets.) One 12-wk study in overweight adolescents showed
significantly greater weight loss with a low-carbohydrate diet compared with a low-fat
diet, with no adverse effects on lipid profiles in either group (86). In a small study of 14
adolescents, those on a low- to moderate-GI diet lost significantly more weight and
showed less of an increase in insulin resistance over a 12-mo period than did the adoles-
cents assigned to a low-fat diet (25–30% of energy from fat) (87). A low-GI diet may
offer a more easily taught approach to dietary modification in the primary care setting
than more traditional low-calorie/low-fat diets (88).

Protein-Sparing Modified Fast
Sometimes referred to as very-low-calorie diets (VLCD) or “liquid diets,” the protein-

sparing modified fast (PSMF) is used on an inpatient or outpatient basis only for adoles-
cents and adults suffering from very severe obesity. Studies published in the 1980s
suggested that inpatient modified fasting could be used safely in treating severely obese
patients (89) as long as careful monitoring of electrolytes and cardiac status was included
in the treatment protocol. Little has appeared in the pediatric literature on the outpatient
use of a VLCD, but at least one center has published one year follow-up results after a
VLCD, followed by a program using a balanced hypocaloric diet and moderate-intensity
exercise regimen (90). These diets are known to carry a number of medical risks, includ-
ing cholelithiasis, hyperuricemia, orthostatic hypotension, halitosis, and diarrhea. The
diet typically allows for only 600 to 900 calories daily, with 1.5 to 2.5 g of protein per
kilogram per day, with intakes of carbohydrate (20–40 g/d) and fat very restricted. If used
on an outpatient basis, the PSMF requires very close medical monitoring, daily supple-
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ments, adequate water intake, and the frequent measurement of electrolyte levels in order
to be safe.

PHARMACOLOGICAL TREATMENT

A limited number of medications are currently available in the pediatric age group for
use as adjuncts to behavioral management. Sibutramine (Meridia) is currently available
for the treatment of adolescents 16 yr of age or older. Sibutramine is a norepinephrine
and serotonin reuptake inhibiter and has side effects that include hypertension, tachycar-
dia, dry mouth, headache, constipation, and insomnia. When used in conjunction with
a group-based behavioral therapy, sibutramine plus behavioral therapy led to a more
rapid decline in BMI than behavioral therapy alone (91). Sibutramine should not be
administered in conjunction with monoamine oxidase inhibitors or other serotonin
reuptake inhibitors. Another pharmaceutical alternative is orlistat (Xenical). Orlistat
binds gut lipase and prevents hydrolysis of dietary fats into free fatty acids and
monoacylglycerols. Its side effects, which often lead to discontinuation of the medica-
tion, include flatulence, diarrhea, steatorrrhea, and leakage of stool and a risk of fat-
soluble vitamin deficiency (92). A number of other drugs are used off-label, including
metformin (Glucophage), bupropion (Wellbutrin), and topiramate (Topamax).
Metformin is currently approved for use in the treatment of type 2 diabetes mellitus. It
inhibits hepatic glucose production and increases insulin sensitivity. Its effectiveness as
an adjunct to behavioral weight-loss therapy for adolescents is currently under investiga-
tion. Bupropion is a weak norepinephrine and serotonin and dopamine reuptake inhibitor
and is more widely used as an antidepressant and adjunct to smoking cessation treatment.
Topiramate is an anticonvulsant with a side-effect profile of weight loss in some patients.
Somatostatin (Octreotide) is a suppressor of pancreatic insulin secretion and has been
used in the management of intractable weight gain caused by hypothalamic obesity, as
occurs following intracranial radiation or surgical therapy (93).

SURGICAL TREATMENT

Surgical approaches to the management of obesity have been used in the adult popu-
lation for many years. Progressive improvement in surgical technique and refinement in
selection criteria have led to improvements in outcome with reductions in morbidity and
mortality. Nevertheless, these operations all carry with them considerable risks, and
outcome is dependent on the availability of excellent ongoing postoperative medical and
surgical care. In general these procedures are irreversible, with the exception of the
laparoscopic band. At this time, the laparoscopic band is not currently available for
licensed use in the pediatric or adolescent age group. Early studies of gastric banding in
the adolescent age group appear promising (94).

