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Preface

The field of obesity and the metabolic syndrome continues to advance on
all fronts. This book is an effort to bring together a series of chapters that
cover many of the newer facets of the problem. We have tried to capture the
goal of this book in the subtitle “from bench to bedside”. Fundamentally, as
human biologists, we are interested in understanding the problem of obesity
and the metabolic syndrome and then applying this new knowledge to easing
the burden of people afflicted in this disease state. We begin with the labora-
tory findings. Butler and his colleagues begin the process with an illuminating
discussion of the factors that control the termination of meals. After a brief re-
view of the neuroendocrine control system, they provide a detailed look at the
gastrointestinal and pancreatic factors that can stimulate or inhibit food intake.
They then look at the long-term control affected by leptin and insulin. In the
next chapter, Dr. Chumlea discusses the various methods for measuring “obe-
sity”. Dual-energy absorptiometry (DXA) has the ability to provide estimates
of fat mass, lean mass and bone mass making it quite versatile. However, from
a practical perspective, weight, waist circumference and the body mass index
(body weight in kg divided by the square of height in meters) are the most use-
ful. The body mass index (BMI) has been the most widely used index in the
assessment of the current changes in prevalence of obesity, providing a good
picture of the increasing epidemic of obesity. The progress of this epidemic
has been well characterized by Dr. Mokdad from the Centers for Disease Con-
trol and Prevention, the U.S. Governmental agency charged with tracking this
epidemic. Genetic factors are clearly behind the susceptibility to obesity that
characterizes this epidemic. Dr. Comuzzie, who has contributed important in-
formation to this problem, focuses on the advances that we have experienced in
understanding the relations of nature and nurture. In a well written and timely
chapter, Drs. Levin and Clegg argue the case of a “set-point” or a defended
body weight. They begin with the historical and anatomic data and the move
to discussing the intricacies of the mechanisms that control this process. Fat
is the site for storage of extra energy. When the fat cells reach their maximum
storage capacity, new fat cells may be recruited, but fat may also be stored ec-
topically in other organs. Tchkonia, Corkey, Kirkland explore this important
new concept in a chapter dealing with lipotoxicity. The conditions for lipotox-
icity occur when net capacity to store and utilize lipids is exceeded in diseases
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such as diabetes, obesity, the metabolic syndrome, indexmetabolic syndrome
lipodystrophies, aging, and other conditions. The chapter by Toledo and Kel-
ley extends this concept of lipotoxicity to the issues associated with visceral
adipose tissue. This ectopic storage of fat is associated with insulin resistance.
This group has coined the term “metabolic inflexibility” to describe the set-
ting in which an infusion of insulin fails to enhance carbohydrate metabolism
in muscle. They develop the “portal hypothesis” which suggests that visceral
adipose tissue provides fatty acids to the liver than lead to accumulation of
lipid there and in the intramyocellular compartment. Fatty-acyl-CoAs, diacyl-
glycerol and ceramides are important candidates for these metabolic changes.
As demonstrated by several groups, this effect is associated with changes in
mitochondrial genes and their enzymes that are involved in oxidative phos-
phorylation. Finally, they discuss the lipodystropic states where loss of fat is
associated with increased insulin resistance. Recent studies show that replacing
leptin, a product of the fat cell, to individuals with too little fat can ameliorate
most of the metabolic features of lipodystrophy. Drs. Lemieux and Despres,
leaders in the field of studying visceral adipose tissue and the metabolic syn-
drome provide a succinct summary of the advances in this area. Children who
become overweight bear the stigma associated with obesity, and at the same
time experience the detrimental health benefits that are often seen. Caprio and
Weiss, who have been leaders in establishing criteria for the metabolic syn-
drome in adolescents, review their data and the types of changes that charac-
terize this condition in the adolescents in their clinic. From the laboratory side
of the problem, we now turn to translating these findings into the evaluation
and treatment of obesity and the metabolic syndrome. Evaluating any patient
is the first step in deciding how serious the problem may be and what steps
to take in correcting it. Ryan and Bray provide the introductory steps in this
process with a chapter dealing with evaluation of the patient with obesity and
the metabolic syndrome. It is now clear that measurement of waist circumfer-
ence along with the BMI provide the first steps. For establishing the metabolic
syndrome other measurements such as blood pressure, a lipid panel and glu-
cose are needed. If two of these are abnormal and there is an enlarged waist one
can diagnose the metabolic syndrome. Once the diagnosis is made, treatment is
in order. Since all of the components of this syndrome will respond positively
to weight loss, strategies to help people lose weight are the first steps. However,
when the lipid, blood pressure or glucose abnormalities remain abnormal, they
should be treated with one of the appropriate therapies. Lifestyle strategies are
the first line of approach. Diet, exercise and behavioral therapy make up the
3 components of these lifestyle approaches. Diet is the first line of attack and
the chapter by Foster and Makris introduces us to this problem. Their chapter
provides a nice review of the low carbohydrate diets in comparison with other
diets. Foster and Makris first review the low and moderate fat diets and the turn
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to the low carbohydrate diets and provide us a feeling for the value that each of
these groups of diets have in the treatment of overweight. Diets reduce energy
intake and thus require overweight individuals to draw fat from their fat stores.
Exercise, reviewed by Jakicic and Otto, works by increasing the utilization
of energy through physical exertion. They begin by convincing us that those
who are more active have improved health benefits and longevity. They then
review the literature on weight loss studies and show that exercise alone is not
a very effective strategy. However, for maintaining weight loss, becoming and
remaining more active clearly plays a central role. The third arm of lifestyle is
behavior therapy whose role is reviewed in a chapter by Williamson, Stewart
and Martin. They provide an historical background and then describe the many
features that come under this category. The use of portion controlled foods and
the use of the internet are two of the more recent advances, each of which of-
fers the hope of extending the scope and success of this approach. Obviously
we would prefer to prevent overweight than to have to treat it. Kumanyika
and Daniels take us through the literature on studies that have attempted to
prevent the progression of overweight. Two broad kinds of approaches have
been taken—population wide approaches and targeted approaches. In spite of
much work, the authors correctly note that at present we have no definitive
studies to guide a clear approach to the problem. Where prevention fails, ther-
apy is needed. Two drugs are currently approved by the U.S. Food and Drug
Administration for treatment of obesity. Dr. Wyatt discusses the use of these
two drugs, sibutramine and orlistat. Although both are effective in producing
weight loss, the loss is moderate and often frustrating to the participant who is
taking the drug. Although only 2 drugs are currently approved, Greenway and
Bray review the burgeoning new drug armentarium. Several drugs approved
for use in diabetes, like metformin, pramlintide and exenatide produce weight
loss. Rimonabant, an antagonist to the cannabinoid CB1 receptors in the brain
is a promising new agent that will soon be evaluated by the FDA for approval
and clinical use. There is cautious optimism that it may change the landscape of
treatment for those individuals whose overweight has not been prevented. The
final chapter deals with surgical interventions for overweight patients. Since la-
parscopic techniques for this procedure became wide spread, its performance
and safety have both changed significantly. Over 100,000 operations were per-
formed last year, and the number continues to rise. With this final chapter, we
complete our tour from laboratory to clinic. We hope it meets the needs for
which it was put together—a survey of new strategies to bring the laboratory
to the clinic for treatment of obesity and the metabolic syndrome.

George A. Bray, M.D.
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Chapter 1

Neuroendocrine Control of Food Intake
Andrew A. Butler, James L. Trevaskis and Christopher D. Morrison

Pennington Biomedical Research Center, Louisiana State University System,
6400 Perkins Road, Baton Rouge, LA 70808, USA

1. INTRODUCTION

Most organisms function in environments with marked seasonal and, on a
less predictable basis, climactic changes in nutrient availability. Species sur-
vival is dependent on systems that are remarkably adept at balancing food in-
take with the fluctuations in energy expenditure and with the amount of energy
stored as triacylglycerol (TAG) in adipocytes. Neural and endocrine regulatory
systems affecting feeding behavior must respond to short-term cues, such as
the ability to sense and respond to stomach contents, along with signals con-
cerning the long-term status of energy balance over periods of days. Feeding
behavior is also linked to the circadian cycle, with the circadian rhythms of
feeding behavior recently suggested to be critical for maintaining normal body
weight [1].

The problem currently facing the global community is that, faced with an
abundance of calories and diminished requirements for physical activity, a sig-
nificant portion of the population are unable to maintain energy balance, lead-
ing to increased fat mass. Investigation of experimental rodent models strongly
suggests that excess consumption of calories, especially associated with high-
fat diets, is a significant factor causing obesity and insulin resistance [2, 3].
The latter is the defining feature of the insulin resistance syndrome, formerly
called syndrome X or the metabolic syndrome, and comprises a cluster of
diseases including type 2 diabetes, hypertension, and cardiovascular disease
[4]. In the face of an epidemic of obesity and insulin resistance syndrome,
there is enormous interest by pharmaceutical and academic groups to elucidate
mechanisms that regulate food intake as a means to develop effective therapies
against obesity and insulin resistance. This chapter describes the current mod-
els for the regulation of food intake by neuroendocrine factors, which integrate
signals of long-term energy balance, involving primarily the adipokine leptin
and leptin receptors expressed in the central nervous system (CNS), with fac-
tors secreted from the gut. Most of these factors have similar effects on energy
balance whether administered peripherally or directly into areas of the CNS
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known to regulate feeding behavior. This chapter therefore begins with a brief
introduction to the CNS centers that control feeding behavior.

2. CENTRAL NERVOUS SYSTEM REGULATION OF
FEEDING BEHAVIOR

Feeding is a complex behavior, involving the integration of a number of
reward (hedonic) behaviors with the homeostatic systems that sense energy
balance [5]. Within the CNS, areas distributed throughout the forebrain and
caudal brain stem appear to be important for regulating feeding behavior
[6, 7]. One area that appears to be particularly significant is the hypothala-

mus. Neurons in this area integrate sensory and endocrine signals into outputs
that influence fluid and food intake; normal function of the hypothalamus is
critical for energy homeostasis [8]. Hypothalamic neurons respond to several
of the gut and adipocyte secreted factors known to affect food intake, with hy-
pothalamic lesions sometimes severely abrogating the feeding response. While
a comprehensive description of the hypothalamic neuronal circuitry involved
in energy homeostasis is beyond the scope of this chapter, a list of some of
the hypothalamic neurons identified as being important for the regulation of
feeding behavior is provided in Table 1. Several excellent reviews of this topic
have also recently been published [5, 6, 14–16].

The caudal brain stem is also an important site in regulating feeding be-
havior. Neurons within the nucleus tractus solitarius (NTS) and dorsal motor
nucleus of the vagus (DMV) in the brain stem receive, and integrate, sensory
inputs from vagal nerves involved in sensing the accumulation of nutrients
in the stomach and duodenum tract through mechanical and chemical stimuli
that include distension, changes in the gastrointestinal nutrient concentration,
and changes in pH and osmolarity in the gut lumen [17]. The brain stem is also
highly interconnected with the hypothalamus, communicating through ascend-
ing projections to regulate the response to fasting [7]. Conversely, descending
projections from the hypothalamus to the brain stem may modulate the effec-
tiveness of short-term satiety signals, such as cholecystokinin (CCK), in meal
termination [18].

3. NEUROENDOCRINE FACTORS SECRETED
FROM THE GUT

In addition to the mechanosensory inputs received by vagal afferents, the
gut releases at least 10 circulating factors, some of which may act as satiety
signals to the CNS [19]. Some of these gut factors are described in the fol-
lowing section. For some of these peptides, evidence for suppression of food
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Table 1. Neurons that have been identified as critical for the normal regulation of
energy homeostasis

Effect on
Neuropeptides expressed Location feeding Responds to References

Proopiomelanocortin/ Arcuate Inhibitory (+)-leptin, 44, 46, 47,
cocaine and ampheta- nucleus PYY3−36,5-HT, 49, 133–139
mine-regulate transcript insulin, glucose,
(POMC/CART) (–)-ghrelin

POMC Nucleus trac- Inhibitory (+)-cholecysto- 140–142
tus solitarius kinin (CCK)

Agouti-related Arcuate Stimulatory (–)-leptin, 44, 47, 133
peptide/neuropeptide Y nucleus PYY3−36, insulin, 143
(AgRP/NPY) (+)-ghrelin

Melanin-concentrating Lateral hypo- Stimulatory (–)-leptin 144–148
hormone (MCH) thalamic area

Orexin Lateral hypo- Stimulatory (–)-leptin, 12, 149
thalamic area glucose, ghrelin

Orexin neurons innervate and regulate AgRP/NPY and POMC/CART neurons in the arcuate nucleus, indi-
cating that these neurons might affect feeding behavior through regulating the hypothalamic melanocortin
system [9, 10]. However, deletion of the Orexin gene, or ablation of orexin neurons, causes narcolepsy [11].
Orexin may primarily affect food intake by coordinating arousal with feeding [12, 13].

intake has only recently been described (e.g., amylin, glucagon-like peptide
1 [GLP-1], oxyntomodulin, peptide YY [PYY]), and for the case of PYY is
still a matter of debate [20]. The administration of GLP-1 and PYY has been
associated with the induction of illness-induced behavior, demonstrated by the
induction of conditioned taste aversion in rodents [21–24]. These factors may
therefore function not only as satiety signals, but possibly also as part of the
stress response to visceral illness.

3.1. Cholecystokinin

Of all gut-derived satiety signals, the hormone cholecystokinin (CCK) is
perhaps the most well-described hormone mediating satiety [25–27]. The role
of CCK in meal termination was first demonstrated by Gibbs et al. in 1973
[28], and many subsequent studies have demonstrated that administration of
CCK dose-dependently suppresses food intake. CCK is produced primarily by
the enteroendocrine cells of the duodenal and jejunal mucosa, although CCK is
also produced by both the enteric system and CNS [29]. These enteroendocrine
cells are well positioned to sense the presence of nutrients within the gut,
and indeed the secretion of CCK is stimulated by nutrient ingestion, with the
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presence of fat or protein within the gut being the primary stimulus for CCK
secretion [30]. CCK secretion is both rapid and short-lived, peaking within
30 minutes of meal ingestion, and in some species even more rapidly. This in-
crease of CCK after nutrient ingestion serves two main purposes. The first is
to act locally within the gut to enhance nutrient absorption, with CCK stim-
ulating gallbladder contraction and also inhibiting gastric emptying [31, 32].
However, nutrient-induced secretion of CCK also acts to terminate individual
meals, and this effect has been shown in many species including humans. CCK
dose-dependently reduces food intake [28], but it is not a long-term regulator
of body weight. Prolonged CCK administration does not effectively reduce
body weight, and most individuals treated chronically with CCK compensate
for the reduction in individual meal size with an increase is the number or fre-
quency of meals [33], such that overall food intake is not altered. In rodents,
exogenous administration of CCK also engages a complete behavioral satiety
sequence, accompanied by periods of grooming and sleep [34]. Taken together,
these observations clearly implicate CCK as a prototypical satiety signal, with
meal-induced CCK secretion being a central event in the termination of indi-
vidual meals.

The suppression of food intake by CCK is mediated primarily by the brain,
although its effects on gastric emptying also contribute to its satiating effects.
CCK receptors are expressed within multiple brain regions, and thus a direct
effect of gut-derived CCK on the brain is one possible mechanism for CCK ac-
tion. However, CCK receptors are also expressed on vagal afferents that project
from the gut to the caudal brain stem. These vagal fibers are directly stimu-
lated by CCK [35], and vagotomy significantly attenuates CCK-induced sati-
ety indexCCK-induced satiety [36]. The NTS is a key target for vagal sensory
input, and exogenous CCK administration robustly activates c-Fos within NTS
neurons [37, 38], as well as within other brain areas controlling food intake. In
the brain stem, melanocortin neurons appear to be critical for the suppression
of food intake by CCK, with activation of melanocortin-4 receptors (MC4R)
required for the reduction of food intake [39]. These data therefore support
a model in which CCK produced by the gut acts locally on vagal afferents,
with these afferents then transmitting this satiety signal to key areas within
the brain, and in particular the NTS. In summary, it is evident that CCK sat-
isfies many of the requirements for a circulating satiety signal: it is produced
by the gut in response to nutrient ingestion, suppresses meal size, acts rapidly
but is short-lived, and does not induce illness or taste aversion. CCK conse-
quently has become a prototypical satiety signal, and has provided a valuable
benchmark by which to evaluate the many other proteins and gut hormones
subsequently found to impact feeding behavior.
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3.2. Peptide YY

Peptide YY (PYY), a member of the pancreatic polypeptide (PP) family
which includes neuropeptide Y (NPY) and PP, is a 36-residue peptide with
carboxy- and amino-terminal tyrosines (Y) that was isolated from porcine
small intestine extracts in 1980 [40]. PYY is secreted from L cells of the
gastrointestinal tract, with hydrolysis by the enzyme dipeptidyl peptidase-IV
(DPP-IV) at the Pro2−Ile3 bond, producing PYY3−36 [41]. Full-length
PYY1−36 is an agonist for at least three receptor subtypes (Y1, Y2, and Y5),
with removal of the two amino terminus residues resulting in increased se-
lectivity for the Y2 receptor [42, 43]. The Y2 receptor is widely expressed in
the CNS, including the hypothalamus and brain stem. In the hypothalamus,
Y2 mRNA is expressed on most NPY-positive neurons, with selective Y2 ago-
nists acting to suppress the secretion of the potent orexigen NPY in hypothala-
mic slices [44]. Conversely, a selective Y2 antagonist stimulates NPY release,
and also increases the release of an anorexigen, alpha-melanocyte stimulating
hormone (α-MSH), in hypothalamic slices [44]. Overall, it has been proposed
that the regulation of food intake by PYY3−36 involves the suppression of
hypothalamic NPY/AgRP neurons, which are orexigenic, and stimulation of
hypothalamic POMC/CART neurons, which are anorexigenic (Table 1). One
group reported that mice lacking functional MC4R, which are the primary re-
ceptor involved in the regulation of food intake by α-MSH [45], do not respond
to PYY3−36 [44, 46, 47]. However, a subsequent study reported that PYY3−36

reduced food intake in MC4R-deficient mice [48], while prohormone proopi-
omelanocortin (POMC) mice that lack α-MSH also respond to PYY3−36 [49],
suggesting melanocortin-independent pathways for the regulation of feeding
behavior by PYY3−36.

The regulation of PYY secretion from the gut, and the regulation of the ratio
of PYY1−36 to PYY3−36 in serum, by nutrient consumption, is consistent with
this peptide acting as a satiety signal. PYY levels increase following a meal,
peaking approximately 90 minutes after ingestion [50]. The ratio of PYY1−36

to PYY3−36 in human sera is also dependent on fed state, with PYY3−36 dom-
inating postprandially [51]. Furthermore, in some experiments the administra-
tion of PYY3−36 reduces food intake in mice, and reduces meal size in humans
[21, 44, 46, 48, 49].

It should be noted, however, that the role of PYY3−36 as a satiety signal has
been the subject of controversy, with some groups having difficulty in demon-
strating a significant suppression of food intake [20]. Moreover, PYY3−36 has
also recently been reported to induce a vagal nerve dependent conditioned taste
aversion, suggesting that the reduction of food intake in mice might be due to
an illness-related behavioral response as opposed to a “satiety” signal [21].
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3.3. Ghrelin

Ghrelin is distinguished from other gut peptides in that it is not a satiety
factor, and is the first gut-secreted peptide described that, when infused chron-
ically either intracerebroventricularly or peripherally, causes hyperphagia and
weight gain. Two groups simultaneously reported the discovery of a transcript
encoding a secreted peptide and expressed in the stomach. Kojima et al. iden-
tified a 28-residue protein while screening for ligands of the growth hormone
secretagogue receptor (GHS-R), an orphan G-protein-coupled receptor. The
full sequence encoding a 117-amino-acid protein was cloned from a rat stom-
ach cDNA library, with the first 23 residues encoding a signal peptide and the
28-residue ghrelin sequence beginning at Gly24 [52]. Kojima et al. also re-
ported that O-n-octanoylation of the peptide at Ser3 is essential for inducing a
response of Chinese hamster ovary (CHO) cells expressing GHS-R. Given that
the peptide is a potent GH secretagogue, Kojima et al. designated the peptide
as “ghrelin,” based on the Proto-Indo-European root of the word “grow” [52].

Tomasetto et al. reported a transcript encoding a 117-amino-acid protein,
identified in a screen for cDNAs expressed in the stomach [53]. This group des-
ignated the putative protein encoded by the transcript as motilin-related pep-
tide (MRP), based on a weak homology with motilin, a peptide hormone that
regulates smooth muscle contraction in the gastrointestinal tract. Tomasetto
et al. were unable to show a biologic effect, owing to the use of a non-O-
n-octanoylated, and hence biologically inactive peptide. Using Northern blot
analysis, both groups demonstrated that ghrelin mRNA expression is highest in
stomach, in enteroendocrine cells, with lower levels observed in the duodenum
[52, 53]. Ghrelin immunoreactivity and mRNA have been reported in the hy-
pothalamus, suggesting a possible role as an orexigenic neuropeptide [47, 52].
However, analysis of ghrelin knockout mice, in which the coding sequence is
replaced by a LacZ reporter gene, failed to identify significant ghrelin-specific
immunoreactivity, or β-galactosidase staining, in the hypothalamus [54].

Several observations suggest that ghrelin, in addition to regulating GH se-
cretion, might regulate metabolism. GHS-R mRNA expression had earlier
been reported in the hypothalamus and brain stem, while the GH secreta-
gogue GHRP-6 stimulates c-Fos mRNA expression in arcuate nucleus NPY
neurons, suggesting stimulation of a potent orexigenic neuropeptide [55–57].
Peripherally administered ghrelin affects energy balance by dose-dependently
stimulating food intake and weight gain in rats and mice [58, 59]. In mice,
the stimulation of food intake by ghrelin is dependent on two orexigenic pep-
tides expressed in the hypothalamus, NPY and agouti-related protein (AgRP)
[60, 61].

In humans, ghrelin acutely increases meal size, and can attenuate loss of
appetite associated with cancer [62–64]. Ghrelin levels in the circulation ex-
hibit an ultradian rhythm that is also consistent with this peptide stimulating
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food intake. In marked contrast to other gut peptides, whose secretion peaks
postprandially, ghrelin levels in the circulation peak in anticipation of meal in-
gestion [65], and decline thereafter in correlation with caloric load [66]. These
results suggest that ghrelin might function to initiate meals, or as a signal of
negative energy balance. Ghrelin knockout mice do not, however, exhibit dif-
ferences in total 24-hour food intake and have normal body weight [67].

3.4. Amylin

Amylin, or islet amyloid polypeptide (IAPP), is a 37-amino-acid peptide
that was purified from islets of individuals with type 2 diabetics [68]. Amylin
is cosecreted with insulin from pancreatic β-cells [69, 70]. Many studies have
shown that amylin is a short-term satiety peptide. Amylin levels indexamylin
levels in the circulation increase postprandially while administration of the
peptide, or analogues thereof, suppresses food intake in rodents and can cause
weight loss when administered chronically (reviewed in [71–73]). In humans
with type 2 diabetes, pramlintide, an amylin analogue, improves insulin sensi-
tivity and causes weight loss, with a recent study suggesting that pramlintide
enhances satiety and reduces food intake [74]. Amylin may therefore have a
role in the treatment of obesity by reducing food intake. The regulation of feed-
ing behavior by amylin involves both CNS and peripheral mechanisms [71–
73]. Neurons in the area postrema, a circumventricular organ located in the
brain stem, are required for the inhibition of food intake by amylin, while the
hypothalamus also contains amylin binding activity. In the periphery, amylin
may also affect food intake by inhibiting gastric emptying.

Several receptors that interact with amylin have been recently identified
[75]. They commonly share the calcitonin receptor domain at their core and
are associated with different receptor activity-modifying proteins (RAMPS)
that differentially affect amylin binding [76]. The specific distribution of these
receptors and the nature of their roles in transducing amylins effects on energy
balance remain to be elucidated.

3.5. Enterostatin

Enterostatin is a pentapeptide cleaved from the amino-terminus of pancre-
atic procolipase by trypsin. Proteolytic cleavage of enterostatin from procoli-
pase activates colipase, a cofactor for pancreatic lipase, promoting fat digestion
[77–79]. In rats, experiments examining the effects of peripheral or intracere-
broventricular administration of enterostatin indicate that this peptide selec-
tively inhibits fat consumption [78, 79]. Further, the postprandial increase in
enterostatin levels in the circulation of rats following a meal correlates with
dietary fat content [80]. Together, these observations indicate that enterosta-
tin might function as a specific regulator of fat consumption. However, while
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the levels of immunoreactivity for one isoform of enterostatin also increase in
humans postprandially [81], in a phase II trial intravenous administration of
enterostatin did not significantly affect meal size in humans [82].

The mechanisms and receptors involved in the regulation of feeding be-
havior by enterostatin are unclear. Crude binding studies using brain lysates
indicate two binding sites, one of low affinity (Kd = 170 nM) and one of
high affinity (Kd = 0.5 nM). The low-affinity site might be the F1-ATPase
β-subunit, which binds enterostatin with an affinity of 150 nM [83]. The sup-
pression of food intake, and stimulation of c-Fos immunoreactivity in the NTS
and parabrachial, paraventricular, and supraoptic nuclei in the brain is inhib-
ited by vagotomy, suggesting that enterostatin interacts with the vagal system
to regulate feeding behavior [84].

3.6. Glucagon-like Peptide

Glucagon-like peptide (GLP-1) is an intestinal peptide released by special-
ized endocrine cells in the gut (K-cells) in response to the ingestion of glu-
cose or lipids [88]. GLP-1 is produced by the posttranslational processing of
proglucagon (Figure 1), which contains several proglucagon-derived peptides
(PGDP) [85]. GLP-1 suppresses food intake by acting peripherally to inhibit
gastric emptying, and also acting centrally to reduce food intake in the short
term, but not long term [88]. Centrally administered GLP-1 elicits a condi-
tioned aversion, while GLP-1R antagonists inhibit the aversive response to the
toxin lithium chloride [22–24]. GLP-1 may thus function as a satiety factor,
but also appears to be involved in mediating the behavioral and stress response
to visceral illness.

Exenatide, or exendin-4, is a GLP-1 synthetic mimetic that stimulates the
release of insulin from pancreatic beta cells. Diabetic subjects treated with
exenatide showed significantly improved diabetic status and weight loss, with
minimal gastrointestinal distress [86], and has recently been approved by the
FDA as adjunctive therapy for patients with type 2 diabetes marketed as the
drug Byetta (Amylin/Lilly). GLP-1 mimetics such as exenatide may be better
tolerated and therefore more useful as therapies for diabetes or energy balance
disorders.

3.7. Bombesin Family: Bombesin, Gastrin-releasing Peptide and
Neuromedin B

Bombesin was initially isolated from amphibian skin [87], and is expressed
mainly in the brain and gastrointestinal tract. The two most well character-
ized mammalian homologues of bombesin, gastrin-releasing peptide (GRP)
and neuromedin B (NMB), are also expressed in gut and brain, and can in-
hibit food intake when systemically administered in a number of mammalian
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Figure 1. Structure of proglucagon, and a description of the proglucagon-derived peptides
(PDRP) [85].

species, including humans [88, 89]. The effects of GRP and NMB are me-
diated through their respective receptors, GRP-R and NMB-R, although both
peptides can bind both receptors. GRP-R is expressed throughout the brain in-
cluding the hypothalamus whereas NMB-R is expressed in a more restricted
fashion, particularly in the olfactory and thalamic areas [90]. More recently
another receptor showing homology to GRP-R and NMB-R was cloned and
designated bombesin-like peptide receptor subtype-3 (BRS-3) [91]. Expres-
sion of BRS-3 was limited to the hypothalamus and hindbrain. Both GRP
and NMB have poor binding affinity for BRS-3, suggesting that the endoge-
nous ligand for this receptor remains to be found. Mice deficient for either
GRP-R or NMB-R exhibit no differences in food consumption and body
weight compared to wild-type mice [92–94], although GRP-R may mediate
some of the food intake inhibiting effects of bombesin and GRP [95]. BRS-3
knockout mice, however, are mildly obese, glucose intolerant, and leptin and
insulin resistant [96], suggesting that BRS-3 may be a more important member
of the hypothalamic appetite-regulatory network.

3.8. Oxyntomodulin

Oxyntomodulin, like GLP-1, is derived from enzymatic processing of the
proglucagon gene (Figure 1), and is released from the small intestine after in-
gestion of food. Oxyntomodulin is a satiety signal and inhibits food intake in
rodents when administered either centrally or peripherally [97], and has also
been shown to have anorectic effects when given to human subjects [98], as
well as to promote weight loss [99]. Oxyntomodulin treatment in humans re-
duces plasma ghrelin [98] and leptin levels, while increasing circulating levels
of adiponectin [99]. The fact that oxyntomodulin interacts with the GLP-1R,
albeit with significantly less affinity than GLP-1, suggest that its effects may be
mediated by this receptor, although the existence of an oxyntomodulin-specific
receptor remains a possibility.
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3.9. Leptin

Leptin, encoded by the ob gene, is thought to be one of the most important
hormones involved in energy homeostasis. Primarily secreted by adipocytes in
response to positive energy balance, it circulates to areas of the brain, partic-
ularly the hypothalamus, and induces negative feedback responses. The wide
range of functions and mode of action of leptin are described in more detail
later. Leptin, however, is also produced in the stomach in response to feeding,
as well as CCK treatment [100]. When leptin is administered via the celiac
artery, which perfuses the upper gastrointestinal tract, it dose-dependently re-
duces meal size in normal, but not in vagotomized, rats [101]. In addition,
leptin has also been shown to enhance the food-reducing effects of bombesin
as well as CCK [101, 102]. The role of leptin in the modulation of gut-acting
satiety peptides remains to be thoroughly understood.

4. NEUROENDOCRINE INDICATORS OF
LONG-TERM ENERGY BALANCE: LEPTIN AND
INSULIN

Abnormal metabolism of adipose tissue appears to be an important factor
in the development of insulin resistance [103]. Increased adipose mass, and in
particular abdominal obesity, increases risk for developing insulin resistance
and associated comorbidities, such as cardiovascular disease. On the other
hand, insufficient capacity or a failure of adipocytes to proliferate and store
excess calories has been suggested to cause excess accumulation of TAG and
fatty acids in tissues such as the liver and skeletal muscle, leading to insulin
resistance [104]. Abnormal secretion and/or function of the adipokine leptin
from adipose tissue is an important factor in the etiology of insulin resistance
[103]. In relation to the neuroendocrine control of food intake, leptin is con-
sidered one of, if not the, primary neuroendocrine signal of long-term energy
balance [105]. Loss of function mutations in the leptin (Lep) or leptin receptor
(Lepr) genes are associated with severe obesity and hyperphagia in mice and
in a small number of humans who are homozygous for Lep or Lepr mutations
[106]. Leptin resistance could therefore be an important factor in disorders of
energy intake and expenditure causing obesity and insulin resistance [105].
This hypothesis is supported by the observation that the inactivation of genes
that inhibit LEPR signal transduction in mice is associated with increased lep-
tin sensitivity, and protection from the development of obesity and leptin resis-
tance in obesogenic environments [107, 108].

In both humans and animals, physiological mechanisms monitor body adi-
pose mass and react to changes in energy balance by altering ingestive be-
havior and energy expenditure to buffer against drastic changes in body adi-
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posity and restore body weight and adiposity once the nutritional challenge
dissipates [109–111]. This process of maintaining a relatively constant level of
energy stores over time is known as energy homeostasis, and neuronal circuits
within the brain, and in particular the hypothalamus, are critically involved in
this process [109–111]. These circuits are sensitive to changes in a variety of
circulating nutritional cues, and two hormones that are critical for the home-
ostatic regulation of body weight are the adiposity signals insulin and leptin.

In 1953, Kennedy first articulated the hypothesis that circulating signals
produced by or in proportion to adipose mass act within the brain to reduce
food intake [112]. These signals would decrease in response to reductions in
body adiposity and conversely increase as body fat mass increases, and would
thus represent a negative feedback signal for adiposity. The brain would then
“sense” changes in these adiposity signals and regulate food intake and energy
expenditure to normalize body adiposity. This initial hypothesis for a func-
tional adipostat was supported by Coleman, who extended this hypothesis by
demonstrating that the mouse obesity mutations ob (obese, now Lepob) and db
(diabetic, now Leprdb) represented mutations in what was likely a circulating
cue and its corresponding receptor, such that the lack of either this putative hor-
mone or its receptor resulted in massive obesity [113]. In 1994 Zhang and col-
leagues first cloned the obesity (ob) gene [114], and it was soon demonstrated
that its protein product leptin was indeed a circulating hormone that acted
within the brain to suppress feeding [115–122]. Leptin satisfies many of the re-
quirements of an adiposity signal, being produced and secreted by adipocytes
via mechanisms that are sensitive to both the chronic level of body adipose
mass as well as current metabolic status. Circulating leptin levels increase in
response to increases in adipose mass and glucose flux into adipocytes, while
levels rapidly fall during periods of negative energy balance. Thus circulating
leptin levels are a relatively accurate marker of the nutritional and metabolic
status of the organism. While leptin does have clear effects on peripheral tis-
sues, its profound effects on feeding and energy homeostasis are primarily
mediated by the brain, where leptin acts to suppress food intake; stimulate en-
ergy expenditure; and also influence reproduction, glucose homeostasis, and a
number of additional physiological systems. In addition, leptin or leptin recep-
tor deficiency in both humans and animal models results in a profound obesity
phenotype, marked by hyperphagia, diabetes, and infertility. Thus appropri-
ate leptin signaling within the brain is necessary for energy homeostasis, and
this work collectively supports the role of leptin as an adipostatic signal to the
brain.

Other neuroendocrine signals also appear to satisfy the criteria of an adi-
posity signal. Much of the work focusing on leptin as an adiposity signal was
preceded by a series of studies suggesting that insulin functions as an adiposity
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signal [123]. Although serum insulin levels fluctuate acutely relative to nutri-
ent intake and serum glucose, average or basal insulin levels (such as fasting
insulin) are closely coupled to total body adipose mass [124], such that in-
sulin levels increase with increasing adipose mass and are conversely low in
response to nutrient deprivation. In addition, insulin rapidly enters the brain
and acts within the hypothalamus to suppress food intake and body weight
[125]. Recent genetic work supports this role of insulin in the regulation of en-
ergy balance, as the loss of neuronal insulin receptors leads to a hyperphagic,
obesity-prone phenotype that is in many ways similar to leptin deficiency
[126, 127].

In addition to having similar effects on feeding and energy homeostasis, it
is increasingly evident that insulin and leptin act on common populations of
neurons within the brain, and in particular within the arcuate nucleus of the
hypothalamus (Table 1). The ARC contains at least two distinct populations of
neurons that are sensitive to leptin and insulin. One population produces the
orexigenic peptides NPY and AgRP, and signaling from the NPY/AgRP neu-
ron promotes increased food intake and body weight gain [6]. NPY/AgRP neu-
rons express leptin and insulin receptors, and are negatively regulated by these
hormones. An adjacent population of neurons expresses the POMC. POMC
neurons also express leptin and insulin receptors, but in contrast to NPY/AgRP
neurons, these neurons are stimulated by leptin and insulin and act to inhibit
food intake [6, 15]. POMC is a precursor protein that is processed into a va-
riety of neuropeptides, and the melanocortin α-MSH is one POMC-derived
neuropeptide that is a particularly well-described regulator of feeding behavior
[128]. α-MSH is a ligand for MC4R, and central administration of α-MSH or
other MC4R agonists inhibits food intake. Taken together, these observations
suggest that these adjacent orexigenic and anorexigenic neuronal populations
represent first-order neurons within a circuit that senses changes in leptin and
insulin tone, and that the regulation of these neurons is a central mechanism of
both leptin and insulin action.

4.1. Leptin and Insulin Signaling in Diet-induced Obesity

In humans and rodents, obesity induced by a high-fat diet is associated with
elevated serum leptin and insulin, and a resistance to the central actions of
these hormones [105, 129]. In addition, compelling evidence indicates that
obesity-prone rats (selected for sensitivity to a high-energy diet) are less sen-
sitive to centrally administered leptin, even before the development of obesity
[130, 131]. These observations indicate that a reduction in central insulin or
leptin signaling may promote the development of obesity. This central insulin
and leptin resistance is similar to the peripheral insulin resistance that con-
comitantly develops after exposure to a high-fat diet. Therefore diet-induced
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decreases in hypothalamic insulin and leptin signaling may predispose the indi-
vidual to obesity in the same way that peripheral insulin resistance predisposes
to diabetes. This hypothesis is supported by recent genetic work demonstrat-
ing that mutations that enhance leptin or insulin signaling protect against the
development diet-induced obesity [107, 108, 132].

5. SUMMARY

With the rising prevalence of obesity and insulin resistance syndrome, the
need for understanding how humans regulate body weight has grown consid-
erably. The interaction between peripheral signals of energy status from the
gut or adipose tissue with neural signals in order to maintain energy home-
ostasis is enormously complex. Here we have described several, but by no
means all, of the molecules involved in this process and how we think they
function. Clearly some of these molecules, such as insulin and leptin, are ex-
tremely important for normal human health whereas the roles of others may be
less critical although still important. For instance, despite the significant role
of leptin in physiology, only a handful of obese people have been reported to
have defective leptin signaling. So despite its key role as an adipokine leptin, it
is unlikely to be the major cause of common human obesity. As insulin resis-
tance syndrome and obesity are likely to be polygenic disorders, it is possible
that still more molecules await discovery. The more important task for the fu-
ture, perhaps, will be to decipher the underlying interactions between all of
these signals in order to form a clear picture of the neuroendocrine regulation
of food intake.
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1. INTRODUCTION

Obesity is an international health problem for children, adults, and the el-
derly [1, 2] that can lead to the development of type 2 diabetes, enhance risk
factors for cardiovascular and related diseases, and is associated with increased
cancer risk and renal failure. Childhood obesity foreshadows its persistence
into and through adulthood [3, 4], and obesity is becoming a common prob-
lem among the elderly [5–7]. Obesity is generally displayed as excess adi-
pose tissue and a high body weight, but in some elderly persons and oth-
ers with limited mobility it takes the form of sarcopenic obesity, in which
a preferential loss of muscle tissue increases the percentage of body fat [8].
Based on the body mass index (BMI), obesity has a current prevalence of 20%
to 30% for non-Hispanic white, non-Hispanic black, and Mexican-American
men; 25% to 40% for non-Hispanic white and Mexican-American women;
and as high as 46% to 53% for non-Hispanic black women [9]. A similar
prevalence exists for portions of the adult and pediatric populations of Eu-
rope, and among urban areas of Mexico, the Middle East, India, and China
[10–13]. This obesity pandemic is becoming a greater health problem than
under-nutrition [14–16].

Current publications indicate that this high prevalence of obesity is a re-
cent phenomenon [9, 17–19]. However, in the 1960s, Cheek and colleagues
noted that they were spurred on in their development of new body composition
techniques as a result of concern for the high prevalence of obesity among chil-
dren at that time [20]. Almost 35 years later, there is still a continued need for
improved body composition technology applicable to monitoring and treating
obese children and adults. Numerous methods and equipment are available to
assess fatness and other components of body composition [21, 22]. This chap-
ter discusses the status of those methods applicable for assessing body fatness
among obese individuals in clinical and epidemiological settings.
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2. OVERVIEW OF BODY COMPOSITION METHODS

Detailed aspects of body composition methodology, underlying theories and
general applications, equipment, and analytical techniques are found in sev-
eral excellent texts [21–23]. Those interested in specific body composition
assessment methods should first consult these references. Body composition
methodology is based on assumptions regarding the density of body tissues,
concentrations of water and electrolytes, and biological interrelationships be-
tween body components and body tissues and their distributions among normal
weight individuals. Similar assumptions do not exist for obese persons, whose
metabolic and hormonal problems together with accompanying comorbid con-
ditions alter assumptions and interrelationships underlying the validity of body
composition methods in normal weight individuals [24]. In addition, the appli-
cation of body composition technology is limited among most obese adults and
many older obese children because their bodies are too large for the available
equipment. As a result, epidemiological and national obesity prevalence data
are not completely based on actual measures of body fatness because of the dif-
ficulty of collecting such data during health surveys from sufficient numbers
of obese individuals. It is also difficult to monitor and treat obesity without an
easily acceptable assessment method or index and a reference population.

2.1. Anthropometry

Anthropometric measurements describe body mass, size, shape, and level
of fatness. Body size changes with weight gain, which alters the associative
power among anthropometric measures and indices. Standardized anthropo-
metric techniques are necessary for comparisons between clinical and research
studies, and video and text media describing these techniques are available
[25–27]. Those interested in using anthropometric equipment and methods
should first consult these several resources.

2.2. Weight and Stature

Weight is the obvious measure of obesity. Various scales are available for
measuring weight, but these must be calibrated regularly. Persons with high
body weights tend to have high amounts of body fat although this is not always
true among the elderly with sarcopenic obesity, in whom stable or even low
body weights occur with increased percent body fatness. Changes in weight
reflect corresponding changes in body water, fat, and lean tissue. However,
weight is not always the best indicator of obesity because weight is related
to stature, i.e., tall people are, on average, heavier than short people. Weight
also increases with age in children (because of growth) and in adults (because
of fatness). To overcome this lack of specificity, weight is divided by stature
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squared to create the body mass index or BMI as a descriptive index of body
habitus encompassing both the lean and the obese [1].

Stature is also easily measured with a variety of wall-mounted equipment
that also needs to be calibrated regularly. In addition, methods are available for
predicting stature when it cannot be measured for the handicapped or mobility
impaired [28, 29].

2.3. Body Mass Index

The advantage of BMI as an index of obesity is the availability of extensive
national reference data worldwide, its established relationships with levels of
body fatness, morbidity, and mortality [1], and it is highly predictive of future
risk. High BMI percentile levels based on percentiles on the CDC BMI growth
charts and changes in parameters of BMI curves for children are linked to sig-
nificant levels of risk for adult obesity at corresponding high percentile levels
[4, 30]. A boy with a BMI at the 85th percentile at age 12 has a risk of 20% of
having a BMI at that same level at 35 years of age (Figure 1). For a girl with

Figure 1. Risk of obesity in boys at age 35 years based on BMI percentiles in childhood [4].
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Figure 2. Risk of obesity in girls at age 35 years based on BMI percentiles in childhood [4].

a BMI at the 95th percentile, the corresponding adult risk is greater than 60%
(Figure 2). The relationship of obesity as indexed by BMI with mortality has
been revised for the US adult population [19]. In the elderly, sarcopenia causes
a person of normal weight and BMI to become obese owing to an increased
high percentage of body fat. BMI is also useful in monitoring the treatment of
obesity, but a weight change of about 3.5 kg is needed to produce a unit change
in BMI.

2.4. Abdominal Circumference

Obesity is frequently associated with increased amounts of intraabdominal
fat. A central fat pattern is associated with the deposition of intraabdominal
adipose tissue, but subcutaneous abdominal adipose tissue is involved also.
The ratio of abdominal circumference (sometime incorrectly referred to as
“waist” circumference) to the hip circumference is an early index describ-
ing adipose tissue distribution or fat patterning [31, 32]. Ratios greater than
0.85 represent a masculine or central distribution of fat. Most men with a ratio
greater than 1.0 and women with a ratio greater than 0.85 are at increased risk
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Figure 3. Change in prevalence of adult from 1960 to 2000. (Data from the National Center for
Health Statistics.)

for cardiovascular disease, diabetes, and cancers [33, 34]. However, this ratio
is an imperfect indicator of intraabdominal adipose tissue and the use of the
abdominal circumference alone provides much the same information [35, 36].
Persons in the upper percentiles for abdominal circumference are considered
obese and at increased risk for morbidity, specifically type 2 diabetes and the
metabolic syndrome, and mortality [37, 38]. The increased prevalence in ab-
dominal circumference in the general population can be seen in Figure 3 [39].
Circumferences of other body segments such as the arm and leg are possible
[25] but there are little available reference data except for arm circumference.
The calculation of fat and muscle areas of the arm is not accurate or valid in
the obese.

Abdominal thickness is associated with levels of abdominal obesity because
a large abdomen should be a thick abdomen [12]. However, there is some in-
consistency in standardizing this measurement; should it be taken standing or
recumbent, from the small of the back, or from the top of a table when recum-
bent? There are little available reference data.

2.5. Skinfolds

Skinfolds measure subcutaneous fat thickness, but they are not very useful
for the obese. Most skinfold calipers have an upper measurement limit of 45 to
55 mm, which restricts their use to the “moderately” obese or thinner. A few
skinfold calipers take larger measurements, but this is not a significant im-
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provement because of the difficulty of grasping and holding a large skinfold,
plus the additional problem of reading the caliper dials, all of which create
additional errors. The majority of the available national reference data is for
triceps and subscapular skinfolds, but the triceps is a sex-specific site and can
reflect changes in the underlying triceps muscle rather than an actual change in
body fatness. Skinfolds are useful in monitoring changes in fatness in children
because of their small body size, and the majority of fat is subcutaneous even
in obese children [40, 41]. The statistical relationships of skinfolds with per-
cent and total body fat are often not as strong as that of BMI in both children
and adults [42]. Also, we do not know the real upper distribution of subcuta-
neous fat measurements because most obese children and adults have not had
their skinfolds measured.

2.6. Bioelectric Impedance Analysis

Bioelectrical impedance analyzers (BIAs) do not measure any biological
quantity or describe any biophysical model related to obesity. The impedance
index, stature squared divided by resistance (S2/R) at a frequency, most often
50 kHz, is an independent variable in regression equations to predict body
composition [43–45]. Bioelectrical impedance analyzers use such equations to
describe statistical associations based on biological relationships for a specific
population, and as such the equations are useful only for subjects that closely
match the reference population in body size and shape. BIA has been applied
to overweight or obese samples [46, 47] in a few studies; thus the available
BIA prediction equations are not applicable to overweight or obese children
or adults. The ability of BIA to predict fatness in the obese is difficult because
they have a greater proportion of body mass and body water accounted for by
the trunk, the hydration of fat-free mass (FFM) is lower in the obese, and the
ratio of extracellular water (ECW) to intracellular water (ICW) is increased in
the obese.

BIA validity and its estimates of body composition are significant issues
for normal weight individuals. BIA is useful in describing mean body com-
position for groups of individuals, but large errors for an individual limit its
clinical application, especially among the obese. The large predictive errors
with BIA render it insensitive to small improvements in response to treatment.
Commercial BIA analyzers contain all of the problems associated with this
methodology.

Recent BIA prediction equations have been published [48] along with body
composition mean estimates for non-Hispanic whites, non-Hispanic blacks,
and Mexican-American males and females from 12 to 90 years of age [49].
These equations are not recommended for obese individuals or groups.
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2.7. Body Density

Hydrodensitometry estimates body composition using measures of body
weight, body volume, and residual lung volume. Historically, body density was
converted to the percentage of body weight as fat using the two-compartment
models of Siri [50] or Brozek and co-workers [51], but more recently, a mul-
ticompartment model is used to calculate body fatness [52]. Body density
is plagued with the problem of subject performance because it is difficult if
not impossible for an obese adult or child to submerge. Weight belts reduce
bouncy, but not all aspects of performance. Air displacement devices [53–55]
are limited to adults who are “moderately” obese at best. Regardless, most
overweight and obese persons are reluctant to put on a bathing suit and partic-
ipate in body density measurements.

2.8. Total Body Water

Total body water (TBW) is easy to measure because it does not require un-
dressing or any real physical participation, but this method is limited in the
obese. The major assumption is that FFM is estimated from TBW based on
an assumed average proportion of TBW in FFM of 73%, but this proportion
ranges from 67% to 80% [49, 50]. In addition, about 15% to 30% of TBW is
present in adipose tissue as extracellular fluid, and this proportion increases
with the degree of adiposity. These proportions tend to be higher in women
than in men, higher in the obese, and produce underestimates of FFM and over-
estimates of fatness. Variation in the distribution of TBW as a result of disease
associated with obesity, such as diabetes and renal failure, affects estimates of
FFM and TBF further.

TBW is a potentially useful method applicable to the obese but there are
details that need to be considered. The several analytical chemical methods
used to quantify the concentration of TBW (and extracellular fluid) have errors
of almost a liter. Equilibration times for isotope dilution in relation to levels of
body fatness are unknown, because, theoretically, it might (and should) take
longer for the dilution dose to equilibrate in an obese person as compared with
a normal weight individual. Also, a measure of extracellular space is necessary
to correct the amount of FFM in an obese person. Such data could also be very
useful in the treatment of end-stage renal disease.

2.9. Dual-energy x-ray Absorptiometry

Dual energy x-ray absorptiometry (DXA) is the most popular method for
quantifying fat, lean, and bone tissues. DXA is fast and user friendly for the
subject and the operator, but the machines require regular maintenance and cal-
ibration. DXA has inherent assumptions regarding levels of hydration, potas-
sium content, or tissue density in the estimation of fat and lean tissue, and these
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assumptions vary by manufacturer [56, 57]. DXA estimates of body composi-
tion are also affected by differences among manufacturers in the technology,
models and software employed, methodological problems, and intra- and in-
termachine differences [56, 58]. There are physical limitations of body weight,
length, thickness and width, and the type of DXA machine, i.e., pencil or fan
beam. Most obese adults and many children are often too wide, too thick, and
too heavy to receive a whole-body DXA scan although some innovative adap-
tations have been reported [59]. Pediatric software is available for DXA and
should be used according to the manufacturer’s recommendations. DXA is a
convenient method for measuring body composition in much of the popula-
tion, and it is currently included in the ongoing National Health and Nutrition
Examination Survey (NHANES).

The other imaging systems, such as computed tomography (CT) and mag-
netic resonance imaging (MRI) are not practical for obese individuals. CT is
able to accommodate large body sizes but has high radiation exposures and as
such is inappropriate for whole-body assessments, but it has been used to mea-
sure intraabdominal fat. MRI is not able to accommodate large body sizes in
many instances but can be used for whole body assessments. Both these meth-
ods require additional time and software to provide whole-body quantities of
fat and lean tissue.

3. ETHNIC DIFFERENCES IN BODY COMPOSITION

Ethnic differences in body composition and obesity are affected by differ-
ences in and associations with socioeconomic status, diet, utilization of health
care, and levels of genetic admixture. These associations and effects in some
ethnic groups may not be clear because the health status of minority groups
is frequently affected by socioeconomic factors. African-American girls are
fatter at earlier ages than white girls; they also have an earlier sexual matura-
tion that has been linked to an early onset of obesity [60–64]. At the extremes
of body fatness, there are more African-American women than non-Hispanic
white women. There are limited body composition data for large samples of
African, Hispanic, or Asian Americans and especially for the obese among
these groups [34, 65–67]. The exception is that reasonably extensive anthropo-
metric data are available for African, Hispanic and non-Hispanic white Amer-
icans from the National Center for Health Statistics in the NHANES.

4. AVAILABLE REFERENCE DATA

The principal source of national reference data for obesity in the United
States comes from the National Center for Health Statistics, Centers for Dis-
ease Control and Prevention in the form of the NHANES (http://www.cdc.gov/
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nchs/nhanes.htm). The target populations for these surveys consist of all non-
institutionalized civilian residents of the continental United States including
Alaska, and data from these NCHS surveys presents a picture of the health
status of the US population rather than a desired health goal. The current
NHANES is the first national survey to include DXA measures of body com-
position.

The anthropometric data in the NHANES were selected to monitor the
health and nutritional status of infants, children, adults, and the elderly. These
body measurements follow techniques for corresponding measurements in
the Anthropometric Standardization Reference Manual [25] and are similar
across other NCHS surveys. Mean values and distribution statistics for stature;
weight; and selected body circumferences, breadths, and skinfold thicknesses
of children and adults are available from all these national health surveys.

5. RECOMMENDATIONS

A body composition assessment in an obese child or adult depends on
several conditions. For most children until they are postpuberty, DXA is the
method of choice. This provides an estimate of the amount of fat, lean, and
bony tissues, all of which should be monitored along with any change in weight
during treatment. For older obese children and adults, the easiest measure to
monitor is body weight. This can be combined with a measure of abdominal
circumference and BMI to track progress. As fat tissue is reduced and weight
is lost, it is important that there is not a greater loss of lean tissue, which can
have significant health risks. Other body composition methods that would only
be useful in adults as a measure of lean tissue are possibly from DXA or TBW.
For overweight and moderately obese individuals, with a managed regimen of
diet and exercise, weight will be lost, but some will experience a weight gain
as lean tissue is added [68].

Of all the methods available to monitor obesity, BMI is currently the easiest
and most informative index. Numerous sets of reference data are available and
it is possible to determine, monitor, and track a change in BMI percentiles for
children and adults. This, along with changes in weight, will provide a good,
clinical estimate of the amount of change that is occurring with treatment for
an obese individual.

6. CONCLUSION

It does not appear that the present epidemic of overweight and obesity will
attenuate in the near future. Our ability to diagnosis, monitor, and treat obesity
is limited, in part, by our limited ability to assess body fatness easily. There is
no universally accepted method of measuring body fatness or for quantifying
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obesity clearly, and current methods are hampered with problems of nonuni-
versal assumptions, and limited by application of methodology for obese indi-
viduals.

The WHO [10] has made several recommendations concerning obesity. One
of these addresses the need for the development and validation of new and ex-
isting techniques. In this chapter, we have briefly reviewed many of the existing
techniques and their limitations when applied to obese persons. In support of
this WHO recommendation, it is clear that existing techniques are not applica-
ble to many obese who are in great need of this technology. This limitation also
affects our ability to determine the real prevalence of obesity because the cur-
rent methods are not applicable to large epidemiological and clinical studies.
Obviously much work is yet to be done.
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Chapter 3

Prevalence of Obesity and the Metabolic
Syndrome∗

Ali H. Mokdad and Earl S. Ford
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1. OVERWEIGHT AND OBESITY

Overweight and obesity are terms used to describe excess body fatness,
which increases people’s risk for morbidity, impaired quality of life, and pre-
mature death. They are major clinical and public health problems in the United
States [1, 2] and most of the industrialized world [3]. Although precise mea-
surement of a person’s amount of body fat requires relatively expensive and
sophisticated equipment, practical measures of overweight and obesity exist.
One such measure, the body mass index (BMI), is calculated by dividing a per-
son’s weight in kilograms by the square of the person’s height in meters. Al-
ternatively, BMI can be calculated by multiplying a person’s weight in pounds
by 703 and dividing by the square of the person’s height in inches. Most of
the surveillance on overweight and obesity is based on BMI because of the
simplicity of the measure.

According to the National Institutes of Health, adults with a BMI of 30 or
above are considered obese, and those with a BMI from 25 to 29.9 are con-
sidered overweight [4]. Other practical measures of overweight and obesity
among adults include abdominal girth and the ratio of waist to hip circumfer-
ences. The grid in Figure 1 shows BMI levels for adults of different heights and
weights. Although no specific partition values for overweight and obesity have
been established for children and adolescents, they are considered overweight
if their BMI is at or above the 95th percentile for their sex and age according to
the revised Centers for Disease Control and Prevention (CDC) growth charts
shown in Figures 2 and 3 [5].