Surgical procedures largely fall into two categories, malabsorptive or restrictive. A
combination of these approaches, the Roux-en-Y, provides a combination of reduction
in the volume of the stomach as well as a small intestinal bypass. Several authors have
published their experience with the use of gastric bypass in the adolescent age group and
have demonstrated the benefit of bypass in terms of both weight loss and resolution of
presurgical comorbid conditions. These previous reports have been reviewed recently
(95,96), with the authors calling for additional follow-up studies to determine the effi-
cacy and safety of bariatric surgery in the adolescent population and to guide selection
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of the optimal procedure for each patient. Complications are known to occur in the
adolescent age group as in the adult age group, with both the Roux-en-Y and gastric band,
with a need to monitor postoperative nutritional status for an extended period of time
(97). The use of restrictive and malabsorptive procedures for the management of adoles-
cent obesity was reviewed by the American Pediatric Surgical Association and recom-
mendations were subsequently published in Pediatrics, the official publication of the
American Academy of Pediatrics (98). The APSA recommended that gastric bypass
procedures in the adolescent age group be performed only in an appropriate setting with
a focus on children, such as a children’s hospital, and with the informed assent of the
teenager. The recommended criteria for performance of a Roux-en-Y gastric bypass
include the presence of a BMI of 50 or greater, if no significant comorbidities are present,
or with a BMI of at least 40 in the presence of at least one major comorbidity (as defined
by the APSA), such as type 2 diabetes, sleep apnea, or pseudotumor cerebri. Additional
requirements include evidence of skeletal maturation, generally seen in girls 13 yr of age
or greater or boys 15 yr of age or greater, and the assessment of the patient by a qualified
child psychiatrist or psychologist. This assessment should include an assessment of the
patient’s readiness to engage in this significant procedure and to commit to lifelong
postoperative changes in dietary intake. It is also recommended that potential candidates
participate in at least 6 mo of organized weight management before embarking on a
surgical solution and that a comprehensive follow-up program must be available with a
coordinated team approach to support the patient’s ongoing behavioral and lifestyle
changes postoperatively.

PREVENTION

No discussion of childhood obesity would be complete without attention to preven-
tion. As there are no treatment approaches that have been shown to provide long-term
remission from overweight and its consequences (surgery seems most promising despite
its being most invasive), the obesity epidemic in the United States is not likely to abate
until significant changes are made in the food environment and loss of activity in daily
life so common in the United States and other developed countries. School-based pre-
vention approaches offer the greatest demonstrated benefit, yet are costly and complex
to implement (43,99,100). The American Academy of Pediatrics has called for intensive
research into a variety of behavioral and environmental initiatives and to the use of policy
and regulation, where necessary, to affect eating behavior and physical activity, includ-
ing changes in the built environment (101). Robinson and Sirard have called for a
paradigm shift in obesity-prevention research (102), focusing on testing factors believed
to be modifiable and, thus, subject to widespread implementation as part of any preven-
tion efforts.

CONCLUSION

The prevalence of child obesity has increased dramatically over the past 40 yr. With
increasing severity of overweight, rates of comorbidities, particularly type 2 diabetes
mellitus, have also increased. The tendency for obesity in childhood and adolescence to
persist into adult life ties it further to the metabolic syndrome and other risk factors for
cardiovascular disease. The ultimate social and economic impact of this obesity epi-
demic is difficult to predict; however, there is an increasing demand for both early
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intervention and widespread efforts toward prevention. The evaluation of the over-
weight child requires a thorough examination of the family environment and the child’s
eating behavior and physical activity. Although group treatment appears to be most
effective, most patients are managed individually within the context of the family. Rela-
tively few clinical trials using obesity medications have been conducted in the pediatric
age group and none have yielded dramatic results. Although limited in application to
only the most severely affected adolescents, bariatric surgery is now being offered in a
number of centers around the country; however, the long-term outcomes of bariatric
surgery in this patient population have yet to be measured.
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Energy metabolism
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obesity, 199–202
waist circumference, 209t

Ethnicity
BMI, 124
diabetes and obesity, 180t
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intensive intervention, 247–248,

255–256
PCOS, 234

Lipids, 222t
low-carbohydrate diets, 303–304

Liquid diets
pediatric obesity, 417–418

Listening
reflective, 323

Lithium, 204
pediatric obesity, 412

Liver
endocannabinoids, 60
fat, 140f

ectopic, 95–96
measurement, 138–142

Liver disease
nonalcoholic fatty

pediatric obesity, 411
LMGB. See Laparoscopic mini-gastric

bypass (LMGB)
Look AHEAD, 247–248
Low-activity thermogenesis, 159–160
Low-carbohydrate diets, 299–308

blood pressure, 306
calories vs carbohydrates, 301–303
CAM, 304
CRP, 304
fasting lipids, 303–304
IL-6, 304
inflammatory biomarkers, 303–304
insulin sensitivity and glycemic

control, 306–307
lipoprotein subfractions, 304–305
weight loss efficacy, 300–303

Low density lipid (LDL)
PCOS, 222t

Low fat diets
preventing weight regain

NWCR, 399
Low-glycemic food pyramid, 291, 294t
Low metabolic rate

obesity, 158–159
Low sympathetic nervous system

activity, 160
LSG. See Laparoscopic sleeve gastrec-

tomy (LSG)
LTPA. See Leisure-time physical activity

(LTPA)

M

Macronutrients, 188, 189f
balance, 92

Magnetic resonance imaging (MRI)
tissue size quantification, 135

Magnetic resonance spectroscopy (MRS), 138
Maternal diet

obesity, 101–102
Maternal environment, 101–106
Maternal hyperglycemia, 103
Maternal hyperinsulinemia, 103
MCR. See Melanocortin receptors (MCR)
Melanin-concentrating hormone (MSH), 11t

appetite neuroregulation, 13
receptor-1 antagonist, 359

Melanocortin-4 receptor agonists, 361–362
Melanocortin receptors (MCR), 28–29
Melanocortins

appetite neuroregulation, 16–17
Meridia, 257, 344–347

body weight, 346f
diabetes, 346
hypertension, 345
net weight loss, 345t
orlistat, 350
pediatric obesity, 418

Metabolic imprinting, 100
Metabolic inflexibility

biochemical determinants, 94–95
Metabolic syndrome, 206–209

clinical diagnosis, 207t
clinical features, 344t
defined, 208t
lifestyle changes

DPP, 258–259
pediatric obesity, 410–411
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Metabolism
adipose tissue, 75–76
endocannabinoids, 58–60
FFA, 93
obesity, 158–159

Metformin, 205, 229t, 354
PCOS, 230
pediatric obesity, 418

MI. See Motivational interviewing (MI)
Micronutrient deficiencies

bariatric surgery, 379–390, 380t
assessment and treatment, 390t
prophylactic management and

monitoring, 388–389, 389t
Mineral supplementation, 388t
Minoxidil

PCOS, 234
Mirtazapine, 204
Monocyte chemoattractant protein-1

adipose tissue, 78
Mood stabilizers, 204
Morning headaches, 205
Motivational interviewing (MI)

adult diet and activity trials, 330t–331t
communication styles, 324–325
dyslipidemia and diabetes studies,

329–334
medical settings, 321–336
obesity

conceptual and pragmatic issues, 325
prior studies, 326–334

research priorities, 334–336
technology transfer, 335
values list for counseling parents of

overweight children, 325t
MRI. See Magnetic resonance imaging (MRI)
MRS. See Magnetic resonance spectros-

copy (MRS)
MSH. See Melanin-concentrating hor-

mone (MSH)
Muscle

ectopic fat, 95–96

N

NAF. See Nonalcoholic fatty liver disease
(NAF)

NASH. See Nonalcoholic steatohepatitis
(NASH)

National Weight Control Registry
(NWCR), 395–401

lessons learned, 398–400
subject characteristics, 396
weight-loss maintenance strategy

exceptions, 400
weight loss maintenance success

predictors, 397
weight loss success predictors, 397
weight regain predictors, 398

NEAT. See Nonexercise activity thermo-
genesis (NEAT)