For both youth and adults, the value of BMI in determining public health
burden of excess weight is limited in several ways [6]. The BMI by itself does
not reflect the distribution of excess fat in the body. Yet another and more
serious limitation is that it does not account for differences in body structure;

∗The findings and conclusions in this report are those of the authors and do not represent the
views of the Centers for Disease Control and Prevention.
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Figure 1. Body mass index in adults: the spectrum of body weights that characterize healthy
weight, overweight, and obesity for different levels of body height in adults (from [6].)

a well conditioned athlete might be considered “obese.” Moreover, there are
ethnic differences for optimal BMI cutoffs. In addition, a BMI as low as 21,
which is significantly lower than the current cutoff for overweight, may be
associated with the lowest risk for death from coronary heart disease [6].

Figure 4 shows how the prevalence of US residents who are overweight
or obese increased from 1960 through 2000. State-based surveillance data
from the Behavioral Risk Factors Surveillance System (BRFSS) show a sub-
stantial increase in the prevalence of obesity among US adults over the last
decade (Figure 5). Overall, the prevalence of obesity among US adults in-
creased from 12% in 1991 to 21.3% in 2002. In 2002, about 2.4% (2.0% of
men and 2.8% of women) of the adult population had a BMI of ≥ 40, versus
2.3% in 2001 and 0.9% in 1991. Among races, blacks had the highest rate of
obesity (32.4%), primarily because of the high prevalence of obesity among
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Figure 2. Body mass index-for-age percentiles: girls aged 2 to 20 years (from [6]). Source:
developed by the National Center for Health Statistics in collaboration with the National Center
for Chronic Disease Prevention and Health Promotion (2000).

black women. West Virginia had the highest rate of obesity (26.6%) and Col-
orado the lowest (16.1%). In 2002, 58% of adult Americans (66.3% of men
and 49.8% of women) who participated in the Behavioral Risk Factor Surveil-
lance Study were overweight. Because these rates are based on self-reported
weight and height, they are no doubt substantial underestimates. First, people
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Figure 3. Body mass index-for-age percentiles: boys aged 2 to 20 years (from [6]). Source:
developed by the National Center for Health Statistics in collaboration with the National Center
for Chronic Disease Prevention and Health Promotion (2000).

without telephones are not included in BRFSS, and such persons are likely
to be of low socioeconomic status, a factor associated with both obesity and
diabetes [7]. Second, in validation studies of self-reported weight and height,
overweight participants tend to underestimate their weight, and all participants
tend to overestimate their height [8–10]. Third, those who reported a weight
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Figure 4. Overweight and obesity by age: United States, 1960–2000. (From Overweight and
Obesity by Age, United States, 1960–2000 with Chartbooks on Trends in Health of Americans.
Hyattsville, MD: CDC, NCHS, 2003).

greater than 500 pounds or height greater than 7 feet were excluded. The re-
cent estimate of obesity among US adults 20 years of age or older is about
30% based on measured weight and height [11]. In addition to the large state-
to-state variation in obesity, Ford et al. showed a wide variation in obesity and
its related behaviors between local areas in the United States [12].

Several studies have also shown that a high percentage of US children and
young adults are overweight. Rates are especially high in certain subpopula-
tions. For example, Zephier et al. [13] showed that in the Aberdeen Indian
Health Service area 39.1% of boys and 38.0% of girls were overweight, and
22.0% of boys and 18.0% of girls were obese. Similar studies suggest wide-
spread increases in the prevalence of overweight and obesity among all US
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Figure 5. Trends in obesity (defined as a body mass index of 30 or higher) among US adults,
BRFSS 1990, 1996, and 2002 (from Behavioral Risk Factor Surveillance System, CDC).

school-age children [14–16]. Other data show that the increasing prevalence
of overweight and obesity in schoolchildren, adolescents, and young adults is
a worldwide trend [17–20].

Excess weight has multiple causes including environmental, cultural, be-
havioral, socioeconomic, metabolic, and genetic. While individual behaviors
and lifestyle choices are important factors in whether someone will become
overweight or obese, environmental factors that influence the choices that in-
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dividuals make are also crucial. For most people, however, the most proximate
determinant of obesity and overweight is the imbalance between energy con-
sumption and energy expenditure.

Excess energy consumption coupled with inadequate physical activity in-
variably leads to weight gain. The US Surgeon General recommends that adults
should engage in at least 30 minutes of moderate physical activity on most days
of the week [21]. The US Department of Agriculture recommends that adults
should engage in approximately 60 minutes of moderate-to-vigorous-intensity
activity on most days of the week while not exceeding the required caloric
intake in order to manage body weight and prevent gradual, unhealthy body
weight gain [22]. Moderation in calorie intake is also a key to maintaining
ideal body weight. Recent data suggest, however, that Americans are eating
more, with some performing little or no regular physical activity [23, 24]. Al-
though there is a moderate increase in percentage of Americans engaging in
physical activity, the rates are still below what will be needed to attain the
healthy weight goals in the United States [1].

Among infants, the risk of being overweight has been associated with
caloric intake by the mother during pregnancy as well as maternal smoking
and diabetes mellitus [25, 26] and with duration of breastfeeding [27, 28].
For example, at the time they enter school, only 0.8% of children who were
breastfed for 12 months or longer were overweight whereas the percentage in-
creased gradually with shorter duration of breastfeeding to reach 4.5% among
those who were not breastfed at all [27].

Factors associated with overweight and obesity are listed in Table 1. From a
public health perspective, the most important of these factors are lack of physi-
cal activity, poor diet, race/ethnicity, and other sociocultural and environmental
influences.

The continuing epidemic of overweight and obesity has tremendous impli-
cations for future morbidity and mortality rates, health care costs, and quality
of life in the United States. Obesity is clearly associated with mortality, al-
though the exact burden is not clear yet [29–31]. Obesity has also been iden-
tified as a factor in the increased prevalence of type 2 diabetes mellitus, coro-
nary heart disease, cancers, high blood cholesterol level, high blood pressure,
gallbladder disease, and osteoarthritis [32, 33]. Some researchers believe that
the epidemic of obesity in the past decade has contributed to a slowing in the
decline of blood cholesterol levels and to a decrease in blood pressure levels in
the United States [34, 35]. In addition, obesity has a direct cost of $75 billion
in the United States (5% to 7% of total annual medical expenditure) and its in-
direct costs are about $64 billion, which leads to a total cost of about $139 bil-
lion (year 2003 dollars) [36]. A recent national survey of health care utilization
showed that obese persons had 36% higher inpatient and outpatient expendi-
tures and 77% higher medication costs than normal weight persons [37].
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Table 1. Prenatal, early-life, and later-life influences associated with an increased
risk of obesity in adulthood

Prenatal and early life influences Diet, drugs, and specific disorders
• High maternal caloric intake during

pregnancy
• Excess energy intake and unhealthy

eating behaviors
• Maternal smoking ◦ Overeating
• Maternal diabetes ◦ Frequent eating
• High birth weight ◦ High dietary fat intake
• Absence or short duration of breast-

feeding
◦ Night-eating syndrome
◦ Binge-eating disorder

• Parental obesity ◦ Progressive hyperphagic obesity
• Obesity during childhood and adoles-

cence
• Drug and hormone use

◦ Use of antipsychotic drugs
◦ Use of antidepressant drugs

Later-life influences ◦ Intense use of insulin
• Pregnancy • Neuroendocrine disorders
• Postmenopausal factors • Genetic and congenital disorders
• Sedentary lifestyle • Disabilities involving physical and

sensory impairments◦ No regular physical activity
◦ No or little work-related activity • Psychological disorders
◦ No recreational physical activity
◦ Prolonged television watching Other factors

• Absence of policies and environmen-
tal factors supporting physical activ-
ity and balanced diet

• Smoking cessation
• Ethnicity
• Socioeconomic factors
• Poor mental health

Modified from Bray GA. Etiology and Natural History of Obesity.

2. PREVENTION AND CONTROL PROGRAMS

To be effective, programs to address the obesity epidemic need to be
comprehensive and offered through multiple community venues, including
schools, faith-based organizations, health care settings, businesses, and work-
sites. These programs should focus on increasing physical activity, improving
diet, and sustaining these lifestyle changes in order to reduce both body weight
and its impact on morbidity and mortality. Programs that address early life in-
fluences and programs in schools and after-school settings [38–45] should be
as much a priority as programs that target obese adults in community-based
settings [46–50]. Programs that specifically target low-income and ethnic mi-
nority children are also very important because of the higher rates of obesity
in these groups [38, 42–45, 51, 52]. While overweight and obese persons need
to reduce their caloric intake and increase their physical activity, many oth-
ers must play a role to help these individuals and to prevent further increases
in obesity and diabetes. Health care providers must counsel their overweight
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and obese patients. Workplaces must offer healthy food choices in their cafe-
terias and provide opportunities for employees to be physically active on site.
Schools must offer more physical education that encourages lifelong physical
activity and provide a balanced diet rich in fruits and vegetables. Urban policy-
makers must provide more sidewalks, bike paths, and other alternatives to cars.
Parents need to reduce the amount of time their children devote to watching
television and playing computer games, and encourage active play. In general,
restoring physical activity to our daily routines will be crucial to the success of
efforts to reduce the percentage of Americans who are overweight or obese.

3. THE METABOLIC SYNDROME

There is considerable controversy about the metabolic syndrome, including
disagreements about its definition and whether it is even a “syndrome” with
established outcomes. In general, the term “metabolic syndrome” is used to
describe a constellation of risk factors that predispose people to cardiovas-
cular disease (CVD) and its complications. Although there is no universally
accepted definition of the metabolic syndrome, abdominal obesity, athero-
genic dyslipidemia, high blood pressure, insulin resistance (with or without
glucose intolerance), a proinflammatory state, and a prothrombotic state are
generally considered to be key components [53]. Commonly used definitions
include one proposed by the Third Report of the National Cholesterol Educa-
tion Program Expert Panel on Detection, Evaluation, and Treatment of High
Blood Cholesterol in Adults (Adult Treatment Panel III [ATP III]) [54], one by
the World Health Organization (WHO) [55], by the American Association of
Clinical Endocrinologists [56], and by the International Diabetes Federation
(http://www.idf.org). Criteria for the WHO and NCEP definitions are shown
in Tables 2 and 3. Although the WHO and ATP III [54, 55] criteria to diagnose
the metabolic syndrome in a population-based sample of noninstitutionalized
adults resulted in an overall 86.2% agreement, there were substantial differ-
ences in diagnosis for some population subgroups, such as African Ameri-
cans [57].

Current published data suggest that the metabolic syndrome is highly preva-
lent in the US adult population [58]. Factors associated with the metabolic
syndrome include impaired glucose tolerance and type 2 diabetes [58, 59]. Us-
ing the original NCEP definition, Ford et al. showed that about 47 million US
residents had the metabolic syndrome and that the overall age-adjusted preva-
lence of the syndrome was 23.7% and increased substantially with advanc-
ing age from 6.7% among Americans 20 through 29 years of age to 43.5%
and 42.0% among those 60 through 69 years of age and those 70 years of
age or older, respectively [58]. The overall age-adjusted prevalence of the
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Table 2. Coexistence of three or more of the following criteria makes a diagnosis
of the metabolic syndrome in accordance with the ATP III criteria

• Abdominal obesity: waist circumference > 102 cm in men and > 88 cm in women
• Hypertriglyceridemia: ≥ 150 mg/dL (1.695 mmol/L)
• Low HDL-cholesterol: < 40 mg/dL (1.036 mmol/L) in men and < 50 mg/dL

(1.295 mmol/L) in women
• High blood pressure: ≥ 130/85 mm Hg
• High fasting glucose: ≥ 110 mg/dL (6.1 mmol/L)

From [54].

Table 3. The presence of two or more of the following abnormalities in a patient with
diabetes, impaired glucose tolerance, impaired fasting glucose, or insulin resistance
makes a diagnosis of the metabolic syndrome in accordance with the WHO criteria

(1998 definition)

• High blood pressure: > 160/90 mm Hg
• Hyperlipidemia: triglyceride concentration ≥ 150 mg/dL (1.695 mmol/L) and/or HDL

cholesterol < 35 mg/dL (0.9 mmol/L) in men and < 39 mg/dL (1.0 mmol/L) in women
• Central obesity: waist-to-hip ratio of > 0.90 in men or > 0.85 in women and/or

BMI ≥ 30 kg/m2

Microalbuminuria: urinary albumin excretion rate ≥ 20 mg/min or an albumin-to-creati-
nine ratio ≥ 20 mg/g.

From [56].

metabolic syndrome was similar for men (24.0%) and women (23.4%), al-
though among African Americans and Mexican Americans women had a 57%
and a 26% higher prevalence than men, respectively and Mexican Americans
had the highest age-adjusted prevalence of the metabolic syndrome among all
ethnic groups (31.9%) [58]. In a recent publication, Ford et al. showed an
increased prevalence of the metabolic syndrome among adults in the United
States [60].

Although many factors may contribute to the pathogenesis of the metabolic
syndrome, insulin resistance is generally considered to be a central mechanism
[61]. Insulin resistance is influenced by other hormonal stimuli and the effects
of free fatty acids [62]. The regulation of the hypothalamic–pituitary adrenal
axis may also be a factor in the pathogenesis of the syndrome [63], given that
this regulation may be disturbed by an environment characterized by abundant
food and few demands for physical activity [64]. Another possible cause of
the metabolic syndrome may be chronic activation of the innate immune sys-
tem [65], because many people with the metabolic syndrome show evidence
of low-grade inflammation [66–68]. In addition, cytokines and hormones pro-
duced by adipocytes may contribute to the physiological perturbations associ-
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ated with the metabolic syndrome independent of insulin resistance. However,
studies have not shown leptin to be associated with the syndrome [69–71].
Moreover, it is likely that some people may have a genetic predisposition to
develop the metabolic syndrome [72]. Finally, sedentary behavior is an impor-
tant predictor of the metabolic syndrome [73].

People with the syndrome have also been shown to be at increased risk
for diabetes and CVD [59, 74, 75]. Hanson et al. [74] showed that during a
median follow-up of 4.1 years, 144 of 890 originally nondiabetic participants
developed diabetes and that hyperinsulinemia, body size, and lipid levels were
significantly associated with participants’ diabetes risk whereas their blood
pressure was not [74]. Using the NCEP-ATP III criteria for metabolic syn-
drome, Solymoss et al. showed the prevalence of the syndrome to be 51% in
a Canadian population with established coronary artery [75]. Compared with
patients without the syndrome, these patients had a worse coronary risk pro-
file, a higher cumulative coronary stenosis score, and a greater likelihood of
having had previous myocardial infarction. However, in a detailed review of
the prospective studies from 1998 through 2004, Ford [76] concluded that the
ability of the metabolic syndrome to predict the future risk of all-cause mortal-
ity and cardiovascular mortality may be limited. On the other hand, he showed
that the metabolic syndrome is a better predictor of the future risk of dia-
betes [76].

Even among persons without baseline CVD or diabetes, the presence of the
metabolic syndrome was significantly associated with both cardiovascular and
all-cause mortality rates. Using the WHO criteria for the metabolic syndrome,
Isomaa et al. [59] showed that the risk for coronary heart disease and stroke in-
creased threefold and that the cardiovascular mortality rate was higher among
subjects with the metabolic syndrome (12.0 vs. 2.2%, p < 0.001).

Similarly, in a population-based, prospective cohort study of 1209 Finnish
men 42 to 60 years of age at baseline (1984–1989) who were initially without
CVD, cancer, or diabetes Lakka et al. found that both cardiovascular and all-
cause mortality rates were significantly higher among men with the metabolic
syndrome [77]. Using four definitions based on the NCEP and the WHO crite-
ria and adjusting for conventional cardiovascular risk factors, they showed that
men with the metabolic syndrome were 2.9 to 3.3 times more likely to die of
coronary heart disease [77].

4. PREVENTIVE AND CONTROL STRATEGIES

Approaches to the prevention and control of the metabolic syndrome in-
clude pharmacologic treatment and behavioral and lifestyle changes such as
increasing one’s level of physical activity, losing weight, eating a diet rich in
fruits and vegetables but low in saturated fat, and eating more foods with a low
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glycemic index [78–82]. The use of statins, fibrates, angiotensin-converting
enzyme inhibitors, and other antihypertensive drugs has been shown to control
dyslipidemia and hypertension and thus reduce coronary risk [54, 78, 79]. The
thiazolidinediones have also been shown to have beneficial effects on several
of the components of the metabolic syndrome, although their long-term safety
and effectiveness remain to be proven [83–85].

5. FUTURE PERSPECTIVES

The rapid increase in obesity in all segments of the population and regions of
the country implies that there have been broad sweeping changes in our society
that are contributing to weight gain by fostering caloric imbalance [85–92].
Such changes are unlikely to be the result of diminished individual motivation
to maintain weight or genetic or other biological changes in the population.
Indeed, these changes in behaviors, coupled with an aging US population, will
increase the prevalence of obesity and the metabolic syndrome and suggest
that the number of people with chronic diseases in general and cardiovascular
disease and diabetes in particular is likely to increase dramatically.

The results of scientific research conducted during the last decade provide
a sound foundation for efforts to prevent and control chronic diseases. The
challenge is in translating these findings into practice. Thus, efforts to identify
novel approaches to translate the best science into practice [93] must remain
an important research objective. Emphasis must be placed on increasing the
acceptance and participation in these preventive programs, particularly among
groups who are often seldom reached, such as ethnic minority women and
young adults, who are at high risk for the development of obesity, metabolic
syndrome, diabetes, and cardiovascular sequelae [94].

Increased resources are also needed to better understand the metabolic syn-
drome, including its etiology, natural history, genetic and environmental de-
terminants, and clinical outcomes [95] as well as research to identify cultur-
ally appropriate interventions to reduce the prevalence of the metabolic syn-
drome among disproportionately affected groups, particularly Hispanics and
African-American women. Therefore, the development and dissemination of
community-based interventions that will combat obesity and the metabolic
syndrome are also crucial. In all of these research efforts, emphasis must be
placed on population-based approaches to developing interventions that ad-
dress the needs of specific populations in order to reduce and eventually elim-
inate known health disparities in chronic diseases.

The burden of chronic diseases globally is projected to increase dramat-
ically. The problem is compounded by the aging effects of the population
worldwide and the concomitant increased cost of illness at a time when coun-
tries struggle to accommodate costs of health care that continue to outstrip
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growth in their gross domestic product. There is an urgent need to establish a
more preventive orientation in health care and public health systems. Indeed,
the prevention and control of overweight, obesity, metabolic syndrome, and all
related chronic diseases through a balanced diet and increased physical activity
must become a priority.
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1. INTRODUCTION

Common complex diseases can be characterized by quantitative derange-
ments in normal physiological processes (e.g., glucose or lipid levels) that cu-
mulatively act to increase an individual’s disease risk. This class of common
complex diseases represents a variety of conditions with serious implications
for public health including coronary heart disease, hypertension, type 2 dia-
betes, and obesity. While environmental factors play a significant role in the
development of these conditions (e.g., diet), it is the individual’s unique ge-
netic background that dictates the response to these environmental pressures.
Recent advances in molecular genetics and the biology of adipose tissue have
brought to light new genes thought to be involved in the development of obe-
sity. However, most of the genetic variants predisposing to human obesity re-
main to be identified. Three general approaches have been used to date in the
search for genes underlying common, complex diseases, such as obesity. The
first approach focuses on a priori selected candidate genes believed to have
some plausible role in the trait of interest (e.g., obesity) on the basis of their
known or presumed biological function. This approach has had limited success
in identifying genes involved in the development of disease at the population
level. An alternative approach attempts to localize genes and requires no pre-
sumptions on the function of the gene, and is based on the detection of unique
patterns of segregation among related individuals (chief among this type of
approach has been linkage analysis). Recent advances in the ability to evalu-
ate linkage analysis data from large family pedigrees has shown great promise
in identifying genomic regions associated with the development of complex
phenotypes such as obesity, but the identification of the specific casual ge-
netic variants has remained somewhat elusive. RNA-based technologies have
recently begun to prove very useful to identify genes differentially expressed
in tissues of healthy and diseased individuals. In this chapter we review the
current knowledge of the genetic contribution to the pathogenesis of obesity.
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2. OBESITY AS A COMMON COMPLEX
PHENOTYPE

Obesity has now reached epidemic rates in many industrialized nations and
has become a significant public health crisis. The World Health Organization
has stated that more than 1 billion people are overweight or obese [1]. Almost
61% of the US population is obese or overweight, leading to a dramatic in-
crease in the comorbid diseases of the metabolic syndrome, including type 2
diabetes, and cardiovascular atherosclerotic disease [2, 3]. There is no doubt
that this epidemic is on the rise in developing countries as urbanization, in-
creasing reliance on technology, and easy access to large amounts of processed
food lead people in those countries toward high-fat, calorie-dense diets, and a
more sedentary lifestyle [4]. This broad transition in nutritional status has now
reached Asia, Latin America, the Middle East, and Northern Africa, and is
causing populations throughout the world to display disease prevalence and
trends similar to those seen in the United States. These trends can only be ac-
celerated by economic globalization, which tends to direct job opportunities
toward activities demanding less energy expenditure than labor-intensive jobs
such as farming, and also promotes sedentary leisure activities such as watch-
ing television [5].

Although it is clear that this worldwide marked increase in the prevalence
of obesity appears to be attributable to an obesogenic or toxic environment,
characterized by the consumption of “super size” portions of energy-dense
foods and a lack of appropriate physical activity, research in the past 10 years
has shown that genetic factors clearly predispose some individuals to be more
susceptible than others to these environmental stressors [6–8].

The search for the cause of this variation has revealed an important herita-
ble contribution to obesity and its related phenotypes [9]. By the end of 2002,
more than 300 genes, markers, and chromosomal regions linked with obesity
phenotypes had been reported. Genome scans had identified 68 human quanti-
tative trait loci (QTLs), plus 168 QTLs from animal models for obesity. There
were 222 studies showing positive associations to 71 candidate genes, with
15 candidate genes supported by at least five positive studies. Causal or strong
candidate genes were identified for 23 out of 33 Mendelian syndromes relevant
to human obesity [10]. The purpose of this chapter is to present the genetic con-
tribution to the pathogenesis of obesity, in order to evaluate its importance in
understanding and treating this serious public health problem.
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3. ANCIENT GENES IN A MODERN WORLD: AN
EVOLUTIONARY GENETIC PERSPECTIVE ON
OBESITY

The vast majority of human evolutionary existence has been spent as hunter-
gatherers in environments where access to calories was often restricted. It has
only been in recent human history that we find our selves living in what can be
termed a readily accessible, energy-rich environment (at least with respect to
most of the Westernized world). As a result it has been repeatedly suggested
that there is an evolutionary disconnect between the selective pressures of the
environment of limited and often unpredictable calories in which our genome
evolved and the obesogenic environment (i.e., readily available calories and
limited opportunities for energy expenditure) in which those genes now must
be expressed [11]. It has been suggested that these environmental pressures fa-
vored genetic variants that were more efficient at storing and utilizing available
calories (originally referred to as “thrifty” genes [12, 13]), thereby imparting a
selective advantage to those who possessed them during periods of famine and
deprivation that have often plagued human populations [14, 15]. The human
body has a limited capacity to store proteins and carbohydrates, as well as lit-
tle ability to convert carbohydrate to fat. In this context, the consumption and
storage of fat in the adipose tissue as a primary energy reserve constitutes an
important evolutionary adaptation [16, 17].

Compared with the conditions that prevailed over evolutionary time, our
environment has been drastically altered by 10,000 years of agriculture and
especially by 200–300 years of industrialization. Our “thrifty genes” are now
exposed to an environment of toxic abundance, which acts as a powerful pro-
moter of chronic diseases such as type 2 diabetes, hypertension, atherosclero-
sis, and obesity. This environment of excessive calorie intake and a sedentary
life style has precipitated an epidemic of obesity [18–20]. However, humans
are highly variable in their susceptibility to develop obesity [8, 9, 21–23].

This evolutionary genetic argument has been used to explain phenomena
such as the extreme prevalence of obesity and the metabolic syndrome in the
Pima Indians of Arizona, where these once evolutionarily favored “thrifty”
genes have now become maladaptive in a new environment in which calories
are readily available. The relatively small and genetically isolated Pima Indian
population has experienced a drastic shift in lifestyle in just over a century,
as upstream river diversions eliminated their traditional, physically demand-
ing, irrigated agriculture subsistence [24]. Today, many Pima are employed in
sedentary jobs and have shifted to the high-fat, high-caloric-density foods of
their non-Indian neighbors. In this environment the Pima have rapidly devel-
oped extreme rates of metabolic disease: approximately half of the Arizona
Pima have type 2 diabetes, and the rate of obesity exceeds 60% in young adult
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males and 80% in young adult females [25]. Significantly, a related Mexican
population of Pima Indians maintains its traditional diet and active lifestyle
and exhibits much lower rates of diabetes and obesity [26].

While some researchers have presented what could be argued to be extreme
positions on the role of the environment in the development of the current epi-
demic of obesity (e.g., [18]), it is generally conceded that it is necessary to as-
sume a synergistic relationship between genes and the environment to explain
the development of this complex phenomenon. The result of this interaction of
“permissive” genes and “toxic” environments is the expression of a very com-
plex trait. It is this innate complexity that makes the identification of obesity
susceptibility genes (as well as those for any common complex disease) such
a difficult task. However, the ultimate reward of undertaking such a difficult
task is the opportunity to unravel the intimate biological and molecular aspects
of the disease, moving us toward a complete understanding of its pathophys-
iology and ultimately to the design of new medications and more efficacious
diagnostic tests [8, 15, 22, 27].

4. APPROACHES TO OBESITY GENE DISCOVERY

The identification of disease genes through molecular genetic analysis has
been very successful for monogenic traits such as cystic fibrosis that exhibit
simple patterns of Mendelian inheritance [28]. However, few genes have been
identified for the large group of common complex diseases, including obesity,
type 2 diabetes, hypertension, cardiovascular disease, asthma, schizophrenia,
and cancer. Such diseases are clearly heritable—they exhibit familiality— yet
they do not display simple Mendelian (i.e., monogenic) patterns of inheritance.
Several factors potentially hamper the study of complex diseases: (a) genetic
(or locus) heterogeneity, in which different genes influence disease risk in
different lineages or populations; (b) allelic heterogeneity, in which different
variations within the same gene cause similar physiological alterations lead-
ing to the development of the disease; (c) incomplete penetrance, in which
disease-causing mutations are variably expressed, perhaps owing to other com-
pensatory genetic factors, or to random effects; (d) phenocopy, in which the
sporadic occurrence of the disease is possible even with minimal genetic risk
but with a highly permissive environment that increases the risk of disease; and
(e) oligogenic inheritance, in which depending upon the physiologic structure
of the genetic products, mutations must be present in several genes simultane-
ously for development of the disease [29].

There are currently three fundamental strategies used to identify genes in-
volved in the development of common complex diseases such as obesity.
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4.1. Candidate Gene Association Study

The first and perhaps most traditional approach is the candidate gene associ-
ation study, which tests the association between a specific genetic variant and a
phenotype. Candidate genes for obesity would be those thought to be involved
in the development of obesity because of their presumed or known biological
effects on mechanisms involved with (a) the regulation of food intake under
the control of the central nervous system, (b) the modulation of insulin ac-
tion and glucose metabolism in target tissues that could contribute to an excess
accumulation of adipose tissue or to the development of obesity-induced in-
sulin resistance, or (c) the regulation of energy expenditure and adipose tissue
metabolism including lipid oxidation, lipolysis, and lipogenesis. The common
procedure to study candidate genes is to identify genetic variants and genotype
them in a large sample of unrelated cases and controls. Statistical analyses are
performed to detect associations and determine if the disease and a particular
allele show significant correlated occurrence [22, 30, 31]. Note that this ap-
proach requires that the candidate gene has been identified previously from
either biochemical or molecular studies; the question is whether there exist
variants in the gene that account for variation observed in the expression of the
phenotype or disease state.

4.2. Genome Scan

The second approach, the genome scan, detects chromosomal regions
known as quantitative trait loci or QTLs, and potential genes or gene clusters
within such regions, where linkage with the target phenotype can be shown.
Linkage analysis, utilizing polymorphic markers evenly spaced throughout the
complete genome, identifies chromosomal regions with statistically significant
cosegregation with the quantitative phenotype. The genome scan strategy does
not require assuming the function of the genes in the susceptible loci, but relies
on the detection of the unique pattern of segregation of markers and pheno-
types across generations of related individuals. The genomic region found in
a linkage study is usually large (10 to 30 cM—a region that can encompass
many genes); consequently, fine mapping is necessary to pinpoint a QTL to a
narrower genomic region to eventually be able to identify the causative genes
[27, 32, 33].

At present most genome-wide linkage studies make use of approximately
400 to 600 polymorphic markers (e.g., microsatellites) per person distributed
fairly evenly throughout the human genome. Once each member of a pedigree
is genotyped for these markers, one can estimate the probability that two indi-
viduals share any given chromosomal region identically by descent. One then
estimates the correlation of the disease phenotype between related pairs, to es-
timate what proportion of variance in the phenotype is “explained” by these
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shared regions. Regions that show significant linkage to the trait are the QTLs,
interpreted as rough locations of causative genes for the disease. The next step
is to refine the genetic location, aided by the availability of high-resolution hu-
man genetic maps [34–36]. The localized genes found within the implicated
region can be sequenced to try to identify the genetic alteration present in af-
fected individuals but absent in unaffected pedigreed members. Such genetic
alterations are considered as causes of the disease.

The technique of positional cloning is enhanced by the availability of the
human genome sequence, which identifies both known and probable genes
[37, 38]. The main difference between a positional candidate gene and a tra-
ditional candidate gene is that each positional candidate gene is considered
based solely on its proximity to a QTL previously identified through a linkage
analysis in a genome scan. Therefore, the genome-wide scan approach offers
the potential of identifying novel or previously unsuspected genes affecting a
given phenotype. This does not, of course, exclude the possibility that a pre-
viously suspected candidate gene could be responsible for the QTL [39], in
which case the linkage analysis strengthens that gene’s “candidacy.”

4.3. mRNA

The third approach to identifying genes is based on variations in the profile
of tissue gene expression, whether in lean versus obese individuals or in dif-
ferent tissues within individuals. This specific approach uses messenger RNA
(mRNA), unlike the two previously described approaches which are based on
the use of DNA. The collection of mRNA from tissue samples can be some-
what problematic in human studies when compared to the DNA approach.
RNA is less stable chemically than DNA, and requires special care to avoid
the degradation of the sample. More importantly, while DNA can be collected
from blood, collection of samples of other tissues typically requires surgical
biopsy [31].

5. EVIDENCE FROM ANIMAL MODELS FOR THE
GENETIC CONTRIBUTION TO OBESITY

5.1. Monogenic Obesity

There are several spontaneous forms of monogenic obesity in rodents, some
of which have been known for decades. The genes responsible for many of
these have been cloned, revealing interesting candidate genes to be considered
in studies of human obesity [40, 41]. Six single genes that have been shown
to cause obesity have been identified from several strains of rodents, and have
been termed ob, db, agouti, fat, tubby, and mahogany. They all express protein
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molecules that seem to interact with physiological pathways involved in energy
homeostasis, body weight regulation, and adipose tissue storage [42].

The two best described animal models of monogenic obesity are the mutant
rodents ob (obese) and db (diabetes). These rodents present a complete defi-
ciency in the expression of the circulating adipostatic hormone leptin, or its
receptor respectively, owing to gene defects in the structural genes for these
proteins. Both mutations were identified positionally; characterization of lep-
tin, the ob gene product, was a breakthrough in our understanding of adipo-
static regulation. The lack of leptin or a functional signaling receptor leads to
an increased food intake and the development of obesity and type 2 diabetes.
It seems that the genes coding for leptin and its receptor play a key role in the
development of fat tissue accumulation at early stages of life [43–45].

The agouti yellow mouse presents a dominant mutation, conferring to the
mutant mice an obese phenotype with increased linear growth and a yel-
low coat color. The mutation expresses an ectopic protein whose action is
to antagonize melanocortin receptors. While peripheral agouti causes abnor-
mal pigmentation via the melanocortin receptor 1 (MC1R), ectopic expres-
sion of agouti in brain affects the central melanocortin receptor 4 (MC4R),
directly altering the hypothalamic neuroendocrine system and leading to the
melanocortin-obesity syndrome. In humans there is a similar phenotype due
to mutations in the gene for MC4R (see later) [46–48]. A natural suppression
of the mutation induced by agouti has been observed during the study of two
natural autosomal recessive mutations called mahogany (mg) and mahoganoid
(md). These appear to be caused by the gene Atrn (attractin). Both mutations
are capable of deviating melanogenesis from synthesis of pheomelanin to that
of eumelanin. They also strongly prevent the development of obesity induced
by ectopic agouti [49–51].

Other recessive mutations in rodents resulting in phenotypes associated with
obesity are also accompanied by endocrine and metabolic disturbances. This
is seen with homozygotic mutation of the carboxipeptidase E enzyme (Cpe)
in the strain of fat rodents which is biochemically manifested by elevated
plasma pancreatic proinsulin concentrations. The Cpe gene is similar to the
proconvertase-1 gene in humans [52, 53]. Mutations in the tubby gene lead to
multiple sensory deficits with a moderate obesity phenotype which starts in the
adult life of the mutant, differing from fat strains in that tubby mutants present
insulin resistance [54, 55]. Although the differences between animal species
and humans cannot allow a complete comparative analogy in their biological
functions, we cannot deny that the existence of a variety of animal models has
been an important tool to understand many aspects of the genetics and physi-
ology of human obesity [54, 56, 57]. These models, particularly rodents, have
been the subjects of extensive research to pursue the identification of genes in
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humans. Manufacture of genetically modified mutant strains has enabled re-
searchers to elucidate several metabolic pathways influencing the regulation
of body weight [58].

5.2. Oligogenic Obesity

A quantitative genetic approach to the study of body weight in rodents gives
us an opportunity to investigate important aspects regarding its genetic archi-
tecture. This kind of approach can be addressed using an animal model system
in which both environmental and genetic effects can be maintained [59]. An-
other important advantage when using rodents or other laboratory animals as
model systems in quantitative genetics is the capability to select specific phe-
notypes such as energy expenditure [60] that would be more difficult to mea-
sure in humans. The spectrum of the existing genetic variants, combined with a
short generation time and the low cost of maintenance, allows animal systems
to be considered as appropriate models for this kind of approach. Identifica-
tion of QTLs can proceed efficiently from mating of inbred strains that differ
in obesity-related traits. A thorough analysis of the various QTLs gives us the
opportunity to determine if some genes exert control on energy expenditure
independently of adiposity or food intake, or if another group of genes may
act in a coordinated fashion on all the components of the regulation of energy
balance [56, 61]. The relative ease of identifying QTLs for obesity in rodents
compared to humans has led to integrated genetic maps for polygenic obesity
in different mouse strains; these maps are highly reliable but bewilderingly
dense [29, 47].

Perhaps the most striking variable for the development of obesity in hu-
mans is the accessibility and composition of the diet. Animal models are read-
ily maintained on controlled dietary regimens. Several studies have shown that
barely noticeable differences in body composition and fat tissue accumulation
between rodent strains bred on normocaloric diets become magnified when
calorie-dense saturated fat diets are offered. Intentionally manipulating envi-
ronmental variables teaches us that in the presence of gene × environment
interactions, the effects of genetic susceptibility become fully apparent when
amplified by environmental risk factors [62–65].

Several of the QTLs related to adiposity, body weight and related pheno-
types have been detected near the positions for single-gene mutations involved
in the development of obesity. Loci on chromosomes 6 and 7 have been iden-
tified in strains of BSB mice. Linkage in the former was found near the leptin
gene while the latter exhibited linkage with body fat, total cholesterol, and he-
patic lipase activity [66]. Similarly, a locus in chromosome 4 identified in the
strain SWR/J × AKR/J includes the gene for the leptin receptor [45]. Because
long stretches of mouse and human genomes contain genes that code for the
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same proteins, in roughly the same order, rodent QTLs can implicate homol-
ogous regions in humans. Examples of this are the two mouse obesity QTLs,
obesity-1 (mob-1) and obesity qt-1 (obq1), which are homologous with the
human uncoupling proteins 2 and 3 (UCP 2 and 3) genes [67].

In the past years, transgenic technology has created several rodent models of
obesity that have helped in clarifying the functions of several specific proteins
and genes regarding their influence in the peripheral and central pathways that
control energy homeostasis [43, 68, 69]. With the advent of DNA recombinant
technology, researchers have been able to modulate transgene (Tg) expression;
the ability to introduce and overexpress genes makes this technique one of the
most useful approaches in molecular genetics of obesity. A related procedure
using a knockout (KO) gene or homologous recombination permits the inter-
ruption of specific endogenous gene expression by replacing the native gene
with a nonfunctional allele [70, 71]. Both techniques have allowed physiol-
ogists to understand the relative importance of the genetic components that
control body weight regulation, through observation of abnormalities resulting
from interrupted or overexpressed genes. As with rodent QTL studies, results
in animal models implicate homologous genes in humans. Thirty-nine KO and
Tg genes have been introduced into the last update of the human genetic map
[10, 42, 43].

6. EVIDENCE FOR THE GENETIC CONTRIBUTION
TO OBESITY IN HUMANS

6.1. The Genetic Contribution to Rare Forms of Human Obesity

6.1.1. Syndromic forms of human obesity. An abnormal and excessive
distribution of adipose tissue is characteristic of some syndromic forms of obe-
sity, where the excess of body fat is one of the many manifestations of the
disorder but not the dominant feature. Prader–Willi syndrome is a dominant
autosomal illness; it is the best characterized and is the most common syn-
dromic obesity in humans. Its estimated prevalence and clinical characteristics
have been described in many studies [72, 73]. Approximately 70% of patients
present an abnormality in several genes located on their paternally inherited
chromosome 15. Most of the remaining cases present a maternal disomy of
the same chromosome. Recent studies have shown that translocations or mu-
tations in the small C/D box of nucleolar RNAs within the nucleoriboprotein
gene SNRPN cause an important loss of function, triggering the development
of this syndrome [74].

The prevalence of the Bardet–Biedl (BBS) syndrome ranges from 1:160,000
in England to 1:13,500 in the Middle East where consanguineous marriages
are more common. Causative genes have been identified in three different loci
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of BBS, named BBS2, BBS4, and BBS6 [75]. The mutation of the BBS2 gene
[76] was identified on chromosome 16q21 and the function of this gene has
not yet been determined. BBS4 has been identified on chromosome 15q22.3–
q23 and the protein product shows a strong similarity to the O-linked N -
acetylglucosamine transferase that in humans has been related to insulin re-
sistance [77]. BBS6 is caused by mutations in the gene MKKS (McKussick–
Kaufman syndrome) that presents a high similarity with a chaperone bacterial
protein believed to play a key role in the regulation of protein integrity [78].
A mutation in a second locus identified on chromosome 11q34 has also been
described; it has been designated BBS1. The identification of another protein
named BBS7, sharing properties with BBS1 and BBS2, has recently been re-
ported [79, 80].

Other syndromic forms of obesity include Cohen, Borjeson, Albright
Hereditary Osteodystrophy, Wilson–Turner, and Alstrom syndromes. Most of
these syndromic forms have been genetically mapped at different chromoso-
mal regions but the causative genes have been very hard to isolate because of
the extreme rarity of these mutations. Moreover, polymorphic markers in these
regions do not cosegregate with obesity in families that do not express these
syndromes, perhaps suggesting heterogeneity in the causes of syndromic and
nonsyndromic obesity [81].

6.1.2. Monogenic forms of human obesity. Several rare obesogenic mu-
tations found in humans are homologous to those identified in rodents; they
characteristically belong to the same metabolic pathway controlling hunger,
satiety, and energy homeostasis, with obesity as the dominant feature and in-
dependent of environmental factors. From an historical perspective [82, 83],
the spontaneous mutations found in extremely obese mice generated innov-
ative experiments of parabiosis, in which surgical cross-anastomosis of the
circulatory systems of obese mutants and their wild-type littermates resulted
in a dramatic body weight reduction in the obese mice. These results led to
the prediction of a regulatory loop system between the adipose tissue and the
brain, and culminated many years later with the positional cloning in mouse of
the obese (ob) gene, its receptor, LepR, and characterization of the ob protein
product leptin [43–45, 84, 85]. One of the main functions of leptin is the com-
munication to the brain of the magnitude of the long-term fat storage. When
this hormone reaches the hypothalamus, it triggers a series of neuroendocrine
responses on the anabolic NPY and AgRP and catabolic prohormone proopi-
omelanocortin (POMC)-containing neurons, regions already known to be in-
volved in the regulation of fat metabolism [86, 87].

The genes responsible for monogenic forms of human obesity include the
genes coding for leptin, the leptin receptor, and POMC. Mutations in these
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genes lead to very rare recessive forms of obesity associated with multiple en-
docrine aberrations [88]. Two related children (cousins) and an unrelated male
child of Pakistani origin were homozygous for a mutation in the leptin gene
involving the loss of a single guanine nucleotide in codon 133 [89–91]. This
mutation results in the complete loss of function of the gene product, produc-
ing a phenotype characterized by extreme obesity from the first week of life,
substantial increase of appetite, hyperphagia, central hypothyroidism, and hy-
pogonadotropic hypogonadism [92, 93]. The heterozygous relatives of these
children presented subnormal levels of leptin, a higher prevalence of obesity
and a higher body fat percentage when compared with controls matched for
age and ethnicity. Another mutation located in the codon 105 was found in
the homozygous state in three adults and a child in a consanguineous fam-
ily, resulting in the same phenotype as the affected children with the mutation
in codon 133. Subcutaneous leptin administration has been shown to reverse
most of the phenotypic abnormalities associated with human congenital leptin
deficiency [94, 95]. Only three individuals within a family have been identi-
fied as homozygous for a mutation in the leptin receptor, resulting in a G–T
substitution in exon 16. The mutant receptor is truncated in the anterior part
of its transmembrane domain, entirely blocking leptin signaling inside the hy-
pothalamus. The homozygous subjects have a phenotype of extreme obesity
and pituitary dysfunction similar to that observed in congenital leptin defi-
ciency. However, obese individuals carrying the leptin receptor mutation have
marked elevation of serum leptin levels. A striking difference between patients
with the leptin gene mutation and with the ones carrying a mutation in the re-
ceptor is that the latter have significant growth retardation and hypothalamic
hypopituitarism [96].

The significant role of the melanocortin system in the regulation of body
weight in humans has been well documented by the discovery of mutations in
the POMC gene [97] that result in extreme obesity. This gene is expressed in
the brain, intestines, placenta, and pancreas in humans. POMC is the precursor
for several hormones of the hypothalamic–pituitary–adrenal axis, mainly the
α-melanocyte-stimulating hormone (α-MSH), adrenocorticotropic hormone
and β-endorphin. α-MSH is a physiological ligand for the central nervous sys-
tem receptor MC4R. The production of α-MSH is under the control of leptin
and the signal generated by this neurotransmitter upon binding to the MC4R
receptor promotes catabolism and appetite inhibition [98–100]. Homozygous
or compound heterozygous individuals for mutations in the POMC gene re-
sulting in loss of function have been detected in children with early-onset ex-
treme obesity, adrenal insufficiency, and red hair pigmentation, which reflects
the lack of pituitary neuropeptides acting as ligands for MC4R, MC1R, and
MC2R, respectively [101–103].
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Several nonsyndromic monogenic forms of obesity are related to mutations
in the melanocortin MC4R receptor gene [104]. More than 30 different mu-
tations of the MC4R receptor have been described in French [105], English
[106], Italian [107], Japanese [108], and Spanish [109] populations. The gen-
eral endocrine and metabolic phenotype presents as moderate to severe obe-
sity; slight and nonsignificant alteration of the hypothalamic–pituitary–adrenal
axis; and normal neuroendocrine functions regarding growth, reproduction,
and thyroid function. When analyzed, these mutations present haploinsuffi-
ciency instead of a negative dominant mechanism. In contrast to the very rare
mutations of the leptin gene, the leptin receptor, or POMC, the frequency of
mutations in the MC4R gene ranges from 1% to 5% in different populations
and in subjects with a BMI > 40 [43, 47, 104], although other groups have
reported frequencies as low as 0.5% [110]. In a recent study that included 500
extremely obese children, 29 had mutations for the MC4R gene [111]. Chil-
dren homozygous for such mutations had a BMI higher than heterozygous
controls. The heterozygous carriers of a total loss-of-function mutation had a
BMI higher than heterozygotes carrying a partial signaling mutation of the re-
ceptor. The signaling properties of the mutant receptor assayed in cell culture
were correlated with the severity of obesity. These findings show that obesity
secondary to mutations in the MC4R gene is associated with a codominant in-
heritance and highly resembles common complex obesity rather than the other
monogenic disorders; however, its appearance begins at a very early age and
the patients have hyperphagia that tends to disappear toward adulthood. It has
also been suggested that the altered signaling of the mutant MC4R could be re-
lated to the development of hyperinsulinemia. Such a relationship leads one to
consider the MC4R as a “real” thrifty gene through its action in promoting en-
ergy expenditure, making the receptor an excellent target for the development
of drugs for treatment of the metabolic syndrome [111–114].

6.2. Genetic Contribution to Common Human Obesity

6.2.1. Candidate gene studies. The candidate genes that have been stud-
ied extensively include the ones involved in the regulation of energy balance
such as uncoupling proteins (UCPs), the nuclear receptor PPARγ , and the
β-adrenergic receptor β3-AR, as well as the genes for leptin and the leptin
receptor, discussed above. Positive associations with phenotypes for obesity
have currently been reported in more than 70 genes [10]. Two examples of
variants in candidate genes are (a) a mutation Trp64Arg in β3-AR [115, 116]
and (b) another common variant, Pro12Ala, of the isoform γ 2 in the gene of
the PPARγ receptor [117]. It has been suggested that the variant Trp64Arg of
β3-AR acts as a modifier of other candidate genes. Such gene × gene interac-
tion is proposed to increase the probability that a given subject will accumulate
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more adipose tissue if the adrenergic receptor variant coexists with other vari-
ants already identified, such as a variant of the α2b-adrenoceptor gene [118],
the isoform PPARγ 2, or the coactivator of PPARγ , PPARGC1 [23, 119].

In mature adipocytes of the brown adipose tissue, stimulation of the β-
adrenergic receptor by norepinephrine activates UCP-1 via cyclic adenosine
monophosphate (cAMP). The UCP are transporters of the inner mitochondrial
membrane that dissipate the proton gradient, releasing stored energy as heat
[120]. An A-3826G variant in UCP-1 has been associated with an increase in
fat mass in a Quebec family study [121]. Additional effects between the al-
lele A-3826G and the mutation Trp64Arg of the β3-AR receptor were found
in a morbidly obese French population [122]. Synergistic effects between the
same allele of UCP-1 and the mutation of the adrenergic receptor have been
shown to diminish sympathetic nervous activity and affect serum lipid concen-
tration in Japanese populations [123, 124]. Similarly, associations have been
found between uncoupling protein polymorphisms (UCP2-UCP3) and energy
metabolism/obesity in Pima Indians [125]. The Trp64Arg mutation has been
correlated with weight gain, obesity, and insulin resistance in Pima Indians,
French, and Finnish populations [126–128]. On the other hand, discordant
studies have also been published regarding this particular topic, including fam-
ily studies in Quebec and Sweden [129]. Thus the status of Trp64Arg remains
controversial, illustrating the difficulties facing the candidate gene approach.

The conflicting results from some candidate gene studies require deeper in-
vestigation. Possible reasons for not being able to reproduce results include
the admixture and stratification of the populations being studied, small sam-
ple sizes yielding low statistical power, different genes operating in different
populations, variation in linkage disequilibrium among populations [130], or
low likelihood that the genes would be involved in the general risk for the
development of the disease [131].

To obtain reliable results it has been suggested that the size of the stud-
ied sample should be large, that the experimental design include case-control
studies based in families, and that the findings should be replicated in other
populations of similar ethnic origin. It is also important to choose a plausible
candidate gene based on some criteria, which may include that its chromoso-
mal location be very near to a locus linked to obesity in humans or animal
models (positional candidate); that its expression profile be able to respond to
environmental modifications in, for example, adipocyte, muscle, or hypothala-
mus; that its expression be shown to be regulated by food intake or physical
activity; or that its overexpression or knockout be feasible and shown to ma-
nipulate the body weight in animal models. Ideally, a candidate gene should
fulfill at least two of these recommendations prior to the screening of a large
number of individuals [132–135].
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6.2.2. Genome scan studies. All research designs using genome scans in-
volve the use of genetic polymorphisms frequently and [ideally] uniformly dis-
tributed throughout the genome. The kind of polymorphism most commonly
used is the microsatellite marker, owing to its abundance and high heterozygos-
ity. Analysis is usually performed on either sibling pairs or extended pedigrees;
the latter provide much more information but may present additional difficul-
ties in recruitment. The latter design includes families extended to several gen-
erations, including second- and third-degree relatives, and makes it easier to
correlate the given phenotype to markers inherited identical by descent (IBD)
[10, 136, 137]. Computer simulations show that with the appropriate study de-
sign and a pedigreed sample of adequate size, individual genes that contribute
as little as 10% of the variance in a trait can be localized to specific chromoso-
mal regions (QTLs) using the variance component approach [138].

Since the publication of the first human genome scans for phenotypes re-
lated to obesity nearly a decade ago, a fair number of studies have reported
highly significant linkages, with several findings being replicated.

Among the first, and still perhaps one of the strongest, QTL effects in hu-
mans for a phenotype related to obesity comes from the San Antonio Family
Heart Study (SAFHS) [139]. A locus influencing serum leptin levels was found
on chromosome 2p22 using the variance components approach, with highly
significant linkage measured as a log odds ratio (LOD) score of 7.5 [139,
140]. (The LOD score compares the probability of linkage at a given locus
to the null probability of no linkage; a LOD of at least 3 is taken as signifi-
cant evidence of linkage [34].) This QTL has been replicated in both French
(LOD = 2.4–2.7) and African-American [141, 142] family studies. Significant
linkage has also been detected in the SAFHS on chromosome 8 for both leptin
(LOD = 3.1) and BMI (LOD = 3.2), as well as on chromosome 17 for BMI
(LOD = 3.2) [143–145]. The QTL on chromosome 2 is very close to the lo-
cus for the POMC gene, making this a very strong candidate. In Caucasians,
this region of chromosome 2 has shown promising linkage with adiponectin,
an adipocyte-derived protein that is inversely expressed with body fat content,
and it is believed that it plays a key role in the risk of developing diabetes
or coronary artery disease [33, 146, 147]. There has also been evidence of
linkage with this chromosomal region and type 2 diabetes in French families
(LOD = 2.3).

This last piece of evidence could indicate that the same genes contribute
pleiotropically to obesity and diabetes [148]. To date, QTLs have been pub-
lished for chromosomes 1q21–q24, 2q24, 2q37, 3p21–p24, 3q27, 5q13, 5q31–
q33, 6q22–q23, 7p15, 8p21–p22, 9p13–q21, 10q22–q26, 11q21–q24, 12q24,
15q13–q21, 17p11–p12, 18p11, and 20q11–q13 [10, 31, 137]. The identifi-
cation of these regions in the genome is beginning to show a consistent evi-
dence for linkage with type 2 diabetes [149] and obesity. It is noteworthy that
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three of these genomic regions (3p, 15p, 20q) show particularly solid link-
age for both diabetes and obesity, suggesting an underlying common causative
genetic architecture consistent with the epidemiological observations of the
cluster of metabolic abnormalities that are simultaneously present in individ-
uals with these pathologies [31, 137]. Several potential candidate genes have
been identified in these three regions, notably on chromosome 3, the APM1
gene, which encodes the adipose cytokine adiponectin; the glucose transporter
gene GLUT2; and the ApoD gene, which encodes an integral part of the
structure of the high-density lipoprotein HDL; on chromosome 15, the gene
for the insulin-like growth factor 1 receptor (IGF-1R); and on chromosome
20, the gene encoding the agouti-signaling protein (ASIP), a potent inhibitor
of MC3R and MC4R; GNAS1, whose variants have been associated to Albright
hereditary osteodystrophy; and the gene CEBPB (CAAT/enhancer-binding-
protein β), which plays a significant role in adipocyte differentiation [31].

A recent significant finding from a genome-wide scan for obesity was ob-
tained from more than 10,000 individuals. The authors found a locus in chro-
mosome 4p15–p14 with a non-parametric linkage score of 11.3, showing a
significant linkage with severe obesity in women. The genetic variants within
the linkage region have not yet been described [150].

6.2.3. LD mapping and expression studies. SNPs. The use of single nu-
cleotide polymorphisms (SNPs) has recently become of great interest within
the genetic community. A SNP can be a functional mutation or can be in link-
age disequilibrium with a functional variant. SNPs are the most abundant vari-
ants in the human genome: they can be found on an average of once each 1.3 kb
within the genome, and they are usually biallelic. As they are very common,
by targeting them it is possible to narrow the region in the genome that must be
searched for genes [151]. Traditional microsatellite-based linkage studies gen-
erally identify relatively large genomic regions of 10 to 30 centiMorgans (cM),
so that extensive efforts of fine mapping are necessary to accurately pinpoint a
QTL toward a narrower genomic region of less than 1 cM [152].

The use of linkage disequilibrium mapping has recently been proposed as
more efficient than the traditional linkage analysis to detect more precise ge-
nomic regions involved in the biology of complex diseases such as obesity,
through the development of several genome scans combined with linkage dis-
equilibrium to map pertinent genes [153]. Theoretically, it is assumed that a
useful level of linkage disequilibrium is confined to an average distance of less
than 3 kb in the general population, which implies that approximately 50,000
SNPs are required for a whole-genome linkage disequilibrium study [154].
However, other investigators have suggested that this number could be reduced
to 30,000 SNPs, which would make SNP-based genome scanning adaptable to
chip-based technology [155].
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Linkage disequilibrium. A very strong aspect directing the interest in this
approach is evidence that the SNPs assemble themselves in linkage disequilib-
rium blocks or allelic associations, such that genotyping a single SNP would
predict the genotype of other nearby SNPs. This fact indicates that it is feasible
to identify haplotype blocks in extensive parts of the genome, by genotyping
several “key” informative SNPs, making this approach highly attractive once
haplotype blocks have been identified within the human genome [156]. This
approach seems to represent a more accessible way to identify causative ge-
netic variations by genotyping a selection of evenly spaced SNPs, relying on
linkage disequilibrium between the disease variant and a nearby typed marker.
Therefore, once gene candidates have been identified in the genome scan, the
screening of SNPs in these genes may eventually lead us to identify those vari-
ants contributing to complex disease generation [157, 158].

Attempts to define these blocks of linkage disequilibrium to generate a
haplotype map have already started. If this map is obtained, only a few key
SNPs would be required to identify the haplotypes. There is no doubt that
this approach would greatly accelerate the search for disease-susceptibility
genes when combined with population-based association studies [159, 160].
The completion of the human genome sequence, the construction of the SNP
map (also known as the “HapMap” [156]), and the characterization of the link-
age disequilibrium patterns in human populations has resulted in the success-
ful identification of a susceptibility gene for type 2 diabetes, NIDDM1, on
chromosome 2 in Mexican-Americans and a Northern European Finnish pop-
ulation. NIDDM1 encodes a member of the family of calpain-like cysteine
proteases, calpain-10 (CAPN10) [160].

Nevertheless, it has been noted that the degree and the extent of linkage
disequilibrium vary enormously throughout the genome and are highly unpre-
dictable, implying that a causative variation of the disease could be juxtaposed
to a genotyped marker yet produce no noticeable disequilibrium [161, 162].
This fact has led to a hot debate between genetic experts and remains an im-
portant question to be resolved [163].

6.2.4. Expression studies. Application of association methods would
benefit from more efficient identification of candidate genes. A recent ap-
proach uses mRNA expression in tissue samples to identify genes that may
be important in the development of complex diseases, especially when ex-
pression differs in normal and disease states. A wide variety of RNA-based
technologies can be used to identify changes in the genetic expression of sev-
eral tissues in obesity and type 2 diabetes [164]. The most solid techniques
comprise differential display polymerase chain reaction (ddPCR), represen-
tational difference analysis (RDA), selective subtraction hybridization (SSH),
and cDNA microarrays. All of these techniques could be applied to human
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tissues in expression studies, but for reasons related to feasibility, or to the
inherent risk of biopsy of the pertinent tissues, such approaches are more com-
monly applied to animal models that reflect the pathologic human condition
under investigation [165].

An outstanding animal model for the study of obesity and type 2 diabetes is
the Israeli sand rat Psammomys obesus (P. obesus). These animals are native
to North Africa and the Middle East and when in the wild state are slim and
normoglycemic. When in captivity and fed conventional rat chow diets, 50%
of adults at 16 weeks of age develop obesity, and among these, 30% even-
tually develop type 2 diabetes [166]. Using RNA ddPCR techniques in this
animal model, a new gene has been encountered with properties appearing to
play a key role in the pathophysiology of type 2 diabetes. It was named ta-
nis, which means “fasting” in Hebrew. Its primary expression is in the liver
and is markedly increased in diabetic sand rats in the fasting state. The com-
plete sequence of the tanis mRNA in P. obesus has been obtained. It consists
of 1,155 base pairs, and the encoded protein product has 189 amino acids.
The corresponding human gene has been located in the chromosome 15q26.3
and the expected human tanis protein is estimated to be 187 amino acids long
with a molecular mass of 21 kDa. Hepatic expression of tanis secondary to a
24-hour fasting in P. obesus with type 2 diabetes showed a threefold greater
increase than in the nondiabetic control group of sand rats. Multiple linear
regression analysis showed that only blood glucose concentrations were inde-
pendently associated with the genetic expression of tanis. Taking these data
together, the results show strong evidence indicating that the glucose levels are
the key regulators of hepatic tanis expression, and that this gene is differen-
tially expressed in type 2 diabetes. A very interesting observation is the strong
interaction between tanis protein and the hepatic acute-phase reactant serum
amyloid A (SAA). It appears that tanis possesses receptor properties that allow
it to bind the inflammatory protein SAA. This and other acute-phase proteins
have been the center of recent attention as risk markers for cardiovascular dis-
ease. The authors suspect that tanis and the acute-phase protein SAA may be
a strong mechanistic link between obesity, type 2 diabetes, inflammation, and
cardiovascular disease [167, 168].

In isolation, either DNA-based or RNA-based methods have limitations
in their ability to identify candidate genes for complex diseases. As noted,
genome-wide scans identify large DNA regions containing hundreds or per-
haps thousands of genes, and fine-mapping is often costly and time-consuming.
On the other hand, RNA-based methodologies can identify hundreds of dif-
ferentially expressed genes, requiring detailed functional assays to determine
which genes are actually important in the development of a given disease. For
these reasons, recent attempts have been made to combine information from
differential expression studies with data obtained from genome scans. With
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this approach, researchers have been able to achieve a substantial synergy in
the identification of candidate genes [139].

An example of this combined approach is the recent discovery of bea-
con, a novel protein that appears to play a key role in the regulation of en-
ergy balance. This protein is differentially expressed in the hypothalamus of
lean and obese Psammomys obesus. Its sequencing has revealed a mRNA of
413 bp encoding a 73-amino-acid protein with a predicted size of 8.6 kDa.
High levels of expression of this protein in the hypothalamus of P. obesus have
already been confirmed. A linear relationship has been established between
the expression of the beacon gene and either body weight or percentage of
body fat [169]. Beacon is predominantly expressed in the retrochiasmatic nu-
cleus of the hypothalamus, a region already known for its involvement in the
control of appetite, through neurons that express orexigenic and anorexigenic
neuropeptides such as neuropeptide Y (NPY), agouti-related protein (AgRP),
cocaine-amphetamine regulated transcriptor, proopiomelanocortine (POMC),
α-melanocyte stimulating hormone (α-MSH), among others. This pattern of
expression suggests the strong possibility that beacon could interact with these
anabolic and catabolic intrahypothalamic systems that centrally control food
intake and energy balance [170]. The beacon human homolog was identified
as the ubiquitin-like 5 gene, localized to chromosome 19p13. Several studies
have previously shown linkage and/or association between this genomic region
and traits related to obesity, such as plasma leptin concentrations and body fat
content. Genomic regions linked to obesity in rat and mouse and syntenic with
human chromosome 19p13 have also been identified [171, 172]. Therefore it
seems evident that one or several genes located in chromosome 19q13 may
definitively be involved in the control of adipose tissue metabolism. Beacon
is an excellent candidate gene for obesity based both on its genomic location
and its pattern of expression in the sand rat. Recent studies indicate that bea-
con genetic expression increases in the hypothalamus of P. obesus before their
increase in body weight in those animals with a genetic predisposition for the
development of obesity and type 2 diabetes. This fact might indicate that this
elevation could be an early marker for the metabolic abnormalities seen in both
pathologies [173].

7. CONCLUSION

Obesity is a complex disease involving multiple genes and strong interac-
tions between gene–environment interaction. Underlying variation that went
unnoticed (and may have been beneficial) when food was scarce and hu-
mans led more physically active lifestyles, has contributed to an epidemic of
metabolic disease in an increasingly Westernized, technological world. Be-
cause of its complex causation, obesity, like many other common disorders,
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does not yield to simple Mendelian analysis. The development of tools ade-
quate for analysis of complex disease is relatively new.

Despite its complexity, much progress has been made in understanding the
causes of obesity and its related disorders. Insights have come from animal
models and from rare monogenic disorders that reveal individual components
of the complex pathways regulating energy homeostasis. For common complex
human obesity, a range of techniques has become available. Candidate genes
identified from known biochemical pathways can be evaluated by association
analysis and expression studies to learn if natural variation in these genes is
responsible for variation in the disease. Genome linkage analyses of related
individuals offer the chance to identify novel genes and pathways as well as to
confirm and prioritize candidate genes.

All these techniques continue to offer surprises. While research continues
into variation in energy expenditure, we have also discovered the unexpected
importance of the neuroendocrine control of appetite. For example, identifica-
tion of leptin from linkage studies, first in mice and subsequently in humans,
has revealed an intricate pathway of feedback control and has changed our
view of adipose tissue from passive storage to active endocrine organ. As dis-
coveries multiply, we gain new opportunities for therapeutic intervention in a
potentially devastating disease. We also gain new appreciation for the exquisite
systems that regulate energy acquisition, storage, and use.
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1. INTRODUCTION: OBESITY AND THE CONCEPT
OF DEFENDED BODY WEIGHT

The proposition that body weight is defended assumes that there is a home-
ostatic process by which energy intake, expenditure, and storage are monitored
and then actively maintained within specified limits. Our ideas about such
homeostatic controls of bodily functions originated with Cannon [1]. Blood
pressure, temperature, fluid and electrolyte balance, and glucose metabolism
are examples of such regulated systems in which small deviations from a given
set-point are rapidly detected and corrected by the brain using inputs from the
internal and external environments. Richter called the sensors for such inputs
“interoceptors” and “exteroceptors,” respectively [2] (Figure 1). Both Cannon
and Richter recognized that control of regulated systems required a constant
dialogue between the brain and the internal and external environments. How-
ever, regulation of body weight differs from that of other systems in that the
regulated elements, carbohydrate, protein and fat, are stored in depots [3]. Fat
is more energy dense and more readily stored in large depots than are carbohy-
drate and protein and is the major form of stored energy in the body. Storage
of fat in depots allows wide swings in energy intake, storage, and expenditure
to occur while still providing a rapidly mobilizable pool of nutrients to fuel
the immediate metabolic needs of the body. Thus, fat depots act as the buffer
between energy intake and expenditure.

Food supplies have not been readily available throughout most of human
history. Thus, survival depended on the presence of a strong internal drive to
seek, ingest, and store as much energy as possible as fat in times of plenty and a
mechanism for reducing energy expenditure to preserve adipose stores during
times of scarcity [4–9]. In other words, anabolic processes must take prece-
dence over catabolic ones in the hierarchy of systems controlling body weight.
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Figure 1. Model for factors contributing to the control of body weight. There are many internal
and external signals that converge upon and are integrated by a distributed network of metabolic
sensing neurons. The sensitivities of these sensing neurons are genetically and environmentally
determined and provide the “set-point” at which body weight is regulated. These signals alter the
intake, storage, and expenditure of energy through regulation of neuroendocrine and metabolic
pathways. Inherent plasticity in the system allows for either homeostasis at a given level or
upward resetting of the defended body weight.

This regulatory strategy would be particularly useful in both hunter-gatherer
and agricultural societies where periods of famine occurred at regular inter-
vals [9]. While such a “thrifty gene” [10] would confer a competitive survival
advantage, it would also predispose such individuals to become obese when
highly palatable, energy-dense foods were plentiful and obtainable at low ener-
getic cost. This would not be a problem if obesity had no health consequences
and if weight gain were reversible. Unfortunately, for reasons unknown, each
incremental gain in adiposity in obesity-prone individuals is avidly defended
against all attempts to lower it [5, 11–16]. This progressive, upward resetting
of the defended body weight is very different from the way in which other reg-
ulated systems function and probably accounts for the high rate of recidivism
in the treatment of obesity [17, 18].

Some have argued that body weight and fat stores are regulated simply by
“settling” about a given homeostatic level without active controls or an actual
set-point [3, 19]. However, the basic premise of this review is that body weight
is actively regulated about a set-point which resides within a distributed net-
work of specialized “metabolic sensing” neurons in the brain. We further spec-
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ulate that the level at which this set-point operates is determined initially by an
individual’s genetic background and then modified by a host of environmen-
tal factors that promote and perpetuate the obese state by permanently altering
metabolic sensing neurons and the central systems regulating body weight.

2. NEURAL CONTROL OF THE DEFENDED BODY
WEIGHT

Hetherington and Ranson [20] first demonstrated the importance of the brain
in the regulation of body weight by showing that lesions of the ventromedial
area of the hypothalamus (VMH) led to a striking hyperphagia and obesity.
Since that time, a number of sites within the brain have been identified in
which lesions can alter energy homeostasis, i.e., the balance among energy in-
take, expenditure, and storage [21–26]. Originally, this was taken as evidence
that such sites represent “centers” for the control of hunger and satiety [27,
28]. However, it is more likely that the control of most neural functions, in-
cluding energy homeostasis, resides within distributed, integrated networks of
neurons throughout the brain [29]. Nevertheless, sites at which lesions alter
body weight regulation do represent important nodes within such networks.
These nodes contain neurons that produce neuropeptides and transmitters in-
volved in the regulation of energy homeostasis. Many of these neurons are spe-
cialized metabolic sensors [30, 31]. They have evolved receptors, transporters,
and metabolic pathways that allow them to utilize metabolic and hormonal
signals from the periphery to control their membrane potential and firing rate.
Whereas most neurons use substrates to fuel their activity-based energy needs,
metabolic sensing neurons also utilize these substrates as signaling molecules
to control their firing rate [30, 31]. First called “glucosensing neurons” because
of their ability to use glucose as a signaling molecule [28, 32], it is now clear
that many of these same neurons also utilize fatty acids, ketone bodies, lactate,
and other substrates as signaling molecules to control their activity [33–37].
Many also have receptors for leptin and insulin [38–40] that provide direct
[41–43] and indirect [44, 45] signals to the brain related to the amount of fat
stored in adipose depots. Both of these hormones, as well as most substrates,
cross the blood–brain barrier by a saturable facilitated transport processes [46–
49]. In addition, many metabolic sensing neurons are located next to circum-
ventricular organs such as the median eminence in the hypothalamus and area
postrema in the brain stem. Because these structures have no blood–brain bar-
rier, hormones and metabolites can diffuse from the circulation directly into
the surrounding brain [50, 51]. Many metabolic sensing neurons also lie close
to the cerebral ventricles into which hormones and metabolites are transported
and then diffuse into the surrounding brain [49, 52–54]. Finally, metabolic
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sensing neurons are “hard-wired” into ascending neural pathways from pe-
ripheral metabolic sensors in the liver, gut, and other organs [55, 56], as well
as sensors that monitor the external environment [57] (Figure 1). Metabolic
sensing neurons are also integrated into pathways mediating reward, motiva-
tion, memory, and learning [58–60]. Signals from all of these sources arrive
with differing temporal patterns and are integrated to alter membrane poten-
tial, firing rate, transmitter and peptide release, and gene transcription. The
output of metabolic sensing neurons goes to effector systems that regulate en-
ergy homeostasis and body weight (Figure 1).

Metabolic sensing neurons are highly localized in brain areas in which le-
sions either raise [20, 25, 26, 61] or lower [62–64] body weight. Among these,
only lesions of the VMH actually disrupt the defense of body weight [65, 66].
For example, rats with lesions of the lateral hypothalamus (LH) reduce their
body weight and then defend it avidly against all attempts to drive them above
or below their new lesion-induced set-point [62, 67–69]. However, if VMH-
lesioned rats are fed unpalatable or low-calorie diets, their weights decline to
that of unlesioned rats and obesity will not develop if those diets are present
from lesioning [65, 70]. Their resting metabolic rate is substantially lower than
expected from their metabolic mass and they fail to display the expected down-
ward adjustment in metabolic rate associated with weight reduction [66].

The fact that VMH lesions disrupt the physiological defense of body weight
while lesions in other areas do not supports a unique role for the VMH in
the regulation of energy homeostasis. The VMH is composed of the ventro-
medial and arcuate (ARC) nuclei. Of these two nuclei, the ARC appears to
be the more important in the control of body weight. Only VMH lesions that
include the ARC produce the full VMH syndrome [20, 71, 72] and isolated
lesions of the ARC or its connections produce hyperphagia and obesity [73].
The ARC contains neuropeptide Y (NPY) and proopiomelanocortin (POMC)
neurons the primary purpose of which appears to be the regulation of energy
homeostasis [74–80]. They are also prototypic metabolic sensing neurons that
alter their firing rate when ambient glucose levels change [81, 82] and have re-
ceptors for and are responsive to a variety of peripheral hormones involved
in energy homeostasis such as leptin [39, 83–85], insulin [40, 85], ghrelin
[86], and PYY [87]. They lie adjacent to the median eminence, which has no
blood–brain barrier [88] and next to the third cerebral ventricle, from which
various hormones and substrates can diffuse. ARC POMC neurons produce
α-melanocyte stimulating hormone (α-MSH), a catabolic peptide that acts at
melanocortin-3 and -4 receptors (MC3/4-R) in the LH and paraventricular nu-
cleus to produce anorexia and increased thermogenesis [76, 80, 89, 90]. ARC
NPY neurons project to the same target areas as do POMC neurons and NPY
release in these areas produces marked hyperphagia and reduced thermogene-
sis and fat oxidation [74, 75, 89, 91]. ARC NPY neurons are unique because
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they also produce agouti-related peptide (AgRP), a selective inverse agonist
(effectively an antagonist) for MC3/4-R [92, 93]. This provides a mechanism
for interaction between NPY and POMC neurons at their overlapping target ar-
eas. In addition, NPY and POMC cell bodies lie in close anatomical proximity
in the ARC. This facilitates cross-talk between them and incoming peptide and
hormone signals from the periphery [83, 87]. Finally, leptin and insulin both
inhibit NPY [94, 95] and stimulate POMC expression [96, 97]. These multi-
ple interactions between the metabolic sensing ARC NPY and POMC neurons
provide a critical anabolic/catabolic balance for the hypothalamic control of
energy homeostasis.

The LH also contains metabolic sensing neurons that use glucose [98, 99]
and fatty acids [100] as signaling molecules. Although it is not completely
certain that they are metabolic sensing neurons [101–107], both LH orexin
(hypocretin) [108–111] and melanin concentrating hormone (MCH) [112] in-
crease food intake when injected into the brain. However, unlike ARC NPY
and POMC neurons which project to a limited number of overlapping targets
and whose primary function is the regulation of energy expenditure, orexin
and MCH neurons project widely throughout the neuraxis and participate in
a number of other functions such as arousal, motivation, and motor activity
[113–119]. In fact, it is likely that the effects of orexin and MCH on energy
homeostasis are mediated through their connections with ARC neurons as part
of more generalized processes such as arousal and changes in motor activity
[110, 111, 114, 120].

While the hypothalamus is historically recognized for its role in the regula-
tion of body weight, the brain stem also plays a prominent role that is less ap-
preciated. Areas such as the nucleus tractus solitarius (NTS) contain metabolic
sensing neurons [56, 121] that are integrated within the distributed network of
neurons involved in energy homeostasis. The NTS lies under the floor of the
fourth cerebral ventricle and is adjacent to the area postrema, a circumventric-
ular organ [51]. Unlike the hypothalamus, which receives only relayed neural
inputs from the periphery and visceral sensors, NTS neurons receive direct af-
ferents [122, 123]. Neurons in the rostral NTS also receive gustatory and sen-
sory afferents from the tongue, pharynx, and mouth [124]. The NTS and other
brain stem nuclei contain metabolic sensing neurons (including populations
of POMC and NPY neurons) that project upward to various forebrain areas
involved in energy homeostasis and reward [125, 126]. They also project cau-
dally through vagal parasympathetic and spinal sympathetic outflow areas for
visceromotor, metabolic, and endocrine control [127, 128]. Thus, areas within
both the hypothalamus and brain stem represent important nodes of metabolic
sensing neurons within a distributed network capable of integrating multiple
metabolic, hormonal, and neural signals from the periphery for the regulation
of body weight.
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3. OBESITY AND THE PROBLEM OF
MAINTAINING BODY WEIGHT

Obesity becomes a problem in humans because of its associations with dis-
eases such as diabetes, hypertension, and cardiovascular disease [129]. In our
distant past, it is unlikely that many humans ever became obese enough or
lived long enough to develop these comorbidities because famine and intermit-
tent availability of food were common [9]. These selection pressures appear to
have biased the defense of body weight heavily toward filling and resisting the
depletion of energy stores rather than preventing their overload. Of the three
macronutrients, fat is the most energy dense (9 kcal/g vs. 4 kcal/g for carbohy-
drate and protein) and the most readily stored in large excess. Protein is stored
primarily as structural components of organs and is used as an energy source
mainly when all other depots are depleted. Hepatic and muscle glycogen stores
are adequate for only single day’s reserve [130]. On the other hand, fatty acids
stored in adipose tissue comprise a large, energy-dense, and mobile reserve.
However, because the amount of fat ingested in a single day represents only a
small fraction of total body stores, small incremental changes in fat ingestion
may slip below the detection threshold of the system and produce obesity in
genetically predisposed individuals [3, 131].

The discovery of leptin [132] provided the long sought after signal from
adipose tissue to the brain [133]. Leptin is produced by adipocytes in direct
proportion to adipose mass [134] and is secreted into the blood where it enters
the brain parenchyma by facilitated transport across the blood–brain barrier
[46], as well as diffusion from cerebrospinal fluid [52] and circumventricular
organs [46]. Leptin interacts with its receptor on metabolic sensing neurons
where it regulates membrane potential, firing rate, and neuropeptide transcrip-
tion [83, 97, 135, 136]. Activation of central receptors leads to reduced food
intake and increased thermogenesis [137, 138]. Insulin acts on many of these
same neurons through intracellular pathways that converge with the leptin sig-
naling cascade [85, 139]. Insulin, like leptin, reflects the size of the body’s
adipose stores [44, 45]. The typical model posits a negative feedback system
whereby increases in adipose mass lead to increases in leptin and insulin levels
which then feed back to central sites to reduce intake and increase expenditure
[140]. However, the system is really more heavily biased toward preventing a
downward than an upward level of adipose stores [141]. Overeating produces
little change in short-term leptin levels in obesity-resistant subjects [142, 143],
while caloric restriction leads to a rapid fall in plasma leptin and insulin levels
so that they no longer accurately reflect the size of adipose stores [41]. Be-
cause both leptin and insulin stimulate catabolic POMC and inhibit anabolic
NPY neurons [95–97, 136], their withdrawal leads to a net anabolic state with
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a strong drive to seek food and conserve energy stores by decreasing metabolic
rate [95, 144–146].

Because the typical intake of fat represents such a small percentage of total
body stores, even moderate amounts of fat ingestion may not activate systems
that inhibit further intake [143, 147, 148], particularly in obesity-prone individ-
uals [131]. Even in obesity-resistant individuals, it takes up to a week to make
the appropriate downward corrections for overconsumption when the fat and
caloric densities of the diet are increased [143, 147]. Neither do such individu-
als appropriately increase their metabolic rate under these circumstances. Also,
some obesity-prone individuals oxidize less fat than carbohydrate, leading to
increased fat storage [149–152]. On the other hand, when energy intake is re-
stricted, both obesity-prone and -resistant individuals readily decrease their
metabolic rate to conserve energy [4, 5, 11, 12, 14, 41, 153]. On refeeding,
they become hyperphagic and maintain a reduced metabolic rate until the lost
adipose stores are regained [15, 41, 148, 154]. Thus, humans [131, 141, 147,
155] and rodents [143, 148] compensate more readily for decreases than in-
creases in caloric intake. As obesity develops, leptin and insulin levels rise and
saturate blood–brain barrier transporters [46, 47]. Ingestion of high-fat diets re-
duces both leptin transport [156, 157] and central leptin and insulin signaling
[158, 159], effects that can occur in the absence of either obesity or elevated
leptin and insulin levels [156, 159]. Thus, intake of high-fat diets reduces the
physiological salience of negative feedback signals from adipose stores by al-
tering the lipid composition and biomechanical properties of membranes of
metabolic sensing neurons in which receptors, transporters, and ion channels
reside [160–162].

In rats, this unique property of high-fat diets produces obesity in predis-
posed individuals who are born with an already raised detection threshold for
catabolic signals from the periphery. Lean, obesity-prone rats on low-fat di-
ets have reduced sensitivities to the anorectic effects of leptin [157, 163] and
insulin [157] and to the signaling properties of glucose [164–170]. Despite
early elevations of leptin and insulin levels produced by intake of high-fat di-
ets, these animals fail to reduce their intake until they have become irreversibly
obese [143, 148, 171, 172]. At any given point along their upward body weight
gain trajectory, obesity-prone rats avidly defend that specific body weight and
adipose mass when calorically restricted [4, 14, 15, 148, 154]. Plastic change
within neural pathways (or even peripheral organs [173, 174] involved in en-
ergy homeostasis) might underlie this progressive and irreversible increase in
the level of defended body weight in obesity-prone individuals. For example,
manipulations of the maternal environment, the development of obesity itself
and repeated changes in dietary composition in neonatal and adult rats all pro-
duce progressive and permanent alterations in such neuronal systems in asso-



90 B.E. Levin and D.J. Clegg

ciation with a permanent upward resetting of the defended body weight [161,
175–180].

4. HOW IS BODY WEIGHT REALLY REGULATED?

While leptin and insulin are clearly important in the regulation of body
weight, rodents with defective leptin signaling can still regulate their body
weight fairly normally. They just do so at an elevated level [3, 13, 181]. Also,
obesity-resistant rats do not become obese even after they lose their central
sensitivity to the anorectic effects of insulin [159]. Thus, it is clear that there
must be other factors besides leptin and insulin which are monitored in regula-
tion of body weight. A partial list of such candidates includes fatty acids [182],
glucose [183–187], amino acids [188], nutrient oxidation [183, 189–194], ther-
mogenesis [195, 196], core temperature [197], gastric distention [198], energy
density [147, 185], and hepatic ATP production [199]. It is likely that one or
more of these factors plays a role in body weight regulation under a variety
of conditions and some may become even more important regulators in the
absence of leptin and insulin signaling.

Diet palatability and psychosocial factors related to food intake are also ma-
jor contributors to the development of obesity in humans. Intake of palatable
diets can override all of the normal homeostatic controls of intake and produce
hyperphagia and massive obesity indexobesity [200–203] even in LH-lesioned
[69, 204] and obesity-resistant rats [41, 200]. Such “nonhomeostatic” intake
persists in the face of very high levels of leptin and insulin [41, 200] and is
independent of defects in leptin signaling [181]. Intake of highly palatable di-
ets is driven by the rewarding orosensory and postingestive properties of food
[205] and psychosocial factors attendant to meal taking [206, 207]. However,
weight gained because of hyperphagia produced by such highly palatable diets
may not be sustained; when palatability is reduced, rats rapidly reduce their in-
takes and body weights [41, 200, 203]. Nevertheless, when the highly palatable
diet is reintroduced, rats rapidly regain lost weight to the level of others kept
on the palatable diet throughout [200]. Thus, there are different “set-points”
for body weight, each of which may depend on the caloric density, fat content,
or palatability of the diet. It is likely that each is mediated by different sets of
distributed neuronal circuits [29, 208]. The homeostatic pathways generally in-
volve the hypothalamic and brain stem areas described above while a separate
set of reward pathways mediates intake of palatable diets [209–212]. While
these two networks are largely anatomically and neurochemically distinct, they
are also highly interconnected and interdependent [29, 208] (Figure 1).



The Problem of Maintaining Energy Balance 91

5. FACTORS THAT LOWER THE DEFENDED BODY
WEIGHT

Other than brain lesions, illness, toxins, and surgical interventions, very few
manipulations can permanently lower the defended body weight in obese indi-
viduals. While chronic administration of drugs that target central pathways in-
volved in energy homeostasis offer some hope for lowering the defended body
weight, none that meet minimal criteria of being safe, effective, inexpensive,
and acceptable to a broad range of patients are currently available. Chronic
intake of drugs such as fenfluramine (now off the market) and sibutramine
alter monoamine metabolism and lower the defended body weight [213–216].
Sibutramine appears to do this by preventing the upregulation of anabolic ARC
NPY and downregulation of catabolic POMC expression that normally occur
with loss of adipose stores [213]. Because the main effect of sibutramine is
on NPY and POMC neurons, it will probably require the use of a drug that
targets a different set of central or peripheral systems involved in body weight
regulation if additional weight loss is required.

Exercise also lowers the defended body weight in male (but not fe-
male) [217] rats without producing a compensatory increase in food intake
[218, 219]. Exercise has a similar short-term effect on appetite in humans [220,
221]. As with sibutramine, this effect may be the result of an exercise-induced
normalization of central peptides involved in energy homeostasis [218, 219].
But this effect lasts only as long as the individual continues to exercise [219].
However, when exercise is begun early in life, it prevents the development
of obesity in obesity-prone rats fed a moderate fat diet and this effect per-
sists long after cessation of exercise [222]. This suggests that exercise begun
while the brain is still developing might have a beneficial effect on neural
pathways involved in energy homeostasis. A case for exercise as an adjunct
to obesity treatment also comes from studies showing that high levels of exer-
cise are a common characteristic of some of the few formerly obese humans
who are successful at long-term weight loss [223, 224]. This may be due to an
exercise-induced normalization of resting metabolic rate [224] as opposed to
the chronically reduced metabolic rate seen in sedentary formerly obese sub-
jects [11]. Unfortunately, it is unlikely that the majority of obese individuals
will be able to maintain the high levels of exercise necessary to correct the
reduced metabolic rate associated with chronic weight loss.

6. IMPLICATIONS FOR FUTURE RESEARCH

We have come a long way in our understanding of the way in which body
weight is regulated. The extremely high recidivism rate in the treatment of obe-
sity [17, 18] reinforces the fact that there is a near-permanent upward resetting
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of the defended body weight that occurs when genetically predisposed individ-
uals become obese. Thus, prevention would be the best method of stemming
the increasing obesity epidemic. To do this, we will need a better understanding
of the factors that promote and perpetuate that upward resetting of body weight
during both the perinatal and adult periods of life. We believe that a focus on
the factors that regulate the detection thresholds of metabolic sensing neurons
for various signals will be particularly profitable. We already have identified
many central and peripheral signals that affect such neurons and these may
provide potential pharmacological targets for the development of safe, effec-
tive drugs for the chronic treatment of already obese individuals. However, the
redundancy and plasticity of the anabolic systems designed to prevent weight
loss makes it likely that effective long-term treatment will require more than
one drug that targets more than one system. Some surgical interventions have
been successful in producing chronic weight loss in some individuals [225].
Yet we know almost nothing about the way in which such interventions alter
central and peripheral pathways involved in body weight regulation. Further
studies in this area may uncover previously unknown mechanisms for weight
control. Finally, we need a better understanding of the mechanisms that under-
lie the considerable gender-specific differences in the way in which males and
females defend their body weights [226].

In conclusion, we have presented evidence that obesity results from the syn-
ergy between genetic and environmental factors. Our genetic background pro-
vides a hard-wired neural template that promotes storage and minimizes de-
pletion of energy stores. Our environment plays on that genetic predilection
by providing us with an almost limitless supply of highly palatable, energy-
dense foods that can be obtained at little energetic cost. We postulate that the
set-point for the defended body weight is encoded within distributed networks
of metabolic sensing neurons that integrate incoming signals from the inter-
nal and external environment in order to regulate somatosensory, visceral, and
hormonal outputs that control energy homeostasis. It may be that permanent
changes within this distributed network are responsible for the observation that
the set-point for the defended body weight can move upward but rarely moves
downward in genetically predisposed individuals.
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1. INTRODUCTION

Lipotoxicity can be defined as lipid-induced metabolic damage [1]. It occurs
when lipid uptake exceeds capacity to store lipids and lipid oxidative capacity
[2]. The principal function of adipose tissue is to store energy, and lipids are a
particularly efficient form in which to store energy because of their high caloric
density. However, lipids can be cytotoxic and nonadipose tissues have limited
capacity to store lipids [3]. Fat tissue is protected against lipotoxicity, but if fat
tissue function becomes dysregulated, lipotoxicity in other tissues can ensue.
Fatty acids (FAs), the essential role of which is to serve as fuels and to form
phospholipid bilayers and phospholipid messengers, are particularly damaging
to nonadipose tissues when present in excess [4, 5]. The causes, mechanisms,
and consequences of lipotoxicity are considered, with particular regard to the
role of adipose tissue in lipotoxicity in other tissues and to possible reasons
why adipose tissue is resistant to lipotoxicity.

2. FUNCTIONS OF FAT TISSUE

In addition to storing energy, fat tissue has important immune, endocrine
and homeostatic, regenerative, mechanical, and thermal functions. Fat tissue
defends against bacterial and fungal infection, as well as tissue injury. To do
so, it produces a number of cytokines, chemokines, and hemostatic factors.
Indeed, preadipocytes, which account for 15% to 50% of the cells in fat tissue,
have gene expression profiles closer to those of macrophages than fat cells [6].

FAs may play a larger than generally recognized role in the defensive func-
tion of fat tissue. While there is a lack of information about local FA con-
centrations in fat tissue, concentrations are likely very high near fat cells,
particularly during lipolysis. Direct measurements of FA concentrations ad-
jacent to fat cells are not available. However, the decrease in intracellular pH
that accompanies FA transfer across fat cell membranes following induction of
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lipolysis with isoproterenol or forskolin is as high as that which occurs when
cells are exposed to 65 µM oleic acid without albumin (see Figures 1 and 2
in [7]). This suggests that FA concentrations in the immediate vicinity of fat
cells could reach levels equivalent to the mid-millimolar range in the presence
of physiological albumin concentrations. These levels are lethal to most types
of cells. Much lower concentrations are effective in killing Helicobacter py-
lori [8], pneumococcus [9], Mycobacterium avium [10], and tuberculosis [11].
Somehow, preadipocytes and fat cells are resistant to these high local FA con-
centrations. Thus, fat tissue, which is located under the skin and around viscera
at points susceptible to invasion by microorganisms, produces both FAs and in-
flammatory mediators that protect against infection. Indeed, bacterial or fungal
infections of fat tissue are rare. Thus, lipotoxicity appears to have been adapted
by fat tissue as a defense mechanism. Further, fat cells can use the lipotoxic
effects of FAs to regulate function of other cells. For example, human fat cells
can release sufficient polyunsaturated FAs in bone marrow to inhibit osteoblas-
tic proliferation without inducing apoptosis [12].

The homeostatic, paracrine, and endocrine functions of adipose tissue are,
in part, related to its immune function. Indeed, many of the endocrine and
paracrine factors released by adipose tissue with metabolic effects are cy-
tokines (e.g., leptin), while others are lipids. Fat tissue can exert endocrine
control over other tissues in a number of ways. It has a traditional endocrine
function through releasing protein hormones and processing steroids that act
at a distance from fat tissue. Fat cells can also regulate function of other tissues
in a nontraditional endocrine manner by taking up residence in nonadipose tis-
sues and exerting effects by producing paracrine factors and lipids. Fat cells
can release or fail to remove metabolites, including lipids, that impact function
of other tissues. When fat cell numbers increase or their function is dysregu-
lated, they could conceivably contribute to dysfunction of other tissues through
lipotoxicity.

3. CONDITIONS ASSOCIATED WITH
LIPOTOXICITY

Several conditions, including obesity, diabetes, the metabolic syndrome, ag-
ing, lipodystrophies, and certain drugs have been associated with lipotoxicity
in pancreatic β-cells, skeletal muscle, cardiac muscle, hepatocytes, and os-
teoblasts. Other tissues are likely affected analogously.

Fat tissue is the repository of surplus lipid. In otherwise normal rats, a 60%
fat diet for 8 weeks causes a 150% increase in body fat, but only a small in-
crease in pancreatic, liver, heart, and skeletal muscle fat [5]. However, some
individuals with obesity, particularly massive obesity, develop lipid accumula-
tion in nonadipose tissues (a sign that lipotoxicity may be occurring). Hepatic,
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cardiac, skeletal muscle, and pancreatic steatosis have been found in ob/ob and
db/db mice and fa/fa rats, which have obesity together with increased appetite,
hyperlipidemia, and increased blood free FAs (FFAs) [2, 5, 13]. Obese hu-
man subjects can have increased intramyocellular lipid in skeletal muscle [14],
increased myocardial lipid by positron emission tomography (PET) scanning
[15, 16], and hepatic steatosis [1] associated with dysfunction in each of these
tissues. Indeed, cardiac triglyceride (TG) accumulation appears to be an early
metabolic marker of cardiac dysfunction in obese subjects [15]. Intramyocar-
dial TG overload occurs in approximately 30% of patients with nonischemic
heart failure [13]. Why some, but not all, obese subjects develop lipotoxic-
ity in nonadipose tissues is a potentially illuminating issue that remains to be
explained. Among the factors that could account for this are dyslipidemia, ge-
netic traits, altered regional fat distribution, fat tissue dysfunction, aging, extent
of adipokine and inflammatory response, hormonal status, coexisting diseases,
and activity.

As with obesity, diabetes and insulin resistance are associated with lipid
accumulation, cytotoxicity, and dysfunction in a number of tissues. For exam-
ple, proton magnetic resonance studies suggest that increased intramyocellular
lipid content is associated with reduced insulin sensitivity in healthy humans
[17]. Type 2 diabetes is associated with increased FA uptake into cardiac my-
ocytes and mitochondria, altered mitochondrial function, and decreased car-
diac contractility [2]. Lipotoxicity may be an early event in type 2 diabetes,
because inhibiting lipolysis, which results in reduced fasting plasma FFA (but
no change in adipokines) improves insulin sensitivity in subjects predisposed
to develop diabetes [18]. Of course, obesity and insulin resistance are linked
and are components of the metabolic syndrome. The failure of antilipotoxic
protection associated with obesity and insulin resistance may even be a cause
of the metabolic syndrome [1].

Defective adipose tissue may promote lipotoxicity in peripheral tissues and
be a key link among obesity, insulin resistance, and type 2 diabetes [19]. This
is highlighted by the observations that aging and congenital lipodystrophies,
conditions associated with altered fat tissue function, are themselves associ-
ated with the metabolic syndrome and accumulation of lipid associated with
dysfunction of nonadipose tissues [5, 20–22]. Congenital lipodystrophies are
the most severe of lipotoxic diseases, with little adipose tissue in which to store
lipid, low adiponectin and leptin, hyperlipidemia, cardiomyopathy, diabetes,
and liver steatosis [5, 23]. Certain drugs associated with fat tissue redistrib-
ution and dysfunction are also associated with lipotoxicity. Glucocorticoids
cause lipotoxicity with diabetes, steatosis, and hyperlipidemia in rodents [24].
HIV protease inhibitors impede adipogenesis [25] and result in fat redistribu-
tion, cardiomyopathy, and diabetes in some patients [26].
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4. MECHANISMS OF LIPOTOXICITY

Several mechanisms probably contribute to the cytotoxicity associated with
lipid accumulation in nonadipose tissues. These include increased lipid syn-
thesis, detergent effects on membranes, increased lipolysis or reduced ability
to suppress lipolysis in adjacent lipid-containing cells, β-oxidation of FAs,
reactive oxygen species (ROS) generation, lipid peroxides, effects on protein
kinase B (PKB) and PKC activity, ceramide, stimulation of apoptotic or in-
hibition of antiapoptotic pathways, necrosis, and promotion of inflammatory
cytokine release.

Under most conditions, extensive lipid storage and synthesis, particularly
of TGs, is restricted to adipose cells, with smaller amounts being made by
liver, muscle, myelin-forming, and steroidogenic cells. Under certain condi-
tions, lipotoxicity can occur in nonadipose cells when lipid synthesis is in-
creased. For example, overexpressing acyl coenzyme A (CoA) synthase (ACS)
in cardiomyocytes can induce lipotoxic cardiomyopathy [27]. ACS increases
FA import (Figure 1), leading to lipid accumulation with apoptosis, myofiber
disorganization, interstitial fibrosis, left ventricular dysfunction, and dilated
cardiomyopathy [27]. Decreased ability to suppress lipolysis may contribute
to increased local FA concentrations and lipotoxicity. Diabetes and obesity
with insulin resistance lead to decreased ability to suppress lipolysis [28] and
are associated with lipotoxicity. Thus, increased production or release of FA
by cells can contribute to lipotoxicity.

Decreased FA β-oxidation may contribute to lipotoxicity by decreasing re-
moval of cytotoxic FA, while increased β-oxidation may raise production of
cytotoxic ROS. Impaired β-oxidation may contribute to increased intramy-
ocellular lipid in obesity and diabetes [29, 30]. Impeding β-oxidation (e.g.,
by inhibiting ACC activity; Figure 1) can increase levels of potentially lipo-
toxic nonoxidative metabolites of FAs [5]. Fatty acyl CoA accumulation might
be the main factor that leads to cardiac lipotoxicity [31]. Leptin, which in-
creases FA oxidation [32], protects against lipotoxicity in lipodystrophy [33–
35]. Thus, reduced β-oxidation may contribute to lipotoxicity. On the other
hand, increased β-oxidation can result in ROS generation and lipotoxicity,
with the impaired β-oxidation in diabetes and obesity being a compensatory
response to protect against excess ROS production [2, 36]. Increasing FA abun-
dance can itself result in increased β-oxidation, possibly through FA binding
to peroxisome proliferator activated receptors (PPARs), leading to increased
CPT-1 activity and FA oxidation that exceeds energy needs [2, 5, 37] (Fig-
ure 1). Indeed, FA oxidation is increased in hearts of obese db/db and ob/ob an-
imals [38, 39] and cardiac PPARα [13] and PPARγ coactivator-1α (PGC-1α)
[40] are increased in diabetes. ROS generation may contribute to palmitate-
induced cell death [41]. Fluorescence of an oxidant-sensitive probe is increased



The Fat Cell as an Endocrine Cell: Lipotoxicity 109

Figure 1. Fatty acid utilization pathways. Triglycerides (TGs) absorbed by the gut circulate as
chylomicrons and TGs exported by the liver as lipoproteins. Fatty acids (FAs) released by hor-
mone-sensitive lipase-catalyzed hydrolysis of TGs, circulate as complexes with albumin. TG
is hydrolyzed by lipoprotein lipase (LPL) to FA near cell surfaces. FAs diffuse across the cell
membrane and are complexed to FA binding proteins (FABP) in the cytosol. Acyl-CoA syn-
thetases (ACS) convert FA to fatty acyl-CoA (acyl CoA). Acyl CoA, in turn, can be incorpo-
rated into intracellular TGs or converted into acyl carnitine by carnitine palmitoyl transferase-1
(CPT-1) located in the outer mitochondrial membrane. CPT-1 can be inhibited by malonyl CoA,
the concentration of which is determined by a balance between synthesis from acetyl-CoA by
acetyl-CoA carboxylase (ACC) and degradation by malonyl CoA decarboxylase (MCD). Once
generated by CPT-1, acyl carnitine is transferred into mitochondria by a translocase. After con-
version back into acyl CoA by CPT-2 (located in the inner mitochondrial membrane), acyl
groups undergo β-oxidation and energy production that entails generation of reactive oxygen
species (ROS). PPARα increases ACS (resulting in increased acetyl CoA), MCD (resulting in
decreased malonyl CoA), and CPT-1 (enhancing β-oxidation).

by palmitate exposure. Palmitate-induced apoptosis can be blocked by com-
pounds that scavenge reactive intermediates. Thus, increases or decreases in
FA β-oxidation can set off events that culminate in cell death.

These findings suggest that lipotoxicity arises from a constellation of cyto-
toxic mechanisms and is not a single, unified process. This contention is un-
derscored by the observations that such diverse processes as accumulation of
peroxidized FA (as a result of increased ROS due to β-oxidation or increased
presence of lipid susceptible to peroxidation [2, 42–44]), inhibition of protein
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kinase B45 or induction or inhibition of certain protein kinase C isoforms by
FAs [46–48], and ceramide accumulation (in palmitate- but not oleate-induced
lipotoxicity [1, 27, 41, 49, 50] can be involved in cytotoxic effects of FAs.

Exogenous FAs can cause apoptosis within hours in cultured cells [51].
Palmitic acid is a particularly potent apoptosis inducer [51]. Indeed, saturated
FAs are generally more lipotoxic than unsaturated FA: excess palmitic acid is
more lipotoxic than oleic acid in a number of cell types [3, 41, 50, 52–55].
This has been attributed to generation of specific proapoptotic lipid species or
signaling molecules that may vary across cell types: ROS [41], ceramide [56],
and nitric oxide [57], decreases in phosphatidylinositol-3-kinase [54] as well
as primary effects on mitochondrial structure or function [58]. Exogenous or
endogenously generated unsaturated FAs, such as oleate, can rescue palmitate-
induced apoptosis by promoting palmitate incorporation into TGs in Chinese
hamster ovary (CHO) cells [3]. In cells in which activity of stearoyl-CoA de-
saturase 1 (SCD1), which catalyzes desaturation of palmitate, is increased, TG
accumulation after exposure to palmitate also increases. This suggests that en-
dogenously produced unsaturated FAs can promote TG accumulation. Further,
by increasing SCD1 activity, less apoptosis occurs following palmitate expo-
sure. Thus, enhancing ability to synthesize TGs can protect against develop-
ment of lipotoxicity. Unsaturated FAs reduce lipotoxicity by increasing incor-
poration of saturated FAs into TGs.

Long-chain FA can suppress Bcl2, an antiapoptotic factor, leading to in-
creased susceptibility to apoptosis in pancreatic cells [59]. Activity of ser-
ine/threonine protein phosphatase type 2C is stimulated by certain unsaturated
FAs, including oleic acid, and this enzyme dephosphorylates Bad, resulting in
increased apoptosis in human umbilical vein endothelial, rat cortical and hip-
pocampal, and human neuroblastoma SH-SY5Y cells [60, 61]. Palmitate and,
to a lesser extent, oleate can induce apoptosis in pancreatic β-cells [62]. Both
FAs induce endoplasmic reticulum stress response elements (C/EBP homol-
ogous protein, activating transcription factor-4 and -6, and immunoglobulin
heavy chain binding protein mRNAs and alternative splicing of X-box binding
protein-1), but not NFκB. Thus, FFAs can cause apoptosis by activating ER
stress responses through an NFκB- and nitric oxide-independent mechanism.
In endothelial cells, palmitate is also more effective than oleate in inducing
apoptosis, but NO synthase is increased by FA in these cells [63]. Also, ele-
vated FFAs can cause apoptosis of β-cells partly as a result of ceramide gen-
eration [50, 64]. Again, cytotoxicity of palmitate is higher than oleate under
these conditions. In CHO cells, palmitate, but not oleate, can induce apopto-
sis through the generation of ROS independently of ceramide synthesis [41].
Thus, FA can cause apoptosis in multiple cell types through diverse mecha-
nisms.
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TGs can also cause cell death, in some cases by necrosis rather than apopto-
sis. In macrophages, exposure to TGs under conditions in which no FFAs were
detectable caused cell death in a dose-dependent fashion without an increase in
caspase-3 activity [51]. Indeed, caspase-3 activity was reduced in the presence
of TGs. Cell death was associated with increased ROS generation by mito-
chondrial complex 1. Thus, although TGs induce less lipotoxicity than FFAs,
they are not completely neutral. The processes through which TGs mediate
changes in cell function and death appear to be distinct from those of FAs.

5. INHERENT PROPERTIES OF CELLS
CONTRIBUTE TO SUSCEPTIBILITY TO
LIPOTOXICITY

Different cell types vary in susceptibility to lipotoxicity (e.g., pancreatic
β-cells compared to other pancreatic cell types, or fat cells compared to hepa-
tocytes). This is compatible with the contention that susceptibility to lipotox-
icity is partly determined by inherent properties of cells. Studies of effects of
aging also support this contention. Dysfunctional cells containing lipid can ac-
cumulate with aging in various tissues such as muscle, liver, and bone marrow
[20]. Even preadipocytes isolated from animals of different ages maintained
for several cell generations under identical culture conditions become increas-
ingly susceptible to FA-induced apoptosis with increasing age [65], pointing
to a predisposition to lipotoxicity caused by inherent changes in cell function.
With aging, progenitors of a variety of mesenchymal cell types (e.g., muscle
satellite cells, osteoblasts) accumulate lipid, express some markers associated
with fat cells such as PPARγ 2 or FA binding protein 4 (aP2), and continue to
express some transcription factors and markers characteristic of their own cells
type, but do not develop into functional differentiated cells. This occurs even
when these progenitors are maintained under identical culture conditions with-
out exposure to any of the changes in circulating lipids, hormones, or paracrine
factors that may occur with aging. Although these adipocyte-like cells contain
lipid and are dysfunctional, it is not clear if they really result from lipotoxicity
or changes in transcription factor expression related to cell autonomous aging
events.

6. ASSOCIATION BETWEEN LIPIDS AND
INFLAMMATORY RESPONSES

In addition to causing cytotoxicity directly, lipids can induce immune
responses that amplify extent of tissue damage. FAs regulate macrophage
gene expression and can induce expression of inflammatory cytokines in
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macrophages [11, 66]. Given the close relationship between preadipocytes and
macrophages, and because inflammatory cytokine expression increases in obe-
sity, it would not be surprising if FAs, particularly saturated FAs, elicited in-
creased inflammatory cytokine expression in adipose tissue with an impact on
other organs.

7. MECHANISMS OF DEFENSE AGAINST
LIPOTOXICITY

Tissues employ a variety of strategies for protection from the lipotoxic ef-
fects of lipids. Lipid depletion is effective in protecting cells from lipotoxicity.
For example, lipid depletion protects pancreatic β-cells from apoptotic effects
of cytokines [67]. Depletion of intramyocellular lipid is associated with im-
proved insulin sensitivity, reduced ACC mRNA, and increased GLUT4 expres-
sion [68]. Overexpression of apolipoprotein B leads to a reduction in cardiac
TG stores and increased TG secretion [69, 70], but it is important to acknowl-
edge that lipoprotein secretion has not been demonstrated in cardiac tissue of
wild type mice [2]. Insulin can induce lipid accumulation acutely and through
up regulating SREBP-1c, which induces lipogenic enzyme expression [71].
Paradoxically, insulin resistance may protect against lipid accumulation, be-
cause excluding glucose from cells reduces glucose-derived lipogenesis. Thus,
mechanisms that can potentially defend against lipotoxicity include lipopro-
tein secretion (in cells containing microsomal TG transfer protein), FA export,
and insulin resistance.

Control of circulating lipids is another defense against lipotoxicity. While
diabetes and obesity can result in increased plasma FAs [72, 73], fasting FFAs
are not consistently increased in obese subjects [74], although marked varia-
tions in plasma FFAs occur in response to feeding and fasting. FFAs might be
elevated at night or integrated basal FFA levels may be higher in obese subjects
with the metabolic syndrome than in lean subjects, an area warranting further
study. Also, increased circulating lipoproteins and de novo lipogenesis from
glucose may predispose to lipotoxicity. However, the fact that TG content in
cell types other than adipocytes remains within a very narrow range, despite
excess caloric intake sufficient to increase fat cell TGs, is consistent with a
system of FA homeostasis to protect against lipotoxicity [75]. Normally
rats can tolerate a 60% fat diet because 96% of surplus fat is deposited in
adipocytes [42].

Although TGs can induce cell necrosis, TGs are less cytotoxic than FAs [3,
50]. While TG accumulation is an indicator of ectopic lipid deposition, storage
as TG is probably the least toxic means for sequestering surplus lipids. How-
ever, intracellular TG can become part of the problem. Intracellular TG is a
potential source of FAs in excess of oxidative needs and can contribute to an
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increase in the pool of FA CoA, a substrate and regulator of many pathways of
nonoxidative FA metabolism. Of nonadipocytes, liver and muscle have high-
est tolerance to surplus TG: liver can export surplus TG as very low density
lipoprotein (VLDL), while muscle can β-oxidize lipid. Also, fat cells present
in nonadipose tissues may actually protect those tissues from lipotoxicity by
storing or processing excess FAs locally.

Exercise is associated with protection against potentially adverse effects of
intramyocellular lipid [76]. Endurance training results in increased intramy-
ocellular lipid despite increased β-oxidation. In obesity and diabetes, increased
intramyocellular TG correlates with insulin resistance and is associated with
increased lipid peroxidation, but not in endurance-trained subjects [43]. This
suggests that endurance training increases intramyocellular antioxidant en-
zyme activity. Further, increased intramyocellular TG may be a constantly uti-
lized source of energy for ATP production in endurance-trained subjects, while
in obese subjects, intramyocellular TG may be stored but not mobilized. Thus,
intramyocellular TG accumulation does not necessarily indicate lipotoxicity.

Adiponectin and leptin can defend against cytotoxic effects of lipids.
Adiponectin protects against metabolic syndrome [77–80]. It increases AMP-
activated protein kinase (AMPK) activity and enhances FA oxidation [81].
Leptin also increases AMPK activity [82] and FA oxidation [32]. In obese,
leptin-deficient Zucker rats, adenoviral overexpression of leptin in the liver
protects from hepatic fat accumulation and hypertriglyceridemia [32]. Thus,
leptin and other factors produced by subcutaneous fat may protect against lipo-
toxicity [1]. Indeed, increased leptin or transplantation of normal fat amelio-
rates the lipotoxicity caused by lipodystrophy: leptin reduces the steatosis and
diabetes of lipodystrophy in mice and humans [33–35]. Infection with an aden-
ovirus that increases circulating leptin improves lipotoxic cardiomyopathy and
decreases blood FA and TG, elevates cardiac expression of anti-apoptotic Bcl2,
and decreases expression of proapoptotic Bax [83]. In addition to increasing
AMPK, high levels of leptin reduce lipogenic transcription factor expression
(SREBP-1C in liver and PPARγ [and ACC and FAS] in fat), increase PGC-
1α (increasing numbers of mitochondria) [42]), and prevent the FA-mediated
decline in Bcl2 [59]. Thus, the increase in leptin or other adipokines in diet-
induced obesity may protect against lipotoxicity in nonadipose tissues, al-
though resistance to effects of these adipokines may eventually develop, as
occurs with leptin.

AMPK activation decreases ACC activity, reducing malonyl CoA, result-
ing in increased CPT1 activity and β-oxidation (Figure 1). AMP kinase ac-
tivating agents (leptin [82, 84, 85], adiponectin [84], thiazolidinediones [86],
metformin [87], and 5-aminoimidazole 4-carboxamide 1-β-D-ribofuranoside
AICAR [88, 89]) decrease lipotoxicity. AMP kinase activation reduces the di-
abetes and ectopic lipid accumulation that occur in Zucker rats [89]. Thus,
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AMP kinase appears to have an important role in the lipotoxicity associated
with obesity and fat tissue dysfunction.

Despite the importance of adipokines in the genesis of some forms of
lipotoxicity, lipotoxicity can occur independently of altered adipokine levels.
Transgenic mice with muscle- or liver-specific overexpression of lipoprotein
lipase have increased muscle and liver TG content and insulin resistance be-
cause of altered insulin signaling [90]. These defects in insulin action are asso-
ciated with increases in diacylglycerol, fatty acyl CoA, and ceramides. Thus,
increased TG synthesis can cause accumulation of intracellular FA-derived
metabolites and insulin resistance through alterations in insulin signaling in-
dependently of circulating adipokines.

Exogenous or endogenously generated unsaturated FA can rescue palmitate-
induced apoptosis in CHO cells [3]. Oleate promotes palmitate incorporation
into TG and prevents increased ROS and ceramide generation resulting from
palmitate. In cells with increased stearoyl-CoA desaturase 1 (SCD1), TG ac-
cumulation is increased in the presence of palmitate, suggesting that endoge-
nously produced unsaturated FAs can promote TG accumulation. These cells
are resistant to palmitate-induced apoptosis. Thus, generation of unsaturated
FAs can protect against lipotoxicity by increasing incorporation of saturated
FAs into TGs.

Other mechanisms may also provide protection from lipotoxicity. For ex-
ample, removal of ceramide can reduce lipotoxicity. Ceramide is formed by
the condensation of palmitoyl CoA and serine, catalyzed by serine palmitoyl
transferase (SPT [91]). Reducing palmitoyl CoA and SPT decreases apopto-
sis in pancreatic islets. Caloric restriction and thiazolidinediones reduce SPT
activity and lead to protection from apoptosis [5]. Sirtuins, which promote fat
mobilization [92] and are activated by dietary flavinoids, may turn out to be
involved in protection from lipotoxicity. In pancreatic β-cells, PKB activation
can prevent apoptosis through inhibition of the proapoptotic proteins glycogen
synthase kinase-3α/β , FoxO1, and p53 [45].