Neuromedin B
satiety, 8

Neurontin
pediatric obesity, 412

Neuropeptide Y (NPY), 11t, 28, 56, 371
appetite neuroregulation, 10–12
receptor antagonists, 359

Neuroregulation. See Appetite
neuroregulation

Nonalcoholic fatty liver disease (NAF)
pediatric obesity, 411

Nonalcoholic steatohepatitis (NASH)
pediatric obesity, 411

Nonexercise activity thermogenesis
(NEAT), 157

NPY. See Neuropeptide Y (NPY)
NWCR. See National Weight Control

Registry (NWCR)

O

Obesity. See also Pediatric obesity
absolute fat loss, 131f
adipokines, 69–80
adipose tissue, 74–75
anthropometry and body composition

change, 129
assessment, 195–215

allied health professionals, 214
behavioral condition, 336
body composition imaging, 134–138
body composition measurement, 121–144
clinical practice evaluation, 195–200
clinicians, 198
costs, 197
defined, 198–200
diabetes, treatment, 189–192
endocrine causes, 204–205
energy expenditure, 151–165
epidemiology, 195–196
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ethnic groups, 199–202
health complications assessment, 205–210
heterogeneous conditions, 335–336
hypothalamic, 204
importance, 197–198
inflammatory alterations, 74–75
laboratory evaluation, 206
medications causing, 204–205
morbidity and mortality, 196–197
perinatal period, 99–109
prevalence, 195–196
secondary causes, 204–210
severe trends, 176–177
socioeconomics, 175–192
surgery, 369–375
treatment, 229t

Obesity epidemic
health and cost consequences, 175–179

Obstructive sleep apnea, 205
OCP. See Oral contraceptive pills (OCP)
Octreotide, 353–354

pediatric obesity, 418
satiety, 8

Offspring
postnatal influences, 104–106, 105t
prenatal influences, 102–103, 103t

Olanzepine, 204
Oleolyestrone, 358–359
Oligomenorrhea

PCOS, 222–223
Open-circuit spirometry, 153
Opioids

endocannabinoids, 58
Oral contraceptive pills (OCP)

acne, 233
Oral glucose tolerance test

PCOS, 222t
Orexin, 11t

appetite neuroregulation, 13
Orlistat, 257, 347–350

body weight, 349f
net weight loss, 348t
pediatric obesity, 418
safety, 350
sibutramine, 350

Ornithine decarboxylase inhibitor
acne, 233

Ovarian hypothesis
PCOS, 220

Ovarian-suppressive therapies
PCOS, 228–229

Overweight
pediatric persistence, sequelae, costs,

408–409
Oxyntomodulin (OXM), 28, 29t, 37–38, 358

P

PAI-1. See Plasminogen activator inhibi-
tor-1 (PAI-1)

PAL. See Physical activity level (PAL)
Pancreas fat, 143, 143f
Pancreatic lipase inhibitor, 360
Pancreatic polypeptide (PP), 28, 29t, 35–

36, 371
fold family of peptides, 31–35

Parathyroid hormone (PTH), 386
Paraventricular nucleus (PVN), 28, 107
Parent counseling, 325t
Paroxetine

pediatric obesity, 412
PCOS. See Polycystic ovary syndrome

(PCOS)
Pediatric obesity, 405–420

AEE, 161–162
anxiety, 411
behavioral risk factors, 410
behavioral treatment, 415–418, 416t
binge eating, 411–412
BMI, 407–408, 410
body image disparagement, 412
buffalo hump, 413t
clinical syndromes including, 413t
comorbidities, 410–412, 411t
defined, 407–408
depression, 411
developmental delay, 412
diet, 409
dysmorphic features, 412
energy expenditure, 161–162

activity, 161–162
epidemiology, 406–408
etiology, 408–410
evaluation, 412–413
food insecurity, 410
genetics, 408–409
history taking, 413–414
hyperinsulinemia, 410
hyperlipidemia, 410
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hypertension, 410
hypothyroidism, 413t
hypotonia, 412
laboratory and diagnostic studies,

414–415
liquid diets, 417–418
lithium, 412
low carbohydrates, 417
metabolic syndrome, 410–411
MI studies, 326, 327t
NASH, 411
neurontin, 412
nonalcoholic fatty liver disease, 411
orlistat, 418
PCOS, 411
pharmacological treatment, 418
physical examination, 414
prevention, 419

websites, 420t
sibutramine, 347
social consequences, 407
surgical treatment, 418–419
syndromes, 413t

Pediatric overweight
persistence, sequelae, costs, 408–409

Pedometers, 155
Peptides. See also Glucagon-like peptide-

1 (GLP1); Gut peptides
agouti-related, 28, 56, 362
gastrin-releasing

satiety, 8
glicentin-related pancreatic, 37f
proglucagon-derived

appetite neuroregulation, 15
Peptide YY (PYY), 31–32, 371

mechanism of action, 33–34
normal physiology and disease, 34–35

Peptide YY3-36 (PYY3-36), 28, 29t, 32, 358
Pericardial fat, 142–143
Perinatal environment

brain development, 106–107
Peripheral (ovarian) hypothesis

PCOS, 220
Peripheral metabolism

endocannabinoids, 58–60
Perivascular fat, 143
Phentermine, 350–351
Phenylpropanolamine, 360
Physical activity, 212

during active weight loss, 398
diaries, 399
DPP, 246f
energy expended, 210
intensity vs volume, 317–318
leisure-time, 186–187, 246f, 313
long-term weight loss and weight-loss

maintenance, 314–316
NWCR, 397, 398, 399–400
obesity, 311–318
pediatric obesity, 409–410, 412, 416–417
preventing weight gain, 313–314
self-reported assessments, 154–155
short-term weight loss, 314
spontaneous, 157
studies, 329–330
total energy expenditure, 312–313
weight loss and weight regain preven-

tion, 314–316
Physical activity level (PAL), 159–160
Physician advice

diet and physical activity, 191t
Pioglitazone, 229t

PCOS, 231
Plasminogen activator inhibitor-1 (PAI-1)

adipose tissue, 79
Plethysmography

air-displacement, 407
Polycystic ovary syndrome (PCOS), 205,

219–235
acne treatment, 233
anti-obesity drugs, 231–232
cardiovascular risk factors, 226–227
central hypothesis, 220
cholesterol, 222t
diabetes, 220–221
diagnostic criteria, 221t
dynamic blood tests, 222t
etiology, 220–221
exercise, 234
fasting blood tests, 222t
glucose-to-insulin ratio, 222t
HDL, 222t
hirsutism, 223–224

treatment, 233, 234–235
17-hydroxyprogesterone, 222t
hyperandrogenemia/

hyperandrogenism, 223–224
hyperinsulinemia, 220–221
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infertility, 222–223
treatment, 232–233

insulin, 222t
insulin hypothesis, 220–221
insulin-sensitizing agents, 229–230
ketoconazole, 234
lifestyle, 234
long-term consequences, 224–228
malignancy, 227–228
metformin, 230
minoxidil, 234
nonfertility treatments, 233
obesity, 226
oligomenorrhea/amenorrhea, 222–223
oral glucose tolerance test, 222t
ovarian-suppressive therapies, 228–229
pediatric obesity, 411
peripheral (ovarian) hypothesis, 220
pregnancy complications, 228
surgery, 234
tests, 222t
treatment, 228–235, 229t
type 2 diabetes mellitus, 224–226
ultrasound, 224

Polypeptides
glucose-dependent insulinotropic, 285
pancreatic, 35–36, 371

POMC. See Pro-opiomelanocortin (POMC)
Portable devices

energy assessment, 155
PP. See Pancreatic polypeptide (PP)
Prader-Willi syndrome (PSW)

pediatric obesity, 412, 413t, 414
Pramlintide, 354–355
Pregnancy

PCOS, 228
Premenopausal women

abdominal muscle, 136f
Price indices

food supply, 188f
Proglucagon-derived peptides, 11t

appetite neuroregulation, 15
Proglucagon gene products, 37–38
Prolactin

PCOS, 222t
Pro-opiomelanocortin (POMC), 11t, 28, 107
Protein-sparing modified fast

pediatric obesity, 417–418
P-selectin

low-carbohydrate diets, 304

Pseudohypoparathyroidism
pediatric obesity, 413t

Pseudotumor cerebri
pediatric obesity, 411

PSW. See Prader-Willi syndrome (PSW)
Psychological assessment, 214
Psychological factors

pediatric obesity, 410
Psychotic drugs, 204
PTH. See Parathyroid hormone (PTH)
PVN. See Paraventricular nucleus (PVN)
PYY. See Peptide YY (PYY)