8. PREADIPOCYTES AND FAT CELLS ARE MORE
RESISTANT THAN OTHER CELL TYPES TO FA

Defenses against lipotoxicity are best developed in adipose tissue. Nonadi-
pose tissues have very limited capacity to store lipids [3]. Lipotoxicity does
not seem to occur in fat tissue itself [93], at least under most conditions.
Preadipocytes, which account for 15% to 50% of the cells in fat tissue, are
resistant to levels of FAs that would destroy other cell types. 3T3-L1 cells are
resistant to 1.5 mM palmitic acid [93]. Fat cells themselves are resistant to FA.
Treatment of collagenase-isolated rat epididymal adipocytes for up to 24 hours
with 1.5 mM oleate or palmitate at an FFA: albumin ratio of 2.5:1 results in
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no significant effects on IRS-1, PI3 kinase, PKB, phosphorylated PKB,
GLUT4, insulin-stimulated glucose uptake, or basal or cAMP-stimulated lipol-
ysis or inhibition of lipolysis by insulin [93].

How do preadipocytes and fat cells protect themselves against the conse-
quences of exposure to very high concentrations of FAs? Very few data are
available about this. Possible mechanisms include the following. Fat cells
express abundant aP2 and other FA-binding proteins, which may provide
protection against high intracellular levels of FAs and their metabolites. Long-
chain FAs induce preadipocyte aP2 expression [94]. aP2 and other intracel-
lular lipid-binding proteins may also function as lipid chaperones, facilitat-
ing the movement of FA out of fat cells [95]. Fat cells likely have well
developed antiapoptotic mechanisms, because there are high local concentra-
tions of tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) in adi-
pose tissue that they must defend themselves against. Fat tissue turns over at
a greater rate than generally appreciated—with fat cell numbers increasing
throughout life in some fat depots [96], permitting replacement of damaged
cells. There is a large pool of fat cell progenitors that can replace damaged
adipocytes. Fat cells have highly developed machinery to esterify potentially
lipotoxic FAs into TGs. Also, β-oxidation occurs in fat cells, providing an-
other means to dispose of acyl-CoA. Further, fat cells are resistant to poten-
tially high levels of ROS resulting from FAs. Interestingly, the dicarboxylate
carrier is expressed at higher levels in adipocytes than in any other cell type
[97]. Overexpression of the mitochondrial dicarboxylate carrier leads to hyper-
polarization of the mitochondrial membrane, resulting in increased ROS for-
mation [98]. Exposure of primary rat adipocytes to hyperglycemic conditions
in vitro reduces insulin sensitivity and increases ROS levels [99]. Adipocytes
isolated from mice fed high-fat have significantly elevated ROS [100]. ROS
are increased in primary adipocytes isolated from mice exposed to nutrient
excess in vivo [98]. Further, differentiation of murine 3T3-L1 preadipocytes
into adipocytes is associated with the acquisition of apoptotic resistance ac-
companied by upregulation of cell survival genes even under conditions in
which ROS production is increased [101]. Thus, ROS in fat cells may be high
and these cells appear to have well developed mechanisms to resist ROS dam-
age.

There may be situations in which even cells in fat tissue become paradox-
ically susceptible to lipotoxicity. An example of this is the increasing suscep-
tibility of preadipocytes to apoptosis induced by FA with aging [65]. Perhaps
other disease states, such as fat redistribution and the metabolic syndrome as-
sociated with HIV protease inhibitors that interfere with adipogenesis, may
also prove to involve this hypothetical mechanism. Such processes could set
up a cycle of lipotoxicity in fat tissue (Figure 2), with FA contributing to
preadipocyte dysfunction, impeding adipogenesis with failure to store FAs as
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Figure 2. Hypothetical lipotoxicity cycle in fat tissue. Fat cells and preadipocytes presumably
have stronger defenses against lipotoxic effects of potentially high local FA concentrations and
flux than cells in other tissues. Should these defenses (including capacity to undergo adipogene-
sis, FA binding proteins, β-oxidation, mechanisms to remove reactive oxygen species, resistance
to apoptosis) fail, a cycle of reduced FA removal leading to more damage, resulting in further
reduction in capacity to remove FA could ensue. This could contribute to increased fat tissue
inflammatory cytokine generation and reduced capacity to store FA as TG, with spillover into
nonadipose tissues and other fat depots.

TGs, leading to further increases in FAs, compounding fat tissue dysfunction
and causing reduced adiponectin and leptin production and increased inflam-
matory cytokine generation.

9. SUMMARY

Lipotoxicity, defined as lipid-induced metabolic damage, occurs when net
capacity to store and utilize lipids is exceeded. In diabetes, obesity, the
metabolic syndrome, lipodystrophies, aging, and other conditions, lipotoxicity
can result in systemic dysfunction. However, lipotoxicity can be adaptive, pos-
sibly providing defense against infection and accumulation of dysfunctional
cells. Fatty acids are more lipotoxic than triglycerides, and different fatty acids
vary in extent and mechanisms of lipotoxicity. Lipotoxicity is predisposed to
by multiple factors, occurs through diverse mechanisms, and can cause cell
removal through apoptosis or necrosis. Fat cells and preadipocytes are particu-
larly resistant. Thus, lipotoxicity is not a single process and can have adaptive
as well as detrimental consequences.
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10. CONCLUSIONS

Although it is tempting to consider lipotoxicity to be a single process, this is
probably simplistic. A diversity of triggers and pathways can lead to the lipid
accumulation and cell death that are features of lipotoxicity. With respect to
triggers, increased external lipid concentrations, decreased adiponectin or lep-
tin, increased glucocorticoids, and intracellular processes, such as mitochon-
drial dysfunction with aging, may all predispose to lipotoxic cell death. None
of these processes appears to be uniformly required for intracellular lipid ac-
cumulation and then cell death to occur. With respect to pathways involved,
increases as well as decreases in FA β-oxidation, depending on cellular con-
text, have been associated with mechanisms culminating in cell death. Accu-
mulation of ceramide, which is likely important in the lipotoxicity resulting
specifically from palmitic acid exposure, is much less likely to be a key fac-
tor in the lipotoxicity resulting from oleic acid. Deficiency of adiponectin or
leptin may predispose to lipotoxicity, but lipotoxicity can occur without this,
for example, in the setting of increased lipoprotein lipase activity. Even the
mechanisms of cell death resulting from exposure to increased concentrations
of various types of lipids differ: FAs are associated with apoptosis while TGs
induce necrotic cell death. Thus, lipotoxicity is a group of processes predispos-
ing to cell death through diverse triggers and pathways. A search for a unifying
mechanism leading to cell death from lipids in all tissues is unlikely to be re-
vealing. Although description of the diverse mechanisms resulting in cell death
due to lipids is important, it is even more important to understand the tissue-
and situation-specific processes that defend against cell death in order to devise
specific therapies.

Lipotoxicity is not uniformly detrimental. It can be an adaptive process that
removes dysfunctional cells or invading organisms, provides a means for regu-
lating tissue development (e.g., osteoprogenitor function), and defends against
overshoot effects of chronically high insulin levels by contributing to insulin
resistance. The high FA levels likely present in fat tissue have been incorpo-
rated into its metabolic storage, regulatory, and immune roles. Obesity, a state
rarely found in nature, and other types of fat tissue dysfunction may subvert
these normal responses, resulting in lipotoxicity in fat and other tissues. The
metabolic syndrome might be a particularly extreme example of this.

Thus, lipotoxicity is not a single process with uniformly destructive effects.
The extent of lipotoxicity is predisposed to by multiple factors (including type
of lipid, cellular context, inflammatory cytokines, hormonal status, drugs), pro-
ceeds through diverse mechanisms, and can have beneficial as well as destruc-
tive consequences.
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1. INTRODUCTION

It has been long recognized that increased adiposity, especially a predomi-
nance of abdominal adiposity, is associated with insulin resistance. A central
pattern of obesity is also frequently observed in association with hypertension
and a distinct pattern of atherogenic dyslipidemia characterized by elevated
serum triglycerides, low high-density lipoprotein (HDL) cholesterol, and small
dense low-density lipoprotein (LDL) particles. This cluster of associations is
now grouped and recognized as the “metabolic syndrome” [1]. The metabolic
syndrome appears to be quite prevalent in the Western world and is estimated to
be manifest by nearly one quarter of adults in the US population [2]. Although
there is still uncertainty and debate about which is the best set of clinical cri-
teria and diagnostic cutoffs to define the metabolic syndrome, and how these
vary according to ethnicity, consensus definitions have been established by the
National Cholesterol Education Program [3], the World Health Organization
[4], and the International Diabetes Federation.

Despite broad concordance that obesity induces clinically significant insulin
resistance, there is the paradox to be considered that nearly two thirds of the
adults in the US population are overweight or obese, and yet a substantially
lesser fraction manifests the metabolic syndrome. Thus while it is clear that
adiposity can be causative of the metabolic syndrome, there is variance in
the strength of this link. Central obesity stands as a major risk factor for in-
sulin resistance. Nonetheless, the exact mechanisms by which obesity causes
or aggravates insulin resistance are not entirely understood. A predominance
of central rather than lower body fat distribution has long been recognized
as one important distinction, posited by Vague and colleagues a number of
years ago [5], between those who develop the metabolic syndrome compared
to those who do not. Another aspect of adiposity that has drawn increasing at-
tention more recently is accumulation of fat within nonadipose organs, notably
liver and skeletal muscle, and potentially other organs such as pancreatic islets
and myocardium. We review several mechanisms that link obesity with insulin
resistance and in particular consider the causes and consequences of fat accre-
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tion within liver and skeletal muscle, a manifestation that has been described
as “ectopic fat.”

The primary storage place for lipids is adipose tissue. Ectopic, in Greek,
means “out of place.” The ectopic fat theory postulates that systemic metabolic
repercussions may occur as a result of excessive lipid accumulation in certain
metabolically active tissues, most notably those known to be highly insulin-
responsive, such as liver and skeletal muscle [6]. However, it should be noted
that it is normal for liver and skeletal muscle to contain triglycerides, so the
term “ectopic” is somewhat technically imprecise. Rather, in the context of
physiopathology the use of the term denotes increased fat content.

2. CONSEQUENCES OF EXCESS ADIPOSITY TO
WHOLE-BODY GLUCOSE HOMEOSTASIS

Insulin resistance is characterized by decreased whole-body glucose dis-
posal, decreased suppression of glucose production, and decreased inhibition
of lipolysis, which can be accounted for, respectively, by decreased insulin re-
sponsiveness in skeletal muscle, liver, and adipose tissue. Together, these three
tissues play a major role in determining whole-body insulin resistance and
abnormalities of glucose and lipid homeostasis. What has yet to be fully un-
derstood is how these tissues become less responsive to insulin in relation to
obesity.

In obesity, insulin resistance in liver and skeletal muscle appears to be
strongly linked to mechanisms of lipotoxicity, i.e., impairments in insulin-
signaling brought about by excess lipids within hepatocytes or myocytes.
One mechanism might be an increased delivery of circulating free fatty acids
(FFAs), arising from dysregulation of lipolysis from within the expanded mass
of adipose tissue. This would be present both during fasting conditions, but
also, and perhaps more importantly, by impaired suppression of plasma FFAs
during insulin-stimulated conditions after meal ingestion. Another equally rea-
sonable postulation is that liver and skeletal muscle may become insulin resis-
tant because of intrinsic metabolic derangements in these tissues that confer a
relative inability to handle excessive FFA fluxes. These two postulates are not
mutually exclusive but could coexist in a feed-forward manner that compounds
the risk for insulin resistance. One possibility is that in individuals predisposed
to develop insulin resistance, liver and/or skeletal muscle may have a low ca-
pacity to metabolize an excessive flux of FFAs [7]. The net effect would be
lipid accumulation in these tissues, which would be compounded if flux of
FFAs to these tissues is increased above normal rates. Both excess FFA flux
or decreased oxidation and metabolism are two mechanisms that may vary in
relative contribution in different individuals.
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3. FFA-INDUCED INSULIN RESISTANCE

A rise in plasma FFAs reduces insulin sensitivity in skeletal muscle and
liver [8–10]. Plasma FFAs are typically elevated in the insulin resistant indi-
viduals, providing liver and skeletal muscle with an increased flux of FFAs.
An increased FFA flux to these tissues can induce competition between FFAs
and glucose oxidation, resulting in an inhibition of glucose oxidation and sec-
ondary inhibition of glycolysis and ultimately glucose uptake, one of the hall-
marks of insulin resistance. This specific biochemical model continues to be
described as the Randle cycle [9, 11], citing the seminal work of this investiga-
tor that was initially described nearly half a century ago. More recent studies
indicate that the site of inhibition induced by FFAs in skeletal muscle may
be at the step of glucose transport and insulin signaling [12, 13]. Indeed, in
addition to providing competing substrate, FFAs are now recognized to inter-
fere with insulin sensitivity by additional mechanisms, such as disruption of
intracellular signaling pathways [8, 10, 14–16].

Although the intracellular mechanisms by which FFAs interfere with in-
sulin sensitivity continue to be an important area for investigation, the notion
that increased levels of FFAs are important in the genesis of hepatic insulin
resistance is well established, and one perspective on this has been refined in
the “portal hypothesis,” which attempts to explain why visceral adiposity, al-
though generally accounting for just one tenth of overall adiposity, is nonethe-
less a stronger correlate of insulin resistance than total adiposity. This crux
of the portal hypothesis is that increased visceral adiposity leads to excessive
FFA flux to the liver. Visceral adipocytes are more insulin resistant than sub-
cutaneous fat adipocytes with regard to suppression of lipolysis [17] and FFAs
are released predominantly into the portal circulation. This exposes the liver to
high FFA concentrations in those with central obesity. Despite its elegance, this
hypothesis has not been proven in humans, largely owing to technical difficul-
ties in sampling blood from the portal vein. Rather it has been suggested that
the majority of FFAs entering hepatocytes derive from subcutaneous depots
[18]. Alternatively, or in addition, visceral fat may also affect hepatic insulin
sensitivity by releasing adipokines into the portal circulation, potentially caus-
ing increased hepatic insulin resistance [19]. Although the portal hypothesis
may in part explain hepatic insulin resistance and provide a context for under-
standing the better correlation between central adiposity and insulin resistance,
it does not satisfactorily explain by itself all the features of insulin resistance
and does not account well for insulin resistance observed in skeletal muscle.

It should be highlighted that an increase in FFA flux to liver and skeletal
muscle does not in itself constitute a determinant of insulin resistance in these
tissues, unless it results in the accumulation of lipid metabolites in these tis-
sues. Such a notion is consistent with idea of lipotoxicity and is one of the
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cornerstones of the ectopic fat theory. The ectopic fat theory has emerged as
an appealing candidate explanation to integrate obesity, lipotoxicity, and in-
creased FFA fluxes into a cohesive concept responsible for insulin resistance.

4. ECTOPIC FAT IN SKELETAL MUSCLE AND
INSULIN RESISTANCE

Support for the ectopic fat theory has increased in recent years as a result
of numerous experimental observations that skeletal muscle and liver have in-
creased intracellular triglyceride in insulin resistant states. In skeletal muscle
of individuals with obesity as well as those type 2 diabetes, the intracellu-
lar content of lipids is increased [20–23]. This observation suggests that in-
tramyocellular lipid (IMCL) content and insulin resistance are related, which
has been further suggested by several more refined experimental observations.
First, the magnitude of skeletal muscle lipid accumulation appears to be pre-
dictive of the degree of whole-body insulin sensitivity [23, 24]. Second, the
skeletal muscle IMCL content of obese individuals, determined by computed
tomography (CT) scan attenuation values, is reduced by weight loss in a mag-
nitude that is correlated with the degree of change in whole-body insulin
sensitivity [25]. In addition, in some studies muscle CT attenuation predicts
insulin resistance when taking into account visceral adiposity and overall adi-
posity [20]. Similar associations between whole-body insulin resistance and
ectopic fat in skeletal muscle have also been extensively reported with 1H nu-
clear magnetic resonance (NMR) spectroscopy, another method that quantifies
IMCL content noninvasively [26–29].

Two important considerations must be discussed about these observations:
first, a priori, the association between IMCL and insulin resistance does not
necessarily imply causality between these two. It could be easily argued that
these are coincidental associations in individuals destined to develop both con-
ditions in parallel. However, data from experimental animal models suggest
that a primary increase in IMCL in skeletal muscle can induce insulin resis-
tance in muscle [30–32]. When lipoprotein lipase is specifically overexpressed
in skeletal muscle, inducing IMCL accumulation, animals develop insulin re-
sistance in muscle. The second consideration is that although the increased
IMCL reflects mostly triglyceride accumulation, it is more likely that one
(or many) accompanying lipid or lipid-derived species actually mediate lipo-
toxicity. Fatty-acyl-CoAs, diacylglycerol, and ceramides have been the most
notable candidates. Excellent reviews on this topic have been published
recently [8, 33].
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5. RELATIONSHIPS BETWEEN ECTOPIC FAT IN
LIVER AND INSULIN RESISTANCE

Another very common feature of the ectopic fat syndrome is fatty liver, also
known as hepatic steatosis. This entity encompasses a spectrum of pathological
abnormalities spanning from fatty liver without inflammation to steatohepati-
tis, which can ultimately lead to hepatic fibrosis and cirrhosis [34, 35]. Hepatic
steatosis, independently of overt inflammation, has been found to be a feature
of insulin resistance and the metabolic syndrome [36–39]. Fatty liver is a very
frequent finding in T2DM, with estimated prevalence ranging from 21% to
78% [40–42] and is also found in high prevalence among obese individuals
[34, 40, 43, 44]. The presence of the metabolic syndrome in nondiabetic indi-
viduals increases the likelihood of concomitant steatohepatitis by 3.2-fold [45].
Even in normal weight individuals, the presence of hepatic steatosis seems to
be a predictor of characteristic disorders of the metabolic syndrome [46].

The pathogenesis of fat accumulation in the liver is not entirely understood,
and multiple risk factors may be involved. Fatty acids are the predominant
substrate oxidized by the liver, as oxidation of glucose is much more limited.
Increased fatty acid flux to the liver resulting from impaired insulin-suppressed
lipolysis in adipose tissue is thought to be a strong contributor to hepatic steato-
sis [47–51]. In addition, there is also reason to believe that hyperinsulinemia re-
sulting from peripheral and/or hepatic insulin resistance may also contribute to
exaggerated lipid accumulation in the liver. The transcriptional factor SREBP-
1c (sterol regulatory element-binding protein-1) promotes lipogenesis. Intrigu-
ingly, despite insulin resistance within glucose and lipid metabolic pathways,
hepatocytes appear to retain responsivity to insulin within SREBP-1c [52].
More evidence for this notion has been found in mice, in which disruption of
the classical insulin signaling pathway was established by knocking out the
gene encoding for IRS-2 (insulin receptor substrate-2). Paradoxically, the ex-
pression of the SREBP-1 gene, a downstream target of insulin was increased
and these mice had increased liver triglyceride content [53].

Fatty acid uptake by the liver, in conjunction with hyperinsulinemia, and
perhaps accentuated by steatosis, may contribute to the dyslipidemia charac-
teristic of the metabolic syndrome; namely elevated serum triglycerides and
low-HDL cholesterol. This dyslipidemia is thought to occur primarily as a re-
sult of increased VLDL secretion by the liver [46]. Through the combined
action of the enzymes CETP (cholesterol-ester transfer protein) and hepatic
lipase, HDL particle clearance increases and results in low HDL cholesterol
levels [48, 50]. Small dense LDL particles, which appear to be highly athero-
genic, also are formed through the CETP pathway.

The aforementioned mechanisms attempt to explain hepatic fat accumula-
tion as a consequence of insulin resistance in adipose tissue leading to elevated
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circulating FFA and abnormal fat partitioning. However, one must also con-
sider the possibility that hepatic steatosis contributes to hepatic insulin resis-
tance. Akin to what happens in skeletal muscle, liver-specific overexpression of
lipoprotein lipase induces hepatic steatosis without elevated FFAs, and causes
hepatic insulin resistance [30]. In humans with T2DM, it was reported that
severity of hepatic steatosis is associated with the severity of hepatic insulin
resistance, and is a good predictor of the total daily insulin requirement [54].
Also, among nonobese men without T2DM, hepatic steatosis was found to
correlate with hepatic insulin resistance, independently of obesity and intraab-
dominal adiposity [36]. However, in another study in patients with obesity and
T2DM, insulin suppression of hepatic glucose production was not different
between individuals with or without fatty liver [55].

Another line of evidence to support the notion that hepatic steatosis is as-
sociated with the genesis of hepatic insulin resistance originates from the ob-
served insulin-sensitizing properties of thiazolidinediones. Both pioglitazone
and rosiglitazone have been shown to decrease hepatic steatosis in association
with improvements in hepatic insulin resistance [56, 57]. Drugs in this class
act as agonists of the PPAR-γ nuclear receptor, a key transcriptional factor
in the differentiation of preadipocytes into adipocytes [58–62]. Therapy with
thiazolidinediones increases subcutaneous fat and decreases visceral fat [63–
66]. This effect on adipose tissue distribution may explain the amelioration of
hepatic insulin resistance and steatosis seen with pharmacotherapy with these
drugs.

6. HUMAN LIPODYSTROPHIC SYNDROMES

The ectopic fat theory is strengthened by observations in patients with
lipodystrophic syndromes. Lipodystrophy is a family of syndromes character-
ized by markedly reduced adipose tissue [67]. Insulin resistance, fatty liver,
and T2DM are frequent comorbidities, despite absence of obesity in many
cases [67–69]. It is thought that the insufficient mass of adipose tissue pre-
disposes to lipid accumulation in the liver and skeletal muscle, recapitulating
the sequence of events of the ectopic fat theory. This notion is supported by
transgenic animal models that have had adipose tissue development inhibited,
which results in the phenotypes of ectopic fat and diabetes [70–72]. Further,
surgical implantation of adipose tissue reverses lipoatrophic diabetes in mice
[73]. These experiments, along with the aforementioned observations in hu-
mans with lipodystrophy, lend credence to the notion that insufficient subcuta-
neous fat tissue can contribute to ectopic fat accumulation. It could be argued,
however, that these observations do not necessarily prove that abnormal fat
partitioning occurs because of an failure of adipocytes to store lipids, because
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abnormalities in circulating adipokine concentrations could be another plau-
sible explanation. Nevertheless, the lipodystrophic syndromes can be seen as
proof-of-concept that a certain amount of functional adipose tissue is crucial
for maintenance of insulin sensitivity and lipid buffering.

The observations derived from lipodystrophic syndromes suggest that in-
sufficient fatty acid buffering capacity can be a key contributor to ectopic fat
accumulation and raise an intriguing question: is the ectopic fat observed in the
metabolic syndrome, obesity and T2DM a result of functional impairments in
fat storage in adipocytes? A precedent for this idea can be found in the observa-
tion that the adipocyte size is positively correlated with hormone-sensitive li-
pase activity and lipolytic rates [74], which may indicate that larger adipocytes
may have reached a state of critical lipid storage capacity. The anticipated con-
sequence of having too many large adipocytes would be a rise in circulating
FFAs, which can then be made available for storage as ectopic fat in skeletal
muscle, liver, and the β-cells in the pancreas. In other words, obesity may be
associated with insulin resistance because the large fat tissue mass may have
conceivably approached its maximum potential to sequester lipids. In support
of this postulate, a growing body of data suggests that enlarged adipocytes cor-
relate well with insulin resistance [75–78]. In vitro, larger adipocytes appear
to be less responsive to insulin [79–82] and may represent the phenotype of
adipocytes that have failed to proliferate and can then only undergo hypertro-
phy [6, 83]. Presumably, larger adipocytes become insulin resistant as an adap-
tation to nutrient excess, and become unable to buffer circulating lipid fluxes.
These notions are further supported by the observation that in Pima Indians the
best correlation with new-onset type 2 diabetes is the adipocyte size [84].

7. CONCLUDING REMARKS

The ectopic fat theory has gained a significant body of supporting experi-
mental data in the last few years. Yet, much investigational work remains to be
done to precisely elucidate the mechanisms by which ectopic fat produce the
downstream abnormalities of insulin resistance, hyperglycemia, atherogenic
dyslipidemia, and hypertension observed in the metabolic syndrome. Such
knowledge is needed not just to further validate the ectopic fat theory, but also
to facilitate the design of pharmacological agents that specifically target the
pathophysiology of the metabolic syndrome. This is particularly critical be-
cause currently there is no commercially available pharmacological treatment
that completely reverses the metabolic syndrome, and physicians must rely
on multiple drugs to individually treat the multiple abnormalities seen in the
metabolic syndrome, i.e., dyslipidemia, hypertension, and insulin resistance.
As a result, a significant proportion of the adult population with metabolic syn-
drome must currently rely on polypharmacy for treatment. In principle, it could
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be proposed that nonpharmacological treatment by means of weight loss and
physical activity is all that is needed to contain the epidemics of obesity and
the metabolic syndrome. However, on pragmatic terms, given the formidable
challenges of attaining and then sustaining weight loss, there is a need for ef-
fective adjunctive pharmacological treatments for obesity and obesity-related
insulin resistance.
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1. INTRODUCTION

Despite the fact that the obesity epidemic has received intense media cover-
age, many physicians still fail to recognize that the rapidly growing prevalence
of type 2 diabetes in their practice is the result of our “toxic” sedentary and
affluent lifestyle that promotes weight gain, obesity, a positive energy balance,
and the progressive development of a dysmetabolic state [1], potentially lead-
ing to glucose intolerance and—eventually—outright hyperglycemia. Citing
obesity’s key role in the etiology of type 2 diabetes, Zimmet foresaw a rapid
increase in the prevalence of type 2 diabetes worldwide [2, 3]. Unfortunately,
the progression of obesity has been so brisk that the worldwide prevalence of
type 2 diabetes continues to grow at an alarming rate. This phenomenon should
be of great concern to health care providers, as type 2 diabetes has been clearly
linked to major health care expenses [4]. Indeed, it is a major cause of retinopa-
thy causing blindness, of nephropathy leading to end-stage renal disease and
dialysis, as well as of neuropathic complications, which are the leading cause
of amputations [5]. In addition to the microcirculatory damage it causes, type 2
diabetes also plays a key role in atherosclerotic macrovascular disease. For in-
stance, the majority of type 2 diabetic patients will die from cardiovascular
disease [6–8]. It is therefore crucial to diagnose type 2 diabetic patients early
with a view to optimal management of their condition, given that some 10%
of the North American population has this metabolic disease [9]. Further, its
prevalence is largely underestimated, as it has been found to be even more
prevalent in some populations worldwide [2, 3].

Although it has been shown that better glycemic control can reduce the
complications of diabetes related to microcirculatory damage, the benefits of
glycemic control for prevention of coronary heart disease (CHD) in diabetic
patients are modest at best [10, 11]. Although, as a group, type 2 diabetic pa-
tients are clearly at higher risk of CHD than the nondiabetic population, recent



138 J.-P. Després, I. Lemieux and N. Alméras

Figure 1. Heterogeneity of coronary heart disease (CHD) risk is associated with the metabolic
syndrome and type 2 diabetes. There is considerable evidence that metabolic syndrome features
increase CHD risk, even in nondiabetic individuals. Further, studies have shown that CHD risk is
heterogeneous in type 2 diabetes. Clearly, type 2 diabetic patients with features of the metabolic
syndrome are at the highest risk of CHD. However, debate is currently ongoing as to whether
diabetes per se (in the absence of the metabolic syndrome) significantly increases CHD risk.
These results emphasize the need to watch for factors other than glycemic control in optimally
managing CHD risk in type 2 diabetic patients.

studies have shown that type 2 diabetes is a heterogeneous entity: the more
abdominally obese type 2 diabetic patients are, the greater is their likelihood
of being characterized by the features of the metabolic syndrome [12] and the
higher their corresponding CHD risk will be (Figure 1).

The features of the metabolic syndrome may therefore be more important
than glycemic control in predicting CHD risk in patients with type 2 dia-
betes. This finding is consistent with results in nondiabetic subjects indicat-
ing that even in the absence of hyperglycemia, nondiabetic, overweight/obese
individuals with features of the metabolic syndrome are also characterized by
an increased risk for CHD [13–16]. Reaven introduced the concept of an in-
sulin resistance-linked syndrome of abnormalities in 1988 [17] and was the
first to suggest that impaired in vivo insulin action was central to a clus-
ter of metabolic abnormalities that did not necessarily include classical risk
factors such as raised low-density lipoprotein (LDL)-cholesterol, but which
was instead characterized by hypertriglyceridemia, low high-density lipopro-
tein (HDL)-cholesterol, fasting hyperinsulinemia, and elevated blood pressure.
At the time, Reaven argued that he could find insulin-resistant subjects among
nonobese individuals and therefore did not include obesity as a necessary com-
ponent of “his” syndrome X (or insulin resistance syndrome [17]). More than
two decades before Reaven’s landmark conceptual contribution, Crepaldi and
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colleagues had reported that obesity was often accompanied by hyperin-
sulinemia, hypertriglyceridemia, and hypertension [18]. In the mid-forties,
Jean Vague had suggested that regional body fat distribution—but not obe-
sity per se—was the culprit, and he coined the term “android obesity” to de-
scribe a form of upper body adiposity most often associated with diabetes
and cardiovascular disease [19]. Another pioneer in the history of abdominal
obesity was Jeremy Morris, who reported in the mid-1950s that sedentary
London bus drivers were at greater risk of CHD compared to more active
conductors who had to walk and climb the bus stairs during their shifts [20].
Interestingly, he also reported that higher risk, sedentary bus drivers were sub-
stantially more likely to have abdominal obesity (as revealed by the size of
their trousers) than lower risk, active bus conductors [21]. This early report
is one of the key early findings to link a sedentary lifestyle and abdominal
obesity to CHD risk [21]. Later, in the early 1980s, two groups reported al-
most simultaneously that a high proportion of abdominal fat, expressed as an
elevated waist-to-hip ratio, was tied to glucose intolerance, hyperinsulinemia,
and hypertriglyceridemia [22, 23]. Investigators in the Gothenburg prospective
study published evidence that an elevated waist-to-hip ratio was predictive of
an increased risk of ischemic heart disease, independent of body mass index
(BMI) [24, 25]. In studying the risk of developing diabetes [26], they also
found over the 13 ½ years of study follow-up that an elevated BMI per se
was not associated with an increased risk of developing the disease. How-
ever, being overweight or obese and also having a greater proportion of ab-
dominal fat (as crudely estimated by an elevated waist-to-hip ratio) entailed a
30-fold increase in the risk of developing diabetes [26]. The scientific com-
munity studying obesity received these findings with considerable interest.
At about the same time, imaging techniques such as computed tomography
(CT) began to be used in the field of body composition not only to accu-
rately measure abdominal fat but also to distinguish intraabdominal (visceral)
from subcutaneous fat [27, 28]. Since then, numerous studies over the last
two decades have clearly indicated that abdominal fat accumulation along
with an excess of intraabdominal (or visceral) adipose tissue are predictive
of the metabolic syndrome [27, 29–38]. It has also been shown that even in-
dividuals of apparently normal weight may nonetheless have excess visceral
adipose tissue, placing them at greater risk of a disturbed metabolic profile
[37, 39–41].

The metabolic complications associated with obesity and overweight have
been extensively studied in the last 20 years. The use of high-precision tech-
nologies to measure total body fat and abdominal fat accumulation (e.g., dual-
energy x-ray absorptiometry [DEXA], computed tomography, and magnetic
resonance imaging) has allowed investigators to conclusively demonstrate that,
irrespective of the absence/presence of clinical obesity (BMI above 30 kg/m2),
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individuals with a selective excess of intraabdominal or visceral adipose tissue
are at a substantially increased risk of developing the cluster of metabolic ab-
normalities originally described by Reaven [17] as well as being characterized
by the features subsequently added to the metabolic syndrome’s expanded dys-
metabolic profile (hypertriglyceridemia, low HDL-cholesterol, fasting hyper-
insulinemia, insulin resistance, elevated apolipoprotein B, small dense LDL,
prothrombotic profile, and elevated inflammatory markers) [42].

2. METABOLIC SYNDROME WITHOUT
HYPERGLYCEMIA PREDICTS AN INCREASED
CHD RISK

We now have evidence that features of the metabolic syndrome commonly
found in abdominally obese patients with excess visceral adipose tissue in-
crease CHD risk, even when hyperglycemia is not present. The Québec Car-
diovascular Study, a prospective study of middle-aged men in the Québec
City Metropolitan Area, has shown that the simultaneous presence of certain
metabolic syndrome features—namely fasting hyperinsulinemia (a marker of
insulin resistance in nondiabetic individuals), increased apolipoprotein B lev-
els (a marker of atherogenic lipoprotein concentration), and the presence of
small LDL particles—substantially increases CHD risk, even in the absence of
classical risk factors such as diabetes, raised LDL-cholesterol, hypertension,
and smoking [15]. A substantial amount of additional evidence would be re-
quired to gauge whether measuring additional metabolic syndrome markers
(such as C-reactive protein levels) would further refine our understanding of
CHD risk. In this respect, the National Cholesterol Education Program-Adult
Treatment Panel III (NCEP-ATP III) criteria are a conceptual leap forward
as they include not only aspects of the insulin resistance syndrome (such as
triglycerides, HDL-cholesterol, elevated blood pressure, and elevated fasting
glucose [as a crude marker of an altered glucose homeostasis likely resulting
from an insulin-resistant state]), but also waist circumference as an index of
abdominal obesity [43]. The NCEP-ATP III criteria therefore recognize ab-
dominal obesity as a driving force behind the metabolic syndrome’s rise to
epidemic proportions, a notion that can never be emphasized enough in clinical
practice. Studies have consistently shown that individuals meeting the NCEP-
ATP III criteria for the metabolic syndrome are at increased relative risk of
developing cardiovascular disease [13, 44, 45]. However, this increased rel-
ative risk does not necessarily imply a substantial increase in absolute risk,
which must be estimated via a global risk algorithm such as the Framingham
risk score [46].
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3. WHY MEASURE WAIST CIRCUMFERENCE AS
WELL AND NOT JUST BMI?

As shown in Figure 2A, population studies have established a fairly strong
correlation between BMI and waist girth. The question, then, is why waist cir-

A

B

Figure 2. Although there is a highly significant correlation between body mass index (BMI)
and waist circumference (upper panel), this correlation is explained by the large variation in
BMI values in the samples studied. For instance, standard deviation values for given BMI quar-
tiles (lower panel) clearly show that waist circumference varies substantially per BMI quartile.
Waist circumference and BMI are therefore not equivalent in clinical practice. Q1, Q2, Q3: dif-
ferent from the corresponding quartile; p < 0.0001. Quartile cutoffs: 25th: 26.62 kg/m2; 50th:
30.04 kg/m2; 75th: 32.99 kg/m2.
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Figure 3. Average cross-sectional areas of visceral adipose tissue measured by computed to-
mography (expressed in cm2) among groups of men stratified according to median body mass
index and waist circumference values. For any given BMI subgroup, subjects with a higher waist
circumference have a much greater accumulation of visceral adipose tissue than men with lower
waist girth values. Body mass index cutoff: 50th: 30.04 kg/m2; waist circumference cutoff: 50th:
103.5 cm. *Significantly different from individuals with low waist circumference, regardless of
BMI.

cumference is preferable to BMI, which is an internationally accepted index
of adiposity. Looking further at Figure 2A, the strength of the correlation de-
pends largely on the sample’s weight heterogeneity (BMI). Figure 2B shows
waist circumference variations for various BMI quartiles, demonstrating that
circumference varies considerably for any given BMI quartile. Thus, if waist
circumference and BMI do not equally predict the metabolic syndrome, BMI
cannot be considered a surrogate for waist girth. This is further supported by
Figure 3, which clearly indicates that for any BMI subgroup, subjects with
an elevated waist circumference have a much greater accumulation of visceral
adipose tissue, a key factor underpinning the dysmetabolic profile associated
with abdominal obesity [30–35]. Therefore, waist girth and BMI are not com-
parable markers of abdominal obesity and do not similarly predict the presence
of metabolic complications. In addition, recent findings of the INTERHEART
myocardial infarction case-control study have revealed that increased abdomi-
nal fat is a key predictor of myocardial infarction, even among individuals with
presumably “normal” BMI values [47].
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4. ABDOMINAL OBESITY: THE DRIVING FORCE
BEHIND THE METABOLIC SYNDROME?

Although rare forms of insulin resistance not accompanied by overweight
or obesity can be found in clinical practice [48], clinicians must recognize the
pivotal role of abdominal obesity in elevating the metabolic syndrome to the
status of an epidemic. Unpublished data from the Québec Health Survey co-
hort revealed that waist circumference values were markedly elevated among
all combinations of NCEP-ATP III criteria that did not include waist circum-
ference (Lemieux I et al., unpublished data). These results clearly indicate that
an expanded waistline is the most prevalent form of the metabolic syndrome.
Thus, measuring waist circumference is a key step toward identifying individ-
uals likely to have features of the metabolic syndrome.

5. THE METABOLIC SYNDROME: IS WAIST
GIRTH SUFFICIENT?

Although we have repeatedly stressed the importance of measuring waist
girth, its ability to predict visceral fat accumulation and the presence of the
metabolic syndrome is limited. The high waist circumference values often
found in very obese premenopausal women provide a telling example of how
this measurement can mislead in clinical practice. Though these women may
have a substantial accumulation of subcutaneous abdominal fat, they may also
have little atherogenic visceral adipose tissue as compared to men [49–51]. To
solve this dilemma, we have worked to identify a simple and inexpensive blood
marker that could help physicians identify individuals likely to have the athero-
genic features of the insulin resistance syndrome. Such a blood marker appears
to be fasting plasma triglyceridemia. For example, we have found that middle-
aged Caucasian men with both elevated triglyceride concentrations (above 2
mmol/L) and a waist circumference of 90 cm were far more likely (greater than
80% probability) to be characterized by visceral obesity and the metabolic syn-
drome [52]. Conversely, men with a waist circumference smaller than 90 cm
and triglyceride levels under 2 mmol/L were much less likely (about 10% prob-
ability) to display features of the metabolic syndrome [52]. We have validated
this screening approach in several studies [52–55]. We therefore submit that
an elevated waist circumference (as a marker of abdominal obesity) and hy-
pertriglyceridemia (as a crude marker of the dysmetabolic, dyslipidemic pro-
file accompanying abdominal obesity) are the two key variables that should be
included in a simple and inexpensive initial screening for individuals at high
risk of developing the metabolic syndrome.
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6. ARE NCEP-ATP III CRITERIA VALID IN ALL
POPULATIONS?

As a concept, NCEP-ATP III recognizes that some simple clinical mark-
ers (including waist circumference) can be used to identify individuals likely
to have the metabolic syndrome [43]. Further, studies have shown that indi-
viduals who meet these criteria have an increased prevalence or incidence of
CHD [13, 44, 45]. However, we do not know whether the NCEP-ATP III cut-
offs proposed provide optimal discrimination of CHD risk. Further data must
be generated through various cutoffs to verify which values provide optimal
sensitivity and specificity in discriminating for clinical events. In addition, it
has been shown that susceptibility to visceral fat deposition and the likelihood
of developing complications for any given level of abdominal visceral fat can
vary by population [56–59]. For instance, African Americans are less likely
to accumulate visceral adipose tissue than Caucasians for any given level of
total body fat or waist circumference. We had previously reported that the
lower susceptibility of African Americans to visceral obesity accounted for
their lower triglyceride and apolipoprotein B levels compared to Caucasians
[56]. Further proof of the need to develop population-specific cutoffs comes
from the Asian population, which develops type 2 diabetes at much lower BMI
(and therefore lower waist circumference) values than the Caucasian popula-
tion [60].

NCEP-ATP III is a remarkable advance in that it provides clinicians with
simple syndrome markers whose relationship to CHD risk has been estab-
lished. However, further study of population differences is clearly warranted
to refine NCEP-ATP III criteria and cutoff values for optimal assessment of
metabolic syndrome-related risk. This was the rationale underlying the recent
International Diabetes Federation (IDF) recommendations on identifying indi-
viduals with the metabolic syndrome [61]. In light of evidence that the most
prevalent form of the metabolic syndrome is found in patients with abdominal
obesity, elevated waist circumference was included as a mandatory criterion in
IDF recommendations. Population-specific waist cutoffs for abdominal obe-
sity have also been proposed to reflect population differences in susceptibility
to visceral adiposity for a given BMI. However, such criteria should be consid-
ered a work in progress, and additional scientific evidence will be necessary to
refine screening approaches to optimally discriminate for the metabolic syn-
drome and the related risk of diabetes and cardiovascular disease in various
populations worldwide. Key considerations regarding this process are listed in
Table 1.
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Table 1. Metabolic syndrome vs. CHD risk: issues

• Impact on heterogeneity of CHD risk in type 2 diabetes
• Impact on CHD risk in the nondiabetic population
• Critical markers (and cutoff values) for identifying and quantifying related CHD risk
• Susceptibility to metabolic syndrome in various populations
• Population differences in susceptibility to visceral adipose tissue deposition
• Population differences in susceptibility to developing complications (type 2 diabetes,

CHD) for any given excess of visceral adipose tissue

7. MANAGING CHD RISK IN PATIENTS WITH THE
METABOLIC SYNDROME: WHAT SHOULD BE
OUR GOAL?

It is clear that features of the metabolic syndrome increase the risk of CHD,
whether classical risk factors are present or not [16]. This means that the
metabolic syndrome further increases the CHD risk already posed by tradi-
tional risk factors such as hypertension, diabetes, elevated LDL-cholesterol,
and smoking. These factors must of course be managed in patients with the
metabolic syndrome. However, treating them is unlikely to eliminate the risk
resulting from the presence of the metabolic syndrome. The findings of the
Heart Protection Study (HPS) in diabetic patients provide a simple illustration
of this problem. For example, although all diabetic patients benefited from
simvastatin therapy in HPS, patients with low HDL-cholesterol levels (pre-
sumably resulting from the presence of abdominal obesity and hypertriglyc-
eridemia, the most common form of low HDL-cholesterol in our population)
remained at higher risk of CHD events and related mortality than type 2 dia-
betic patients with normal HDL-cholesterol levels (presumably less abdomi-
nally obese and likely to have lower triglyceride levels) [62]. Thus, although
it may provide significant clinical benefit, statin therapy in type 2 diabetic pa-
tients with low HDL-cholesterol (and presumably the metabolic syndrome)
may not normalize their CHD risk if they are abdominally obese and also have
features of the metabolic syndrome. It may therefore be necessary to man-
age other dysmetabolic abnormalities to optimally reduce CHD risk in these
high-risk patients. Further study is required to identify which features of the
metabolic syndrome should be targeted. This will be a key focus of future
studies. Evidence from fibrate trials has suggested that patients with obesity,
hypertriglyceridemia, and low HDL-cholesterol (with either hyperinsulinemia
or type 2 diabetes) may benefit from fibrate therapy [63–66]. However, re-
cently published results of the long-awaited FIELD trial have failed to confirm
this. Further, statin-fibrate combination therapy in very high-risk patients with
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type 2 diabetes, CHD, and the metabolic syndrome has yet to be tested in large
trials for safety and clinical benefits.

It is crucial that physicians stress the importance of weight loss, especially
given the spectacular results of Finnish and US diabetes prevention studies
demonstrating that small weight loss could afford substantial clinical benefit
by preventing or at least delaying by several years the conversion to type 2
diabetes among high-risk obese individuals with glucose intolerance [67, 68].
Whether this finding will prove useful for managing the other features of the
metabolic syndrome will likewise have to be tested in clinical trials.

If lifestyle modification cannot successfully spur weight loss and the mobi-
lization of abdominal fat, pharmacotherapy should be considered for high-risk
patients with high-risk visceral obesity. The two available weight loss agents
approved in clinical practice—sibutramine and orlistat—have both been shown
to induce significantly greater weight loss than placebos [69, 70]. With the ex-
ception of the XENDOS study [71], which included a subgroup of patients
with impaired glucose tolerance, these agents have mostly been tested in low-
risk obese women. Trials involving high-risk abdominally obese patients with
clinically meaningful outcomes are needed.

Lastly, recent studies have identified the endocannabinoid system as a target
for inducing abdominal fat loss and mitigating features of the metabolic syn-
drome [72, 73]. Blocking CB1 receptors may therefore be an additional, com-
plementary way to address the root cause of the clustering atherothrombotic–
inflammatory and diabetogenic abnormalities of the metabolic syndrome: ab-
dominal obesity. Further trials with hard end points are needed to quantify the
clinical benefits of the metabolic improvements observed with this new thera-
peutic approach.

8. SUMMARY

Recognition of the metabolic syndrome as a major and prevalent cause
of CHD in the NCEP-ATP III guidelines represents a remarkable contribu-
tion to preventive medicine by stressing the importance of assessing abdomi-
nal obesity in clinical practice. The NCEP-ATP III panel has proposed sim-
ple variables to identify individuals who are likely to have features of the
metabolic syndrome and who are at increased relative risk of type 2 dia-
betes and cardiovascular disease. Among the five criteria (waist circumfer-
ence, triglycerides, HDL-cholesterol, fasting glycemia, blood pressure) pro-
posed to identify metabolic syndrome carriers, the recommendation to mea-
sure waist circumference rather than BMI has been a giant conceptual leap
forward, as it recognizes abdominal obesity as the most important component
of the metabolic syndrome in our affluent, sedentary population. The NCEP-
ATP III guidelines have also recognized the value of elevated triglyceride and
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reduced HDL-cholesterol levels as lipid markers for the presence of an athero-
genic “dysmetabolic” profile that adds to the impact of raised plasma LDL-
cholesterol levels on the risk of CHD.

Unfortunately, since the publication of the NCEP-ATP III guidelines, clini-
cians have often confused the conceptual definition of the metabolic syndrome
with the above five criteria, which are intended for use in clinical practice as
simple surrogate variables to identify high-risk individuals likely to be charac-
terized by abdominal obesity, insulin resistance, and atherogenic dyslipidemia,
as well as by a prothrombotic, inflammatory profile that may or may not co-
exist with hyperglycemia and/or hypertension (Figure 4). More recently, the
recommendations of an IDF working group placed further emphasis on ab-
dominal obesity as the most prevalent component of the metabolic syndrome
and consequently on the need to first have an elevated waist circumference
before being considered at risk of having the metabolic syndrome (Figure 4).
Further, in light of compelling evidence that the waist circumference cutoff
values proposed by NCEP-ATP III was too high, recent IDF recommendations
have reduced the waist girth value to 94 cm in men and 80 cm in women,
adding that factors such as ethnicity and age affect the relationship of waist
circumference to abdominal visceral fat deposition and related metabolic ab-

Figure 4. A distinction should be drawn between the metabolic syndrome as a concept and
the clinical tools proposed by various organizations/groups to identify patients likely to have
the clustering abnormalities of the metabolic syndrome. Careful attention should be paid to
this issue so as not to confuse the metabolic syndrome definition with the criteria used for its
identification in clinical practice.
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normalities. Thus, the mandatory inclusion in the IDF guidelines of elevated
waist girth as the initial criterion used to denote likely metabolic syndrome
patients marks another step toward developing a simplified approach to iden-
tifying these patients in clinical practice. Based on additional work performed
by several groups, there is now evidence that the simultaneous presence of el-
evated waist circumference and fasting triglyceride levels (a condition termed
the “hypertriglyceridemic waist”) may be initially useful in identifying a sub-
group of individuals at high risk of being carriers of the metabolic syndrome
(Figure 4). The syndrome features could then be confirmed through additional
and more sophisticated metabolic risk marker measurements.

However, given the knowledge gaps in recent IDF recommendations, these
new waist circumference criteria should be considered a work in progress. Ac-
cordingly, their ability to optimally discriminate for subgroups at high risk of
type 2 diabetes or CHD because of the presence of metabolic syndrome fea-
tures will have to be validated. Finally, based on evidence that both abdominal
obesity and related metabolic syndrome features affect the absolute residual
CHD risk of patients treated for traditional risk factors, new therapeutic ap-
proaches that either modify the visceral obesity phenotype or target abdominal
obesity and related metabolic abnormalities may hold out great promise to op-
timally reduce CHD risk in abdominally obese patients with features of the
metabolic syndrome.
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1. INTRODUCTION

Obesity has reached epidemic proportions in the United States. The num-
ber of overweight and obese youth continues to rise despite national efforts by
government officials, academic researchers, and the media to bring attention
to this growing health problem. Since 1970, the prevalence of overweight has
doubled among children 6 to 11 years of age and tripled among those 12 to 17
years of age [1]. The problem falls disproportionately on African-American
and Hispanic children [2]. The Center of Disease Control reports that 21%
of African-American and Hispanic children are classified as overweight com-
pared to 12% of non-Hispanic white children [2]. In the United States today,
approximately 9 million children older than 6 years of age are considered over-
weight. Obesity is associated with significant health problems in the pediatric
age group and is an important early risk factor for much of adult morbidity and
mortality [3]. Between 1979 and 1999, the rates of obesity associated hospi-
tal discharge diagnoses, such as sleep apnea and gallbladder disease, and the
cost of hospitalization tripled among children 6 to 17 years of age [4]. Recent
studies from our group reported that 20% of obese children and adolescents
have impaired glucose tolerance (IGT) [5]. IGT is defined as a 2-hour glucose
level between 140 and 200 mg/dL on a standard oral glucose tolerance test.
Our group has also reported that the prevalence of the metabolic syndrome is
high among obese children and adolescents, and it increases with worsening
obesity [6]. Notably, we found that biomarkers of an increased risk of adverse
cardiovascular outcomes are already present in these youngsters. Likely these
comorbidities will persist into adulthood [7, 8]; thus the potential future health
care costs associated with pediatric obesity and its comorbidities is staggering.
Therefore, it is incumbent on the pediatric community to take the leadership
role in prevention and treatment of pediatric obesity.

Here we review the metabolic complications associated with childhood obe-
sity. Particular emphasis is given to the description of studies regarding the
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prevalence and impact of varying degrees of obesity on the metabolic syn-
drome in youth and metabolic phenotype of impaired glucose tolerance in
childhood obesity.

2. PREVALENCE OF THE METABOLIC SYNDROME
IN CHILDREN AND ADOLESCENTS: IMPACT OF
OBESITY

Reaven and colleagues [9] described the link between insulin resistance and
hypertension, dyslipidemia, type 2 diabetes, and other metabolic abnormali-
ties in adults in 1988. This constellation of comorbid conditions has become
known as the “metabolic syndrome” and is associated with an increased risk
of morbidity and mortality from cardiovascular disease [10]. More recent stud-
ies suggest that the pathophysiologic defects leading to the development of
the metabolic syndrome in adults may begin as early as the intrauterine pe-
riod [11, 12]. While the concept of the metabolic syndrome was accepted for
many years, it was not until 1998 that both the World Health Organization
(WHO) [13] and The National Cholesterol Education Program Adult Treat-
ment Panel III (NCEP: ATP III) [14] have formulated definitions. These defin-
itions agree on the essential components, namely obesity, glucose intolerance,
hypertension, and dyslipidemia. However, the WHO definition includes im-
paired glucose tolerance or insulin resistance in contrast in the NCEP: ATP III,
in which these criteria are not included. In the United States the prevalence
of the metabolic syndrome in adults is 25%, with lower prevalence in African
Americans compared to Hispanics and whites [15]. Of note is the fact that the
prevalence of the metabolic syndrome is highly age dependent in adults, in-
creasing from approximately 15% in participants aged 20 to 39 years to 50%
for those 60 to 69 years of age [16]. In contrast to the vast research in adults,
little is known about this important syndrome in children. Indeed, until re-
cently the metabolic syndrome and type 2 diabetes have been considered as
diseases of adults. More recently, however, with the increasing rates of child-
hood obesity, type 2 diabetes and the metabolic syndrome have emerged as
new metabolic diseases in pediatrics [17, 18]. Despite the lack of a uniform
definition of the syndrome in pediatrics, population studies indicated that the
overall prevalence is low in children and adolescents (approximately 4%) when
compared to adults. Using data collected between 1988 and 1994 on a nation-
ally representative sample of US adolescents (National Health and Nutrition
Examination Survey III [NHANES III]), Cook et al. [19] reported a preva-
lence of the metabolic syndrome of 6.8% in overweight and 28.7% in obese
adolescents. However, these rates may underestimate the current magnitude of
the problem, in view of the growing epidemic of obesity in children and ado-
lescents. It is also important to note that the degree, as well as the prevalence,
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of childhood obesity has been increasing over time. Cruz and colleagues [20]
developed a pediatric definition of the metabolic syndrome based on the ATP
III guidelines as a model and reported that 30% of overweight Hispanic chil-
dren, with a family history for type 2 diabetes, have the metabolic syndrome.

To begin assessing the impact of varying degrees of obesity on the preva-
lence of the metabolic syndrome in children and adolescents, we recently com-
pleted a cross-sectional analysis of our cohort of obese youth [6]. The cohort
consisted of 439 children and adolescents. Eligibility criteria included age be-
tween 4 and 20 years, body mass index (BMI) greater than 97th percentile for
age and gender, and otherwise healthy status. Exclusion criteria were known
diabetes or taking any medication that alters blood pressure, glucose, or lipid
metabolism. Twenty nonobese (BMI < 85th%) and 31 overweight (85th% >

BMI < 97th%) siblings of obese subjects were recruited to serve as compari-
son groups. All subjects underwent a standard 75-g oral glucose test. We fur-
ther divided the obese children to moderately obese (BMI z-score < 2.5) and
severely obese (BMI z-score > 2.5). Baseline measures included plasma lipids,
C-reactive protein (CRP), interleukin-6 (IL-6), and adiponectin levels. In our
study we used age-, gender-, and ethnicity-specific criteria. Insulin sensitivity
was determined by the homeostatic model assessment (HOMA-IR).

The adverse impact of increasing degrees of obesity on components of the
MS is summarized in Table 1. Specifically, fasting glucose levels, fasting in-
sulin, HOMA-IR, systolic blood pressure, triglycerides, CRP, IL-6, and preva-
lence of impaired glucose tolerance (IGT) increased significantly with increas-
ing degree of obesity, while HDL-cholesterol and adiponectin levels decreased
with increasing obesity. The moderately and severely obese African-American
subjects had lower triglycerides and higher HDL-cholesterol as compared to
their Caucasian and Hispanic counterparts. Prevalence of IGT increased with
the degree of obesity in all ethnicities. It is of note that the significance of these
trends persisted after adjustment for gender, pubertal status, and ethnicity.

The prevalence of the metabolic syndrome increased with severity of obe-
sity and reached 50% in severely obese youngsters. Each half unit increase in
BMI was associated with an increase in the risk of the metabolic syndrome in
overweight and obese youngsters (odds ratios 1.55).

3. EFFECTS OF INSULIN RESISTANCE (HOMA-IR)
ON THE PREVALENCE OF THE METABOLIC
SYNDROME

We performed a multiple logistic regression analysis of risk factors asso-
ciated with metabolic syndrome in childhood. Variables incorporated into the
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model were age, gender, BMI z-score, ethnicity, and HOMA-IR. Overall Each
half-unit increase in the body mass index, converted to a z-score, was associ-
ated with an increase in the risk of the metabolic syndrome among overweight
and obese subjects (odds ratio, 1.55; 95 percent confidence interval, 1.16 to
2.08), as was each unit of increase in insulin resistance as assessed with the
homeostatic model (odds ratio, 1.12; 95% confidence interval, 1.07 to 1.18 for
each additional unit of insulin resistance). Caucasians had a higher odds ra-
tio to have the metabolic syndrome (OR = 1.10, CI 1.35–3.59); there was no
significant difference in risk between Hispanic and black subjects. The preva-
lence of the metabolic syndrome increased significantly with increasing insulin

Figure 1. Prevalence of the metabolic syndrome by the degree obesity and of insulin resistance
by ethnic background. HOMA-1, most sensitive; HOMA-3, most resistant; white bars, moder-
ately obese; black bars, severely obese.
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resistance after adjusting for ethnicity and degree of obesity as shown in Fig-
ure 1. CRP concentrations and IL-6 increased and adiponectin decreased with
increasing obesity. This study showed that the prevalence of the metabolic
syndrome is high among obese children and adolescents, and increases with
worsening obesity. Biomarkers of increased risk of adverse cardiovascular out-
comes are already present in youngsters. African Americans, Caucasians had a
higher odds ratio for the metabolic syndrome (OR = 2.20, CI 1.35–3.59); there
was no significant difference in risk between Hispanic and black subjects.

An intriguing finding in this study is that despite similar degrees of obe-
sity and insulin resistance in African Americans and Caucasians, African-
American children and adolescents were relatively protected from the meta-
bolic syndrome, due primarily to a reduction in the prevalence of dyslipidemia.
Of note, the threshold levels for triglycerides and HDL cholesterol in this study
were ethnicity specific. As previously reported in adults, the lower prevalence
of the metabolic syndrome in our African-American children was primarily
related to more favorable lipid profiles. However, the lower prevalence of dys-
lipidemia in African-American children and adults seems to be in contrast with
the high prevalence of cardiovascular disease in adult African Americans.

4. PROINFLAMMATORY AND ANTIINFLAMMA-
TORY MARKERS AND INSULIN RESISTANCE

Recent accumulating evidence indicates that obesity is associated with sub-
clinical chronic inflammation [21, 22]. The adipose tissue is not merely a
simple reservoir of energy stored as triglycerides, but also serves as an ac-
tive secretory organ releasing many peptides and cytokines into the circu-
lation [23]. In the presence of obesity, the balance between these numerous
molecules is altered, such that enlarged adipocytes produces more proinflam-
matory cytokines (i.e., TNF-α, IL-6) and less antiinflammatory peptides such
as adiponectin [24]. The dysregulated production of adipocytokines has been
found to participate in the development of metabolic and vascular diseases re-
lated to obesity [25]. Evidence indicates that as the degree of obesity increases,
the adipose tissue is infiltrated by macrophages [21]. Such macrophages may
be the major source of proinflammatory cytokines initiating a proinflamma-
tory status that predates the development of insulin resistance and endothelial
dysfunction [26]. Indeed, inflammation may be the missing link between obe-
sity and insulin resistance. We also examined the effects of childhood obesity
on two biomarkers of adverse cardiovascular outcomes: CRP and adiponectin.
CRP is a general biomarker of inflammation that has been associated with ad-
verse cardiovascular outcomes [27, 28] and altered glucose metabolism [29].
CRP levels in our cohort tended to rise as BMI z-score and as insulin resis-
tance increased. Although these levels are still within the normal accepted
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range, even “high normal” levels have been suspected to indicate significant
adverse outcomes [30]. The strong impact of the BMI z-score on the CRP
levels suggests that the degree of low-grade inflammation increases in these
youngsters as they become more obese. The implications of this low-grade
inflammation on atherosclerosis and glucose metabolism are yet to be de-
termined. Adiponectin, apart from being a biomarker of insulin sensitivity,
has been implicated to play an important role in reducing vascular inflam-
mation [31]. In contrast to CRP, adiponectin levels tended to drop as BMI
z-score and insulin resistance increased. Lower levels of this adipocytokine

have been demonstrated to increase the risk of cardiovascular disease [32].
Both biomarkers demonstrated a reciprocal trend as the degree of obesity in-
creased, implicating a potential significant impact of “super” adiposity on ad-
verse cardiovascular outcomes.

5. PATHOPHYSIOLOGICAL STUDIES OF THE
PREDIABETIC PHENOTYPE IN YOUTH

The unabated rise in the prevalence and severity of childhood obesity has
been accompanied by the appearance of a new pediatric disease: type 2 dia-
betes [33]. One dire prediction from the CDC estimated that, if current obesity
rates continue, one in three babies born in 2000 will eventually develop T2DM
[34]. African-American and Hispanic children are at greatest risk for both obe-
sity and diabetes [35, 36].

In adults, type 2 diabetes develops over a long period [37]. Most, if not all,
patients initially have IGT, which is an intermediate stage in the natural history
of type 2 diabetes [38] and is highly predictive of diabetes and cardiovascular
disease. With appropriate changes in lifestyle and/or pharmacologic interven-
tions, progression from IGT to frank diabetes can be delayed or prevented
[39, 40]. Thus, great emphasis has recently been placed on the early detection
of IGT in adults. Before our project, little was known about this condition in
pediatrics. Although severe obesity has a prominent role in the pathogenesis of
type 2 diabetes in children and adolescents, it was unknown whether it is a risk
factor for IGT. We determined the prevalence of IGT in a multiethnic clinic-
based population of 55 obese children and 112 obese adolescents. Irrespective
of ethnicity, IGT was detected in 25% of the obese children and 21% of the
obese adolescents, and silent type 2 diabetes was identified in 4% of the obese
adolescents [41]. Higher prevalence rates of IGT have been also reported in
obese children from Thailand [42] and the Philippines [43] and in Latino chil-
dren living in the United States [44], while lower prevalence rates of 15% were
found in obese children in France [45].
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6. RELATIONSHIP BETWEEN INSULIN
RESISTANCE AND TISSUE LIPID PARTITIONING

Insulin resistance is an important risk factor for the development of T2DM,
but the decline in the acute insulin response to intravenous glucose determines
disease progression in adults [46]. To address these issues, we studied differ-
ences in insulin sensitivity and secretion in obese adolescents with normal glu-
cose tolerance (NGT) and IGT. These studies revealed profound insulin resis-
tance in the obese adolescents with IGT compared with those with NGT [47].
Insulin resistance was mainly accounted for by a reduction in nonoxidative glu-
cose disposal (storage). The lipid composition of skeletal muscle tissue, where
most (70%) of the whole glucose disposal occurs, has attracted much atten-
tion recently as a major player in the development of muscle insulin resistance
[48, 49]. This area of investigation has been greatly advanced by the recent
development and validation of 1H-nuclear magnetic resonance (1H-NMR) for
the noninvasive quantitation of fat stored inside the myocytes, the intramyo-
cellular fat content (IMCL) [50, 51]. We used 1H-NMR to measure IMCL
in our obese children. These studies demonstrated excessive accumulation of
IMCL in the soleus muscle of obese adolescents with IGT compared to age
and adiposity matched obese adolescents with NGT (Figure 2). Abdominal
MRI showed that subcutaneous fat in IGT subjects was significantly lower
compared with NGT subjects while visceral fat tended to be higher in the
IGT than in the NGT group (Figure 3). Our data are consistent with results
obtained in both human and animal models of lipodystrophy, in which there
is an absence of subcutaneous adipose tissue, leading to increased accumula-

Figure 2. Intramyocellular lipid (IMCL) in obese subjects with normal and impaired glucose
tolerance.
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Figure 3. Visceral, subcutaneous, and the visceral to subcutaneous fat ratio in obese subjects
with normal and impaired glucose tolerance.
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tion of lipids in both myocytes and the visceral depot [52, 53]. It appears that
the ability of peripheral subcutaneous fat tissue to vary its storage capacity is
critical for regulating insulin sensitivity and ultimately protecting against di-
abetes. Consistent with this hypothesis is the evidence derived from the use
of thiazolidinediones, which improve insulin sensitivity while increasing sub-
cutaneous abdominal fat, and shunting lipid out of the visceral and liver fat
depots [54].

These studies offer a novel insight into the pathogenesis of IGT in obese
youth, namely that changes in glucose homeostasis are closely linked with
altered partitioning of fat in both skeletal muscle and adipose tissues. Based
on these studies, there is a strong rationale for changing the balance between
visceral and subcutaneous fat and muscle lipid content in a more favorable
pattern in order to improve insulin sensitivity.

7. EARLY REDUCTION OF β-CELL SENSITIVITY
TO GLUCOSE IN OBESE YOUTH WITH
IMPAIRED GLUCOSE TOLERANCE

Studies in adults that evaluated alterations in insulin secretion in subjects
with IGT have given inconsistent results [55]. The reason may be that many
of these studies based their conclusions on variations in circulating plasma
insulin concentrations rather than on more detailed assessments of insulin se-
cretory rates. An important artifact in some of these studies is the analysis of
β-cell function without considering the ambient insulin resistance and thus ig-
noring the intricate relationship between insulin sensitivity and secretion [56].
In collaboration with Dr. R. Bonadonna, we performed a detailed quantita-
tive analysis of the components of β-cell function and their relationships with
insulin resistance in obese youngsters across the entire spectrum of glucose
tolerance [57].

We studied 62 obese youth: 29 with normal glucose tolerance (NGT), 24
with impaired glucose tolerance (IGT), and 9 with type 2 diabetes (T2DM).
We assessed β-cell sensitivity to glucose via the hyperglycemic clamp, with
applied modeling of c-peptide secretion to analyze several components of the
β-cell response to a standardized glucose stimulus, including the sensitivity
of the β cell for secretion during first and second phase. As shown in Fig-
ure 4, the model-derived first phase sensitivity of the β cell for c-peptide se-
cretion was significantly reduced in the IGT group compared to the NGT group
(p < 0.008). A further reduction was seen in the diabetic groups (p < 0.0001).
In contrast, β-cell sensitivity for the second-phase c-peptide secretion was
similar between NGT and IGT subjects yet decreased in the diabetic group
(p < 0.008). Obese youngsters with prediabetes (IGT) thus have a reduced
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Figure 4. Sensitivity of the β-cell to first- and second-phase secretion in obese subjects with
NGT (white), IGT (hatched), and T2DM (black).

sensitivity of the β-cell for first phase secretion compared to NGT subjects
matched for age and percent body fat. Of note, these differences were not
apparent when using conventional measures of insulin concentrations during
the corresponding time points of the hyperglycemic clamp, yet they emerged
through the analysis of c-peptide secretion using the minimal model modified
by Bonadonna et al. [58]. Our study clearly demonstrates deterioration in the
glucose sensitivity of β-cell secretion across the spectrum of glucose tolerance
in obese youngsters.
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8. LONGITUDINAL STUDY OF CHANGES IN
GLUCOSE TOLERANCE STATUS IN OBESE
YOUTH

Cross-sectional studies demonstrated that IGT in obese youth is associated
with severe insulin resistance, β-cell dysfunction and altered abdominal and
muscle fat partitioning. Because of their design, these studies did not examine
potential metabolic predictors of changes in glucose tolerance in these obese
youngsters.

Transition from IGT to diabetes in adults is usually a gradual phenomenon,
occurring over 5 to 10 years [59, 60], depending on the population studied.
The early presentation of type 2 diabetes in youth raises the possibility of an
accelerated process in these youngsters, compared to adults, thus shortening
the transition time between IGT and diabetes. In contrast to the vast litera-
ture about metabolic predictors of deterioration of glucose tolerance in adults,
little is known about this process in children and adolescents. Thus, our aim
was to follow obese children and adolescents at risk for diabetes longitudi-
nally and identify baseline metabolic and anthropometric parameters associ-
ated with later deterioration of glucose metabolism [61]. One hundred and
seventeen obese children and adolescents were studied by performing an oral
glucose tolerance test at baseline and after approximately 2 years. In the in-
terim, participants received nutritional guidance and recommendations for in-
creased physical activity, without any pharmacological intervention. Data from
both glucose tolerance tests and changes in weight were examined to identify
the youngsters at highest risk for developing diabetes and the factors that have
the strongest impact on glucose tolerance.

Eighty four subjects had NGT and 33 had IGT at baseline. Eight subjects,
all of which were IGT at baseline, developed T2DM while 15 subjects with
IGT reverted to NGT. Severe obesity, impaired glucose tolerance, and African-
American background emerged in this cohort as the best predictors of devel-
oping T2DM while fasting glucose, insulin, and c-peptide were nonpredictive.
Changes in insulin sensitivity, strongly related to weight change, had a sig-
nificant impact on the 2-hour glucose level on the follow-up study. Our study
also clearly shows that glucose tolerance status in obese children is highly
dynamic and can deteriorate fairly rapidly. Over a relatively short follow-up,
roughly 10% of subjects initially classified as NGT developed IGT and 24%
of subjects initially classified as IGT developed overt T2DM. These data sug-
gest that the tempo of deterioration of β-cell function in children may be faster
compared to that in adults [62, 63]. It should be noted, however, that our data
also indicate that obese children with IGT can revert to NGT on follow-up test-
ing. Such improvements in glucose tolerance do not appear to be artifacts of
repeat testing, since these youngsters had lower BMI z-scores at baseline and
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maintained their weight without further weight gain by the time of the follow-
up compared to youngsters who developed T2DM. These observations suggest
that a focused and intensive intervention, similar to the one used in the Dia-
betes Prevention Program [64], may be useful in managing the severely obese
child with IGT.

We conclude that severely obese children (BMI z-score > 2.5) with IGT,
specifically of ethnic minority background, require the most intensive inter-
vention and careful observation for prevention of development of T2DM. Ces-
sation of weight gain and not necessarily weight loss may suffice to prevent
further deterioration in glucose tolerance. As the risk in these patients seems
very high and window of opportunity is narrow, pharmacological intervention,
alongside lifestyle changes, should not be ruled out.
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Patient

George A. Bray and Donna H. Ryan

Pennington Biomedical Research Center, Baton Rouge, LA 70808, USA

1. INTRODUCTION

The increases in rates of overweight and obesity in the United States, which
have become apparent in the last 30 years [1], prompt concern among med-
ical personnel because of the health risks associated with excess adiposity. Of
particular concern among public health officials is obesity’s twin epidemic of
type 2 diabetes [2]. However, the association of obesity as an independent risk
factor for cardiovascular disease [3, 4] and as a contributor to risk for almost
every type of cancer [5], are additional reasons for alarm. The societal and cul-
tural values placed on slimness drive dieting patterns, even among those who
are not at increased health risk for overweight. To help patients manage their
health, physicians must be able to define the aspects of overweight that impose
health risk. That indicates recognition of excess body fat, and in particular,
excess central adiposity.

Overweight and obesity can be defined to inform health status from a pop-
ulation perspective and from an individual perspective. While the purpose of
this chapter is to guide treating physicians, and thus our focus is on the indi-
vidual, it is still informative to discuss overweight and obesity definitions from
a population level. The current definition for the US population is to catego-
rize overweight as body mass index (BMI) ≥ 25 to < 30 kg/m2 and obesity
as BMI ≥ 30 kg/m2 [6]. Such a definition allows us to track population trends
in overweight and obesity in the United States and around the world. Because
BMI tracks well with total body fat on a population level [7], such a definition
is acceptable from an epidemiologic standpoint. On an individual basis, these
definitions do not always serve to identify those at health risk because of excess
body fat. For those with increased muscle mass, such as body builders, BMI
overestimates health risks because the total body fat may not be increased, and
for the elderly, with a reduced lean mass, the BMI underestimates the health
risk of fatness. Thus, because of the implications for health risks and increased
demands on the health care system for advice and treatment, we need a set of
ground rules that define overweight and obesity in terms of health risk to the
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individual and to guide a risk–benefit approach to selecting treatments. Health
risks drive treatment options. Thus, information from waist circumference and
the presence of comorbidities can be used in addition to BMI to determine an
individual’s risk status.

2. DEFINITIONS

Obesity is an increase in body fat. In contrast, overweight is an increase in
weight relative to some standard. Methods for determining body composition
and the standards we use have improved over the past 25 years, greatly in-
creasing the accuracy and ease of measuring body compartments in patients
[8–11].

3. ANTHROPOMETRIC MEASURES

3.1. Height and Weight

Height and weight are best determined with a calibrated stadiometer and
scales. It is best to standardize these procedures. In a research environment,
these measures are made in a gown and without shoes according to a specific
protocol. This approach can be adapted for the medical office, with attention
to patient privacy, as is discussed later. In the office setting, it is only necessary
to measure height once, but weight should be measured at each visit. These
measures are used to determine BMI in kg/m2. This index is in metric terms
(weight in kilograms divided by the square of the height in meters), but it can
also be calculated using pounds and inches if the appropriate correction factor
is used. BMI = {weight (lbs)/[height (inches)]2}× 703. Table 1 contains the
BMI values for various heights and weights in lb/in and kg/m. In the office
setting, BMI is determined from a chart like that in Table 1.

3.2. Waist Circumference

The circumference of the waist is the second essential anthropometric mea-
surement. There is no unified methodology for waist measurement. In a re-
search setting, a tape measure device with a fixed tension is used to eliminate
the effect of compression. One technique for positioning the tape measure is to
mark a point midway between the highest point of the iliac crest and the lowest
point of the costal margin in the mid-axillary line. The measure is then placed
horizontally on this mark and the measure taken in a relaxed patient during
expiration. In clinical practice, the most useful technique is to measure at the
top of the iliac crest. In clinical practice, the value of the waist measurement
is to identify persons with visceral adiposity. For BMI > 35 kg/m2, the waist
circumference is going to be increased and there is little to be gained by its
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Table 1. Body mass index using either pounds and inches or kilograms and
centimeters

measurement. It is acceptable to omit waist measurement for class II obesity
(BMI 35 to < 40) and class III obesity (BMI ≥ 40), in consideration of the
sensitivity of the patient.

4. INSTRUMENTAL METHODS FOR MEASURING
BODY FAT

The number and precision of methods for measuring body composition have
improved greatly over the past 25 years [9–12], but some of these methods are
expensive, limiting their usefulness in clinical practice (Table 2).
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Table 2. Methods for measuring body composition

Ease of Can measure External
Cost use regional fat radiation

Anthropometric
Height and weight $ E No
Diameters $ E +
Circumferences $ E +
Skinfolds $ M +

Instrumental
Hydrodensitometry $$ Ea No
Air displacement $$$$ Da No

(plethysmography)
Dual x-ray absorptio- $$$ Ma + Trace

metry (DXA)
Isotope dilution $$ Ma No
Impedance (BIA) $$ Ea +
Potassium counting $$$$ Da No
Conductivity (TOBEC) $$$ Da ±
Computed tomography $$$$ Da ++ Some
Magnetic resonance $$$$ Da ++

imaging
Neutron activation $$$$ Da No Larger
Ultrasound $$ Ma +

aSpecial equipment; E = easy; M = moderately difficult; D = difficult.
$ = inexpensive; $$ = more expensive; $$$ = expensive; $$$$ = very expensive.
+ = good; ++ = very good; ± = possibly.

4.1. Dual X-ray Absorptiometry

Dual x-ray absorptiometry (DXA) instruments [9, 10] were developed to
evaluate osteoporosis. DXA has replaced underwater weighing as the gold
standard for determining body fat and lean body mass. In addition to accuracy,
this method has the advantage of convenience and speed, as measurements can
be done in about 10 minutes for individuals in a hospital gown.

4.2. Density

By weighing an individual in air and under water it is possible to divide the
body weight into fat and nonfat compartments, based on the fact that fat floats
and the nonfat components sink [13]. Underwater weighing is a good method,
but DXA is preferred, on the basis of both accuracy and convenience.
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4.3. Isotope Dilution

Estimating body water by injecting a nonradioactive tracer of isotopic water
(D2O; H2

18O; 3H2O) makes it possible to calculate body fat and thus partition
body weight into lean body mass and body fat. This method, density, and DXA
have comparable accuracy [15]; however, the method is expensive and time
consuming.

4.4. Bioelectric Impedance

Measurement of the impedance of the body to an alternating current pro-
vides an easy and relatively inexpensive way to estimate body water [16].
However, most formulas for bioelectric impedance underestimate body fat in
overweight patients [15], and, thus, bioelectric impedance analysis sacrifices
accuracy to convenience.

5. IMAGING TECHNIQUES FOR BODY
COMPOSITION

Regional body fat distribution can be reliably determined by either com-
puted tomography (CT) or magnetic resonance imaging (MRI) [4, 5]. Because
of their expense, these techniques should not be used for routine evaluation of
visceral fat in the clinical setting. The waist circumference is the most useful
clinical measure to assess visceral adiposity.

6. SUMMARY OF CLINICAL RECOMMENDATIONS
FOR MEASUREMENT OF BODY COMPOSITION

Careful measurement of height, weight, and waist circumference are the
essential measurements needed to begin evaluation of an overweight patient.
If the clinician is concerned that lean body mass is increased, and thus the
contribution of body fat to an elevated BMI being difficult to assess, DXA
(also density or isotope dilution) may be considered to more accurately assess
total body fat. Although impedance measurements are used in many clinical
settings, they often underestimate fat.

7. BODY FAT THROUGH THE LIFE SPAN

Several factors modify the percentage of body fat, including gender, age,
level of physical activity, and hormonal status [17]. The percentage of body fat
steadily increases with age in both men and women, as illustrated in Figure 1.
Women have a higher percentage of body fat than do men for a comparable
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Figure 1. Changing body composition from gestation through adult life. There is a gradual in-
crease in the proportion of body fat in adulthood. After puberty, females have greater proportion
of body fat than do males. (From Friis-Hansen. In: Brozed J, ed, Human Body Composition.
Oxford: Pergamon Press, 1965;191–209.)

height and weight at all ages after puberty. Visceral fat in women is lower dur-
ing the reproductive years, but rises rapidly to nearly male levels in the post-
menopausal years, when risk for cardiovascular and other diseases increase
sharply. Indeed, when differences in body fat distribution are considered, al-
most all of the differences in excess mortality of men over women disappear,
suggesting that the underlying factors leading to differences in fat distribution
are significant in the risk of diabetes, heart disease, high blood pressure, and
stroke in men.

8. PREVALENCE OF OVERWEIGHT

BMI is a useful measure for comparing populations; it allows us to divide a
population into groups, compare these groups across national boundaries, and
examine time trends.

Using measurements of a representative sample of the US population,
the percentage of overweight and obese Americans has been determined by
NHANES (National Health and Nutrition Examination Survey), beginning in
1960 [18] (Figure 2). The percentage of obese men and women defined as a
BMI ≥ 30 kg/m2 increased slowly in each of the first three surveys, but there
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Figure 2. Prevalence of obesity (BMI ≥ 30 kg/m2) in US adults as measured by NHANES sur-
veys since 1963. There has been a dramatic increase in the prevalence of obesity, with doubling
of rates in the last 25 years [18].

was a striking rise between 1980 and 1990. The increase in percentage of men
with a BMI ≥ 30 kg/m2 nearly doubled, and the percentage of women with
a BMI ≥ 30 kg/m2 rose by more than 50%. An even greater concern is the
skewing of the population distribution. The problem is not just that the popula-
tion distribution has shifted slightly to the right because of a small weight gain
in the population. The problem is confounded by the rising prevalence of ex-
treme obesity. The prevalence of class III obesity (BMI ≥ 40 kg/m2) was 4.7%
of the adult US population in the 1999–2000 NHANES survey, increased from
2.9% in the 1988–1994 survey [1]. Minorities are at particular risk. A larger
percentage of Hispanics and African Americans are overweight and obese
than whites. Of particular concern is the 15.1% prevalence of class III obe-
sity among African-American females in the 1999–2000 NHANES survey,
which compares to 4.9% for non-Hispanic whites [1]. Over all, females are
more likely to be obese than men [1].

The prevalence of overweight in children is also rising, according to surveys
conducted over the past 30 years [19] (Figure 3). For children, overweight is
defined as BMI > 95th percentile for height. From 1963 to 1970, six to 11-
year-olds had a prevalence of 4.3% and in 12- to 17-year-olds, it was 4.6%.
From 1976 to 1980, according to the NHANES II survey, 7.5% of the six to
11-year-olds and the 12- to 17-year-olds were overweight. In the NHANES
III survey from 1988 to 1991, the prevalence in the younger children rose to
13.5% and to 11.5% in the 12- to 17-year-olds [19].
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Figure 3. Prevalence of overweight in US children and adolescents as measured in NHANES
surveys since 1963. There has been a dramatic increase, with tripling of rates for overweight in
US children in the last 25 years [19].

9. CLINICAL EVALUATION OF OVERWEIGHT
PATIENTS

Evaluation of health risks from weight status is the first step in formulating
a treatment plan. Thus, both clinical and laboratory information are needed to
evaluate overweight patients. Several reports provide guidance for this evalua-
tion (NHLBI [6, 20]; AOA [21]; WHO [22]).

9.1. Body Mass Index

Overweight is usually assessed by measuring the BMI (see Table 1), and
this step is the first in screening for obesity. BMI was originally proposed by
Quetelet more than 150 years ago and correlates more closely with body fat
content than do other anthropometric relationships of height and weight. Its
advantages are ease of determination and the accuracy with which both height
(stature) and weight can be measured. Its chief limitation is that, particularly
in the normal BMI range (18.5 to 24.9 kg/m2), the correlation with actual body
fat content is sufficiently low that it is a poor guide to individual fat level. For
BMI values above 25 kg/m2 and especially above 30 kg/m2, it is a much better
guide to the degrees of excess fat and risk to health.

Table 3 lists BMI ranges and the relative risk associated with each as modi-
fied by taking waist circumference into account. This table is derived from the
National Institutes of Health guidance on prevention and treatment of obesity
[6, 20]. As is discussed later, health risk may also be elevated for any given
BMI level, based on a history of comorbid condition, sedentary lifestyle, or of
history of weight gain, among other factors.
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Table 3. Classification of overweight and obesity by BMI, waist circumference and
associated disease risk

Disease riska relative to normal weight
and waist circumference

Obesity Men ≤ 102 cm (≤ 40 in) > 102 cm (> 40 in)
BMI (kg/m2) class Women ≤ 88 cm (≤ 35 in) > 88 cm (> 35 in)

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 Extremely high Extremely high

aDisease risk for type 2 diabetes, hypertension, and CVD.
bIncreased waist circumference can also be a marker for increased risk even in persons of normal weight [6].

Figure 4. Relationship of BMI to risk for mortality in the US Physicians and Nurses Health
Studies [23].

BMI shows a curvilinear relationship to risk for mortality [23], and although
many longitudinal population studies demonstrate this, we choose to illustrate
the relationship with data from the Nurses and Physicians Health Study cohorts
(Figure 4). Several points can be made from these data. They illustrate the
recently popular focus on the relatively small increase for mortality that is
evident in this population in the overweight category, BMI 25 < 30 kg/m2.
They take a very large study, and long periods of follow-up, to demonstrate
the increased mortality risk for those in the overweight category, while the
increased risk for obese among American whites is readily demonstrated as
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BMI exceeds 30. Other measures besides BMI, such as waist circumference
and other risk factors, can serve to identify those with high risk in the BMI 25
to < 30 category. The cut points to define overweight and obese are derived
from data collected on Caucasians. It is now clear that different ethnic groups
have different percentages of body fat for the same BMI. For a given BMI,
Asians tend to have more fat and African Americans the same or less fat. For
the black American women in Figure 4, the risk for mortality with elevations
in BMI is less prominent than for whites.

9.2. Waist Circumference

Estimation of body fat distribution can aid in assessing health risk. This is
particularly true for those with BMI < 35 kg/m2, and we do not endorse the
routine ascertainment of waist circumference for BMI ≥ 35 kg/m2, because
the waist circumference is almost certainly elevated. Visceral fat and central
fatness can be evaluated by several methods, but for practical purposes, the
waist circumference is recommended. In the clinic, waist circumference can
be measured with a flexible tape placed horizontally at the level of the nat-
ural waistline or narrowest part of the torso as seen anteriorly [24]. Measuring
the change in waist circumference is a good tool for following the progress
of weight loss. It is particularly valuable when patients become more physi-
cally active. Physical activity may slow loss of muscle mass, and thus slow
weight loss while fat continues to be mobilized. Waist circumference can help
in making this distinction. As with BMI, the relationship of central fat to risk
factors for health varies among populations as well as within them. Japanese
Americans and Indians from South Asia have relatively more visceral fat, and
are thus at higher risk for a given BMI or total body fat than are Caucasians.
Even though the BMI may be below 25 kg/m2, central fat may be increased
and, thus, adjustment of BMI for central adiposity is important, particularly
with BMI between 22 and 29 kg/m2.

9.3. Weight Gain

Patients with a weight gain of more than 1 kg/year or more than 10 kg
overall have an increased risk to health [25].

9.4. Sedentary Lifestyle

A sedentary lifestyle also increases the risk of early death. Individuals with
no regular physical activity are at higher risk than individuals with modest
levels of physical activity [26].
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9.5. Laboratory and Other Measures

The relationship between obesity and increasing blood pressure is well
known, and careful assessment of blood pressure should be part of the eval-
uation. Laboratory measurements should include, as a minimum, lipids (total
cholesterol, low-density lipoprotein [LDL] cholesterol, high-density lipopro-
tein [HDL] cholesterol, and triglycerides), glucose, and uric acid. Sleep apnea
and osteoarthritis should be assessed by a careful history.

10. THE METABOLIC SYNDROME

Identification of a constellation of risk factors that imposes higher risk for
the development of type 2 diabetes and for cardiovascular disease is a key part
of health risk appraisal in the office. In the United States, the National Choles-
terol Education Program (NCEP) Adult Treatment Panel III has promoted a
working diagnosis for metabolic syndrome that relies on the presence of three
or more of the risk factors illustrated in Figure 5 [27]. The NCEP’s goal in
promoting recognition of metabolic syndrome was to encourage physicians to
prescribe lifestyle approaches as a way to prevent cardiovascular disease. The
NCEP’s recommendation is that weight reduction, healthy diet, and physical
activity be incorporated into the lifestyle of all individuals with the metabolic
syndrome.

Recently, the International Diabetes Federation (IDF) has promoted another
definition of metabolic syndrome [28] (Figure 6). The IDF definition relies on
waist circumference as its central criteria and is easily applied in the clinical
setting. The waist circumference cited by the IDF is lower than that used in the
NCEP criteria, but the IDF states, “In the USA, the ATP III values (102 cm

Figure 5. Criteria for the metabolic syndrome, NCEO Adult Treatment Panel III, 2001, criteria.
At least three of the conditions must be met for the diagnosis of metabolic syndrome under this
classification [27].
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Figure 6. Criteria for the metabolic syndrome, IDF criteria, 2005. To meet the criteria for
metabolic syndrome in this classification, the waist circumference must be elevated and two
other conditions must be met [28].

male; 88 cm female) are likely to continue to be used for clinical purposes.” It
is the hope of the International Diabetes Federation that their consensus defi-
nition of the metabolic syndrome will be adopted world-wide. The waist cir-
cumference criteria are listed for Europid ethnic groups, but specific cutpoints
are provided for other ethnicities.

11. ETIOLOGIC FACTORS UNDERLYING OBESITY

As part of the evaluation of overweight and obese patients in the clini-
cal setting, etiologic factors causing obesity should be identified, if possible
[29, 30].

• Genetic diseases and genetic predisposition. There are several extremely
rare single-gene causes of obesity, but the usual genetic basis is to enhance
susceptibility to environmental factors.

• Hypothalamic obesity. Hypothalamic obesity is rare in humans [31], but can
be regularly produced in animals by injuring the ventromedial or paraven-
tricular region of the hypothalamus or the amygdala. Hypothalamic obesity
can follow surgical intervention in the hypothalamic-pituitary area or result
from hypothalamic disease or trauma.

• Cushing’s syndrome. Obesity is one of the cardinal features of Cushing’s
syndrome, and the differential diagnosis of obesity from Cushing’s syn-
drome and pseudo-Cushing’s syndrome is clinically important for thera-
peutic decisions [32, 33]. If Cushing’s syndrome cannot be excluded, an
endocrine consultation would be appropriate.
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Table 4. Drugs that produce weight gain and alternatives to their use

Drugs that cause Possible
Category weight gain alternatives

Neuroleptics Thioridazine; olanzaepine; Molindone; haloperidol;
quetiapine; riesperidone; ziprasiodone
clozapine

Antidepressants
Tricyclics Amitriptyline; nortriptyline Protriptyline; bupropion;
Monoamine oxidase Imipramine mitrazapine nefazoadone

inhibitors
Selective serotonin Paroxetine

reuptake inhibitors
Anticonvulsants Valproate; carbamazepine; Fluoxetine, sertraline;

gabapentin topiramate; lamotrigine;
zonisamide

Antidiabetic drugs Insulin; sulfonylureas; Acarbose; miglitol;
thiazolidinediones metformin; exenatide;

pramlintide; orlistat;
sibutramine

Antiserotonin Pizotifen
Antihistamines Cyproheptidine Inhalers; decongestants

-Adrenergic blockers Propranolol ACE inhibitors; calcium
-Adrenergic blockers Terazosin channel blockers

Steroid hormones Contraceptives; gluco- Barrier methods; non-
corticoids; proges- steroidal antiinflam-
tational steroids matory agents

Copyright 2001 George A. Bray.

• Hypothyroidism. Women with hypothyroidism frequently gain weight be-
cause of a generalized slowing of metabolic rate. Some of this gain is fat.
However, the weight gain is usually modest, and marked obesity is un-
common. In the United States, hypothyroidism is common, particularly in
older women, where measurement of thyroid-stimulating hormone (TSH) is
a valuable diagnostic test.

• Polycystic ovary syndrome. More than 50% of women with PCOS are obese
[34]. The cardinal features of this syndrome are oligomenorrhea with infer-
tility, hirsutism, and polycystic ovaries.

• Drug-induced weight gain. Several drugs can cause weight gain, including
a variety of psychoactive agents [35] and hormones (Table 4). The degree of
weight gain can be severe with some high-dose corticosteroids, psychoactive
drugs, or with valproate.

• Cessation of smoking. Weight gain is very common when individuals stop
smoking and is at least partly mediated by nicotine withdrawal. Weight gain
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of 1 to 2 kg in the first few weeks is often followed by an additional 2- to
3-kg weight gain over the next 4 to 6 months. Average weight gain is 4 to
5 kg, but can be much greater.

• Sedentary lifestyle. A sedentary lifestyle lowers energy expenditure and pro-
motes weight gain in both animals and humans.

• Dietary factors. The amount of energy intake relative to energy expenditure
is the central reason for the development of obesity. However, diet compo-
sition may also be important in the pathogenesis. Dietary factors become
important in a variety of settings.

(a) Breast feeding. Failure to breast feed or breast feeding for less than
3 months is associated with increased risk of weight gain when chil-
dren enter school [36].

(b) Maternal smoking. Offspring of children whose mother smoked dur-
ing pregnancy have a significantly increased risk of overweight later in
life [37].

(c) Overeating. Voluntary overeating (repeated ingestion of energy exceed-
ing daily energy needs) can increase body weight in normal-weight men
and women. When these subjects stop overeating, they invariably lose
most or all of the excess weight. The use of overeating protocols to
study the consequences of food ingestion has shown the importance of
genetic factors in the pattern of weight gain [38]. Progressive hyper-
phagic obesity is one clinical form of overeating where individuals gain
5 kg/year or more year after year [31]. Japanese sumo wrestlers who eat
large quantities of food twice a day for many years are another obvious
example.

(d) Dietary fat intake. Epidemiologic data suggest that a high-fat diet is
associated with obesity. The relative weight in several populations, for
example, is directly related to the percentage of dietary fat in the diet
[39]. A high-fat diet introduces palatable, often high-fat foods into the
diet, with a corresponding increase in energy density (i.e., lesser weight
of food for the same number of calories). This makes overconsumption
more likely. Increased portion sizes are another component of environ-
mental food presentation that contributes to obesity.

(e) Dietary carbohydrate and fiber. Dietary fiber is inversely related to
body weight in population studies [40]. The consumption of sugar-
sweetened beverages in children may enhance the risk of more rapid
weight gain. Both the baseline consumption and the change in consump-
tion over two years were positively related to the increase in BMI over
two years [41].

(f) Dietary calcium. A negative relationship between body mass index and
dietary calcium intake has been noted in several studies [42].
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12. INTRODUCTION TO TREATMENT:
RISK–BENEFIT ASSESSMENT

Once the workup for etiologic and complicating factors is complete, health
risk can be refined beyond the BMI assessment, according to the algorithm
shown in Figure 7 [12, 21–23], which is only one of many. Because health risk
determines the treatment choices, it is important to individualize assessments
based on more than just BMI.

Individuals with a BMI below 25 kg/m2 are at very low health risk, but
nonetheless, nearly half of those in this category at ages 20 to 25 will become
overweight by age 60 to 69. Thus, a large group of pre-overweight individuals
need preventive strategies. Risk rises with a BMI above 25 kg/m2 (Figure 6).
The presence of complicating factors further increases this risk. Thus, an at-
tempt at a quantitative estimate of these complicating factors is important.

Figure 7. Treatment algorithm for evaluation of overweight and obesity [20].

13. CONCLUSION

Determining body mass index and waist circumference are the first steps
in evaluating the risk to an individual patient. This can be complemented by
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more sophisticated methods and supplemented with laboratory data. If no spe-
cific etiologies are identified as contributory, and which could be ameliorated,
then treatment can be designed, taking into considerations the patients needs
and the realities of obesity. It is the role of the physician to evaluate individual
patients and to estimate their health risk from obesity and aberrant fat deposi-
tion. As treatment approaches become more sophisticated and more effective,
a proactive approach to risk assessment is an imperative.
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Dietary Approaches to Obesity and
the Metabolic Syndrome
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1. INTRODUCTION

According to the National Health and Nutrition Examination Survey
(NHANES), rates of the metabolic syndrome (MetS) have risen in conjunc-
tion with increasing rates of obesity, affecting approximately 27% of adults
in the United States [1, 2]. Certain dietary patterns have been associated with
MetS, particularly, those high in fat (i.e., 37.9% of total energy) and sugar and
low in vegetables and fiber [3].

Weight management through dietary modification (i.e., reducing saturated
fat and cholesterol and increasing fiber intake) has been identified by the
National Cholesterol Education Program’s Adult Treatment Panel III (NCEP
ATP-III) as an important strategy to prevent and reverse MetS and decrease the
risk of associated adverse health conditions such as cardiovascular disease and
diabetes [1]. Currently, the best dietary approach to weight loss is a matter of
debate among professionals and the public alike. Likewise, the optimal dietary
intervention for MetS has not been identified. However, strategies that improve
any one of the metabolic disturbances associated with MetS (i.e., abdominal
obesity, dyslipidemia, hypertension, and insulin resistance) may be effective in
treating the condition.

During the last 20 years, the focus has been on decreasing fat intake [4, 5].
This recommendation is guided by the high energy density of dietary fat and
the link between increased risk of chronic disease and saturated fat [6–8]. Al-
though low-calorie, low-fat approaches are effective in reducing weight, im-
proving blood pressure, decreasing cardiovascular risk, and improving insulin
sensitivity in the short term, they have not proven to be sustainable for many
living in an environment in which palatable, inexpensive, and high-fat foods
are easily accessible [9]. Recently, researchers have begun to explore other
means of reducing energy intake (e.g., manipulating the amount and/or type
of carbohydrate and protein in the diet) and have evaluated the effects of these
diets on weight and various metabolic parameters.
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This chapter reviews dietary approaches to the treatment of obesity and the
conditions associated with MetS, with an emphasis on the relative roles of
fat, carbohydrate, and protein. Each section begins with a description of vari-
ous diets (i.e., low-, very low-, and moderate-fat diets, low-carbohydrate diets,
low glycemic index diets, or high-protein diets) and concludes with a review
of their efficacy for the treatment of obesity, dyslipidemia, insulin resistance,
and/or hypertension.

2. LOW-FAT DIETS

The Dietary Guidelines for Americans 2005 (associated with MyPyramid)
provides one example of a low-fat eating plan [10]. The guidelines are based
on the premise that a low-fat (20% to 35%), high-carbohydrate (45% to 65%)
diet results in optimal health [10]. By consuming a variety of foods and the
recommended number of servings from each food group, individuals will meet
their protein requirements, as well as their RDA for vitamins and minerals, and
consume adequate amounts of fiber. In addition, healthy limits on total fat, sat-
urated fat, cholesterol, and sodium are encouraged. Other examples of a low-
fat diet are the DASH diet and those recommended by the American Diabetes
Association [11], American Heart Association [12], and American Cancer So-
ciety [13], as well as commercial programs such as Weight Watchers.

2.1. Efficacy of Low-fat Diets on Weight Loss, Hypertension, and
Diabetes

Low-fat diets are the best studied of all approaches to weight loss. Three
large, multicenter, randomized studies (i.e., the PREMIER trial, Diabetes
Prevention Program, and the Finnish Diabetes Prevention study) have demon-
strated that low-fat, low calorie diets in combination with intensive group ther-
apy, individual counseling, and 150 to 180 minutes of moderate intensity phys-
ical activity per week are effective in reducing body weight by approximately
5% to 10% of initial weight during the first 6 months of treatment [14–17].
Improvements in blood pressure and cardiovascular complications, as well as
reductions in the incidence of type 2 diabetes, have been observed. Findings
from these studies are summarized in Table 1.

The PREMIER trial investigated the effects of the DASH diet (i.e., Dietary
Approaches to Stop Hypertension), a diet high in fruits and vegetables, fiber
and mineral content (such as calcium, magnesium, and potassium) and low in
total and saturated fat and cholesterol and refined sugar. This diet was com-
bined with recommendations known to individually lower blood pressure (i.e.,
sodium and alcohol restriction, exercise, and weight loss) and evaluated for
reduction in weight loss and hypertension [14]. Eight hundred and ten obese,
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Table 1. Summary of findings from low- and moderate-fat studies

Finnish
Premier DPP Prevention McManus
(6-month data) (6-month data) (12-month data) (18-month data)

Sample size (n) 810 3234 522 101
Control 273 1082 257 51
Intervention 1 268 1079 265 50

Intervention 2 269 1073 N/A N/A
Sex

Male 310 1,043 172 10
Female 500 2,191 350 91

Age (years)
Control 49.5 50.3 55 44
Intervention 1 50.2 50.9 55 44
Intervention 2 50.2 50.6 N/A N/A

Baseline BMI (kg/m2)
Control 32.9 34.2 31.0 33
Intervention 1 33.0 33.9 31.3 34
Intervention 2 33.3 33.9 N/A N/A

Weight loss (kg)
Control −1.1 −0.1 −0.8 2.9
Intervention 1 −4.9 −5.6 −4.2 −4.1
Intervention 2 −5.8 −2.1 N/A N/A

Premier: Intervention 1 = established intervention; Intervention 2 = established intervention plus DASH;
Control = advice only.
DPP: Intervention 1 = intensive lifestyle group; Intervention 2 = metformin; Control = placebo.
Finnish PP: Intervention 1 = detailed diet and exercise instruction in 7 sessions during year 1; Control =
diet and exercise information at baseline and annual visit.
McManus: Intervention 1 = moderate-fat; Control = low-fat.

nonhypertensive, and hypertensive participants were randomly assigned to ei-
ther a control group (single advice-giving session for consuming a DASH diet)
or one of two intervention groups. One intervention group instructed partici-
pants to reduce calories through the DASH diet (Established Intervention plus
DASH) and exercise. The other encouraged calorie restriction and exercise
(Established Intervention) alone. Both intervention groups included behavior
modification instruction.

There were significant differences in dietary intake, weight loss, and blood
pressure between the control and intervention groups at 6 months. The Estab-
lished Intervention plus DASH group consumed more fruits and vegetables and
dairy products than the other two groups. Significantly greater weight losses
were observed in the Established Intervention and the Established Intervention
plus DASH groups compared to the control group at 6 months (see Table 1).
There were no significant differences in weight loss between the Established
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Intervention and Established Intervention plus DASH groups. Although blood
pressure decreased in all three groups at 6 months, the greatest reduction was
observed in the Established Intervention plus DASH group. Seventy-seven per-
cent of stage 1 hypertensive participants in the Established Intervention plus
DASH group and 66% stage 1 hypertensive participants in the Established
group had systolic and diastolic blood pressure less than 140 mm Hg and
90 mm Hg, respectively, at 6 months [18]. Even greater decreases in blood
pressure have been observed in previous DASH studies [19, 20], in which fruits
and vegetables were provided and intake of these foods was higher (7.8 serv-
ings in Premier study vs. 9.6 servings in DASH study).

The Diabetes Prevention Program was a 27-center randomized clinical trial
that evaluated the effects of lifestyle intervention and pharmacotherapy on
the incidence of type 2 diabetes in individuals with impaired glucose tol-
erance [15]. In this study 3,234 overweight participants were randomly as-
signed to one of three groups: (1) placebo plus standard lifestyle recommenda-
tions, (2) metformin plus standard lifestyle recommendations, and (3) intensive
lifestyle intervention. Participants in the medication and placebo group were
provided written information on the Food Guide Pyramid and the National
Cholesterol Education Program Step 1 diet and were seen annually in individ-
ual sessions. Participants in the lifestyle intervention group were prescribed fat
and calorie goals and were asked to monitor their intake daily. Calorie levels
were based on initial body weight and were designed to produce a weight loss
of 0.5 to 1.0 kg/week.

Participants in the intensive lifestyle group lost significantly more weight
than those in the metformin and placebo groups (see Table 1). The intensive
lifestyle group also had a significantly lower incidence of type 2 diabetes than
the placebo or metformin groups at one year (see Table 1). Compared to the
placebo group, the incidence of diabetes was reduced by 58% and 31% in the
intensive lifestyle and metformin groups, respectively [15].

Similar to the Diabetes Prevention Program, the Finnish Diabetes Preven-
tion study investigated the ability of lifestyle intervention to prevent or de-
lay the onset of type 2 diabetes in 522 overweight participants with impaired
glucose tolerance [16]. Participants were randomly assigned to either a con-
trol group, which received verbal and written diet and exercise information at
baseline and at annual visits, or to an intervention group, which was provided
detailed dietary and exercise instructions in seven sessions with a nutritionist
during the first year and every 3 months after the first year. These latter par-
ticipants were instructed to consume less than 30% of energy from fat (i.e.,
consuming low-fat dairy and meat products), less than 10% from saturated
fat (i.e., increase consumption of vegetable oils rich in monounsaturated fat),
15 g/1000 kcal of fiber from whole grain products, vegetables, and berries and
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other fruits. They were also told to engage in moderate activity for 30 minutes
or more per day.

Results showed that there was a significantly greater reduction in the in-
cidence of type 2 diabetes and greater weight loss in the intervention group.
Greater reductions in mean body weight were observed in the intervention
group compared to the control group in the first year and remained signifi-
cantly greater in the intervention group than after 2 years (see Table 1).

Taken together these findings suggest that consumption of a low-fat, low-
calorie diet, in the context of intensive group and/or individual counseling
emphasizing moderate intensity physical activity, is an effective strategy for
weight management, hypertension, and diabetes. A major limitation of these
studies is that the control and intervention groups did not receive the same
number of treatment visits. Participant–clinician contact and instruction was
greater in the intervention groups. It can also be argued that these studies
do not simulate treatment in the “real” world because of their high intensity
and frequency. While not effectiveness studies, these well-designed efficacy
studies show that low-calorie, low-fat, high-fiber diets have positive effects on
weight control and, more importantly, on the comorbid conditions associated
with MetS.

3. VERY-LOW-FAT DIETS

Some argue that a reduction in fat greater than 20% to 35% of calories is
necessary for optimal health [21]. Diets that provide < 10% fat are defined
as very-low-fat [22]. Pritikin and Ornish diets are examples of very-low-fat
diets. The Ornish diet is a plant-based diet and therefore encourages consump-
tion of high-complex-carbohydrate, high- fiber foods (e.g., fruits, vegetables,
whole grains); beans; soy; and moderate amounts of reduced fat dairy, eggs,
and limited amounts of sugar and white flour [22]. The Pritikin diet is similar.
However, limited quantities of lean meats and fish are also allowed. The ma-
jor difference between low- and very-low-fat diets is that the latter are more
restrictive in terms of the types of foods permitted. Unlike low-fat plans that
incorporate all foods, the very-low-fat diets strongly discourage consumption
of foods containing high amounts of refined carbohydrate and/or fat such as
sugar, high-fructose corn syrup, white flour, and rice.

3.1. Efficacy of Very-low-fat Diets on Weight Loss and
Cardiovascular Disease

Few randomized studies have evaluated the effects of very-low-fat diets on
weight loss and none have systematically examined the efficacy of these di-
ets on the conditions associated with MetS; however, the Lifestyle Heart Trial
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was a long-term randomized trial on 48 patients with coronary atherosclerosis
that evaluated the effects of a very-low-fat diet and intensive lifestyle modifi-
cation on the progression of this disease [23]. Twenty participants were ran-
domly assigned to an intervention group and 28 to a control group. The inter-
vention group consumed a very-low-fat vegetarian diet and was prescribed a
behavior modification program that included moderate aerobic activity, stress
management, and smoking cessation. Those in the control group followed rec-
ommendations consistent with conventional guidelines for a healthy lifestyle
(provided by their primary care physician).

Participants in the intervention group reduced their fat intake from 29.7%
to 6.22% at 1 year. The decrease in the control group (e.g., from 30.5% to
28.8%) was less dramatic. Participants in the intervention and control groups
lost 10.8 kg and 1.5 kg respectively, at 1 year. Furthermore, there were sig-
nificant differences in coronary artery outcomes. The average coronary artery
percent diameter stenosis in the intervention group decreased (i.e., 1.75 ab-
solute percentage points) at 1 year, while it increased (i.e., 2.3 absolute per-
centage points) in the control group. These data suggest that a very-low-fat
diet, in combination with lifestyle change, can result in regression of coronary
atherosclerosis. However, when part of a multicomponent lifestyle interven-
tion program (i.e., diet, exercise, stress management, smoking cessation), it is
hard to separate the impact of dietary treatment from other factors. Further,
adherence to these dietary and lifestyle recommendations outside of clinical
trials is unknown.

4. MODERATE-FAT DIETS

While many argue that intake of 35% fat or less is the most favorable ap-
proach for treating obesity and preventing chronic disease, others note that
many European countries with relatively high percentages of fat intake (e.g.,
France, Italy) have a low prevalence of obesity [24] and lower rates of car-
diovascular disease [25, 26] and mortality [27–29]. Moreover, there is some
evidence to suggest that individuals who follow a diet higher in fat may be
better able to sustain weight losses over the long term compared to those who
adhere to a diet lower in fat [30].

Mediterranean diets are considered moderate fat diets because they may
contain over 40% of total calories from fat [31, 32]. Mediterranean diets dif-
fer depending upon the region of the Mediterranean from which they originate.
The percentage of fat can range from 26% to 42% of total calories from fat. De-
spite differences in the total percentage of fat, Mediterranean diets generally
contain a higher proportion of monounsaturated fat and omega 3 fatty acids
than western diets. A traditional Mediterranean diet is rich in natural whole
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foods and relies heavily on foods from plant sources such as fruits, vegeta-
bles (including wild types such as purslane), legumes, breads and grains, and
nuts and seeds. These plant foods along with olive oil and low to moderate
amounts of cheese, yogurt, and wine are consumed daily [33]. Rather than red
meat, fish, chicken, and eggs are consumed on a weekly basis. The diet is low
in saturated and trans-fats because of limited intakes of butter, red meat and
processed foods. Fresh or dried fruit with nuts (e.g., figs stuffed with walnuts)
is viewed as a typical daily dessert rather than commercially baked foods.

4.1. Efficacy of Moderate-fat Diets on Weight Loss, Cardiovascular
Disease, and Diabetes

McManus et al. examined the effects of a moderate-fat diet (35% of total
energy) and a lower-fat control diet (e.g., 20% of total energy) in 101 over-
weight men and women [30]. Women were instructed to consume 1200 kcal
per day while men were asked to consume 1500 kcal per day in both groups.
All subjects participated in weekly behavior modification sessions. There were
no differences between the moderate-fat and low-fat groups in weight loss at
6 and 12 months. However, at 18 months they were significantly different be-
cause participants in the moderate-fat group maintained their weight loss while
the low-fat group regained weight (see Table 1). Further, there were greater
reductions in percent body fat and waist circumference in the moderate-fat
group.

Although some studies evaluating diets with characteristics similar to the
Mediterranean diet (i.e., moderate-fat diets or diets rich in fiber and grains)
have reported beneficial effects on weight [30, 34, 35], few studies have di-
rectly investigated the effects of Mediterranean diets on weight manage-
ment [36, 37]. Schroder et al. reported that adherence to a traditional Mediter-
ranean diet (i.e., greater intake of olive oil, fruits, vegetables, legumes, nuts
and seeds, fish, and poultry and a lower percentage of saturated fat) is associ-
ated with a lower prevalence of obesity [36]. Similarly, Goulet et al. showed
that women who adapt a Mediterranean pattern of eating consume fewer calo-
ries and have modest reductions in body weight and waist circumference after
12 weeks [37]. Effects varied as a function of baseline waist circumference and
age in this study. Reductions in waist circumference, low-density lipoprotein
(LDL)-cholesterol and apo-B concentrations were more pronounced in women
with the highest baseline waist circumferences. Unlike younger women who
had significant reductions in both weight and waist circumference, significant
reductions in waist circumference were observed only in older women. Older
women also had more pronounced reductions in LDL-cholesterol.

A number of studies have examined the effects of Mediterranean diets on
chronic disease; however, diets in these studies are relatively low in fat (i.e., ap-
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proximately 30% energy from fat). The Lyon Diet Heart Study was a random-
ized trial comparing the effects of a Mediterranean-type diet (i.e., consumption
of more root and green vegetables, fruit, fish, wine in moderation, margarine
with a fatty acid profile similar to olive oil instead of butter, and less red meat)
and a prudent diet (i.e., basic dietary advice from the hospital dietitian or at-
tending physician) on the prevention of coronary events in 605 overweight
patients surviving a first myocardial infarction [38–40]. Compared to those
consuming the control (prudent) diet, participants consuming a Mediterranean-
type diet consumed fewer total calories from fat (30% vs. 34%), less saturated
fat (8% vs. 12%) and cholesterol (203 mg/day vs. 312 mg/day), more monoun-
saturated fat (13% vs. 11%), and more fiber (19 g/day vs. 16 g/day). After 46
months on a Mediterranean-type diet, participants decreased their risk for car-
diac death, nonfatal heart attacks, unstable angina, heart failure, and pulmonary
or peripheral embolism by 50% to 70%.