Q

Quantitative insulin sensitivity check
(QUICK), 306

Quetiapine, 204

R

Race/ethnicity
BMI, 124
diabetes and obesity, 180t

Reduced-fat/calorie-deficit diets
pediatric obesity, 417

REE. See Resting energy expenditure (REE)
Reflective listening, 323
Reflux esophagitis, 205
Resting energy expenditure (REE), 210, 312
Resting metabolic rate (RMR), 156, 210
Rimonabant, 355–356
RIO Trials, 61–62, 62f
Risk factors

behavioral, pediatric obesity, 410
glycemic index, 287–288
PCOS, 226–227

Risperdol
pediatric obesity, 412

Risperidone, 204
RMR. See Resting metabolic rate (RMR)
Rosiglitazone, 229t

PCOS, 231
Roux-en-Y gastric bypass (RYGB), 370–371,

371, 372f, 381–382
pediatric obesity, 419

RYGB. See Roux-en-Y gastric bypass
(RYGB)

S

Safety
bariatric surgery, 374–375
orlistat, 350
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Satiety
amylin, 8
appetite neuroregulation, 7–8
CCK, 8
enterostatin, 8
GLP1, 8
GRP, 8
neuromedin B, 8

SCFE. See Slipped capital femoral epi-
physes (SCFE)

Self esteem
pediatric obesity, 412

Serotonin, 11t
appetite neuroregulation, 15–16
endocannabinoids, 57–58

Serotonin 2C receptor agonist, 359
Serotonin reuptake inhibitors, 204
Severe obesity

trends, 176–177
Short-term weight loss

glycemic index, 289–290
Sibutramine, 257, 344–347

body weight, 346f
diabetes, 346
hypertension, 345
net weight loss, 345t
orlistat, 350
pediatric obesity, 418

Skeletal muscle
measurement, 138–139

mass, 136–137
Skinfolds, 132
Skin tags, 205
Sleep apnea, 205
Sleeve gastrectomy, 373
Slipped capital femoral epiphyses (SCFE)

pediatric obesity, 411
SLIVGTT. See Stable-label IV glucose

tolerance test (SLIVGTT)
Snoring, 205
SNS. See Sympathetic nervous system (SNS)
Soft drinks

price indices, 188
Somatostatin, 353–354

pediatric obesity, 418
satiety, 8

SPA. See Spontaneous physical activity
(SPA)

Spirometry
open-circuit, 153

Spironolactone
acne, 233

Spontaneous physical activity (SPA), 157
Sports, 185f
SR 141716, 61
Stable-label IV glucose tolerance test

(SLIVGTT), 307
Steatohepatitis

nonalcoholic
pediatric obesity, 411

Stoplight Diet, 416t
Sugars

price indices, 188
Sulfonylurea, 204
Supermarkets, 191
Sustained weight loss

endocannabinoids, 58–59
Sweeteners

caloric, 189f
Sweets

price indices, 188
Sympathetic nervous system (SNS)

low activity, 160
Sympathomimetic drugs, 350–351
Syndecan-3

appetite neuroregulation, 17–18
Syndrome X. See Metabolic syndrome

T

Tape position
waist, 203f

TDEE. See Total daily energy expenditure
(TDEE)

TEE. See Total energy expenditure (TEE)
TEF. See Thermic effect of food (TEF)
Tegretol

pediatric obesity, 412
Television, 185f

viewing, 397, 400
Testosterone

PCOS, 222t
TGZ. See Troglitazone (TGZ)
Thermic effect of food (TEF), 156, 303, 312
Thermogenesis

activity, 156–157
diet-induced, 156
low-activity, 159–160

Thiamine
deficiency

bariatric surgery, 382
treatment, 390t

supplementation, 388t
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Thiazolidinedione, 204, 229t
PCOS, 230–231