Proinflammatory cytokines such as interleukin-6 (IL-6) and interleukin-18
(IL-18) have been associated with thrombotic cardiovascular events and en-
dothelial dysfunction. In addition, it is thought that increased production of
IL-6 and low adiponectin may be associated with insulin resistance; there-
fore, beneficial changes in proinflammatory cytokine concentration may re-
duce risk for the development of cardiovascular disease and type 2 diabetes.
Esposito et al. used a Mediterranean-type diet to examine the effect of weight
loss on markers of vascular inflammation, blood pressure, and insulin sen-
sitivity (via homeostasis model assessment [HOMA]) in 120 obese women
without diabetes, hypertension, or hyperlipidemia [41]. Participants random-
ized to the Mediterranean-type diet group met with a dietitian monthly and
received instruction for following a hypocaloric (i.e., 1300 kcal/day at year 1,
1500 kcal/day at year 2) Mediterranean-type diet (i.e., high in fruits, veg-
etables, grains, less saturated fat and more monounsaturated fat) while par-
ticipants in the control group were given general information about healthy
eating and exercise over a 2-year period. Although decreases in blood pres-
sure, glucose, insulin, triglycerides, cytokines, and weight were observed in
both groups after 2 years, greater decreases were observed in participants con-
suming a Mediterranean-type diet. Participants in the Mediterranean-type diet
group lost 14 kg compared to 3 kg in the control group. Adiponectin levels
were greater and HOMA scores were lower in the intervention group com-
pared to the control group. Findings from this study suggest that weight loss
can reduce risk for cardiovascular disease and type 2 diabetes by decreasing
markers of vascular inflammation and improving insulin sensitivity.

In a similar study, Esposito et al. [42] examined the effects of a Mediterra-
nean-type diet on markers of vascular inflammation and endothelial function in
180 overweight patients with metabolic syndrome. Individuals (n = 90) ran-
domized to the Mediterranean-type diet were instructed to follow an Amer-
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ican Heart Association Step 1 diet, eat specific amounts of fruit, vegetables,
walnuts, and whole grains, and increase their intake of olive oil. Participants
randomized to the control group were given general information about follow-
ing a low-fat, high-carbohydrate diet. Group meetings, led by a dietitian, were
held monthly for the first year and bi-monthly for the second year. In general,
participants in the Mediterranean-type diet group consumed more complex
carbohydrates, fiber, and monounsaturated fat and less saturated fat than the
control group. Those in the Mediterranean-type diet group lost significantly
more weight than the control group, 4.0 versus 1.2 kg, respectively, at the
end of 2 years. In addition, decreases in HOMA scores, blood pressure, to-
tal cholesterol, triglycerides, and serum concentrations of IL-6, IL-7, IL-18,
and C-reactive protein were greater in participants following a Mediterranean-
type diet. While no change in endothelial function was observed in the control
group, scores improved in the Mediterranean-type diet group. Results were
adjusted for changes in body weight. After 2 years, a greater number of par-
ticipants were still classified as having MetS in the control group compared
to the Mediterranean-type diet group (i.e., 78 participants vs. 40 participants).
Taken together, these findings suggest that adherence to a hypocaloric, 30% fat
Mediterranean diet can result in beneficial changes in body composition and
improvements in vascular parameters, blood pressure, and insulin sensitivity.

In summary, many studies have assessed the effects of fat intake on weight
loss and disease risk. Compared to very-low-fat and moderate-fat diets, low-
fat diets are the best studied. These diets have been shown to be effective in
treating obesity and reducing blood pressure and the incidence of type 2 dia-
betes. Although the low-fat diet is an effective weight loss strategy, there are
questions concerning long-term adherence. Moderate-fat and relatively low-fat
Mediterranean diets are less studied for weight loss but have impressive risk
reducing effects on cardiovascular disease (i.e., decreasing markers of vascular
inflammation and lipids) and type 2 diabetes (i.e., improving insulin sensitiv-
ity) and have been shown to decrease mortality from cardiovascular disease,
coronary heart disease, and cancer [28]. Shifting the focus from low-fat to
healthy fat (e.g., eating more nuts, fish, and unsaturated oils) and focusing on
portion control may be a more enjoyable and sustainable approach to weight
management for some people. Additional studies comparing the effects of low-
fat and moderate-fat diets on weight loss, satiety, and adherence would help
clarify the amount of fat that is most effective for long-term weight control
and health.

5. HIGH-PROTEIN DIETS

There is no standard definition of a “high-protein diet”; however, intakes
greater than 25% total energy or 1.6 g/kg per day can be considered high [43].
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The Zone diet (30% protein, 40% carbohydrate, and 30% fat) is an example
of a high-protein diet. The most prominent difference between a high-protein
diet such as the Zone and a low-carbohydrate diet like the Atkins diet is that a
high-protein diet is typically low in fat.

5.1. Efficacy of High-protein Diets on Weight Loss

No studies have examined the effects of a high-protein diet in individuals
with MetS. One 12-month study evaluated the effects of a high-protein diet
on body composition in obese adults [44, 45] and a limited number of short-
term studies (< 6 months) have investigated the effects of high-protein diets
on weight loss and body composition in obese individuals with hyperinsuline-
mia or type 2 diabetes [46–48]. In a recent investigation, 50 overweight and
obese (body mass index [BMI] of 25 to 35 kg/m2) individuals were randomly
assigned to an ad libitum low-protein diet (12% protein, 30% fat, 58% carbo-
hydrate) or high-protein regimen (25% protein, 30% fat, 45% carbohydrate)
[44, 45]. During the first 6 months of the study, foods were provided to en-
sure that the prescribed diet was consumed. Between months 6 and 12, foods
were no longer provided but participants were asked to maintain their dietary
prescription and attend biweekly group behavior therapy sessions.

The high-protein group lost significantly more weight than the low-protein
group after 6 months (−9.4 kg vs. −5.9 kg). Not surprisingly, the high-protein
group had a greater decrease than the low-protein group in waist circumfer-
ence, waist-to-hip ratio, and intraabdominal adipose tissue (assessed by dual-
energy x-ray absorptiometry). At the 24-month assessment, the high-protein
group continued to have a greater weight loss than the low protein group
(−6.4 kg vs. −3.2 kg) but this difference was not significant because a large
number of participants were lost to follow-up.

These findings suggest that although participants in the high-protein group
regained weight after 6 months, there was a trend toward better weight main-
tenance in these individuals. In addition to weight loss, there was a greater
reduction in waist circumference, waist-to-hip ratio, and intraabdominal adi-
pose tissue, even after weight was regained. The effect on intraabdominal adi-
pose tissue remained after adjustments were made for weight loss, which is
important because this measure is highly correlated with MetS and certain
chronic conditions such as type 2 diabetes and cardiovascular disease. Reduc-
tions in abdominal adipose tissue have been associated with improvements in
insulin sensitivity, glycemic control, and dyslipidemia in insulin resistant sub-
jects [49–51].

Short-term studies have also suggested that high-protein diets are superior
to high-carbohydrate diets in either reducing body weight [46], preserving lean
body mass [47], or promoting fat loss [48]. In one study 13 obese, hyperinsu-
linemic men were randomized to either a hypocaloric (i.e., 80% resting energy
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expenditure) high-protein (45% protein, 25% carbohydrate, 30% fat) or high-
carbohydrate (12% protein, 58% carbohydrate, 30% fat) diet for 4 weeks [46].
To enhance compliance to the diet, food was provided and participants attended
weekly counseling sessions. In addition to anthropometric measurements, fast-
ing insulin, glucose, and plasma lipid concentrations were measured. Although
weight loss was observed in both groups, participants in the high-protein
group lost significantly more weight than those in the high-carbohydrate group
(−8.3 kg vs. −6.0 kg) as well as more body water (−1.0 kg vs. −0.3 kg). In-
sulin levels decreased in both groups but only those in the high-protein group
were within normal limits. Blood lipids improved but no differences were ob-
served between groups with the exception of high-density lipoprotein (HDL)-
cholesterol. A significant decrease in HDL-cholesterol was observed in the
high-protein group.

Beneficial effects of high-protein diets on body composition were observed
in a 16-week (i.e., 12-week weight loss phase and 4-week weight maintenance
phase) study comparing the effects of hypocaloric (i.e., 1500 kcal) high-protein
(30% protein, 40% carbohydrate, 30% fat) and standard protein (15% protein,
55% carbohydrate, 30% fat) diets on body composition, fasting glucose and
insulin, lipid levels, and blood pressure in 66 overweight and obese, hyperin-
sulinemic adults over [47]. Like the previous study, participants were provided
with fixed menu plans and a significant amount of food to enhance compli-
ance.

Despite similarities in weight and total and abdominal fat loss in both
groups, women in the high protein group lost significantly less lean body mass
than those in the standard protein group. The researchers point out that the
high-protein diet provided women approximately 1.4 g protein/kg of ideal
body weight, a level sufficient to suppress proteolysis in women but not in
men, as it only provided approximately 1.1 g protein/kg of ideal body weight
for men. Intakes of 1.5 g protein/kg ideal body weight have also been shown
to prevent loss of lean body mass [52, 53].

With the exception of greater decreases in fasting triglyceride concentra-
tions in the high-protein group, the high-protein diet was no more efficacious
than the standard protein diet in decreasing total and LDL cholesterol, in-
creasing HDL, reducing blood pressure, or improving insulin resistance in this
study. In another study conducted by this group, a high-protein diet did not
confer any additional benefits on glycemic control, blood pressure, or HDL
concentrations over a 12-week period in individuals with type 2 diabetes; how-
ever, total and LDL cholesterol decreased more in individuals following the
high-protein diet [48]. There were no significant differences in weight loss
between the two dietary groups; however, women on a high-protein diet lost
significantly more total and abdominal fat than women on a low-protein diet.
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The change in fat mass did not appear to alter insulin sensitivity in this sub-
set of participants. Less lean body mass was lost in those following a high-
protein diet but the differences between groups were not statistically signifi-
cant.

Based on these findings, it does not appear that hypocaloric high-protein
diets are more advantageous than low-protein diets in stabilizing glycemic re-
sponse or improving blood lipids; however, there is some evidence from short-
term studies to suggest that high-protein diets confer an advantage in promot-
ing weight loss and reductions in abdominal adipose tissue independent of
weight loss. Mechanisms regarding the greater changes in body composition
in the high-protein group are unknown but may be due to the satiating ef-
fect of protein resulting in a lower intake of calories [45]. Some speculate that
high-protein diets may lead to smaller reductions in resting energy expenditure
resting (REE) or to greater diet-induced thermogenesis; however, it appears
that both high- and low-protein diets produce similar effects on REE and diet
induced thermogenesis in individuals with type 2 diabetes [54] and hyperinsu-
linemia [55]. Limitations of these studies include small sample sizes and short
duration of treatment.

6. LOW-CARBOHYDRATE DIETS

Although it gained some recognition in the 70’s [56] and 90’s [57], the
popularity of the low carbohydrate diet remained dormant until 2002 [58]
when it reemerged as an alternative to conventional low-fat diets. diet ex-
ist (i.e., Atkins diet, South Beach diet), each with a unique interpretation of
optimal low-carbohydrate eating. Unlike low-fat diets, the FDA has not es-
tablished a clear definition for “low-carbohydrate.” Much attention has fo-
cused on the high fat and protein content of the diet. However, the focus of
low-carbohydrate diets, as the name implies, is on carbohydrate, not fat or
protein. Low-carbohydrate approaches encourage consumption of controlled
amounts of nutrient-dense carbohydrate-containing foods (i.e., low glycemic
index [low-GI] vegetables, fruits, and whole grain products) and eliminate
intake of carbohydrate-containing foods based on refined carbohydrate (i.e.,
white bread, rice, pasta, cookies, and chips). Although consumption of foods
that do not contain 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.

6.1. Efficacy of Low-carbohydrate Diets on Weight Loss, Insulin
Sensitivity, and Lipids

Five randomized studies have now compared the short-term (≤12 months)
effects of a low-carbohydrate diet and a calorie-controlled, low-fat diet on
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weight, body composition, and cardiovascular risk factors in obese adults
[59–64]. Only one of these studies has evaluated the effects of low-carbo-
hydrate diets in individuals with diabetes or metabolic syndrome [61, 62].
(Note that the Samaha and Stern papers refer to the same study but report
6 month and 12 month data, respectively). With the exception of one study
which prescribed nutritional supplements including vitamins, minerals, essen-
tial oils, and chromium picolinate to the low-carbohydrate group but not the
low-fat group [63], diet prescriptions in these studies were comparable (e.g., a
low-carbohydrate diet containing less than 60 grams of carbohydrate). BMIs
and ages ranged from 33–43 kg/m2 and 43–54 years, respectively, in all four
studies. While there were many similarities in diet prescriptions and participant
characteristics, a few differences emerged. The majority of the studies were
predominately of females [59, 60, 63, 64] except for one [61, 62]. Comor-
bidities and amount of clinician contact also differed slightly between these
studies. Two of the investigations evaluated effects in healthy adults [59, 60],
three examined effects in adults with significant comorbidities such as dia-
betes, MetS [61, 62], hyperlipidemia [63], and other cardiovascular risk fac-
tors [64]. Treatment occurred primarily in a self-help setting in one study [59]
and in individual and/or group treatment in the others [60–64]. Only three stud-
ies evaluated these effects at one year [59, 62, 64]. Findings of these studies
are summarized in Table 2.

Participants who followed a low-carbohydrate diet lost significantly more
weight than those who adhered to a low-fat diet during the first 6 months
of treatment [59–63]. However, differences in weight loss did not persist at
1 year [59, 62, 64] (Table 2). Two studies [59, 64] observed weight regain
in both groups after 6 months with a greater regain in the low-carbohydrate
group. While participants in the low-carbohydrate group did not regain weight
in the Stern et al. study, those in the low-fat group continued to lose weight
after 6 months, resulting in similar weight losses at one year [62].

In studies that compared low-carbohydydrate and low-fat diets over the
course of 6–12 months there were no differences in total cholesterol or low
density lipoprotein (LDL) cholesterol concentration between groups [59–63,
65]. One study reported that low-carbohydrate diet was less effective than the
low-fat diet in reducing total cholesterol and LDL cholesterol at one year [64].
Only one study reported a small, transient increase in total cholesterol and
LDL cholesterol during the third month of a 1 year treatment [59]. Further-
more, compared with the conventional group, those in the low-carbohydrate
group experienced greater improvements in high density lipoprotein (HDL)
cholesterol [59, 63] and triglycerides [59–61, 63]. Only one study reported de-
creases in HDL cholesterol in participants following a low-carbohydrate diet
but the decrease was less than the decrease in the low-fat group [62]. Find-
ings of these studies are summarized in Table 2. It is worth noting that in the
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Table 2. Summary of findings from low-carbohydrate studies

Brehm Yancy Stern Foster Dansinger
(6-month (6-month (12-month (12-month (12-month
data) data) data) data) 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/ 109 (51 LC/ 20 (12 LC/ 36 (19 LC/

13 C) 58 C) 8 C) 17 C)
Female 53 (26 LC/ 91 (44 LC/ 23 (13 LC/ 43 (21 LC/ 44 (21 LC/

27 C) 47C) 10 C) 22 C) 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 N/A
C 1.6 −14.4 2.7 1.4

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

C, conventional diet; LC, low-carbohydrate diet.

Yancy et al. study, 2 subjects in the low carbohydrate withdrew due to high
LDL levels while none did in the low calorie group. These small numbers are
difficult to interpret, but they suggest that mean values may obscure impor-
tant individual differences. A meta-analysis of these data suggests that while
the low-carbohydrate diet produced more favorable changes in triglycerides
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and HDL cholesterol concentrations, the low-fat diet produced more favor-
able changes in total cholesterol and LDL cholesterol concentrations [66]. 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 to low-
fat diets. No significant differences in blood pressure were observed between
groups in any of the studies.

There is some evidence to suggest that a low-carbohydrate diet may be more
efficacious in improving insulin sensitivity in nondiabetic individuals than a
low-fat diet in the short term (i.e., after 6 months) but not in the long term (i.e.,
at 1 year) [61, 62]. Although the effects of low-carbohydrate diets on insulin
sensitivity in diabetic participants were not measured in this study, the effects
of low-carbohydrate diets on glycosylated hemoglobin in diabetic participants
were examined [61, 62]. Greater decreases in glycosylated hemoglobin values
were observed, independent of weight loss, in diabetic participants consuming
a low-carbohydrate diet after 6 and 12 months [61, 62]. The significance of
glycosylated hemoglobin was not maintained when the analysis included in-
dividuals who only completed the study or when baseline values were carried
forward.

These data suggest that although participants in the low-carbohydrate group
were not instructed to limit their energy intake, as were individuals in the con-
ventional group, those in the low-carbohydrate group consumed fewer calo-
ries [60, 63]. It is interesting to note that at 6 months, across all four studies,
subjects who were instructed to count carbohydrate consumed fewer calories
than those who were instructed to count calories. The reason for this is un-
known but may include greater satiety on a higher protein, low-GI diet. Greater
weight loss may also be the result of the increased structure (i.e., clear bound-
aries about what foods are allowed). Structured approaches, including meal
replacements and food provision, have been shown to increase the magnitude
of weight loss [67–74].

Although few in number, it is interesting to note that findings are remark-
ably consistent despite differences across studies (e.g., gender, comorbid con-
ditions, and clinician contact). These initial results are encouraging but very
preliminary and do not signal a call for revised dietary guidelines. Limitations
of these studies include small sample sizes, high attrition, and short duration of
treatment and assessments limited to glycemic control and lipids. These pre-
liminary data need to be replicated in larger and longer trials that include more
comprehensive assessment of safety including measures of bone health and
kidney function.
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7. LOW GLYCEMIC INDEX DIET

As consumption of carbohydrate has increased, more attention has been fo-
cused on the impact of high- and low-GI foods on food intake and obesity. The
low-GI diet is an example of a unique blend of low-fat, low-carbohydrate, and
low energy density concepts. Recommendations for this dietary approach are
based not only on the GI values of foods but also on the overall nutritional
content of the diet [75]. Like the low-fat diet, a low-GI diet should consist of
a variety of foods that are low in saturated fat and sodium and high in fiber,
vitamins, and minerals. The main focus, however, is increased consumption of
low-GI foods such as whole grains, legumes, vegetables, and fruit. Refined and
highly processed grains should be replaced with whole grain versions. Unlike
the low-carbohydrate diet, this approach allows foods that may be relatively
high on the GI scale as long as they are nutrient dense. Individuals following
this dietary plan are also encouraged to consume foods low in energy den-
sity (e.g., number of calories in a given weight of food) and to recognize that
“low-fat” does not necessarily mean that a food is healthy. By making wise GI
choices, individuals should feel satisfied without having to overly restrict food
intake, which should make adherence to this weight loss approach easier [75].

7.1. Effects of Low Glycemic Index Diets on Hunger and Weight
Loss and Insulin Sensitivity

There is considerable discussion regarding whether clinicians should rec-
ommend low-GI diets to overweight and obese patients [76–78]. Some suggest
that low-GI diets produce greater decreases in weight and fat [79–82], and bet-
ter preservation of lean body mass [83]. Others argue that these findings are
not consistently observed and that there is insufficient evidence to conclude
that low-GI diets are more effective than high-GI, low-fat diets in reducing
food intake and producing weight loss [77]. The effects of low-GI diets on
weight loss have not been extensively studied. Two studies have examined out-
comes in obese but otherwise healthy children [80] and adolescents [81]. Three
small crossover studies have compared the effects of low- and high-GI diets in
obese hyperinsulinemic women [79], patients with non-insulin-dependent dia-
betes [83], and overweight but healthy nondiabetic men [82]. One large multi-
center randomized trial evaluated the effects of diets consisting of simple ver-
sus complex carbohydrates on body weight in obese adults [84]. Although all
studies evaluated the effects of increased intake of low-GI foods, these studies
differed in study duration and dietary instruction and macronutrient composi-
tion, making it difficult to compare studies.

In a nonrandomized study, Speith et al. compared the effects of an ad libitum
low-GI diet (45% to 50% carbohydrate, 20% to 25% protein, 30% to 35% fat)
low-fat diet (55% to 60% carbohydrate, 15% to 20% protein, 25% to 30% fat)
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in 107 children (mean age 10 years) attending an outpatient obesity program
[80]. Participants in the low-GI group were instructed to follow the Low-GI
Pyramid and focus on food selection rather than energy restriction while those
in the low-fat group were prescribed a calorie-controlled diet based on the
Food Guide Pyramid. Children who consumed a low-GI diet had a significantly
larger decrease in BMI (−1.53 kg/m2) compared to children who followed a
low-fat diet (−0.06 kg/m2).

Ebbeling et al. found similar effects on weight in a study comparing an
ad libitum reduced glycemic load diet with an energy-restricted low-fat diet in
16 obese adolescents (ages 13 to 21 years) [81]. Macronutrient distributions
were the same as those in the Speith study. Participants also received behavior
therapy during treatment. The study consisted of a 6-month intervention phase
and 6-month follow up. Significantly greater reductions in BMI (−1.3 kg/m2

vs. 0.7 kg/m2) and fat mass (−3.0 kg vs. 1.8 kg) were observed in the low-GI
group at 12 months. In addition, while insulin resistance, measured by HOMA,
increased in the low fat-group, no changes were observed in the low glycemic
load diet.

Taken together, these studies suggest that children who follow an ad libitum
low-GI diet are more successful in losing weight than those who adhere to a
standard low-fat diet. However, it is unclear whether these effects are due to
differences between diets in GI or macronutrient composition. A blunted in-
crease in insulin resistance in participants consuming a low-GI load diet sug-
gests that this diet may reduce the risk for diabetes; however, the sample size
in this study is too small on which to base conclusions.

Slabber et al. compared the effects of low- and high-GI energy restricted
diets on weight loss and plasma insulin concentrations in 42 obese, hyperinsu-
linemic women during a 12-week period. Both diets were similar in macronu-
trient composition (50% carbohydrate, 20% protein, and 30% fat) and differed
primarily in the types of carbohydrate-containing foods permitted (i.e., high-GI
foods were excluded from the low-GI food plan) [79]. The Exchange List for
Meal Planning was used in both groups to aid in meal selection. Participants
in the low-GI group lost 9.3 kg while those in the high-GI group lost 7.4 kg
after 12 weeks of treatment. Despite similar weight loss, fasting insulin con-
centrations dropped significantly more in the low-GI group than the high-GI
group.

Similarly, Bouche et al. examined whether differences in glucose and lipid
metabolism, as well as in total fat mass, would be observed in nondiabetic
men who adhere to low-GI diets or a high-GI diet for 5 weeks [82]. With the
exception of the type of carbohydrate prescribed, total energy and macronutri-
ent intakes of the experimental diets were similar to those of the regular diet
for each participant. Participants in the low-GI group were instructed to con-
sume foods with a GI < 45% while those in the high-GI group were asked to
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consume foods with a GI > 60%. Each participant was provided a substitu-
tion list allowing exchanges within food groups and a list of commonly con-
sumed foods. No significant changes in body weight were observed during the
5 weeks in either group. However, participants who consumed a low-GI diet
had lower postprandial plasma glucose and insulin profiles, as well as lower
postprandial cholesterol and triglycerides compared to those in the high-GI
group. In another small 6-week study that compared low-GI and high-GI diets,
overall blood glucose and lipid control were improved in patients with non-
insulin-dependent diabetes mellitus following a low-GI diet. Similar amounts
of weight were lost on both diets (i.e., −1.8 kg on the low-GI diet and −2.5 kg
on the high-GI diet) [83].

Using a 2 × 2 design McMillan-Price et al. [85] evaluated the effects of
low and high GI diets, varying in carbohydrate and protein, on weight loss and
cardiovascular risk in 129 overweight or obese young adults. Participants con-
sumed one of four reduced fat, high fiber diets for 12 weeks: (1) high Gl, high
carbohydrate (55% of total energy), (2) high GI, high protein (25% of total en-
ergy), (3) low GI, high carbohydrate, or (4) low GI, high protein. Mean weight
loss was similar across all 4 groups; however, a significantly greater propor-
tion of participants consuming low GI, high carbohydrate (i.e., 56%) or high
GI, high protein (i.e., 66%) diets lost at least 5% of body weight than partici-
pants consuming low GI, high protein (i.e., 33%) or high GI, high carbohydrate
diets (i.e., 31%). Reductions in LDL cholesterol were observed in participants
consuming the low GI, high carbohydrate diet but not in the high GI, high
protein diet. These findings suggest that the effects of GI on weight loss and
lipids may be dependent on the overall macronutrient composition of the diet.
Although findings from this study suggest that the low GI, high carbohydrate
diet was most efficacious in reducing both weight and LDL cholesterol, addi-
tional research is needed to determine which Gl-macronutrient combination is
optimal for reducing weight, improving lipid profiles, and insulin and glucose
concentrations. Saris et al. found that simply substituting simple carbohydrate
for complex carbohydrate in the context of a low-fat diet does not result in
significant differences in weight after 6 months of treatment [84].

Findings from the studies in children and adolescents suggest that ad libi-
tum low-GI diets that provide slightly higher percentages of protein and fat
may be more efficacious in reducing weight than standard energy-restricted
diets. However, based on these limited findings in adults, there appear to be no
advantages in terms of weight loss when GI is altered and energy and macronu-
trient composition are held constant. Findings in adults do suggest, however,
that low-GI diets that are rich in fiber may play an important role in improving
fasting insulin concentrations as well as postprandial glucose, insulin, choles-
terol, and triglyceride concentrations. Many studies have shown that foods high
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in fiber, and particularly soluble fiber, improve blood lipid profiles and reduce
the risk for cardiovascular disease [86–88].

8. CLINICAL IMPLICATIONS AND FUTURE
DIRECTIONS FOR RESEARCH

Popular dietary approaches for weight loss have generated widespread in-
terest and considerable debate. Despite the publicity surrounding the myriad
of dietary approaches, very little is known about their efficacy in treating MetS
or their comparative short- and long-term effects. It appears that in our results-
oriented society more attention has been devoted to the potential for “success”
of various weight loss approaches, traditionally measured by the general pub-
lic in terms of pounds of lost, rather than their potential health effects and
long-term sustainability. As such, overweight and obese individuals often find
themselves in a vicious cycle of weight loss and regain looking for the next
“best” diet.

More effective weight loss options are needed to support healthy and sus-
tainable eating behaviors. Energy balance remains the cornerstone of weight
control (i.e., calories still count). Randomized control weight loss trials have
been designed to assess which diet is best but perhaps researchers have been
asking the wrong question. The “winner take all” mentality does not serve the
field or patients well. Rather than asking which is the best diet, investigators
should be asking for which type of patients (i.e., individuals with diabetes, car-
diovascular disease, hypertension, or MetS) do certain diets work best. Future
research might focus more on how macronutrients or more specific character-
istics or components of food such as GI or fiber affect the metabolic abnor-
malities that define MetS. Given the importance of weight maintenance for
the management of MetS, more research is needed to better understand crav-
ings, satiety, hunger, and other behavioral factors that often undermine dieters
in the long-term. These studies will require large samples that will allow for
examination of various behavioral and metabolic subtypes.
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1. INTRODUCTION

More than 65% of adults in the United States are classified as either
overweight (body mass index ≥ 25.0 kg/m2) or obesity (body mass index
≥ 30 kg/m2). These prevalence rates are of significant public health con-
cern because of the link with numerous chronic health-related conditions such
as heart disease, diabetes, and various forms of cancer [1]. Thus, examin-
ing strategies to effectively reduce body, prevent weight gain, and impact the
health-related conditions associated with excess body weight are of significant
public health importance.

While overweight and obesity can be linked to a variety of factors including
behavior, metabolism, and genetics, ultimately body weight is affected by en-
ergy balance. Therefore, to reduce body weight or to prevent weight gain, en-
ergy intake must not exceed energy expenditure, with manipulation of either of
these parameters influencing body weight control and related health risks. The
most variable component of energy expenditure is exercise and other forms of
physical activity, which suggests that this component of energy balance may be
an appropriate target for interventions related to weight control. More impor-
tantly, exercise has been shown to independently impact health-related factors
that appear to be common in overweight and obese individuals. Therefore, the
purpose of this review is to summarize the effect of exercise on body weight
control and associated health risks.

2. EFFECT OF EXERCISE ON HEALTH-RELATED
PARAMETERS

Based on a growing body of scientific literature, it is widely accepted that
increased energy expenditure through exercise and physical activity can posi-
tively influence health [2]. Data from the Harvard Alumni Study have repeated
demonstrated the inverse association between leisure-time physical activity
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and mortality from all-causes for men [3, 4]. For example, it has been demon-
strated that individuals reporting ≥ 2000 kcal/week of leisure-time physical
activity have a 28% reduction in all-cause mortality compared to those indi-
viduals reporting < 2000 kcal/week of leisure-time physical activity [3]. Lee
et al. [5] have reported that vigorous exercise and physical activity (≥ 6 METS)
show a significant reduction in risk of mortality compared to nonvigorous
forms of exercise and physical activity (< 6 METS). However, maintaining
activity levels of at least 4.5 METS over an 11- to 15-year period was shown
to reduce the relative risk of all-cause mortality by 29% when compared to
those maintaining activity patterns of < 4.5 METS [4]. Moreover, individuals
increasing from < 4.5 METS to ≥ 4.5 METS over this same period showed
a reduction in relative risk of all-causes mortality of 23% when compared to
those reporting < 4.5 METS over this same period of time [4].

The effect of higher levels of energy expenditure on health-related outcomes
have also been demonstrated for women [6–8]. Manson et al. [8] reported that
women who exercised at least once per week had an age-adjusted relative of
0.67 for developing type 2 diabetes mellitus. Helmrich et al. [9] reported that
for every 500-kcal increase in energy expenditure there is a 6% reduction in
age-adjusted risk for type 2 diabetes. It has also been reported that ≥ 1 hour of
walking per week reduces the risk of coronary heart disease by approximately
50% in women [6]. Moreover, data from the Nurses’ Health Study indicate that
regular exercise that is ≥ 6 METS is associated with a 30 to 40 reduction in
coronary heart disease in women [7], which is similar to the results reported by
Hu et al. [10]. Thus, the positive effects of physical activity on health-related
outcomes are not limited to men, but are also observed in women.

The impact of exercise and physical activity on improving health-related
outcomes and reducing both morbidity and mortality may operate through im-
provements in cardiorespiratory fitness, with numerous studies reporting an
inverse association between cardiorespiratory fitness and mortality. Blair et al.
have reported that the relative risk of all-cause mortality is 3.44 in men and
4.65 in women with the lowest levels of fitness when compared to those with
the highest levels of fitness [11]. When comparing individuals grouped as hav-
ing the lowest 20% of fitness to those with higher levels of fitness, low fitness
resulted in a relative risk of 2.03 and 2.23 for all-cause mortality in men and
women, respectively [12]. Moreover, it has been shown that an increase in car-
diorespiratory fitness results in a reduction in risk of death, whereas a decrease
in cardiorespiratory fitness is associated with an increase in the risk of death
[13]. When viewed in combination with the data available on the relationship
between energy expenditure and health risk, it appears that energy expenditure
that results in improvements in fitness may have the most influence on the re-
duction in health risk. This may have implications for interventions that focus
on improving health-related outcomes.
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The link between both exercise and fitness with mortality and morbidity
may be partially explained through the effect on specific risk factors such as
the metabolic syndrome. For example, Rennie et al. [14] reported that the odds
ratio for developing metabolic syndrome was 0.78 and 0.52 for individuals
engaging in moderate or vigorous activity, respectively. With regard to fitness,
individuals with low to moderate levels of cardiorespiratory fitness have been
shown to have a higher relative risk of metabolic syndrome when compared to
those individuals with high levels of cardiorespiratory fitness [15]. Moreover,
data from the HERITAGE Study demonstrated that after 20 weeks of exercise
training, the prevalence of metabolic syndrome was reduced by approximately
30% [16].

These findings may have particular implications for the overweight and
obese adult. While excess body weight is associated with increased health
risk from numerous chronic health conditions [1], a number of studies have
demonstrated that the health improvements associated with higher levels of
cardiorespiratory fitness and energy expenditure appear to be present even in
adults classified as overweight or class I or II obesity [17–19]. Moreover, the
odds ratio for metabolic syndrome is increased in overweight and obese indi-
viduals [20]. Thus, because of the observed beneficial influence of higher lev-
els of exercise and fitness on factors associated with the metabolic syndrome,
it would be advantageous for overweight and obese adults to engage in ef-
forts to modify exercise patterns and improve fitness. Moreover, it appears that
there is sufficient scientific evidence to recommend that overweight and obese
adults increase energy expenditure through exercise and other forms of physi-
cal activity, even in the absence of weight reduction, to improve health-related
outcomes.

3. IMPACT OF EXERCISE ON WEIGHT LOSS

Because of the association between excess body weight and health risk, it
is important to understand how increases in energy expenditure resulting from
exercise and other forms of physical activity can impact body weight control.
Interventions of ≤ 6 months have consistently demonstrated that exercise alone
results in significantly less weight loss when compare to diet alone or the com-
bination of diet plus exercise [1, 21]. For example, Wing et al. [22] reported
weight losses of 2.1 kg, 9.1 kg, and 10.3 kg in the exercise, diet, and diet plus
exercise groups, respectively. This pattern of weight loss is similar to the re-
sults of a 12-week study by Hagan et al. [23] that reported reductions in body
weight of 11.4%, 8.4%, and 0.3% in men and 7.5%, 5.5%, and 0.6% for women
in response to diet plus exercise, diet alone, or exercise alone, respectively. In
contrast, Ross et al. [24] have reported similar reductions in body weight when
a similar energy deficit was elicited with either diet (reduction in energy intake)
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or exercise (increase in energy expenditure). However, to achieve the typically
recommended 1 to 2 pounds of weight loss per week [25], a 90.7-kg (200 lb)
individual would need to engage in approximately 82.7 min/day (1 hour 23
minutes/day) to 165.4 minutes/day (2 hour 45 minutes/day) of brisk walking
(4 METS), which may not be practical. Thus, the most effective short-term
interventions for weight loss do not appear to be limited to exercise alone to
increase energy expenditure, but rather include a diet component to also reduce
energy intake, and this is consistent with the clinical guidelines developed by
the National Heart, Lung and Blood Institute [1].

The importance of exercise and other forms of physical activity may be most
important for long-term weight loss outcomes. It has been demonstrated that
higher levels of exercise are associated with improved weight loss and the pre-
vention of weight regain. For example, Jakicic et al. [26, 27] reported improved
weight loss outcomes with increased levels of exercise across 12- to 18-month
interventions in women. Moreover, both Weinsier et al. [28] and McGuire et
al. [29] have reported lower levels of physical activity energy expenditure are
associated with weight gain or regain. However, the existing scientific evi-
dence appear to indicated that the need to continue to observe appropriate
dietary practices in combination with exercise to enhance weight loss main-
tenance. Jakicic et al. [30] demonstrated that the greatest magnitude of weight
loss was achieved through the combination of increased energy expenditure
through exercise and the reduction in energy intake. Moreover, data from the
National Weight Control Registry demonstrate that individuals who success-
fully maintain significant weight loss long-term report engaging in both high
levels of leisure-time physical activity and consume a moderate energy in-
take [31], with the ability to maintain significant body weight loss influenced
by both components of energy balance [29]. Therefore, similar to short-term
findings, it appears that the combination of adequate levels of exercise along
with the maintenance of appropriate levels of energy intake are most important
for maximizing long-term weight control outcomes in overweight and obese
adults.

4. EXERCISE PRESCRIPTION CONSIDERATIONS
FOR LONG-TERM WEIGHT CONTROL

The importance of exercise and physical activity in management of body
weight and risk associated with chronic diseases has been highlighted in the
recent US Dietary Guidelines [32]. However, it is important to understand that
the recommended level of exercise varies based on the health outcome that is
desired. For example, 30 minutes/day of moderate intensity activity is recom-
mended to reduce the risk associated with the onset of various chronic dis-
eases, and this is consistent with earlier recommendations [2, 33]. Moreover,
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this level of activity is consistent with the recommendation to accumulate at
least 10,000 steps per day, which has been shown to be associated with im-
provements in health-related outcomes [34]. However, 60 minutes/day of mod-
erate intensity activity is recommended to prevent weight gain, with 60 to 90
minutes/day recommended to prevent weight regain after significant weight
loss [32], which is similar to previously recommended levels of exercise to
control body weight [25–27, 31, 35–37]. Therefore, based on the existing data,
clinicians should initially target at least 30 minutes/day of moderate intensity
activity to reduce the risk of chronic diseases, with activity progressively in-
creasing to 60 to 90 minutes/day for individuals to maximize long-term weight
loss and to prevent weight regain after weight loss.

The current recommendations indicate that activity should be performed at
a moderate level of intensity. However, there has been some debate regarding
the appropriate intensity of exercise required for weight loss, with current re-
search suggesting that energy expenditure rather than exercise intensity is the
most important factor for controlling body weight [27, 38]. Both Duncan et al.
[38] and Jakicic et al. [27] reported similar changes in body weight between
moderate and vigorous intensity exercise when total energy expenditure did
not differ between the conditions. These data appear to suggest overweight
and obese adults do not need to participate in vigorous intensity exercise, but
rather moderate intensity exercise is sufficient provided that overall energy ex-
penditure is adequate to impact body weight.

The majority of research related to the effect of exercise on weight control
and associated risk factors has focused primarily on aerobic forms of exercise.
However, there may be interest in examining alternative forms of exercise such
as resistance exercise. A relatively recent review of the literature concludes
that resistance exercise offers little to no improvement for weight loss when
compared to other forms of exercise [39]. For example, Kraemer et al. [40]
reported weight losses of 6.2 kg, 6.8 kg, and 7.0 kg in response to 12 weeks of
diet alone, diet plus endurance exercise, and diet plus both endurance and re-
sistance exercise, respectively. Moreover, the reduction in body fatness was not
improved with the addition of resistance exercise. The review by Donnelly et
al. [39] also revealed that few long-term studies have been conducted to exam-
ine the effect of resistance exercise on long-term weight loss outcomes, which
indicates that there is a research need in this area. Despite the minimal impact
of resistance on weight loss outcomes in the majority of studies published to
date, there may be additional benefits of including resistance exercise in inter-
ventions for overweight and obese adults. For example, resistance exercise has
been demonstrated to improve muscular strength [40, 41], and this may lead
to functional improvements in overweight and obese adults [34]. Moreover,
Jurca et al. [42] have reported that after controlling for cardiorespiratory fit-
ness, higher levels of muscular strength are associated with a 20% reduction in
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the relative risk for all-cause mortality, with this reduction being 30% to 40%
for individuals classified with high levels or muscular strength and cardiores-
piratory fitness.

5. SUMMARY

Increases in energy expenditure resulting from exercise and other forms of
physical activity appear to be important for weight loss and to impact risk fac-
tors associated with excess body weight. They may be an important component
of effective interventions to enhance initial weight loss and the prevention of
weight regain. While 30 minutes/day of exercise appears to have the desired
impact on risk factors for numerous chronic diseases, to maximize weight loss
and prevention weight regain it appears that overweight and obese adults may
need to progress to as much as 60 to 90 minutes/day of exercise, which is con-
sistent with current recommendations [32]. Therefore, it is important to have
interventions target these levels of physical activity to improve health-related
outcomes and to facilitate long-term weight control, and to develop effective
interventions to progress overweight and obese individuals to levels of exercise
conducive with successful long-term weight loss.

ACKNOWLEDGMENTS

The efforts of Dr. Jakicic and Dr. Otto in the development of this manuscript
are supported by research grants provided by the National Institutes of Health
(HL070257, HL67826, and DK066150).

REFERENCES

[1] National Institutes of Health. Clinical Guidelines on the Identification, Evaluation, and
Treatment of Overweight and Obesity in Adults—The Evidence Report. Obes Res
1998;6(Suppl 2).

[2] US Department of Health and Human Services. Physical Activity and Health: A Report of
the Surgeon General. Atlanta, GA: US Department of Health and Human Services, Centers
for Disease Control and Prevention, National Center for Chronic Disease Prevention and
Health Promotion, 1996.

[3] Paffenbarger RS, Hyde RT, Wing AL, Hsieh CC. Physical activity, all-cause mortality, and
longevity of college alumni. N Engl J Med 1986;314:605–613.

[4] Paffenbarger RS, Hyde RT, Wing AL, Lee I-M, Jung DL, Kampert JB. The association
of changes in physical-activity level among other lifestyle characteristics with mortality
among men. N Engl J Med 1993;328:538–545.

[5] Lee I-M, Hsieh CC, Paffenbarger RS. Exercise intensity and longevity in men. The Har-
vard Alumni Study. JAMA 1995;273:1179–1184.

[6] Lee I-M, Rexrode KM, Cook NR, Manson JE, Buring JE. Physical activity and coronary
heart disease in women. JAMA 2001;285(11):1447–1454.



Obesity and Exercise 217

[7] Manson JE, Hu FB, Rich-Edwards JW, Colditz GA, Stampfer MJ, Willett WC. A prospec-
tive study of walking as compared with vigorous exercise in the prevention of coronary
heart disease in women. N Engl J Med 1999;341:650–658.

[8] Manson JE, Rimm EB, Stampfer MJ, et al. Physical activity and incidence of non-insulin-
dependent diabetes mellitus in women. Lancet 1991;338:774–778.

[9] Helmrich SP, Ragland DR, Leung RW, Paffenbarger RS. Physical activity and reduced
occurence of non-insulin-dependent diabetes mellitus. N Engl J Med 1991;325:147–152.

[10] Hu FB, Sigal RJ, Rich-Edwards JW, et al. Walking compared with vigorous physical activ-
ity and risk of type 2 diabetes in women. A prospective study. JAMA 1999;282:1433–1439.

[11] Blair SN, Kohl III H, Paffenbarger RS, Clark DG, Cooper KH, Gibbons LW. Physical
fitness and all-cause mortality. A prospective study of healthy men and women. JAMA
1989;262(17):2395–2401.

[12] Blair SN, Kampert JB, Kohl III H, et al. Influence of cardiorespiratory fitness and other
precursors on cardiovascular disease and all-cause mortality in men and women. JAMA
1996;276:205–210.

[13] Blair SN, Kohl III H, Barlow CE, Paffenbarger RS, Gibbons LW, Macera CA. Changes
in physical fitness and all-cause mortality: A prospective study of healthy and unhealthy
men. JAMA 1995;273:1093–1098.

[14] Rennie KL, McCarthy N, Yazdgerdi S, Marmot M, Brunner E. Association of the
metabolic syndrome with both vigorous and moderate physical activity. Int J Epidemiol
2003;32:600–606.

[15] Lee S, Kuk JI, Katzmarzyk PT, Blair SN, Church TS, Ross R. Cardiorespiratory fitness
attenuates metabolic risk independent of subcutaneous and visceral fat in men. Diabetes
Care 2005;28:895–901.

[16] Katzmarzyk PT, Leon AS, Wilmore JH, et al. Targeting the metabolic syndrome
with exercise: Evidence from the HERITAGE Family Study. Med Sci Sports Exerc
2003;35(10):1703–1709.

[17] Wei M, Kampert J, Barlow CE, et al. Relationship between low cardiorespiratory fitness
and mortality in normal-weight, overweight, and obese men. JAMA 1999;282(16):1547–
1553.

[18] Barlow CE, Gibbons LW, Blair SN. Physical activity, mortality, and obesity. Int J Obes
1995;19:S41–S44.

[19] Farrell SW, Braun L, Barlow CE, Cheng YJ, Blair SN. The relation of body mass index,
cardiorespiratory fitness, and all-cause mortality in women. Obes Res 2002;10(6):417–
423.

[20] Katzmarzyk PT, Church TS, Janssen I, Ross R, Blair SN. Metabolic syndrome, obesity,
and mortality. Diabetes Care 2005;28(2):391–397.

[21] Wing RR. Physical activity in the treatment of adulthood overweight and obesity: Current
evidence and research issues. Med Sci Sports Exerc 1999;31(Suppl 11):S547–S552.

[22] Wing RR, Venditti EM, Jakicic JM, Polley BA, Lang W. Lifestyle intervention in over-
weight individuals with a family history of diabetes. Diabetes Care 1998;21(3):350–359.

[23] Hagan RD, Upton SJ, Wong L, Whittam J. The effects of aerobic conditioning and/or
calorie restriction in overweight men and women. Med Sci Sports Exerc 1986;18(1):87–
94.

[24] Ross R, Dagnone D, Jones PJH, et al. Reduction in obesity and related comorbid conditions
after diet-induced weight loss or exercise-induced weight loss in men. Ann Intern Med
2000;133:92–103.

[25] Jakicic JM, Clark K, Coleman E, et al. American College of Sports Medicine position
stand: Appropriate intervention strategies for weight loss and prevention of weight regain
for adults. Med Sci Sports Exerc 2001;33(12):2145–2156.



218 J.M. Jakicic and A.D. Otto

[26] Jakicic JM, Winters C, Lang W, Wing RR. Effects of intermittent exercise and use of
home exercise equipment on adherence, weight loss, and fitness in overweight women:
A randomized trial. JAMA 1999;282(16):1554–1560.

[27] Jakicic JM, Marcus BH, Gallagher KI, Napolitano M, Lang W. Effect of exercise duration
and intensity on weight loss in overweight, sedentary women. A randomized trial. JAMA
2003;290:1323–1330.

[28] Weinsier RL, Hunter GR, Desmond RA, Byrne NM, Zuckerman PA, Darnell BE. Free-
living activity energy expenditure in women successful and unsuccessful at maintaining a
normal body weight. Am J Clin Nutr 2002;75:499–504.

[29] McGuire MT, Wing RR, Klem ML, Lang W, Hill JO. What predicts weight regain in a
group of successful weight losers? J Consult Clin Psychol 1999;67(2):177–185.

[30] Jakicic JM, Wing RR, Winters-Hart C. Relationship of physical activity to eating behaviors
and weight loss in women. Med Sci Sports Exerc 2002;34(10):1653–1659.

[31] Klem ML, Wing RR, McGuire MT, Seagle HM, Hill JO. A descriptive study of indi-
viduals successful at long-term maintenance of substantial weight loss. Am J Clin Nutr
1997;66:239–246.

[32] Department of Health and Human Services, and US Department of Agriculture. Dietary
Guidelines for Americans: http://www.healthierus.gov/dietaryguidelines; 2005.

[33] Pate RR, Pratt M, Blair SN, et al. Physical activity and public health: A recommendation
from the Centers for Disease and Prevention and the American College of Sports Medicine.
JAMA 1995;273(5):402–407.

[34] Jakicic JM. Physical activity considerations for the treatment and prevention of obesity.
Am J Clin Nutr 2005;82(Suppl 1):226S–229S.

[35] Saris WHM, Blair SN, van Baak MA, et al. How much physical activity is enough to
prevent unhealthy weight gain? Outcome of the IASO 1st Stock Conference and consensus
statement. Obes Rev 2003;4:101–114.

[36] Institute of Medicine. Dietary Reference Intakes for Energy, Carbohydrates, Fiber, Fat,
Protein and Amino Acids (Macronutrients). Washington, DC: The National Academies
Press, 2002.

[37] Schoeller DA, Shay K, Kushner RF. How much physical activity is needed to minimize
weight gain in previously obese women. Am J Clin Nutr 1997;66:551–556.

[38] Duncan JJ, Gordon NF, Scott CB. Women walking for health and fitness: How much is
enough? JAMA 1991;266(23):3295–3299.

[39] Donnelly JE, Jakicic JM, Pronk NP, et al. Is resistance exercise effective for weight man-
agement? Evidence Based Prevent Med 2004;1(1):21–29.

[40] Kraemer WJ, Volek JS, Clark KL, et al. Physiological adaptations to a weight-loss dietary
regimen and exercise programs in women. J Appl Physiol 1997;83(1):270–279.

[41] Kraemer WJ, Volek JS, Clark KL, et al. Influence of exercise training on physiological and
performance changes with weight loss in men. Med Sci Sports Exerc 1999;31:1320–1329.

[42] Jurca R, LaMonte MJ, Church TS, et al. Association of muscle strength and aerobic fitness
with metabolic syndrome in men. Med Sci Sports Exerc 2004;36(8):1301–1307.



Chapter 13

Behavioral Strategies for Controlling
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1. INTRODUCTION

Obesity occurs when the energy consumed exceeds the amount of energy
expended, and the long-term result is excess body weight caused by storage of
“extra” energy in body fat stores [1]. The prevalence of overweight and obe-
sity is considered a serious public health issue in the United States [2]. Over
the past few decades, overweight and obesity prevalence rates among chil-
dren, adolescents, and adults have increased markedly across all racial/ethnic
groups and men and women [3–5]. Overweight and obesity have been shown
to be associated with chronic and life threatening disorders, such as diabetes,
hypertension, and hyperlipidemia [6]. However, it has recently been suggested
that comorbid symptoms (e.g., cardiovascular disease) and mortality rates as-
sociated with obesity are improving (lower than previous estimates) [7]. This
finding is of interest because it contradicts prior conclusions [8, 9] concerning
the costs and health outcomes associated with the current epidemic of obesity.
Nevertheless, there is no evidence to suggest that obesity rates are decreasing
[10]. Further, for severe underweight and obesity, particularly higher levels
of obesity (body mass index [BMI] ≥ 30), mortality rates relative to normal
weight individuals continue to be a concern [7].Thus, despite recent evidence
that comorbid symptoms of obesity have improved, obesity remains to be a
significant public health problem for which effective treatment strategies are
needed.

Behavioral approaches for weight management have been extensively stud-
ied as one strategy for addressing this health problem. Modest weight loss
(5% to 10% of total body weight) through lifestyle intervention approaches
has been found to have a beneficial effect on comorbid conditions, particularly
hypertension and type 2 diabetes. Recent lifestyle intervention research also
suggests that moderate weight loss may delay or prevent the onset of type 2
diabetes [11]. In 2003, the Diabetes Prevention Program [11] reported that a
lifestyle intervention for obesity reduced the risk of diabetes by 58%. This
study found that lifestyle intervention was more effective than metformin, and
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was effective in individuals of every gender, age and BMI group. These results
suggest that there is great promise for the application of lifestyle behavioral
interventions for the reduction of obesity and the risk for comorbid health con-
ditions [12].

Effective behavioral treatment of obesity involves modification of eating
and physical activity behavior patterns to yield negative energy balance. This
chapter describes the behavioral approach for weight management and summa-
rizes research findings. These studies have found that interventions that com-
bine a low-calorie diet, increased physical activity, and behavior therapy are
most effective for weight loss and maintenance. Further, extended length of
treatment contact, weight loss satisfaction, and social support may promote
positive long-term outcomes in obese adults, adolescents, and children. Given
the success of lifestyle intervention for the induction of moderate weight loss,
behavioral treatment for obesity is a logical initial treatment option for people
who are overweight, moderately obese, or desire to adopt a healthier lifestyle.

2. HISTORY OF BEHAVIORAL STRATEGIES FOR
CONTROLLING OBESITY

The origins of behavioral treatment for obesity date back to the late 1960s.
Since the 1970s, behavioral treatment programs for obesity have been inten-
sified in terms of length and aggressiveness, yielding average weight losses
ranging from 7% to 10% of initial body weight. On average, most people reach
their maximum point of weight loss about 6 months after the initiation of treat-
ment. However, it is important to note that these weight losses usually occur
in the short term and are not maintained in the long-term, after treatment ends.
Thus, maintenance of weight loss is an important focus of treatment outcome
research.

2.1. Philosophy of Treatment

A general principle underlying the theory of behavior therapy for obesity
(based on Social Learning Theory) is that obese individuals have learned eating
and exercise patterns that are contributing to weight gain and/or maintenance
of obesity. These behaviors can be modified to produce weight loss. Learning
principles from both classical and operant conditioning are applied in training
new behaviors. Behavioral treatment of obesity seeks to alter the environment,
since some environmental reinforcement contingencies shape eating behavior
and physical activity.
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3. BEHAVIORAL TREATMENT FOR ADULTS

3.1. Approach and Outcomes

Behavioral studies of weight management have focused on changing phys-
ical activity, eating behavior, and motivational strategies to improve weight
loss. Behavioral treatment is best coordinated by the collaboration of a mul-
tidisciplinary team of professionals, including medical doctors, psychologists,
dietitians, and exercise physiologists. The two phases of the behavioral treat-
ment approach are (1) weight loss induction and (2) weight maintenance. To
induce weight loss, specific calorie goals for food intake and specific goals
for physical activity are prescribed for each individual. These goals are de-
signed to yield a 1- to 2-pound weight loss per week. Physical activity and
exercise goals are gradually increased until individuals engage in a minimum
of 150 minutes (30 to 45 minutes, 5 days per week) of moderate intensity activ-
ity (e.g., brisk walking) per week [13]. Treatment typically involves attendance
to weekly outpatient treatment groups during the 6 months of the weight loss
induction phase and is reduced to biweekly or monthly meetings thereafter.
Generally, longer duration of treatment (at least 6 months) and the combina-
tion of diet and exercise have been shown to yield greater success in weight
loss and weight maintenance over time [14].

3.2. Duration of Treatment

In an effort to make weight loss therapies more effective, treatment length
has been increased over time from an average of 8 weeks in 1974 to an av-
erage of 21 weeks by the 1990s. Comparable increases in weight loss have
occurred with increases in treatment duration. In 1974, the average weight loss
associated with the 8-week treatment protocol was 3.8 kg, and in 1990, the av-
erage weight loss associated with a 21-week treatment protocol was 8.5 kg. In
2000, Jeffery et al. [15] estimated that average weight losses in behavioral
treatment studies have increased by approximately 75% between 1974 and
1994. In 1989, Perri et al. [16] reported that treating participants for 40 weeks
as opposed to 20 weeks was associated with more weight loss. In a review of
this research in 1998, Perri [17] concluded that extended contact with partic-
ipants yielded better weight loss. Therefore, longer duration of treatment has
been consistently associated with greater weight loss.

3.3. Targets and Tools

The targets for the behavioral treatment of obesity include the individuals’
eating and physical activity as well as ways in which they interact with the
environment. The primary goal of treatment is to create negative energy bal-
ance, i.e., caloric expenditure exceeds caloric intake. Accomplishment of this
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goal requires many behavior and lifestyle alterations. In recent years, there has
been a growing trend toward individually tailoring treatment. To accomplish
individualized treatment plans, the weight management therapist needs many
therapeutic “tools.” These tools include self-monitoring, stimulus control, goal
setting, behavioral contracting and reinforcement, nutrition education, meal
planning, portion-controlled foods (e.g., meal replacements), modification of
physical activity, social support, cognitive restructuring, and problem-solving.
Each of these primary tools for change are described in Table 1; however, fur-
ther description and research outcome related to the use of some of these tools
is described below.

3.3.1. Meal planning. Prescribed meal plans are typically based on di-
etary exchange programs, utilization of portion controlled foods, or meal re-
placements, and/or structured meal planning. Use of structured meal plans with
food provision (actually providing the persons with the appropriate food) can
increase initial weight loss, but is no more effective in the long term than pro-
vision of a calorie goal such as 1000 to 1500 kcal/day. The most important
component of structured meal plans is the provision of structure for foods that
are to be consumed and the provision of grocery shopping lists. Therefore, it is
not the provision of food per se that is important. Structured meal plans appear
to be useful because they provide assistance for selecting healthy foods, and
by creating a regular meal pattern (i.e., breakfast, lunch, dinner, snacks).

3.3.2. Portion control. Utilization of meal replacement plans (e.g., Slim
Fast®) has also been studied. These studies prescribed meal plans for consum-
ing 1200 to 1500 kcal per day by eating two or three meal replacements and
one healthy meal, usually at dinner in the evening. This approach has yielded
weight losses of 7 kg over the first 3 months of treatment, and 10.2 kg at 24-
month follow-up for those who continued on meal replacements [18]. A meta-
analysis of studies that included partial meal replacements and reduced calorie
diets indicated that meal replacements were associated with greater weight
loss and less attrition at 1 year compared to reduced calorie diets [19]. These
studies suggest that meal replacements or portion-controlled foods facilitate
adherence to the meal plan and the prescribed calorie level.

3.3.3. Modification of physical activity and exercise. Physical activity
alone does not reliably produce significant weight loss, but physical activity is
a predictor of long-term weight loss maintenance. A number of studies have
investigated different aspects of physical activity and weight loss, including:
(1) lifestyle activity vs. structured exercise, (2) long bout vs. short bout of
exercise, and (3) home-based vs. group-based exercise. In long-term weight
loss (1 year or longer follow-up), Wing [20] concluded that there was greater
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Table 1. Behavioral strategies that can be used to promote weight loss and weight
maintenance

Self-monitoring Self-monitoring of food intake and physical activity helps peo-
ple become aware of their eating and exercise habits. Self-
monitoring also allows the counselor to monitor behaviors and
note changes that occur over time.

Stimulus control Stimulus control involves altering the environmental antecedents
that affect eating and exercise behaviors. The environment is
changed to provide cues for healthy behavior, such as eating
healthy and exercising.

Goal setting/shaping Setting small attainable goals helps foster motivation for behav-
ior change and create feelings of accomplishment when they are
achieved. As treatment progresses, the goals gradually become
more challenging.

Behavioral contracting/
reinforcement

Rewarding oneself for attaining a goal helps maintain motivation
for behavior change and give the person a sense of accomplish-
ment.

Nutrition education Patients are educated on the nutritional aspects of weight loss
and weight maintenance.

Meal planning Patients are encouraged to plan the type and amount of foods that
are to be eaten for their meals. Meals should also be regularly
scheduled.

Portion-controlled foods Portion-controlled foods, including nutrition shakes and bars,
and microwavable entrees, are an easy way for patients to eat
healthy. These foods are affordable and easy to prepare and eat
while away from home.

Modification of physical
activity

Decreasing sedentary behavior and increasing physical activity
are important for weight loss maintenance.

Social support Social support may be derived from a spouse, family member, or
friends. Family and friends are encouraged to support the patient
in making lifestyle changes.

Cognitive restructuring Cognitive restructuring helps patients identify and the nega-
tive consequences of dysfunctional thoughts, which might be
associated with repeated dieting attempts, depressed mood, or
body image dissatisfaction. Negative dysfunction thoughts can
contribute to depressed mood and eating behavior. Patients are
taught how to combat these thoughts and replace them with more
adaptive ones.

Problem-solving Problem-solving training teaches patients to systematically over-
come problematic situations.
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long-term weight loss for groups receiving diet plus exercise treatment, though
the effects of the combined treatment were often only marginally better than
those achieved by diet alone. It has been suggested that the limited long-term
impact of exercise programs may be due to the inability of most people to
maintain physical activity regimens over a long duration of time. With regard
to improvement of exercise adherence, studies of supervised group exercise
versus home-based approaches to physical activity have reported that home-
based programs may have a long-term advantage, because they promote greater
adherence. In addition, short-bout exercise prescription was shown to yield
higher maintenance of physical activity in the long term (12 to 18 months) as
well as overall better weight loss than long-bout exercise programs [14, 20].

The amount of exercise has been shown to be an important variable in the
success in weight loss and weight maintenance over time. Typical exercise pre-
scriptions recommended in behavioral weight loss programs consist of at least
150 minutes of moderate intensity physical activity per week. Nevertheless,
it appears that the duration of physical activity is associated with long-term
weight loss. Reports from the National Weight Control Registry (adults who
have lost significant weight and maintained it for at least one year) have in-
dicated that successful weight loss maintenance was achieved by an average
of 2800 kcal per week of physical activity [21]. Thus, higher levels of exer-
cise than are typically prescribed in behavioral programs may be necessary for
long-term weight maintenance.

3.3.4. Social support. Enhancement of social support has been studied as
a means for improving long-term weight loss [22]. The most common way
to enhance social support has been to include spouses, family members, or
close friends in the treatment process. These studies have reported that there
are both short-term and long-term weight loss benefits for inclusion of strong
family support [22].

3.3.5. Satisfaction with weight loss. Obese adults often have difficulty
establishing reasonable weight loss goals. Setting unreasonable weight loss
goals in the behavioral treatment of obesity often leads to disappointing out-
comes and little motivation to continue adherence to treatment programs. A re-
cent study [23] investigated whether informing obese persons of the expecta-
tion of a weight loss of 5% to 15% would influence them to adopt more realistic
expectation for weight loss. This study found that simply providing informa-
tion promoting an expectation of moderate weight loss (5% to 15%) had no
significant impact on weight loss expectations. Therefore, if weight loss ex-
pectations are to be modified, it appears that a more intensive effort will be
required.
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3.4. Weight Maintenance Strategies

The primary strategy used to facilitate weight maintenance is to extend the
length of treatment and maintain longer therapeutic support and/or booster
treatment as needed. The increased length of contact should result in contin-
uous use of weight loss strategies, and thus, weight maintenance. Perri [17]
concluded that the addition of therapist contact via the telephone and mail,
significantly enhanced maintenance of weight loss for a group that received
behavior therapy plus relapse prevention training. Similar results have been
obtained with the use of booster sessions to enhance maintenance of weight
loss [24].

3.4.1. Internet approaches. Also, in recent years, the Internet has been
employed as a means of increasing therapist contact to improve long-term
weight maintenance, and preliminary results of this approach are encourag-
ing [25]. Overall, four studies have investigated the use of the internet for the
purpose of delivering a weight management program in adults. The research
designs of two of the studies [26, 27] compared the efficacy of interactive
Internet-based interventions to health education Web sites. Both studies found
a 2.5-kg difference between the two treatments at the end of 6 to 12 months.
A third study [28] tested the efficacy of an Internet-based intervention as a
weight maintenance strategy for adults who had lost weight using a face-to-
face behavioral counseling approach. The study reported negative results in
that the Internet-based intervention did not yield good weight maintenance in
comparison to face-to-face contact. A recent study [29] reported no differences
in weight maintenance results between face-to-face contact and Internet sup-
port. Thus, mixed evidence has been found for the efficacy of utilizing the
Internet as a means for yielding long-term weight maintenance.

3.4.2. Relapse prevention and problem solving. There is a general con-
sensus [24] that development of skills to respond immediately to overeating,
periods of inactivity, or to small weight gains, is useful for long-term manage-
ment of obesity. Relapse prevention is based on the idea that individuals will
encounter “high-risk” situations that threaten behavior change. Relapse pre-
vention training, which develops plans to cope with situations that place the
person at risk for returning to previous unhealthy patterns of behaviors, is in-
corporated into many treatments for weight loss. An alternative approach for
long-term weight maintenance is called problem-solving therapy, which has
been found to be superior to relapse-prevention training for promoting long-
term weight loss maintenance [30]. Problem-solving therapy advocates that
patients require professional guidance and advice to effectively cope with sit-
uations that put their weight loss maintenance at risk. This model, therefore,
involves continued contact with a professional.
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3.5. Special Considerations

3.5.1. Cultural considerations. Cultural issues may influence one’s mo-
tivation and ability to succeed in weight loss. For example, the stigma of obe-
sity varies across cultures, genders, and races. Women, more than men, are
likely to attempt weight loss for appearance reasons. Men are more likely to
enter into obesity treatment programs when they believe that their overweight
status has negative health consequences or when they have been prompted by
a health care professional. Generally, African Americans are less likely to ex-
perience social pressures to lose weight and may therefore be less motivated
to seek treatment. For some individuals, it may be useful to emphasize health-
related benefits of weight loss rather than appearance-based reasons for weight
loss.

3.5.2. Health considerations. An individual’s physical health must be
considered when prescribing caloric restriction and/or a physical activity regi-
men. A physician should evaluate the safety of caloric restriction and increased
exercise on an individual basis. A dietitian or nutritionist should be consulted
to formulate dietary recommendations. Individuals with type 2 diabetes or car-
diovascular disease may require special diets and medical monitoring through-
out the course of any weight loss program. Further, overweight individuals
may experience knee or other joint problems; in such cases, physical activity
may be limited.

3.5.3. Psychosocial consequences. It is also important to consider the
psychological sequelae of obesity. In American culture, there is a stigma as-
sociated with obesity. The “obesity stereotype” is that people who are over-
weight tend to be less socially competent, lazier, and less intelligent than nor-
mal weight individuals. In addition, most obese people have experienced vari-
ous forms of discrimination and teasing about their weight. As a result, obese
people often suffer from low self-esteem and may be very concerned about
their body size and shape. In addition, many individuals may have attempted
unsuccessfully to lose weight in the past, or they may have lost weight only to
regain it later. A pattern of unsuccessful weight loss attempts frequently leads
to frustration and lowered self-esteem. It is important that clinicians remain
sensitive to these issues when treating obesity.

3.5.4. Eating disorders. Finally, it is important to identify individuals
with eating disorders. The most common type of eating disorder associated
with obesity is binge eating disorder (BED). BED is characterized by recur-
rent episodes of binge eating in which the individual consumes large amounts
of food and perceives a loss of control over eating. Unlike the pattern of be-
havior observed in bulimia nervosa (BN), binge eating episodes in BED do
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not occur with compensatory behaviors to prevent weight gain (e.g., fasting,
purging, excessive exercise). BED occurs in fewer than 2% of obese people,
though binge-eating as a behavioral symptom is much more common. When
such problems are identified, the treatment strategy should incorporate a com-
ponent to reduce the frequency of binge episodes.

4. BEHAVIORAL TREATMENT FOR CHILDREN
AND ADOLESCENTS

4.1. Approaches, Tools, and Outcomes

The main goal for treating pediatric obesity is the regulation of normal body
weight, with consideration for growth and development [31]. Effective behav-
ior change in children involves three primary components: (1) behavior therapy
to foster healthier behavior change, (2) modification of diet, and (3) modifica-
tion of physical activity habits. Tools for behavior change in children, just as
in adults, often include reinforcement, stimulus control, behavioral contract-
ing, self-monitoring, meal planning, modification of physical activity, problem
solving, and social support. Intensive behavioral treatment programs generally
yield weight losses of 6 to 10 kg during the initial weight loss induction phase
that is completed in about 6 months [31]. Research studies have found that
treatment spanning 1 year or more generally results in greater weight loss.

The Internet has also been utilized for the purpose of weight loss and main-
tenance in adolescents and children. Two studies related to pediatric obesity
have been reported. A study reported by Baranowski et al. [32] tested the
efficacy of an 8-week Internet-based intervention, for overweight 8-year-old
African-American girls. The study did not yield significant weight changes in
comparison to a control group. The second study, the Health Information Pro-
gram for Teens (HIPTeens) project, is the only study that has reported the use
of an Internet-based approach for weight loss in children or adolescents. The
parents of these children were also overweight and were also targets of the
Internet-based treatment. This study [33] yielded body fat loss for the adoles-
cent girls and greater weight loss for their parents, providing further support
for Internet-based interventions for weight loss. For more information on these
approaches, see Williamson et al. [34].

4.2. Reinforcement, Adherence, and Behavior Change

Frequent or daily reinforcement is necessary to foster motivation and ad-
herence. This reinforcement most commonly comes from parents. From a be-
havioral viewpoint, positive reinforcement for healthy behavior is necessary
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to establish sustained behavior change. Over time, parents are likely to re-
vert to punishment to influence children’s behavior, which promotes nega-
tive parent–child interactions. Adherence to recommendations such as self-
monitoring of diet and physical activity habits is extremely difficult for both
the child and parent, and these records are frequently inaccurate. Therefore,
the child and parent should work with the therapist to establish small attainable
goals. They should establish clearly specified guidelines for treatment (called
behavioral contracts) and, upon successful attainment of the goals, rewards
should be provided. Children and adolescents can learn to monitor eating and
exercise, but parents must assist by reminding and reinforcing completion of
self-monitoring. Parents are also trained to use behavioral contracting, which
generally includes some type of reinforcement contingency for successful at-
tainment of the goal (e.g., child receives a music compact disc for meeting a
weekly physical activity goal).

4.3. Social Support and Parent Training

Parent involvement in treatment is recommended [22] to promote the en-
hancement of social support, which can be accomplished by inviting parents
to treatment sessions. In these sessions, parents learn to be supportive of the
child’s progress (and reinforce healthy behavior change) and to avoid actions
that sabotage progress. One reason for the significant impact of parental in-
volvement on weight change is control over the home environment, including
types and amounts of foods available, food preparation methods, and physi-
cal activity opportunities. Another reason for parental involvement and social
support is to foster the morale and encourage the child in the behavior change
process.

Research has provided support for not only parental involvement, but for
specific types of parent training related to healthy eating and exercise. These
findings support the inclusion of parents in childhood obesity treatment, even
if the child is relatively unengaged in treatment.

4.4. Problem-solving

In therapy sessions, parents and children are trained in problem-solving
techniques to aid in identifying and solving potential situations that threaten
success, particularly adherence in behavioral weight loss treatment. They learn
to use these skills to promote adherence and to remove obstacles for successful
weight management.

4.5. Meal Planning

Several different dietary approaches have been reviewed with children in-
cluding individualized dietary interventions, the diabetic exchange program,
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the “traffic-light” diet, and the protein-sparing modified fast (PSMF). Meal
planning for children and adolescents relies on moderate calorie restriction
(800 to 1000 kcal per day). More restrictive diets produce more weight loss in
the short term. However, they produce long-term results similar to those of the
less restrictive diets. It is important to note that the addition of nutrition edu-
cation to the behavioral techniques of self-monitoring, behavioral contracting,
positive reinforcement, and stimulus control procedures significantly improves
reduction in percentage overweight, versus nutrition education alone [31].

4.6. Physical Activity

Exercise combined with dietary change improves childhood obesity greater
than alteration of diet alone. Reduction of sedentary lifestyle behavior (versus
programmed aerobic exercise), such as watching television, has been found to
be a useful form of exercise prescription. When children are reinforced for less
sedentary behavior they lose more weight and maintain better progress over
time. However, it is important to note that reducing the duration of sedentary
behavior may not necessarily promote children to allocate more time to physi-
cal activity.

Physical activity, combined with dietary changes, facilitates weight loss and
long-term weight maintenance in children. Research on this topic has found
that: (1) diet plus lifestyle groups maintained weight loss over time, whereas
diet plus aerobic activity, diet plus callisthenic activity, and controls exhibited
increases in weight over time, and (2) children reinforced for decreasing seden-
tary behavior and children reinforced for increasing physical activity showed
comparable results in reduction of overweight. Thus, there may be a limit for
the amount of physical activity that can be used to replace sedentary behavior.

4.7. Special Considerations

4.7.1. Health considerations. Once a child has been identified for weight
control treatment, a medical evaluation is necessary to determine if a medical
condition (e.g., hypothyroidism) is contributing to excess body weight or rapid
weight gain. In addition, a child should receive medical clearance before in-
creasing physical activity, a primary component of behavioral weight control
interventions.

4.7.2. Cultural and family considerations. Special issues related to the
treatment of pediatric weight problems include cultural factors, eating disor-
ders, and motivation for lifestyle change. Ethnic and cultural factors should
be considered when making recommendations. For example, dietary plans
should take into consideration religious events or special dietary needs. Mo-
tivation for behavior change and adherence to recommendations are particu-
larly problematic for children and adolescents, especially in an environment
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conducive to sedentary behavior and ingestion of large portions of energy-
dense/high-calorie foods. In addition, motivation for lifestyle behavior change
can be strongly impacted by culture. For example, some overweight African-
American girls are relatively unconcerned about their weight status and may
have fatalistic attitudes about the health risks associated with obesity.

The presence of child or parental psychopathology negatively affects weight
loss and maintenance. Should psychopathology or family conflict be present,
referrals for mental health treatment or family counseling to address these
problems before initiating weight loss treatment may be appropriate. Finally,
family support may not be universal and not all family members will support
the behavioral changes necessary to promote weight loss for the child or ado-
lescent who is the focus of therapy. For example, family members may offer
poor food choices to the person in therapy, tease them, or reinforce their be-
havior with the provision of food.

4.7.3. Eating disorders. Another concern about dieting by children and
adolescents is the development of eating disorder symptoms or the effect of di-
eting on the growth and development of children and adolescents. Research
findings suggest that moderate calorie restriction might temporarily reduce
growth rate, but there is no effect on long-term growth.

5. CONCLUSIONS

In summary, research on weight control in children suggests that frequent
or daily reinforcement facilitates behavior change and weight loss. In addition,
weight loss is promoted by gradual or extended therapeutic contact. It is wise
to present didactic information to the child at a pace that is flexible and pro-
motes mastery of concepts. Providing children with perceived choices in ther-
apy also promotes weight loss and longer therapy is generally associated with
greater weight loss. Self-control training and cognitive therapy in the absence
of parental support have not been found to promote long-term weight loss in
children or adolescents. Therefore, the most effective treatment involves par-
ents so that the child’s environment is modified to promote healthy nutrition
and physical activity, as well as the provision of adequate social support.

6. SUMMARY

Behavioral weight control generally involves two phases: (1) weight loss in-
duction and (2) weight maintenance. During the period of weight loss, energy
intake via eating is reduced and energy expenditure resulting from physical ac-
tivity is increased. During the period of weight maintenance, the person learns
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to match energy intake (eating habits) with energy expenditure (physical ac-
tivity and exercise). The most effective behavioral weight loss programs have
offered a combination of exercise, diet, and behavior modification. Specific
treatment components can be used to enhance long-term successful weight
management for adults and children. These components include, but are not
limited to, (1) portion control and structured meal plans, (2) home-based and
short-bout exercise prescriptions, (3) prolonged and regular therapeutic con-
tact during weight loss induction, (4) utilization of social support throughout
treatment, and (5) extended therapeutic contact or booster treatment to promote
long-term weight maintenance. For long-term success, it is clear that the over-
weight person must sustain his or her efforts to change behavior patterns and
prevent relapse by proactively modifying barriers to lifestyle behavior change.
Further, behavioral weight management is most efficacious when the treatment
plan is tailored to match an individual’s cultural, social, and motivational cir-
cumstances.
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1. INTRODUCTION

As of 2002, 30% of U.S. adults were obese and 16% of children and adoles-
cents were overweight or obese,1 reflecting increases in recent decades, with
no sign of a decrease [1]. Obesity prevalence is even higher within some ethnic
minority populations [2, 3]. Socioeconomic inequalities in obesity vary by age,
ethnicity, and gender [4–6] and are changing over time [7, 8]. In the Coronary
Artery Risk Development in Young Adults (CARDIA) study, men and women
who were ages 18 to 30 years when enrolled in 1985–1986 were 7 to 12 kg
(15 to 26 lb) heavier 10 years later, with larger weight gains observed in the
younger part of the age range and among those who were heavier at baseline
[9]. Obesity prevalence percentages increased from 24 to 42 in white women,
from 48 to 72 in black women, from 35 to 60 in white men, and from 32 to
66 in black men. These statistics make a compelling case for obesity treatment
and prevention.

Obesity treatment is difficult, costly, and often successful only over the short
term [3, 10]. Hence, high priority is placed on preventing the progression of
overweight into the obese range. The challenge of obesity prevention should
not be underestimated [11, 12]. In 1990, national goals to reduce obesity preva-
lence were set for the year 2000, but the virtual impossibility of meeting these
goals was evident even before 1995 [13]. Midway to the Healthy People 2010
goals the situation has worsened [14]. Current obesity levels are double the tar-
get of 15% for adults and more than three times the target of 5% for children.

In this chapter, we review the scope and nature of the task of obesity pre-
vention as it relates to both adults and children in the U.S. population. We
provide a conceptual overview and some examples for different levels or types
of prevention approaches, with comments on clinical implications.
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2. DEFINING THE TASK

2.1. Individual Level Perspective

There is ultimately only one mechanism for achieving obesity prevention—
enabling individuals to maintain energy balance such that inappropriate weight
gain does not occur or small gains are quickly compensated [15, 16]. The rele-
vant modifiable influences are determinants of caloric intake (food and bever-
age intake), energy expenditure (physical activity at work, home, and leisure),
and the relationship between these variables. In the current environment, a
gradual escalation of weight toward the obese end of the continuum has be-
come typical. The challenge is to achieve energy balance in a manner compat-
ible with good overall mental and physical health and (in children) also with
healthy growth and development. Metabolic rate—the other main component
of energy balance—is not under personal control and is, therefore, not targeted
directly in preventive efforts.

Although there is some physiological ability to regulate the balance between
caloric intake and caloric expenditure, this regulation is apparently not effec-
tive in the majority of individuals. Other than calculating energy consumed
and expended based on food and activity diaries, a process that is relatively
imprecise, there is no way for a person to assess the results of efforts to main-
tain day-to-day energy balance until weight changes. Theoretically, an error of
an excess 100 calories (a difference equivalent to eating an entire large cookie
vs. only two-thirds of it) in estimating daily energy balance could lead to a
1-pound weight gain if extended over about a month or 10 pounds over a year.
This small excess can occur as a result of changes in eating or physical ac-
tivity, or with altered energy needs due to changes in body composition or
developmental stage. This small excess in calories can also occur as a result
of environmental changes—increases in the portion size and caloric content of
regularly consumed packaged food or being assigned a parking space that re-
quires a shorter walk to and from the office. The substantial decreases in calorie
intake or increases in expenditure required for weight reduction are difficult to
achieve but relatively easy to identify when made. By contrast, in weight gain
prevention the needed changes or day-to-day corrections in eating and activity
may be small and difficult to track.

The obesity epidemic is driven by environmental and behavioral variables
that predispose to overeating and inactivity [15]. These variables are the pre-
sumed targets of preventive interventions. The rapid increase in obesity preva-
lence over time is one type of evidence that genetic mechanisms, which evolve
very slowly, are not driving the trends. The increases in weight associated with
modernization and migration also show the important role of the environment
in determining the expression of an underlying predisposition to excess weight
gain [2, 15, 17, 18].
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The prevention of obesity in children presents some unique challenges.
From the onset of fetal growth through late adolescence, children are grow-
ing in height. This means that there is a consistent increase in lean body mass.
Simultaneous with changes in lean body mass, there are also normal changes
in adiposity. Hence, in children and youth the goal is to maintain appropriate
amounts of fat accumulation in relation to growth of bone and muscle mass
[16]. In practice this is complex. As in adults, children’s energy intake and ex-
penditure are difficult to measure precisely on a day-to-day basis. On a longer
term basis, lean and fat mass are difficult to measure in the clinical setting.
Clinicians can follow height, weight, and body mass index (BMI) as a more
general guide to excess weight gain.

2.2. Population Perspective

Figure 1 shows the multiple layers of interacting individual, societal, and en-
vironmental variables that influence eating and physical activity behaviors in
populations, as described elsewhere in detail [19, 20]. These variables are now
heavily skewed toward overconsumption and inactivity [12, 21]. Influences
in the “psychobiologic core” are geared to avoiding hunger but underdevel-
oped with respect to setting limits at the upper end of caloric intake. Psychoso-
cial, ethnocultural, and lifestyle variables are entrenched; inherently resistant
to change; and also continually reinforced by local, national, and global so-
cietal level variables acting through behavioral settings related to lifestyles,
media, and marketing practices [12, 22–24].

As indicated by the continuing upward trajectory of population weight lev-
els not only in the United States but also in many other countries [15, 23],
the pervasive, societal level obesity promoting forces are not self correcting.
The economic and technological drivers and related social and cultural pat-
terns are not necessarily responsive to health issues. A social transformation
will be needed to reshape these influences in a direction more favorable to
population weight control, akin to the social movements that have resulted
in an altered landscape with respect to tobacco use and automotive safety
[25, 26]. Long-term obesity prevention strategies are geared to fostering such
social transformations.

2.3. Goals and Priorities

“Obesity prevention” includes several complementary goals: (1) to prevent
“healthy” or “normal” weight adults and children from crossing the threshold
to overweight or obese; (2) to prevent overweight adults and children from
becoming obese; (3) to prevent obese children from becoming obese adults;
and (4) to maintain a nonobese state in those who have been obese but have
lost weight [15]. Hence, prevention approaches are needed in the population
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at large, in groups or subpopulations at particularly high risk and in those
with identified weight problems. Adapting terminology from the World Health
Organization categorization of obesity prevention approaches [15], these ap-
proaches will be referred to, respectively, as “population-level” or “population
wide,” “selective,” or “individually targeted.”

Strong arguments can be made for giving priority to preventive interven-
tions in both adults and children [26, 27]. Initiatives for children may be more
socially or politically acceptable because, for children, it is clearer that soci-
ety has a broad responsibility for health protection. However, the trajectory of
weight gain during adulthood and the associated morbidity and mortality ren-
der prevention efforts directed to adults very cost effective [27]. In addition,
these same adults may control the environments of children.

3. POPULATION-WIDE APPROACHES

Population-level prevention attempts “to control the determinants of inci-
dence, to lower the mean level of risk factors, to shift the whole distribution
of exposure in a favorable direction” [28, p. 37]. These approaches are of-
ten termed “passive,” i.e., they operate through systems or structures without
requiring deliberate actions by individuals to have an effect. For obesity pre-
vention, these approaches involve social marketing campaigns, policy devel-
opment, and programmatic initiatives to change aspects of the social struc-
ture related to food access and physical activity options. Such approaches are
most appropriate and most cost-effective where obesity prevalence is high [15].
They are cost-effective because they do not require time- and cost-intensive
screening and counseling programs. The aim is to create trends in population
behaviors that will ultimately decrease overeating and inactivity levels. Taken
together these approaches can increase the motivation to bring eating and phys-
ical activity patterns in line with energy balance needs, make the targeted
behaviors more normative, and make them easier to achieve. Population ap-
proaches, by definition, are impossible to link to benefit for any given individ-
ual [28]. Unfortunately, this makes them easy targets for opposition from those
who argue that policy or environmental changes threaten personal freedoms.

Health care professionals may be skeptical about population-wide ap-
proaches, being more attuned to and skilled in individual level, interpersonal
interventions than to social marketing and policy change approaches [29, 30]
and equally unfamiliar with and unskilled in the sectors and disciplines that
control many of the determinants of food intake and physical activity (see Fig-
ure 1). The political nature of taking on the powerful stakeholders who control
these sectors may be another deterrent to the engagement of health profession-
als in this type of prevention.
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The development of environmental and policy approaches to obesity preven-
tion is an emerging field [31, 32]. Reviews of ongoing initiatives give a clear
sense of the potential in this area, but few programs have been evaluated to
date. Multiple, integrated changes are needed across multiple settings—some
targeted to food and some to physical activity. However, when interventions
are undertaken in entire communities it is difficult to match assessment of the
impact of the changes to the specific population likely to have been affected
by them. In the short term, success is measured by changes in the aspects of
policy or resources that are directly targeted. Over the longer term, success is
measured by downward shifts in the population BMI distribution [12].

3.1. Initiatives Related to Food

Population-level strategies for improving access to healthful foods often fo-
cus on fruits and vegetables, for example, by establishing regular farmers’ mar-
kets, subsidizing the provision of free fresh fruits and vegetables to school chil-
dren, lowering the cost of fruits and vegetables while increasing the price of
high-fat or high-sugar foods in school or worksite cafeterias, or changing mar-
keting strategies in other ways that increase fruit and vegetable consumption
[33–36]. Other initiatives seek to increase healthy food access by attracting su-
permarkets to areas in need, limiting low-nutrition foods in school vending ma-
chines or other food outlets, or taxing high-calorie, low-nutrition foods in the
community at large [37]. There is concern that taxation approaches may selec-
tively disadvantage low-income individuals who may depend on inexpensive
sources of calories [38]. Incentives or regulation to reverse marketing practices
such as “supersizing” food portions, targeting promotion of high-calorie, low
nutrient density foods to children, or to require explicit labeling of the caloric
content of packaged foods and restaurant or take-home meals are other poten-
tial strategies [26, 37].

3.2. Initiatives Related to Physical Activity

Population-level approaches to improving options for physical activity in-
clude a range of strategies to reformulate and reengineer aspects of the “built
environment” that predispose to sedentary behavior [19, 32]. The “built envi-
ronment” refers to the way communities are designed, for example, types and
configurations of housing, availability of sidewalks and bicycle paths, connec-
tivity of streets and general pedestrian versus automobile friendliness, zoning
regulations that determine the mix of residential and business uses in a given
area, recreational facilities, transportation systems, and safety considerations.
Built environment issues also apply to urban design and space use patterns that
influence food access, but the term is used most often in relation to physical
activity. The built environment refers also to physical layout and quality and
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quantity of facilities available at worksites or schools and policies governing
access to these facilities. For example, at worksites, improving the attractive-
ness, safety, and accessibility of stairwells may be effective in increasing the
use of stairs rather than elevators, particularly when accompanied by prompts
(signs) encouraging stair use [39].

Approaches to improving the built environment for physical activity follow
logically from the nature of the identified constraints, for example, instituting
policies to limit or calm automobile traffic and build sidewalks and bicycle
paths in order to favor walking or biking (termed “active transport”) [40]. Ef-
forts to increase the number of children who walk to school include programs
such as “walking school buses” in which parents take turns walking groups of
children to school, or “safe routes to school” which—as the name implies—
focuses on addressing traffic and other issues to enable active transport of chil-
dren to and from school on their own. Identifying or shaping the potential for
some of these initiatives may be done synergistically, that is, related to public
works projects undertaken for other reasons. Other interventions involve im-
plementing policies that optimize aspects of new community development or
construction projects from a physical activity perspective [32, 40].

3.3. Social Marketing

Social marketing is a key element of population level approaches because
it increases the likelihood that structural changes will be acceptable to and
taken advantage of by the general public. The National Cancer Institute’s 5 A
Day for Better Health program is a well recognized fruit and vegetable pro-
motion, although its effectiveness in changing average fruit and vegetable in-
take has not been established [41]. VERB™—It’s What you Do! is a CDC
campaign designed to increase physical activity among ethnically diverse 9-
to 13-year-olds (tweens) and, as a secondary audience, their parents [42].
Positive effects were seen relatively early in this campaign but final results
of the evaluation have not yet been published. The “Healthier US” initiative
http://www.healthierus.gov/ links a variety of federal government initiatives
that promote healthier lifestyles directly to consumers as well as programs that
support community level programming to promote healthful lifestyles. “Amer-
ica on the Move” (www.americanonthemove.org) is a social marketing initia-
tive that encourages public–private partnerships to improve eating and activity
patterns of the public.

4. PREVENTION TARGETED TO SELECTED
POPULATION GROUPS

Candidates for selective prevention include (1) individuals who are over-
weight but not yet obese; (2) people at life stages associated with accelerated
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rates of weight gain, for example, young adults in general, women during preg-
nancy, the postpartum period, and the perimenopausal period; (3) ethnic and
demographic groups with a higher than average obesity prevalence, such as
several ethnic minority populations and some low-income populations; and
(4) individuals at risk for accelerated weight gain for other reasons, for ex-
ample, after smoking cessation [43] or during treatment with medications that
are known to cause excess weight gain [44, 45]. Pregnancy and postpartum in-
terventions can facilitate obesity prevention in children by encouraging more
and longer breastfeeding [46]. Children of obese parents are also a high-risk
group for obesity development and can potentially be identified through adult-
oriented weight control programs. Selective approaches occur in settings that
facilitate access to various audiences for obesity prevention activities and pro-
grams.

4.1. Adults

The four studies in Table 1 are among the best available examples of obe-
sity prevention addressing adults. Participants include nonobese young adults
or young adults in general [47, 48] and women at risk of excess weight gain
associated with reproductive stage [49–51]. The Pound of Prevention Study
(see Table 1) [48, 52] is probably the largest and most general obesity pre-
vention study reported to date. The design of this study reflects the principle
that the public health impact of such programs will depend on reaching a rela-
tively large number of people at relatively low cost. However, while this study
demonstrated feasibility, some positive behavioral changes, and a lack of harm
(i.e., there was no increase in unhealthful weight control practices), the inter-
ventions were not successful in preventing weight gain relative to the control
condition. The finding that behavioral changes were in the expected direction
suggests that this type of program might work, but perhaps at a higher intensity.
Decreased fat intake and increased physical activity were the strongest predic-
tors of weight maintenance [52]. The Leermakers et al. study [47] suggests
the utility of well designed nutrition and physical activity behavior change
programs for weight gain prevention, but it was not clear which of the effec-
tive interventions would be the least costly and potentially replicable for a
larger audience. The short-term nature of this study is also a potential limita-
tion in understanding its potential for obesity prevention, which is by nature
a long-term prospect. A potentially effective approach to long-term weight
gain prevention is illustrated in the 5-year results from the Healthy Women’s
Study [49, 50]. Behavioral counseling was effective at 6 months, preventing
a net weight gain over the transition to menopause. The intervention program
appears to have been well received, judging from retention rates, but it seems
labor and cost-intensive to deliver.
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Mail-based or correspondence approaches similar to those used in the Pound
of Prevention Study have been applied to obesity prevention in young women
[53], including postpartum women [54], with some success. Olson [51] used
such a correspondence approach in conjunction with clinic-based monitor-
ing as a strategy to prevent excess pregnancy weight gain and postpartum
weight retention (see Table 1). The program was effective in limiting preg-
nancy weight gain, but only in low-income women. For postpartum weight re-
tention the effect was differential by initial weight status and income. Polley et
al. [55] found an almost identical effect on prevention of excess weight gain in
low-income women who were initially normal weight. This was in a different
type of study population and with a more intensive intervention program and
was accompanied by the potentially troubling suggestion of an opposite effect
in the initially overweight women (i.e., more excess weight gain in those who
received the intervention).

In spite of the lack of an evidence-base to clearly support guidelines as
to how obesity prevention can be achieved in clinical settings, there appears
to be support for the general concept of prevention and some straightforward
minimum guidance that can be provided to adults. The National Heart, Lung
and Blood Institute (NHLBI) Clinical Guidelines for the Identification, Eval-
uation and Treatment of Overweight and Obesity in Adults [3] recommend
routine height and weight screening and BMI assessment. Adults with a BMI
between 25 and 29.9 kg/m2 who have one or no other cardiovascular risk fac-
tors should attempt to maintain their current weight rather than attempt weight
loss. Regular moderate physical activity is identified as a critical component
of a successful lifestyle to maintain weight after weight loss, which involves
adjusting to lower energy needs than at the prior weight, along with consump-
tion of a low-calorie/low-fat diet and frequent weight monitoring [56]. This is
consistent with the recommendations for obesity prevention within the 2005
U.S. Dietary Guidelines [57]: (1) monitoring body fat, using BMI as a surro-
gate measure, (2) making small decreases in caloric intake to prevent gradual
weight gain over time, and (3) obtaining 60 minutes of moderate-to-vigorous
intensity physical activity per day. The basis for these guidelines is theoreti-
cal, i.e., these are simply more modest forms of the behaviors that have been
proven to promote weight loss.

4.2. Children

Schools have been the primary venue for obesity prevention studies in chil-
dren [58]. Children spend much time in school, learn about health behav-
iors, and engage in eating and physical activity behaviors in the school set-
ting. School-based intervention studies have generally disappointing results,
although more encouraging than in adults. While knowledge and behaviors
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have improved, weight status has often not been altered [59]. It is unclear after
what duration a significant effect on body fat or body weight can occur. Some
studies have had interventions as long as 3 years [60]. Community-based stud-
ies have also generally been ineffective in prevention of excess weight gain in
children [23]. An issue with these studies is that it is hard to isolate the inter-
vention and control groups. As with studies in adults, the control group may
also improve knowledge and behaviors, reducing the treatment versus control
group difference.

Four studies of prevention of obesity in children and youth in different set-
tings are presented in Table 2 [61–64]. All of these studies found significant
improvement in variables related to obesity or body composition and they rep-
resent the current best approaches with the strongest evidence base. On the
other hand, none has been replicated and not all found consistent results across
all subjects or consistent results regarding change in behaviors and measures
of obesity.

Numerous organizations [16, 65] have recommended that primary care
physicians follow BMI percentiles over time and implement both population
based and individual-based strategies for obesity prevention. The population-
based strategy is aimed at improving the diet and level of physical activity in all
children, while the individual strategy identifies children at higher risk of obe-
sity and implements a more aggressive intervention approach. BMI percentiles,
available through the CDC, can also be used longitudinally to determine if a
child is crossing percentiles to increasingly elevated levels [66].

There are benefits to primary care efforts for obesity prevention in child-
hood. First, the attention of the physician to the problem may be an important
motivating factor for the patient or family. Second, the physician has longitudi-
nal follow-up of patients and families. This places physicians in the optimum
position for identifying those at higher risk for obesity development. Third, the
pediatrician’s office is a frequent venue for disease prevention such as immu-
nizations, advice on safety, and so forth. Finally, pediatricians are an important
source of information about diet and physical activity for children.

The optimum approach to prevention of childhood obesity in the primary
care setting involves associated health professionals. There should be an over-
all emphasis on healthy diet, activity, growth, and development. This should
include longitudinal monitoring of height, weight, and BMI. It should also
include general counseling on diet starting with promotion of breast feed-
ing, helping families make the transition to a healthy adult diet, and assist-
ing adolescents in avoiding external pressures for less healthy eating. Primary
care physicians should also provide counseling on developmentally appropri-
ate physical activity and limits of sedentary time.

Primary care physicians can identify children at higher risk for obesity de-
velopment, such as those with obese parents or siblings. Intervention for these
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higher risk children should be more aggressive and may include involvement of
dietitians, exercise specialists, social workers, and psychologists or behavioral
therapists. The important role of the primary care physician is underscored
by the medical complications of obesity that are now being seen in children
and adolescents with obesity (e.g., type 2 diabetes mellitus, obstructive sleep
apnea, and hypertension). Without an aggressive approach to prevention in
high-risk children and adolescents, the primary care physician will have an in-
creasing number of patients with chronic and sometimes debilitating problems.

Pediatricians and other primary care physicians are also important commu-
nity advocates. This means that their opinions are respected and they are in a
position to advocate for and support community and school-based efforts to
improve diet and physical activity in children.

5. INDIVIDUALLY TARGETED APPROACHES

Those appropriate for individually targeted prevention efforts include obese
children, to prevent them from becoming obese adults, and adults who are al-
ready obese, to prevent their obesity from being more severe. Targeted preven-
tion relies on the general screening and treatment strategies that apply to obese
children [67] and adults [3, 10]. Targeted prevention for those with moderate
obesity emphasizes behavioral strategies rather than invasive approaches such
as drugs or surgery. Preventing weight regain in people who have lost weight
can be included in this category. However, currently available guidelines for
obesity treatment are uninformative with respect to long-term approaches to
weight maintenance after weight loss [10]. Data from the National Weight
Control Registry, although based on a very self-selected population, appear
to be useful in this respect [56].

6. MULTILEVEL APPROACHES

Combining interventions across two or three levels can be effective in a
given community, although no definitive evidence of this has been reported to
date. Some well designed and rigorously conducted multilevel interventions
have been undertaken. However, these interventions have apparently not in-
cluded the right mix or dose of a sufficient number of obesity determinants to
be effective. For example, community-wide programs to prevent cardiovascu-
lar disease (CVD) conducted in the Minnesota, northern California, and Rhode
Island areas constituted a first generation of sustained multilevel risk reduction
approaches with a potential to impact on body weight. Two programs reported
significantly less weight gain in the intervention versus control communities
[68, 69] but a pooled analysis across all three programs concluded that there
was essentially no intervention versus control difference in body weight trends,
which increased at all sites [70].
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Multilevel interventions have also been attempted in children. The Path-
ways study, conducted in 41 schools in 7 American Indian communities over a
3-year period, attempted to reduce percent body fat of 3rd, 4th, and 5th graders
[60]. The intervention included a culturally adapted classroom based curricu-
lum, changes to the school food service, physical education classes and in-
creased physical activity in the classroom and at recess, and information and
activities for the children’s families. Some favorable knowledge and behavior
changes were observed but neither percent body fat nor physical activity levels
differed in intervention versus control schools.

7. METHODOLOGICAL CONSIDERATIONS

There has been a recent upsurge in funding for research on obesity preven-
tion [31, 32, 71]; also see http://www.obesityresearch.nih.gov. To date, only
a handful of studies are available, and even fewer qualify for systematic re-
views [23, 58, 71–73]. The slim evidence base led the U.S. Preventive Services
Task Force to conclude that there is insufficient evidence for or against routine
screening of children and adolescents for overweight in a primary care setting
[67]. We could identify no controlled trials of obesity prevention research in
a primary care setting in either adults or children. However, successful inter-
ventions on diet (e.g., to decrease fat intake or increase fruit and vegetable or
fiber intake) or physical activity (to increase physical activity or decrease in-
activity), undertaken to reduce or manage risk associated with cardiovascular
diseases, diabetes, and cancer [39, 74–78] may also be relevant, although it is
perhaps easier to alter dietary quality or physical activity than to align the two
to achieve energy balance.

The difficulty of obesity prevention may be more with the nature of the task
than with the quality of the available studies [71]. Periodic health-related ad-
vice to make and maintain small changes in eating and physical activity may be
ineffective against a continuous stream of aggressive and sophisticated market-
ing of high-calorie food and sedentary entertainment products and lifestyles.
Preventive interventions may be less intensive than in weight loss programs be-
cause the changes needed are smaller and also because the benefit to risk ratio
of exhorting individuals to make major changes in eating and physical activ-
ity patterns is less clear than when obesity is already present. Concerns about
inadvertently contributing to inappropriate dieting in a normal weight popula-
tion may limit the specificity of advice about caloric restriction, particularly in
programs for children and adolescents.

From a research perspective, several factors potentially bias obesity preven-
tion studies toward findings of no effect. The changes desired are small—no
weight gain versus the weight gain associated with gradual secular or aging-
related trends—leading to a requirement for large sample sizes for statistical
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significance. Intervention and control group differences may be diminished
by behavioral changes among control participants, either spontaneously (as-
sociated with the strong motivation that caused them to enroll in the study),
because control groups receive advice and counseling offered to meet an eth-
ical standard of care, or because they obtain advice through other means. For
example, 23% of control group women who provided follow-up data in a study
to reduce postpartum weight retention had enrolled in other formal weight loss
programs during the study period [54]. Given the multiple determinants of eat-
ing and physical activity throughout the day, the effects of interventions that
reach populations in only one setting (e.g., at school, work, or home) may be
negated by compensatory changes in other settings or at other times.

8. CONCLUSION

On the surface, weight maintenance may seem easier than weight loss be-
cause of the lower demand in terms of the number of calories to be reduced in
the diet or added in energy expenditure through physical activity. However, the
literature to date suggests that this reasoning may be deceptive. The prevention
of obesity in childhood is particularly complex. Ultimately, to be successful,
it will probably require broad efforts by families, schools, communities, and
primary care physicians in concert with allied health professionals.

At present we lack definitive evidence to support specific approaches to
obesity prevention. This means that a vigorous and ongoing research effort is
needed to provide evidence which will drive the prevention strategies of the
future. Clinicians will continue to play a pivotal role in all types of preventive
strategies, either through direct intervention or as advocates for environmental
and policy changes.

NOTE

1. Using definitions of body mass index (BMI) ≥ 30 kg/m2 for adults and age–sex specific BMI
above the 95th percentile of the Centers for Disease Control and Prevention (CDC) reference
for children and adolescents. CDC uses the term “overweight” rather than obesity to describe
children and adolescents in this weight category.
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1. INTRODUCTION

More than one third of the adult population in the United States is obese (de-
fined as a body mass index [BMI] ≥ 30 kg/m2) and as a result of their excess
body fat are at an increased risk of developing many associated chronic con-
ditions such as cancer, cardiovascular disease, and type 2 diabetes as well as a
reduced quality of life and early mortality [1, 2]. Small amounts of sustained
weight loss can improve these serious health risks [1, 3]. Although lifestyle
treatments directed at improving diet and physical activity are considered first-
line treatment, many if not most obese patients do not sustain significant weight
loss with lifestyle changes alone [3–9]. Based on the clinical guidelines for
obesity management published by the National Institutes of Health (NIH),
weight loss medications should be considered by health care providers as an
evidence-based next step to be incorporated with the lifestyle interventions in
appropriate patients [1]. The goal of adding weight loss medication to lifestyle
changes is to improve the number of patients who can achieve and sustain
a significant weight reduction and thus prevent or reduce obesity-associated
morbidity and mortality by improving cardiovascular and metabolic risk fac-
tors in these patients.

2. WHO IS APPROPRIATE? CRITERIA FOR USE OF
WEIGHT LOSS MEDICATIONS

The NIH clinical guidelines advocate weight loss medications be prescribed
for patients with BMIs ≥ 30 kg/m2 or with BMIs ≥ 27 kg/m2 if a comorbidity
is present [1]. Comorbidities for the medication guideline include type 2 dia-
betes, hypertension, heart disease, sleep apnea, and dyslipidemia. These BMI
cutoffs for prescribing medications are not arbitrary. They are based on large
amounts of epidemiological data that illustrate a positive curvilinear relation-
ship between increasing health risks such as the development of type 2 diabetes
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Figure 1. Relationship between BMI and cardiovascular disease mortality. Mortality risk be-
gins to increase at a BMI of 25 kg/m2 and continues to increase as BMI increases. The slope
of the line is steeper as higher BMIs and represents a curvilinear relationship. The horizontal
dotted line represents the relative risk of mortality at a BMI of 30 kg/m2 and theoretically repre-
sents the point where the risk of obesity exceeds the risk of weight loss medications. (Data from
Calle [10].)

and increasing BMI in the general population [10–12]. Figure 1 illustrates this
relationship between BMI and cardiovascular mortality. The same basic re-
lationship is seen for many if not most of the comorbidities associated with
excess body fat. The guidelines chose a BMI of ≥ 30 kg/m2 as the BMI cut
point for medications because BMIs of this magnitude are associated with a
general level of health risk that outweighs or exceeds the general medical risk
of using medications for weight loss. It is felt, based on this relationship, that
lower BMIs do not represent a sufficient health risk to merit the use of med-
ications. In addition, it is generally believed that successful weight reduction
starting from a BMI ≥ 30 kg/m2 will produce a benefit that is worth the risk
of the medication. The benefits of losing weight from a lower BMI are not
considered to be worth the risk because the curvilinear relationship between
BMI and health risk flattens or becomes less steep at lower BMIs (see Fig-
ure 1). For example, even though the data are cross-sectional, it is assumed
that a greater health benefit would be obtained by reducing someone from a
BMI of 30 kg/m2 to a BMI of 27 kg/m2 than from a BMI of 25 to 22 kg/m2.

Individuals with obesity-related comorbidities are at even more risk from
their excess weight and could potentially receive a greater benefit from weight
reduction; therefore the NIH has lowered the guidelines to a BMI ≥ 27 kg/m2

for the potential use of a weight loss medication in this higher risk population
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[1]. In addition to the BMI criteria described in the preceding text, patients
should have been unsuccessful at losing weight with diet and activity alone or
have not sustained previous weight loss attempts to be appropriate for weight
loss medications [1]. The continual assessment of efficacy and safety of weight
loss medications is necessary once prescribed.

3. WHY DO HEALTH CARE PROVIDERS CHOOSE
NOT TO USE WEIGHT LOSS MEDICATIONS?

Using these NIH evidenced-based criteria for potential candidates for drug
treatment, more than 60 to 100 million adults may be eligible to receive drug
therapy [2, 13]. Why is it then that weight loss medications are not widely
used by the medical community? There are many reasons why physicians are
reluctant and skeptical about using weight loss medications in their obese pa-
tients. Weight loss medications in general have a past history of poor outcomes
and “unintended consequences” [14–18]. Past use of the amphetamine-derived
addictive stimulant medications and the unexpected heart valve side effects of
the “phen-fen” period have not helped to create confidence for use of weight
loss medications. In addition only recently has obesity been recognized as a
“legitimate” metabolic disease with both a physiologic and genetic basis [19–
22]. In the past obesity was thought of as a social condition or character flaw
stemming from a person’s lack of will power or laziness, not a justifiable dis-
ease process deserving of true medical attention much less a medication. In
addition, our previous lack of understanding of the chronic medical course of
obesity and the benefit of modest weight loss led to unrealistic expectations
for weight loss drugs [23] both from physicians and patients and created the
general concept that they were not effective. More recently, the cost of these
medications and lack of insurance coverage may also be major causes for the
low levels for prescriptions written compared to the number of appropriate
patients that could potentially benefit from a weight loss medications.

Fortunately, many of these misconceptions and prescribing barriers of the
past are slowly changing as our knowledge about obesity and weight loss med-
ications continues to grow and advance. Weight management and medications
are becoming an important part of medical education and general office prac-
tice [24]. Physicians today know weight loss medications need to be prescribed
long term to be effective and modest amounts of weight loss can produce a sig-
nificant health benefit [1, 3]. There is a significant physiologic or biology com-
ponent to obesity, and just like any other medical disease process, medications
can be part of an effective treatment plan [25, 26]. Weight loss medications are
now available that are as safe for long-term use and have no abuse potential
[18]. There is still need to increase health care coverage for weight loss med-
ications, but reimbursement for obesity treatment in general is increasing [27].



258 H. Wyatt

4. WHAT WEIGHT LOSS DRUGS ARE AVAILABLE?

Only two prescription drugs are available for long-term use in treating
obesity—sibutramine and orlistat. Short-term weight loss as well as long-term
weight loss maintenance and safety have been demonstrated for both drugs
in multiple randomized control trials [13, 18, 28–30]. These represent the two
most-studied weight loss drugs in the literature to date [30]. Several other drugs
are currently approved by the FDA for the indication of weight loss, but be-
cause they were approved before we understood the chronic nature of weight
management and the necessity for long-term treatment protocols these drugs
were studied only short term (see Table 1). Therefore these drugs have not
undergone the rigorous evaluation in large, long-term studies to prove their ef-
ficacy and safety that the FDA now requires for long-term approval. Thus these
drugs are approved only for short-term use (usually thought of as 3 months).
This chapter focuses on the role of orlistat and sibutramine in the long-term
management of obesity.

Table 1. Medications currently approved by the FDA for the treatment of obesity

Generic Trade DEA Approved Recommended
name name schedule Mechanism use dosage range

Benzphetamine Didrex III NE release Short term 25 mg to 50 mg/d
Phendimetrazine Prelu-2 III NE release Short term 35 mg TID or

Bontril 105 mg SR/d
Plegine

Mazindol Maxanor IV Blocks NE Short term 1 mg TID
Sanorex reuptake

Phentermine Adipex-P IV NE release Short term 15–37.5 mg/d
Fastin
Ionamin
Ionamin
SR

Diethylpropion Tenuate IV NE release Short term 25 mg TID
Tepanil 25–75 SR mg/d
Tenuate
Dospan

Sibutramine Meridia IV Blocks Long term 5–15 mg/d
Reductil serotinin

and NE
reuptake

Orlistat Xenical Not Lipase Long term 120 mg TID right
scheduled inhibitor before or with

meals

NE, norepinepherine; TID, three times a day.
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5. HOW SHOULD WEIGHT LOSS IN MEDICATION
CLINICAL TRIALS BE EVALUATED?

Average weight loss is the most common outcome used to evaluate the ef-
ficacy of medication compared to placebo. It is important to understand its
strengths and limitations when examining clinical trials. Average weight loss in
obesity medication trials is significantly influenced by a variety of factors such
as the dose of medication prescribed, the target patient population recruited
(female vs. male, diabetics vs. nondiabetics, young vs. old) and the degree or
intensity of the behavioral component. For example, with minimal behavioral
intervention the weight loss in a study by Wadden and colleagues was about
5 kg for the medication group [31]. When group counseling was added to the
medication, the weight loss increased to 10 kg and when a structured meal plan
was added using meal replacements the weight loss increased to 15 kg. This
illustrates that the absolute amount of weight loss that is reported (5 kg vs.
15 kg) is due in part to the intensity or “dose” of the behavioral prescription
of the intervention. Figure 2 illustrates this concept. For this reason, average
weight loss in one trial will differ from the next with the same medication.

Average weight loss data will inform the clinician about the difference in
weight loss between the medication and placebo under the specific circum-
stances and patient population used in that specific trial. In addition, cer-
tain behavioral interventions may accentuate differences between placebo and
medication arms while other behavioral protocols may minimize differences.
Therefore different trials will report disparity in terms of the absolute or aver-
age amount of weight loss that the medication can achieve above placebo.

With this concept in mind, the efficacy of weight loss medications may not
necessarily be best evaluated by measuring the production of a certain amount
of weight loss above placebo given that the strength or “dose” of the placebo
behavioral intervention can have a tremendous effect on outcomes. It also il-
lustrates why different medications in different clinical trial protocols cannot
be appropriately compared to each other in terms of average weight loss. Head-
to-head comparison of weight loss medications can be made only within the
same randomized protocol.

A different way to evaluate the efficacy of weight loss medications is to
evaluate the proportion of subjects achieving different amount of weight loss
in drug vs placebo (e.g., the percentage of subjects achieving a > 5% weight
loss, or a > 10% weight loss). Weight loss medications may be particularly
effective in helping more patients be successful at achieving a medical signif-
icant weight loss over time. This evaluation may be more informative to the
general practitioner. Categorical analysis tells the provider how many of their
patients he or she can expect to achieve a certain degree of weight loss with and
without the medication in the same behavioral setting and population. Another
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Figure 2. Percentage of weight changes for patients receiving sibutramine, sibutramine with
lifestyle modification, and sibutramine with lifestyle modification and meal replacements. The
figure represents the effect of the degree of intensity of behavioral treatment on mean weight
loss data. (From Wadden et al. [31].)

point to consider is that it is also possible that some individuals will “respond”
to a medication and others will “not respond” so that the average weight loss
data may not accurately reflect the potential weight loss efficacy for a specific
subgroup of patients. For these reasons it may be clinically meaningful to look
at the weight loss medication data in terms of categorical weight loss both in
the weight loss and weight maintenance phases in addition to the more tra-
ditional average weight reduction of medication compared to placebo. Both
average weight loss data and categorical data are discussed in this chapter.