Thyroid-stimulating hormone (TSH), 204
Time

exercise, 183–188
Tissue area

imaging, 135
Tissue volume and mass

imaging, 135
TNF. See Tumor necrosis factor (TNF)-{a}
Topamax, 205, 352–353

pediatric obesity, 418
Topiramate, 205, 352–353

pediatric obesity, 418
Total daily energy expenditure (TDEE), 155

in pediatric obesity, 161–162
Total energy expenditure (TEE)

leisure-time physical activity (LTPA), 313f
physical activity, 312–313

Total testosterone test
PCOS, 222t

Transportation, 187
Triglycerides

PCOS, 222t
Troglitazone (TGZ)

PCOS, 231
TSH. See Thyroid-stimulating hormone

(TSH)
Tumor necrosis factor (TNF)-α, 74

adipose tissue, 76–77
low-carbohydrate diets, 304

TV viewing
NWCR, 397, 400

Type 2 diabetes mellitus, 205
cost, 407
glucose-induced fat inhibition, 93
glucose metabolism, 244
hepatic steatosis, 95
IMCL, 95
metabolic inflexibility, 94–95
PCOS, 224–226
prevention, 243–259
weight loss in IGT, 244–245

U

Uncoupling protein
energy expenditure, 164

Urinary stress incontinence, 205
Urocortin, 11t, 15

V

Valproate, 204
Valproic acid, 204
Vascular cell adhesion molecule

(VCAM), 74
VAT. See Visceral adiposity (VAT)
VCAM. See Vascular cell adhesion mol-

ecule (VCAM)
Vegetables

price indices, 188
Ventromedial hypothalamus (VMH), 4–6
Ventromedial nucleus (VMN), 28
Vertical banded gastroplasty, 372f, 381
Very-low-calorie diets, 254

pediatric obesity, 417–418
Very-low-density lipoprotein VLDL), 304
Visceral adiposity (VAT), 91

measurement, 137, 137f
waist circumference, 126f

Visceral fat
waist circumference, 130f

Vitamin
supplementation, 388t

Vitamin A
deficiency
bariatric surgery, 388

Vitamin B1
deficiency

bariatric surgery, 382
treatment, 390t

supplementation, 388t
Vitamin B 12

deficiency
bariatric surgery, 384–385
treatment, 390t

supplementation, 388t
Vitamin D

deficiency
bariatric surgery, 385–388
treatment, 390t

supplementation, 388t
VMH. See Ventromedial hypothalamus

(VMH)
VMN. See Ventromedial nucleus (VMN)

W

Waist circumference, 124–125, 125f, 128f
abdominal subcutaneous fat, 126f
age, 126
body composition change, 129
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defined, 199
ethnic groups, 209t
fitness, 126
gender, 126
increased disease risk, 202t
visceral fat, 130f

Waist-to-hip ratio (WHR), 127–128
body composition change, 129
visceral fat, 130f

Walking, 187
Web tools

diet, 211t
exercise, 211t

Weighing
NWCR, 399

Weight control
DPP, 246f, 258
exercise, 316–317
orlistat, 349f

Weight gain
physical activity, 313–314
prevention, 314–316

Weight history
assessment, 202–203

Weight loss, 253–254
drugs, 341–363

algorithm, 342–343, 343t
BMI, 342
early development, 358–359
new development areas, 361–362
withdrawn from investigation, 360

long-term efficacy
glycemic index, 290–291

low-carbohydrate diets, 300–303

maintenance
strategy exceptions, 400
success predictors, 397
vs weight loss, 398

orlistat, 348t
physical activity, 314–316
short-term

glycemic index, 289–290
success predictors, 397
sustained

endocannabinoids, 58–59
Weight maintenance

DPP, 258
Weight regain

exercise, 315f
predictors, 398

Wellbutrin, 205, 351–352
pediatric obesity, 418

WHI. See Women’s Health Initiative (WHI)
WHR. See Waist-to-hip ratio (WHR)
Women’s Health Initiative (WHI), 333

X

Xenical, 257, 347–350
body weight, 349f
net weight loss, 348t
pediatric obesity, 418
safety, 350
sibutramine, 350

Y

Y receptor superfamilies, 32t

Z

Zonisamide, 344, 351, 353
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