6. SIBUTRAMINE

Sibutramine (sold as Meridia in the United States and Reductil in Europe)
was approved by the Federal Drug Administration (FDA) and available for
use in the United States in 1997. It has undergone extensive testing in short-
and long-term randomized clinical trials. It was first evaluated in clinical trials
as an antidepressant with disappointing results. However, weight loss was an
unexpected side effect in these clinical trials and the drug was subsequently
evaluated and developed for its weight management potential [32].
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Sibutramine is a selective reuptake inhibitor of norepinephrine, serotonin,
and to a very small degree dopamine [28]. It has two active metabolites
and a half-life of 14 to 16 hours which allows for once a day oral dosing
[28, 33]. It currently is used at a dose of 10 to 15 mg/day and is available in 5-,
10-, and 15-mg pills. The currently recommended starting dose is 10 mg and
doses greater than 15 mg are not recommended by the FDA. Similar to other
medications used to treat chronic disorders, the disorder, in this case excess
body weight, reoccurs when the medication is stopped.

6.1. Mechanism of Action

The principal mechanism of action for sibutramine is increasing feelings of
satiation (the level of fullness during a meal) which results in a reduction in
food intake for a meal and over time weight loss [34, 35]. Sibutramine me-
diates satiety by inhibiting the reuptake of the combination of serotonin and
norepinephrine within the central nervous system [36]. Some studies have also
demonstrated a mild increase in energy expenditure (thermogenesis) that may
also contribute to its weight loss effects [37–39]. However, not all studies have
confirmed this thermogenic finding in humans and its contribution to its mech-
anism of action if present is relatively small [40].

6.2. Therapeutic Potential for Obesity

Sibutramine has been evaluated extensively in multiple clinical trials last-
ing 8 weeks to 24 months in healthy obese adults and overweight and obese
adults with a cardiovascular risk factor (hypertension, type 2 diabetes, or dys-
lipidemia [41–56]). Sibutramine causes a dose-dependent loss in body weight
when given in doses ranging from 1 to 30 mg/day [41]. In a 6-month dosing
ranging study of more than 1000 patients there is a very clear dose–response
relationship, and regain of weight occurred as expected when the medication
was stopped. Mean weight loss ranged from –1.2% for placebo to –7.4% loss
from baseline for the 15-mg dose at 24 weeks [41]. The typical starting dose
of sibutramine, 10 mg, produced a –6.1% weight loss. One can tell from the
small amount of mean weight loss in the placebo arm (–1.2%) that the behav-
ioral intervention or “dose” was weak in this study. Therefore total weight loss
would be expected to be less in this study compared to other studies with a
more intensive behavioral intervention.

Weight losses in the range of 5% to 10% from baseline are associated with
meaningful health benefits and should be thought of as the current standard
for medical care [1, 3]. In general, average weight loss in most sibutramine
studies greater than 24 weeks in duration ranges from –3.1% to –10.4% in the
sibutramine arms to –0.9% to –4.2% in the placebo arms [13]. Differences in
weight loss between trials can be attributed to different doses of sibutramine,
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differences in the patient populations studied, and the “dose” of the behavioral
intervention prescribed as described earlier. Table 2 summarizes several of the
published longer-term randomized placebo-controlled studies (> 44 weeks)
evaluating weight loss efficacy for sibutramine and illustrates the wide range
of mean weight loss from trial to trial. Follow-up rates on most published tri-
als ranged anywhere from 45% to 100% and make data difficult to interpret in
some studies. In all the trials listed in Table 2 average weight loss was signifi-
cantly greater (p < 0.01) in the sibutramine arms compared to placebo.

A meta-analysis of clinical trials published in 2004 by Arterburn and col-
leagues reported a mean difference in weight loss for sibutramine of –4.45 kg
(95% CI, –3.62 to –5.29 kg) relative to placebo at 12 months [13]. It is impor-
tant to understand that 4.45 kg represents the weight loss above placebo and
not total average weight reduction achieved with sibutramine when combined
with lifestyle or behavioral interventions. The authors of this meta-analysis
and other systematic reviews have all concluded that sibutramine is effective
in promoting weight loss [13, 30, 57, 58].

Table 2 also illustrates the categorical weight loss date for several long-term
sibutramine studies. In general, three to four times as many subjects random-
ized to sibutramine therapy lost ≥ 5% of their initial body weight compared to
those randomized to placebo. A meta-analysis of published studies concluded
that adults taking sibutramine for 1 year are 19% to 34% more likely to achieve
a 5% weight loss and 12% to 31% more likely to achieve 10% weight loss than
those taking placebo [13]. What this means to a practicing physician is that
while not everyone will achieve a significant weight loss, far more patients
will be successful using sibutramine and a significant subgroup of almost 20%
will be successful at achieving ≥ 10% weight reduction.

6.3. Efficacy in Weight Loss Maintenance

Showing long-term maintenance of a weight loss may be more important
than demonstrating weight loss itself. After all, many people succeed at los-
ing weight with many different strategies but far fewer succeed at keeping
it off long-term. Successful strategies to prevent weight regain are fewer in
number than weight loss strategies. Several trials using sibutramine have ad-
dressed the specific issue of weight loss maintenance [48, 52, 53]. One of these
studies the Multicenter European Sibutramine Trial of Obesity Reduction and
Maintenance Trial (known as the STORM Trial) illustrates that sibutramine
is effective in maintaining a weight loss for up to 2 years and represents the
longest published use of sibutramine [53]. In this study obese subjects who
lost ≥ 5% of their body weight after 6 months of sibutramine therapy were ran-
domized to either sibutramine or placebo for the next 18 months. Ninety-four
percent of the patients who completed the first 6 months of the study lost ≥ 5%
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and 18% withdrew from the study before 6 months so 467 patients or 77%
(467/605) were randomized for weight loss maintenance. Placebo-treated sub-
jects regained weight, maintaining only 20% of their 6-month weight loss at
24 months. Sibutramine-treated subjects maintained 80% of their initial weight
loss. The completers in the sibutramine group averaged 10.2 kg weight loss at
2 years compared to a 4.7-kg loss for the placebo group. Fifty eight percent
of the sibutramine group and 50% of the placebo group completed the 2-year
study. This study proved sibutramine to be effective in both producing and
maintaining weight loss for up to 2 years.

Another study by Apfelbaum and colleagues induced weight loss with a
very low calorie diet (VLCD) for 4 weeks and then randomized those achieving
a 6-kg or greater weight loss to placebo or sibutramine for 12 months [48]. On
average the VLCD produced a 7.2% weight loss prior to randomization. One
year later, 75% of patients in the sibutramine group maintained 100% of the
weight lost achieved in the 4-week VLCD compared to 42% in the placebo
arm. Mean weight changes for the sibutramine arm after initial weight loss
was an additional –5.4% compared to +1% in the placebo group.

6.4. Efficacy in Managing Obesity-related Risk Factors

The goal with weight reduction is to prevent or treat the comorbidities as-
sociated with excess body fat. Weight reduction in the range of 5% to 10%
in general is associated with improvements in cholesterol, blood pressure, and
glucose control. It is possible, however, that a medication that produces weight
loss might alter physiology in such a way where the expected reductions or im-
provements in these health parameters would not be found. Therefore weight
loss medication, in addition to proving weight loss efficacy, must also show
data that risk factors improve with the weight reduction.

Sibutramine has been associated with small improvements in high-density
lipoprotein (HDL), triglyceride levels, uric acid, waist circumference, and
quality of life and among diabetic patients improvements in glycemic con-
trol [13, 28, 41, 59]. These improvements are all related to weight loss and
improvements are proportional to the amount of weight loss. Sibutramine does
not have an independent effect on any of the comorbidities. In a study with
more than 300 men and women with high triglyceride levels (≥ 250 mg/dL)
and low HDL levels, patients taking sibutramine who lost > 5% weight had
a mean reduction in triglycerides of 33.4 mg/dL and increase in HDL of
4.9 mg/dL [43].

There are four large clinical trials that document sibutramine use in patients
with diabetes and improvements in measures of glucose control [45, 54–56].
In general, it is important to remember that weight loss in patients with dia-
betes is not as great as the studies of nondiabetic individuals with any method
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of weight reduction including sibutramine. Mean weight loss in these studies
was in the range of 2.4 to 9.6 kg. In all the studies the percentage of dia-
betic patients who achieve weight loss of at least 5% or greater is significantly
greater than with placebo. Weight reduction corresponds to the degree of im-
provement in glycemic control and ranges from a reduction of 0.3% to 2.73%
depending on level of baseline hemoglobin A1C and weight loss achieved.
A meta-analysis by Vettor and colleagues confirmed a substantial effect of
sibutramine on weight loss and glycemic control [58].

6.5. Tolerability and Safety

The most common adverse effects associated with the use of sibutramine
are dry mouth, anorexia, constipation, and insomnia [28, 42]. There has been
no evidence of any abuse potential or heart valve dysfunction [60–62]. The
principal concerns with sibutramine safety involve potential increase in blood
pressure and heart rate. Sibutramine can increase blood pressure and blood
pressure response to sibutramine at an individual level varies [41, 42, 63]. The
meta-analysis discussed earlier by Arterburn and colleagues reported that the
effects of sibutramine on blood pressure in high-quality studies was highly
varied and ranged from net reductions to net increases (–1.6 to 5.6 mm Hg)
[13]. Blood pressure response does not appear to be augmented in mildly hy-
pertensive patients [64]. Effects on heart rate, however, in the Arterburn meta-
analysis were less variable and illustrated a mean difference in heart rate of
+3.76 beats/min (95% CI, 2.70–4.82 beats/minute) for sibutramine treatment
relative to placebo [13].

In clinical studies withdrawals for clinically significant blood pressure in-
creases was low and in the range of 1% to 5% [53]. A recent meta-analysis
found 1.1% of the sibutramine and 0.6% of placebo-treated patients withdrew
because of hypertension [65]. In general, a small average increase in blood
pressure in the range of 2 to 4 mm Hg in systolic and diastolic pressure oc-
curs in sibutramine-treated patients versus controls [63, 66]. However, greater
increases have been reported in a small number of individuals (> 2%) and
therefore blood pressure and heart rate should be evaluated before starting
sibutramine and 2–4 weeks after sibutramine is prescribed.

Because of the potential for increase in blood pressure and heart rate, sibu-
tramine should not be used in patients with a history of coronary artery dis-
ease, congestive heart failure, uncontrolled or untreated hypertension, cardiac
arrhythmias, or stroke [28]. Patients with treated and well controlled hyper-
tension may be started on sibutramine and monitored. Patients on other selec-
tive serotonin reuptake inhibitors (SSRIs) may also be started on sibutramine.
Initially concomitant use of another SSRI was an absolute contraindication
owing to the theoretical possibility of serotoninergic syndrome; however, this
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potential complication has not been reported and SSRIs are now not viewed
as an absolute contraindication. Caution and monitoring, however, are advised
if the patient is taking another serotonergic agent or a drug that inhibits cy-
tochrome P450(3a4), such as erythromycin. Sibutramine should not be used
within 2 weeks of taking monoamine oxidase inhibitors (MAOIs).

6.6. Special Considerations when Prescribing Sibutramine

The chance of achieving a meaningful weight loss with sibutramine can be
determined by the response to treatment in the first 4 weeks of medication
intervention. In a study by Bray and colleagues 60% of patients who lost 2 kg
(about 4 lbs) in the first 4 weeks went on to lose more then 5% of starting body
weight [42]. These data could be used to suggest that if a patient has not lost
at least 4 pounds in about 4 weeks the chances of a meaningful weight loss are
low and therefore the medication should be stopped to minimize risk.

Evaluation of blood pressure 2 to 4 weeks after starting sibutramine is rec-
ommended and important. Because about 1% to 5% of patients who take sibu-
tramine may have an unacceptable increase in blood pressure and the medica-
tion will need to be stopped. For this reason, it is important to monitor blood
pressure on all patients who are stared on this drug. In general, most experts
feel if the blood pressure is less then 135/80 and there is less than a 10 mm Hg
systolic and 5 mm Hg diastolic rise from baseline continued use of the medica-
tion is acceptable [28]. For patients who go on to have significant weight loss
in the first month or longer the increase in blood pressure must be weighed
against the amount of weight reduction and improvements in other risk factors
when deciding if the medication should be continued long term.

7. ORLISTAT

Orlistat (sold as Xenical in the United States and in Europe) was approved
by the FDA in 1999 and has undergone extensive testing in short- and long-
term randomized clinical trials [67–79]. Orlistat is a derivative of lipstatin and
is a selective inhibitor of gastric and pancreatic lipase [80, 81]. It impairs
the intestinal digestion and systemic absorption of dietary fat and vitamin es-
ters. Orlistat is provided in 120-mg capsules and is administered orally with a
120-mg dosage at each meal three times a day. Systemic absorption is very
low (< 3%) and elimination half life through feces is 1 to 2 hours [82]. Small
amounts of metabolites of orlistat have been found in plasma and are elimi-
nated through the urine [82].
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7.1. Mechanism of Action

The principal mechanism of action for orlistat is decreasing absorption of
dietary fat in the gut through its interaction with gastric and pancreatic lipases.
Orlistat decreases the hydrolysis of triglycerides by binding to the lipases and
thus limits the production of absorbable free fatty acids and monoglycerol.
It can block the absorption of about 30% of the fat consumed in a meal that
contains approximately 30% fat. It is presumed that by blocking 30% of the fat
from being absorbed, total caloric intake will be reduced and weight loss will
result over a longer period of time. Orlistat at a dose of 120 mg three times a
day with meals will block absorption of one third of ingested fat [83]. Higher
doses of orlistat will not increase the fat malabsorption.

A different potential mechanism of action may center on how taking this
drug may affect subsequent eating behavior. Because 30% of fat is not ab-
sorbed while taking orlistat the effects of the fat that has not been absorbed in-
volve gastrointestinal (GI) side effects such as loose stools and fecal urgency.
The more fat in the diet, the more likely patients will experience unpleasant
GI effects. Some patients may decrease the amount of fat they consume to pre-
vent these GI side effects. In this sense the drug may also decrease the amount
of fat consumed prior to absorption and make patients aware of what they are
eating and what foods are high in fat. In addition to blocking absorption of the
fat consumed, orlistat may function as a behavioral tool for self-monitoring of
intake and for reducing the consumption of high-fat foods.

7.2. Therapeutic Potential for Obesity

Orlistat has been evaluated extensively in multiple randomized trials in the
United States and Europe lasting 6 months to 4 years [67–79]. Drent and col-
leagues evaluated the efficacy of various doses of orlistat in combination with
a low-fat diet in 188 patients [69]. Patients were randomly assigned to receive
10-, 60-, or 120-mg doses of orlistat three times a day for 12 weeks. Average
weight loss in the placebo group was 2.98 kg and ranged between 3.61 kg and
4.74 kg in the orlistat arms for doses of orlistat of 30 mg, 180 mg, and
360 mg [69].

Table 3 summarizes results of several long-term randomized placebo-
controlled studies that have evaluated orlistat for weight loss. In general, aver-
age weight loss in these studies range from –5 to –10% in the orlistat arms to
–2 to –6% in the placebo arms [66]. Differences in weight loss can be attributed
to different doses of orlistat, differences in patient populations studied and the
“dose” of the behavioral intervention prescribed. Weight regain was signifi-
cantly less for those patients who remained on drug versus those who were
rerandomized to placebo in the second year of trials [68, 72]. Almost 35% to
70% of orlistat treated subjects lost ≥ 5% of their body weight compared to
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20% to 50% of the placebo group. Data from Torgerson and colleagues in a
4-year trial in more than 3000 subjects demonstrated orlistat therapy and
lifestyle intervention resulted in weight loss of 11% and 7% at 1 and 4 years
compared to 6% and 4% in the placebo and lifestyle group [75]. A meta-
analysis of weight loss medications by Li and colleagues reported a mean
weight loss difference of 2.89 kg (CI, 2.27 to 3.51 kg) at 12 months in orlistat
groups relative to placebo [30]. The 2.89 kg represents the amount of weight
loss greater than placebo, not the total amount of weight loss achieved with the
drug.

7.3. Efficacy in Weight Loss Maintenance

Weight loss maintenance with orlistat was evaluated in a 1-year study pub-
lished by Hill and colleagues [84]. More than 700 subjects who lost more than
8% of their body weight over a 6-month period eating a calorie-reduced diet
were randomized to receive either placebo or 30-, 60-, or 120-mg of orlistat
three times a day for an additional 12 months [84]. At the end of the 12-month
maintenance phase the placebo group had regained 58.7% of their body weight
compared with 32.8% regain of body weight in the group treated with 120 mg
of orlistat three times a day. Almost half (47.5%) of the 120-mg Orlistat group
regained < 25% of their initial weight loss compared to 30% of the placebo
group. Improvements in cardiovascular risk factors were also noted. This study
illustrated that partial inhibition of dietary fat absorption enhanced long-term
weight maintenance following a significant weight loss.

7.4. Efficacy in Managing Obesity-related Risk Factors

The role of orlistat in the prevention of type 2 diabetes was studied in a large
prospective multicenter randomized double-blinded placebo-controlled 4-year
study in Sweden called the Xenical Diabetes Outcome Study (Xendos) [75].
This study is the longest trial to date with weight loss medications. Approxi-
mately 3200 obese subjects were enrolled in a lifestyle plus placebo or orlistat
treatment protocol. Twenty-one percent of participants had impaired glucose
tolerance (IGT). At year 4 the placebo group had maintained a loss of 4.1 kg
and the orlistat group had maintained a loss of 6.9 kg. The incidence of di-
abetes was 6.2% in the orlistat-treated group and 9.0% in the patient treated
with placebo. Therapy with orlistat in this trial resulted in a 37% reduction in
the incidence of new onset type 2 diabetes. The difference in the rate was seen
because of a decrease in conversion of the IGT group to type 2 diabetes.

Several studies have evaluated the effect of orlistat on glycemic control in
patients with type 2 diabetes [76–78]. In all these studies, the average weight
loss was greater and HbA1c decreased more in the orlistat groups compared
to placebo. In general two to three times more diabetic patients in these trials



Orlistat and Sibutramine in the Management of Obesity 271

achieved a 5% or 10% decrease in body weight. A meta-analysis of seven ran-
domized control trials of orlistat in overweight and obese patients with type 2
diabetes found 23% of orlistat patients achieved a weight reduction ≥ 5% [79].
These patients showed a mean decrease in HbA1c of 1.16%, a weight reduction
of 8.6 kg, a reduction in total cholesterol of 5.3%, and a reduction in systolic
blood pressure of 5.2 mm Hg [79].

Heymsfield and colleagues analyzed all the orlistat trials that lasted longer
than 1 year and found that conversion of normal glucose tolerance to diabetes
occurred in 6.6% of orlistat patients and 11% of placebo-treated patients. Con-
version of IGT to diabetes was also less frequent in the orlistat group then
placebo (3.0% and 7.5%) [85]. These data show that modest weight reduction
with orlistat may lead to an important risk reduction for the development of
type 2 diabetes.

One unique feature of orlistat is its beneficial effect on serum choles-
terol concentration that is independent of weight loss alone [68, 72, 86].
The decrease in low-density lipoprotein (LDL) cholesterol concentrations af-
ter weight reduction with orlistat therapy is greater than after placebo therapy
even when statistically adjusted for differences in the amount of weight reduc-
tion [68, 72]. The mechanism responsible for this lipid-lowering effect may
be related to the ability of orlistat to block dietary cholesterol and triglyceride
absorption [86]. Patients treated with orlistat had almost twice as much reduc-
tion in LDL cholesterol as the placebo-treated groups for the same amount of
weight reduction at the end of 12 months.

7.5. Tolerability and Safety

Orlistat has not been associated with a serious event profile. The drug is
very safe and little if any monitoring requirements are necessary from a safety
standpoint. It is not absorbed to any significant degree. The tolerability of orli-
stat, however, is not as good as its safety profile. About 75% of subjects treated
with orlistat experience one or more gastrointestinal (GI) side effects [66]. This
is not surprising because the mechanism of action of orlistat involves the mal-
absorption of fat. These GI adverse effects are manageable if patients control
the amount of fat in their diet. The more dietary fat orlistat-treated patients eat,
the more likely they are to have GI side effects. For this reason, patients must
be informed of how to decrease the amount of fat in their diet.

The most common GI adverse events associated with the use of orlistat
include abdominal pain, liquid stool, nausea, vomiting, and flatulence [81].
These adverse effects usually occurred early in treatment (first 4 weeks of
therapy) and were mild or moderate in intensity and resolved spontaneously
without intervention. However, 20% to 40% of patients will have at least one
major GI event. Approximately 4% of subjects treated with orlistat withdrew
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from treatment compared to 1% in the placebo group [66]. Because of the
mechanism of action, small decreases in fat-soluble vitamin concentrations are
possible but usually remain in the normal range without vitamin supplemen-
tation. Orlistat has also been shown to block beta-carotene absorption by one
third [87].

7.6. Special Considerations when Prescribing Orlistat

About 5% of patients taking orlistat may experience larger decreases in vi-
tamin levels than the general population. Because those patients cannot be pre-
dicted and vitamin levels can be difficult to measure routinely, all patients are
recommended to take a daily multivitamin supplement at a time when orlistat is
not being consumed. Orlistat can also impair the absorption of lipophilic med-
ications. Therefore absorption of drugs such as cyclosporine can be impaired
and levels of cyclosporine have dropped in obese patients that began orlistat af-
ter organ transplantation [88, 89]. Nonlipophilic drugs (antihypertensives, war-
farin, digoxin, phenytoin, oral contraceptives) are not blocked from absorption
and dosages do not need to be adjusted [90–96]. Patients on blood thinners
such as warfarin, however, who are keeping their INRs in a narrow therapeutic
window, usually for important health reasons should have their INRs followed
carefully when starting orlistat. This is not because orlistat blocks absorption
of the medication but because changes in vitamin K level could in theory affect
the dose of the medication needed to keep the INR in the therapeutic window.

8. THE FUTURE OF WEIGHT LOSS MEDICATIONS

8.1. Sibutramine and Orlistat Usage in Adolescents

The increasing prevalence of obesity among children and adolescents is of
great concern. The use of weight loss medications for obesity in the adoles-
cent population is largely investigational. However, a few studies have been
published that evaluated the efficacy and safety in this population [97–99].
Godoy-Matos and colleagues evaluated the efficacy and safety of sibutramine
versus placebo in 60 adolescents (14 to 17 years) for 6 months [97]. Patients
in the sibutramine group lost an average 10.3 kg and patients in the placebo
group lost on average 2.4 kg at 6 months (p < 0.001) [97]. Berkowitz and col-
leagues randomized 82 adolescents aged 13 to 17 years with a BMI of 32 to 44
to behavioral therapy plus placebo or sibutramine 15 mg for 6 months followed
by an open label sibutramine only period of 6 months [98]. Adolescents in the
sibutramine arm lost 7.8 kg and had a 8.5% reduction in BMI compared to the
placebo group that lost 3.2 kg and reduced BMI by 4% at the end of 6 months.
Ten adolescents in the study had sustained marked increases in blood pressure
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(≥ 10 mm Hg) that required discontinuation of the medication and 23 required
a reduction in dosage.

A large study by Chanoine and colleagues evaluated the use of orlistat in
539 obese adolescents in a randomized multicenter 54-week double-blinded
study evaluating the use of orlistat [99]. They found a decrease in BMI in both
treatment groups up to 12 weeks, thereafter stabilizing with orlistat but increas-
ing above baseline with placebo [99]. Twenty-six percent of the orlistat group
had 5% or higher decrease in BMI compared with 15.7% of the placebo group.
No major safety concerns were noted in this study; however, gastrointestinal
adverse events were more common in the orlistat group.

8.2. Combination Therapy

Because sibutramine and orlistat work to reduce weight be completely dif-
ferent mechanisms combining them might produce synergy in terms of weight
reduction. Wadden and colleges evaluated this possibility and randomly as-
signed patients to orlistat or placebo following a year of treatment with sibu-
tramine [100]. Unfortunately, over the next 4 months of treatment no additional
weight loss was seen with the addition of orlistat when compared to placebo.

8.3. Continuous vs. Episodic Medication Usage

Although experts agree that weight loss medications should be considered
as long-term interventions similar to hypertension or diabetes medications,
obesity medications may turn out to be slightly different in how they can be
prescribed. Unlike elevated blood pressure and blood sugar, total weight regain
does not occur in a few days or even weeks after stopping medications. It is
possible that weight loss medications may need to be chronic but not necessar-
ily constant to be effective long-term. Sibutramine (15 mg) given continuously
for one year has been compared with placebo and sibutramine (15 mg) given
intermittently [52]. In this study responders (patients losing an initial 2% of
body weight or 2 kg) after 4 weeks of treatment with sibutramine 15 mg were
randomized to continuous sibutramine, placebo, or intermittent sibutramine
(dosed for 11 weeks, then discontinued for 7 weeks). There was small regain
in weight during periods when the drug was not given followed by weight loss
when the drug was resumed. Overall intermittent sibutramine therapy and con-
tinuous sibutramine therapy produced similar weight loss results and were both
significantly better than placebo (see Figure 3). In clinical practice, it is some-
times difficult to obtain long-term compliance with medications. This study
supports a novel concept that intermittent use may be an effective option and
may once again change how we view and prescribe medication therapy in the
future.
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Figure 3. Weight loss results for intermittent sibutramine therapy and continuous sibutramine
therapy. (From Wirth and Krause [52].)

9. SUMMARY

Obesity is a chronic medical disease that is not going away any time soon.
Physicians need all the education, tools, and resources possible to successfully
help the overweight and obese patients in their practices. Weight loss medica-
tions alone are clearly not the answer. They represent, however, one evidence-
based tool physicians can use in combination with lifestyle changes to increase
long-term weight loss success in appropriate patients. Multiple studies have
shown more patients can achieve a significant weight loss when they combine
lifestyle and weight loss medications than either alone. Both sibutramine and
orlistat have demonstrated effectiveness for obesity treatment and represent
evidence-based tools physicians should consider using in appropriate patients.
In the future, using combinations of weight loss medications along with new
drugs in development may yield additional safe and long-term treatments to
treat this serious metabolic disease.
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1. INTRODUCTION

Although the drug treatment of obesity has a long history, progress was
given an impetus by the discovery of leptin. This particular peptide demon-
strated that obesity can be caused by a hormone deficiency and be reversed by
replacement of that hormone [1, 2]. In fact, at the NIH conference of 1985,
obesity was declared to be a chronic disease, not a consequence of bad habits
as it was formerly considered [3]. Because bad habits can be extinguished over
a 12-week period, obesity medications approved before 1985 were approved
for periods up to 12 weeks as an adjunct to a lifestyle change program. The
stigma associated with obesity and the public’s equating it with bad habits
slowed the chronic use of obesity medications as is done with other chronic
diseases [4]. Therefore, although thyroid hormone was used in the treatment
of obesity from the late 19th century, there have been medications approved
for the chronic treatment of obesity only since 1995 [5, 6].

Although only two medications have been approved for the long-term treat-
ment of obesity—sibutramine and orlistat—there is a great deal of activity
in the pharmaceutical industry to develop new drugs or discover old ones to
treat this disease. The prevalence of obesity continues to grow and new obesity
drugs are clearly needed.

The public health significance of treating obesity cannot be understated. In
susceptible individuals obesity will lead to the development of traditional and
nontraditional cardiovascular risk factors and to the development of a con-
dition referred to as the “metabolic syndrome.” The “metabolic syndrome”
describes coexisting traditional risk factors for cardiovascular disease (CVD)
such as hypertension, dyslipidemia, glucose intolerance, obesity, and insulin
resistance, in addition to nontraditional CVD risk factors such as inflammatory
processes and abnormalities of the blood coagulation system [7–13]. Although
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the etiology of the metabolic syndrome is not specifically known, it is well es-
tablished that central obesity and insulin resistance are generally present. The
components of the metabolic syndrome contribute greatly to increased mor-
bidity and mortality in humans on several levels. First, metabolic syndrome
can be considered to be a “prediabetic” condition. A second reason why obe-
sity and metabolic syndrome contribute to increased morbidity and mortality is
the association with CVD. Coexisting CVD risk factors such as dyslipidemia,
hypertension, inflammatory markers and coagulopathy are highly associated
with the “pre-diabetic” state as defined by central obesity and insulin resis-
tance [11, 14–16]. Each risk factor, when considered alone, increases CVD
risk, but in combination they provide a “synergistic” or “additive” effect [16].
The presence of the “metabolic syndrome” may increase the relative risk of
CVD by 3- to 4-fold, and the increase in relative risk for CVD precedes the
diagnosis of diabetes by as much as 15 years [17, 18].

Approximately 7% to 8% of the United States population have adult-onset
diabetes, and approximately 40% are obese and 25% have the metabolic syn-
drome [19–21]. Minority ethnic groups are at even greater risk. Although
lifestyle interventions consisting of weight loss and exercise will greatly im-
prove insulin sensitivity and can delay the progression to type 2 diabetes [22],
maintenance of lifestyle changes in humans over a long-term period is poor,
and pharmacologic approaches for treatment of obesity hold greater promise
for success.

We review the information about presently available drugs for other pur-
poses that produce weight loss, discuss the drugs in late development with an
emphasis on rimonabant which seems likely to be approved, and then cover in
less depth the drugs in earlier stages of development.

2. DRUGS APPROVED FOR INDICATIONS OTHER
THAN OBESITY AND THAT CAUSE WEIGHT
LOSS

2.1. Bupropion

Bupropion is a norepinephrine and dopamine reuptake inhibitor that is ap-
proved for the treatment of depression and for smoking cessation. Gadde et al.
reported a clinical trial in which 50 obese subjects were randomized to bupro-
pion or placebo for 8 weeks with a blinded extension for responders to 24
weeks. The dose of bupropion was increased to a 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 to 1.6 ± 2.9%
for the 13 subjects in the placebo group (p < 0.0001). After 24 weeks, the 14
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responders 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) [23].

Two multicenter clinical trials, one in obese subjects with depressive symp-
toms and one in uncomplicated obesity, followed this study. The study in obese
patients with depressive symptom ratings of 10 to 30 on a Beck Depression In-
ventory [24] randomized 213 subjects to 400 mg of bupropion per day and
209 subjects to placebo for 24 weeks. The 121 subjects in the bupropion group
that completed the trial lost 6.0 ± 0.5% of initial body weight compared to
2.8 ± 0.5% in the 108 subjects in the placebo group (p < 0.0001) [25]. The
study in uncomplicated obese subjects randomized 327 subjects to bupropion
300 mg/day, bupropion 400 mg/day or placebo in equal proportions. At 24
weeks, 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).
At 24 weeks the placebo group was randomized to receive either 300 mg or
400 mg and the trial was extended to week 48. By the end of the trial the
dropout rate was 41%, and the weight losses in the bupropion 300 mg and
bupropion 400 mg groups were 6.2 ± 1.25% and 7.2 ± 1.5% of initial body
weight, respectively [26].

2.2. Fluoxetine/Sertraline

Fluoxetine and sertraline are both selective serotonin reuptake inhibitors
(SSRI) approved for the treatment of depression. Sertraline produced an aver-
age weight loss of 0.45 to 0.91 kg in 8- to 16-week clinical trials for depression.
Fluoxetine at a dose of 60 mg per day was evaluated by the Lilly Company in
clinical trials for the treatment of obesity. Goldstein et al. reviewed these trials,
which included one 36-week trial in type 2 diabetic subjects, a 52-week trial in
subjects with uncomplicated obesity, and two 60-week trials in subjects with
dyslipidemia, diabetes, or both [27]. A total of 1441 subjects were randomized
to fluoxetine (719) or placebo (722). Five hundred and twenty-two subjects
on fluoxetine and 504 subjects on placebo completed 6 months of treatment.
Weight loss in the placebo and fluoxetine groups at 6 months and 1 year were
2.2, 4.8, and 1.8, 2.4 kg, respectively. The regain of 50% of the lost weight dur-
ing the second 6 months of treatment on fluoxetine made it inappropriate for
the treatment on obesity that requires chronic treatment. Fluoxetine and sertra-
line, although not good obesity drugs, may be preferred in obese individuals
over some of the tricyclic antidepressants that are associated with significant
weight gain.
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2.3. 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. Zonisamide has been studied
in one 16-week randomized control trial in 60 obese subjects. Subjects were
placed on a calorie-restricted diet and randomized to zonisamide or placebo.
The zonisamide was started at 100 mg/day and increased to 400 mg/day. At
12 weeks, those subjects who had not lost 5% of initial body weight were in-
creased to 600 mg/day. The zonisamide group lost 6.6% of initial body weight
at 16 weeks compared to 1% in the placebo group. Thirty-seven subjects com-
pleting the 16-week trial elected to continue to week 32–20 in the zonisamide
group and 17 in the placebo group. At the end of 32 weeks, the 19 subjects in
the zonisamide group lost 9.6% of their initial body weight compared to 1.6%
for the 17 subjects in the placebo group [28].

2.4. Topiramate

Topiramate is an antiepileptic drug that was observed to give weight loss
in the clinical trials for epilepsy. Weight losses of 3.9% of initial weight were
seen at 3 months and losses of 7.3% of initial weight were seen at 1 year [29].
Bray et al. reported a 6-month, placebo-controlled, dose-ranging study. Three
hundred and eighty-five obese subjects were randomized to placebo or top-
iramate at 64 mg/day, 96 mg/day, 192 mg/day, or 384 mg/day. These doses
were gradually reached by a tapering increase and were reduced in a simi-
lar manner at the end of the trial. Weight loss from baseline to 24 weeks 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 pares-
thesia; somnolence; and difficulty with concentration, memory, and attention
[30]. This trial was followed by two multicenter trials. The first trial random-
ized 1289 obese subjects to topiramate 89 mg/day, 192 mg/day, or 256 mg/day.
This trial was terminated early because of the sponsor’s decision to pursue a
time-release form of the drug. The 854 subjects who completed 1 year 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 topirmate groups had significant improvement in
blood pressure and glucose tolerance [31]. The second trial enrolled 701 sub-
jects 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/day, 192 mg/day, or placebo. The sponsor
terminated the study early to pursue a time-released formulation of the drug.
At the time of early termination, 293 subjects completed 44 weeks. The topi-
ramate 96-mg and 192-mg groups lost 15.4% and 16.5%, respectively, of their
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baseline weight while the placebo group lost 8.9% [32]. Although topiramate
is still available as an antiepileptic drug, the development program to pursue
an indication for obesity was terminated by the sponsor in December 2004
because of the associated adverse events.

Topiramate has also been evaluated in the treatment of binge-eating disor-
der. Thirteen women with binge-eating disorder were treated with a mean dose
of 492 mg/day of topiramate. The binge-eating disorder symptoms improved
and a weight loss was observed [33]. This open-label study was followed by
a randomized controlled trial of 14 weeks in subjects with binge-eating disor-
der. Sixty-one subjects were randomized to 25–600 mg/day 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/day [34].
The 35 completers of this trial were given the opportunity to participate in an
open-label extension. The topiramate treated subjects continued to maintain
improvement in binge-eating symptoms and weight [35].

Topiramate has also been used to treat patients with the Prader–Willi syn-
drome. Three subjects with Prader–Willi syndrome were treated with topira-
mate and had a reduction in the self-injurious behavior that is associated with
this uncommon genetic disease [36]. A second study in seven additional sub-
jects confirmed these findings [37]. A third study evaluated appetite, food in-
take and weight in patients with Prader–Willi syndrome. Although the self-
injurious behavior improved, there was no effect on these other parameters
[38]. Topiramate was also used to treat two subjects with nocturnal eating syn-
drome and two subjects with sleep-related eating disorder. There was an im-
provement in all four subjects and there was an 11-kg mean weight loss over
8.5 months with an average topiramate dose of 218 mg/day [39].

2.5. 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 [40].
In BIGPRO, a 1-year French multicenter study, metformin was compared to
placebo in 324 middle-aged subjects with upper body obesity. The subjects on
metformin lost significantly more weight (1 to 2 kg) than the placebo group,
and the study concluded that metformin may have a role in the primary pre-
vention of type 2 diabetes [41].

The best trial of metformin in terms of evaluating weight loss effects is
the Diabetes Prevention Program study of individuals with impaired glucose
tolerance. This study included three treatment arms to which participants were
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randomly assigned, if they were older than 25 years of age, had a body mass in-
dex (BMI) above 24 kg/m2 (except Asian Americans, who needed only a BMI
≥ 22 kg/m2) and had impaired glucose tolerance. The three primary arms in-
cluded lifestyle (N = 1079 participants), metformin (N = 1073) and placebo
(N = 1082). At the end of 2.8 years on average, the Data Safety Monitoring
Board terminated the trial because the advantages of lifestyle and metformin
were clearly superior to placebo. During this time the metformin-treated group
lost 2.5% of their body weight (p < 0.001 compared to placebo), and the con-
version from impaired glucose tolerance to diabetes was reduced by 31% com-
pared to 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 [22]. Although metformin does not pro-
duce 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 in-
dividuals newly diagnosed with diabetes. Another area where metformin has
found use is in treating women with the polycystic ovary syndrome where the
modest weight loss may contribute the increased fertility and reduced insulin
resistance [42].

2.6. Somatostatin

Hypothalamic obesity has been associated with insulin hypersecretion [43].
Lustig treated eight children with obesity due to hypothalamic damage with
octreotide injections to decrease insulin hypersecretion. These children gained
6 kg in the 6 months prior to octreotide treatment and lost 4.8 kg in the 6
months on octreotide, an analog of somatostatin. The weight loss was corre-
lated with the reduction of insulin secretion on a glucose tolerance test [44].
This open-label trial was followed by a randomized controlled trial of oc-
treotide treatment in children with hypothalamic obesity. The subjects received
octreotide 5 to 15 mcg/kg per day or placebo for 6 months. The children on
octreotide gained 1.6 kg compared to 9.1 kg for those in the placebo group
[45]. This same group of investigators postulated that there might be a sub-
set 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 measured, 44
subjects were treated with octreotide-LAR 40 mg/month for 6 months. These
subjects lost weight, reduced food intake and a reduced carbohydrate intake.
Weight loss was greatest in those with insulin hypersecretion and the amount
of weight loss was correlated with the reduction in insulin hypersecretion [46].
A controlled trial of octreotide LAR randomized 172 obese subject screened
for insulin hypersecretion to doses of 20 mg/mo, 40 mg/month, 60 mg/month
or placebo for 6 months. The greatest weight loss was 3.8% of initial body



Drugs on the Horizon for Obesity and the Metabolic Syndrome 287

weight in the high-dose group, an amount that does not meet the criteria for
approval by the FDA [47].

Octreotide has been shown to decrease gastric emptying [48]. Octreotide
treatment of patients with the Prader–Willi syndrome who have elevated ghre-
lin levels does not cause weight loss but ghrelin levels are normalized. The
reason for the lack of weight loss has been postulated to be the reduction of
PYY, a satiating gastrointestinal hormone that also decreased [49].

2.7. Pramlintide

Amylin is secreted from β-cells along with insulin, and amylin is deficient
in type 1 diabetes where β-cells are immunologically destroyed. Pramlintide,
a synthetic amylin analog, was recently approved by the FDA for the treatment
of diabetes. Unlike insulin and many other diabetes medications, pramlintide
is associated with weight loss. In a study in which 651 subjects with type 1 di-
abetes were randomized to placebo or subcutaneous pramlintide 60 mcg three
or four times a day along with an insulin injection, the hemoglobin A1c de-
creased 0.29% to 0.34% and weight decreased 1.2 kg relative to placebo [50].
Maggs et al. analyzed the data from two 1-year studies in insulin-treated type 2
diabetic subjects randomized to pramlintide 120 mcg twice a day or 150 mcg
three times a day [51]. Weight decreased by 2.6 kg and hemoglobin A1c de-
creased 0.5%. 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 and
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 weeks of therapy.

2.8. Exenatide

Glucagon-like peptide-1 (GLP-1) or enteroglucagon 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 respon-
sible for the superior weight loss and superior improvement in diabetes seen
with obesity bypass surgery [52, 53]. Increased GLP-1 inhibits glucagon secre-
tion, stimulates insulin secretion, stimulates glycogenesis, and delays gastric
emptying [54]. GLP-1 is rapidly degraded by dipeptidyl peptidase-4 (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 [55].

Exendin-4 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, and has a much
longer half-life. Exendin-4 decreases food intake and body weight gain in
Zucker rats while lowering HgbA1c [56]. Exendin-4 increases β-cell mass to
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a greater extent than would be expected for the degree of insulin resistance
[57]. Exendin-4 induces satiety and weight loss in Zucker rats with peripheral
administration and crosses the blood–brain barrier to act in the central nervous
system (CNS) [58, 59]. In humans, exendin-4 reduces fasting and postprandial
glucose levels, slows gastric emptying, and decreases food intake by 19% [60].
The side effects of exendin-4 in humans are headache, nausea, and vomiting,
which are lessened by gradual dose escalation [61]. Exendin-4 at 10 mcg sub-
cutaneously per day or a placebo was given to 377 type 2 diabetic subjects for
30 weeks who were failing maximal sulfonylurea therapy. The HgbA1c fell
0.74% more than placebo, fasting glucose decreased, and there was a progres-
sive weight loss of 1.6 kg [62]. Thus, exendin-4 shows promise of being an
effective treatment for diabetes with a favorable weight loss profile.

3. DRUGS IN PHASE III CLINICAL TRIALS WITH
NO APPROVAL

3.1. Rimonabant

The endocannabinoid system appears to be a good target for obesity treat-
ment. There are two known cannabinoid receptors, CB-1 (470 amino acids
in length) and CB-2 (360 amino acids in length). CB-1 receptors are distrib-
uted through the brain in the areas related to feeding, on fat cells, in the GI
tract and on immune cells. Marijuana and tetrahydrocannabinol, which stim-
ulate the CB-1 receptor, increase high fat and high sweet food intake, and
fasting increases the levels of endocannabinoids. The rewarding properties of
cannabinoid agonists are mediated through the mesolimbic dopaminergic sys-
tem. 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
to 14% in the pair-fed controls. This suggests, at least in rodents, that rimon-
abant 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 in-
creases adiponectin, a fat cell hormone associated with insulin sensitivity [63].
Thus, rimonabant holds promise for potential efficacy not just in weight loss,
but also in the lipotoxicity-mediated comorbidities associated with obesity.

The results of four phase III trials of rimonabant for the treatment of obesity
have been announced. These reports are posted on the Sanofi Internet Web site,
and only one exists in the form of a peer-reviewed publication at the time of
this writing [64, 65]. The first trial to be published was the RIO-Europe trial in
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which 1507 obese subjects were randomized in a 1:2:2 ratio to receive placebo,
5 mg rimonabant, or 20 mg rimonabant once daily for 1 year. Weight loss was
3.5% in the placebo group and 8.5% in the 20 mg rimonabant group. The 20 mg
rimonabant group lost 8 cm from the waist, triglycerides decreased 10%, and
high-density lipoprotein (HDL) cholesterol rose 28% compared to loss of 4 cm,
a rise of 7%, and a rise 16%, respectively, in the placebo group. The prevalence
of metabolic syndrome decreased by 34% in the placebo group compared to
a 65% decrease in the 20 mg rimonabant group. There was no increase in
depression or anxiety as measured by the Hospital Anxiety Depression scale,
and there was no increase in pulse or blood pressure, in contrast to sibutramine.
The most common side effects were nausea, dizziness, arthralgia, and diarrhea.
Forty percent of the study dropped out by 1 year and 14.5% dropped in the
high-dose group for an adverse event.

3.2. Axokine

Axokine is an analog of ciliary neurotrophic factor that, like leptin, acts
through the STAT signaling pathway in the brain [66]. 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-week phase II study ran-
domized 170 obese subjects with a BMI between 35 and 50 kg/m2. The opti-
mal dose was 1 mcg/kg, and this group lost 4.6 kg compared to a weight gain of
0.6 kg in the placebo group [67]. The second 12-week phase II study random-
ized 107 overweight and obese type 2 diabetic subjects with a BMI between
35 and 50 kg/m2 [68]. Subjects treated with the 1.0 mcg/kg dose of axokine
lost 3.2 kg compared to 1.2 kg in the placebo group (p < 0.01).

The 1-year phase III trial with a 1-year open label extension randomized
501 subjects to placebo and 1467 subjects to axokine at a dose of 1 mcg/kg per
day [68]. Subjects had a BMI between 30 and 55 kg/m2, if their obesity was
uncomplicated, or between 27 and 55 kg/m2, if their obesity was complicated
by hypertension or dyslipidemia. At the end of 1 year, the axokine group lost
3.6 kg compared to 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 people
receiving axokine developed antibodies after 3 months that limited weight loss,
and there was no way to prospectively predict those who would develop the
antibodies. Development of axokine has been terminated.

3.3. Leptin

The lack of leptin, a hormone derived from the fat cell, causes massive obe-
sity in animals and humans. Its replacement reverses the obesity associated
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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 mg/kg, 0.05 mg/kg, 0.1 mg/kg, and 0.3 mg/kg daily were tested in
lean [54] and obese [73] humans of both sexes. Lean subjects were treated for
4 weeks and lost 0.4–1.9 kg. Obese subjects were treated for 24 weeks and a
dose–response relationship for weight loss was seen with the 0.3 mg/kg group
losing 7.1 kg [69]. Pegylated leptin allows for weekly, rather than daily, in-
jections. Although pegylated leptin at 20 and 60 mg/week in obese subjects
over 8 to 12 weeks did not give any weight loss above placebo, pegylated lep-
tin at 80 mg weekly combined with a very low calorie diet for 46 days gave
2.8 kg more weight loss in 12 subjects randomized to leptin compared to the
10 randomized to placebo (p < 0.03) [70].

4. DRUGS IN THE EARLY PHASES OF
DEVELOPMENT

4.1. 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-week multicenter trial randomized 300 obese sub-
jects to one of 5 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 to 0.8 kg in the placebo group and the rate of weight
loss was constant throughout the trial [71]. Phase III trials are being planned.

4.2. Cholecystokinin

Cholecystokinin decreases food intake by causing subjects to stop eating
sooner [72]. Although the relationship between cholecystokinin and satiety
has been known for many years, development as a weight loss agent has been
slow due to concerns regarding pancreatitis. Because 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.

4.3. 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 fasting and after a meal in the obese compared to lean subjects.
Caloric intake at a lunch buffet was reduced by 30% in 12 obese subjects and
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by 29% in 12 lean subjects after 2 h of PYY 3-36 infused intravenously [73].
Thrice daily nasal administration over 6 days was well tolerated and reduced
caloric intake by about 30% while producing 0.6-kg weight loss [74].

4.4. 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 CNS to reduce
food intake while maintaining energy expenditure. Oleolyestrone is orally ac-
tive and has been used to treat one morbidly obese male without an accom-
panying weight loss program. Oleoylestrone was given in doses of 150 to
300 micromoles/day in 10 consecutive 10-day courses of treatment separated
by at least 2 months. Weight dropped 38.5 kg and BMI dropped from 51.9 to
40.5 kg/m2 over 27 months, and weight was still declining at the time of the
report [75]. Oleoylestrone was well tolerated and there were no estrogenic side
effects observed. Phase I trials are presently in progress.

4.5. Serotonin 2C Receptor Agonist

Mice lacking the 5-hydroxytryptamine-2c (5HT-2c) receptor have increased
food intake, because they take longer to be satiated. These mice also are resis-
tant to fenfluramine, a serotonin agonist that causes weight loss. A human mu-
tation of the 5HT-2c receptor has been identified that is associated with early-
onset human obesity [76, 77]. Arena Pharmaceuticals recently announced the
results of a 4-week obesity trial of its 5HT-2c agonist compound APD356.
Three hundred and fifty-two obese subjects were randomized to placebo, 1 mg,
5 mg, and 15 mg of APD356. The high-dose group lost 1.32 kg and the placebo
group lost 0.32 kg (p < 0.0002), and the drug was well-tolerated. Longer stud-
ies are being planned [78].

4.6. Neuropeptide Y Receptor Antagonists

Neuropeptide Y (NPY) is a widely distributed neuropeptide that has six
receptors, Y-1 through Y-6. NPY stimulates food intake, inhibits energy ex-
penditure, and increases body weight by activating Y-1 and Y-5 receptors in
the hypothalamus [79]. Levels of NPY in the hypothalamus are temporally re-
lated 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 re-
ceptor antagonists do not appear promising as antiobesity agents [80].

Y-1 receptor antagonists appear to have greater potential as antiobesity
agents. A dihydropyridine neuropeptide Y-1 antagonist inhibited NPY-induced
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feeding in satiated rats [81]. Another Y-1 receptor antagonist, J-104870, sup-
pressed food intake when given orally to Zucker rats [82]. 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/day diet and adrenergic agonists
(caffeine and ephedrine or caffeine, ephedrine and yohimbine) did not change
NPY levels at rest or after exercise [83].

4.7. Melanin Concentrating Hormone Receptor-1 Antagonist

Melanin concentrating hormone and alpha-melanocyte-stimulating hor-
mone (α-MSH) have opposite effects on skin coloration in fish, and excess
melanin concentrating hormone blocks the effects of α-MSH when both are
injected into the cerebral ventricles of rats [84]. Melanin concentrating hor-
mone has two receptors, MCH-1 and MCH-2. Mice without the MCH-1 recep-
tor have increased activity, increased temperature, and increased sympathetic
tone [85]. Overexpression of the MCH-1 receptor and chronic infusion of an
MCH-1 agonist cause enhanced feeding, caloric efficiency, and weight gain
while an MCH-1 antagonist reduces food intake and body weight gain with-
out an effect on lean tissue [86]. MCH-1 antagonists reduce food intake by
decreasing meal size, and also act as antidepressants and anxiolytics [87, 88].
An orally active MCH-1 receptor antagonist that has good plasma levels and
CNS exposure induced weight loss in obese mice with chronic treatment [89].
A number of other MCH-1 antagonists reduce food intake and body weight in
experimental animals [90]. No human studies have been reported.

4.8. 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 develop-
ment. A 5-day trial of ATL-962 in 90 normal volunteers was conducted on an
inpatient unit. There was a three–sevenfold increase in fecal fat that was dose
dependent, but only 11% of subjects had more than one oily stool. It was sug-
gested that this lipase inhibitor may have fewer gastrointestinal adverse events
than orlistat [91].

4.9. Glucagon-like Peptide-1 Agonists and Dipeptidyl Peptidase-4
Inhibitors

Liraglutide is an analog of GLP-1 that stimulates the GLP-1 receptor and is
more resistant to degradation than GLP-1. When given to rats by subcutaneous
injection, liraglutide caused a 10% lower body weight and a 19% increase in
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β-cell mass by inhibiting apoptosis [92]. A 12-week study in 193 type 2 dia-
betic subjects gave a 0.75% reduction in HgbA1c, a decrease in fasting glucose
and a 1.2-kg weight loss [93].

Another way to prolong the effect of GLP-1 is to inhibit the enzyme that
breaks it down, DPP-4. One such inhibitor, LAF237, was tested in 107 type 2
diabetic subjects over 12 weeks with an extension to 1 year using daily oral
doses of 50 mg. The HgbA1c dropped 0.7% compared to placebo, fasting glu-
cose declined, but weight did not go down [94]. Thus, DPP-4 inhibitors may
have usefulness in the treatment of diabetes and the metabolic syndrome, but
their potential in the treatment of obesity has yet to be demonstrated.

5. DRUGS NO LONGER UNDER INVESTIGATION
OR WITHDRAWN

5.1. β3-adrenergic Agonists

In the early 1980s the β3-adrenergic receptor was identified and shown,
when stimulated, to increase lipolysis, fat oxidation, energy expenditure,
and insulin action. Selective β-adrenergic agonists based on the rodent
β3-adrenergic receptor were not selective in humans, and the human β3-
adrenergic receptor was subsequently cloned and found to be only 60% ho-
mologous with rodents [95]. A β3-adrenergic agonist selective for the hu-
man β3 receptor, L-796568, increased lipolysis and energy expenditure when
given as a single 1000-mg dose to obese men without significant stimulation
of the β2-adrenergic receptor [96]. A 28-day study with the same compound
at 375 mg/day versus a placebo in obese men gave no significant increase
in energy expenditure, reduction in respiratory quotient, or changes in glu-
cose tolerance. There was a significant reduction of triglycerides, however.
This lack of a chronic effect was interpreted as either a lack of recruitment of
β3-responsive tissues, a downregulation of β3 receptors or both [97]. Thus,
despite encouraging results from rodent trials, human trials of selective β3
agonists have been disappointing.

5.2. Ephedra

Ephedrine combined with methylxanthines was used in the treatment of
asthma for decades. A physician in Denmark noted weight loss in his patients
taking this combination drug for asthma. The combination of caffeine 200 mg
and ephedrine 20 mg 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 [98]. In 1994, legislation in the United States
declared ephedra and caffeine to be foods, eligible to be sold as dietary herbal
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supplements. The use of this combination as an unregulated dietary supple-
ment for the treatment of obesity was accompanied by reports of cardiovascu-
lar and neuropsychiatric adverse events, leading to the FDA declaring ephedra,
the herbal form of ephedrine, as an adulterant [99]. 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 remains to be determined.

5.3. Phenylpropanolamine

Short-term studies with phenylpropanolamine were reviewed in 1992, and
weight loss was similar to the short-term weight loss seen with prescrip-
tion obesity drugs [100]. The longest study of phenylpropanolamine lasted
20 weeks. 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 to placebo [101]. Al-
though phenylpropanolamine had a long history of safety in clinical trials dat-
ing to the 1930s, it was taken off the market because of an association with
hemorrhagic stroke in women [102].

5.4. Bromocriptine

Hibernating and migratory animals change their ability to store and burn fat
based on circadian rhythms, and these circadian rhythms are controlled by pro-
lactin 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 weeks significantly decreased 24-hour plasma glucose, free
fatty acid, and triglyceride levels from baseline [103]. 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 sta-
tistically significant difference [104]. In an uncontrolled trial, 33 obese post-
menopausal women reduced their body fat by 11.7%, measured via skinfold
thickness over 6 weeks of treatment with quick-release bromocriptine [105].
This was followed by a controlled trial in which 17 obese subjects were ran-
domized to rapid-release bromocriptine (1.6 to 2.4 mg/day) or a placebo for
18 weeks. 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) [106]. The
company developing Ergocet® received an approvable determination by the
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FDA for quick-release bromocriptine to treat diabetes, but were asked to do
additional safety studies. These studies were never performed, and the obesity
development program proceeded no further.

5.5. Ecopipam

Ecopipam is a dopamine 1 and 5 receptor antagonist that was originally
studied for the treatment of cocaine addiction [107]. Ecopipam was in devel-
opment as an obesity drug but its development was recently terminated [108].

6. NEW AREAS WHERE DRUGS ARE BEING
DEVELOPED

6.1. 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 monoamine receptor and histamine reduces food intake by action on
this receptor [109]. The search for drugs that can modulate food intake through
the histamine system has focused on the histamine H3 receptor which is an au-
toreceptor, that is, activation of this receptor inhibits histamine release whereas
blockade of the receptor increases histamine release. Both imidazole and non-
imidazole antagonists of the H3 receptor have been published and shown to
reduce food intake and body weight gain in experimental animals [77, 110].

6.2. Ghrelin Antagonist

The search for small orally absorbed peptides that could release growth hor-
mone led to the identification in 1996 of the growth hormone secretogogue
(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 humans, suggesting that antagonists to this receptor might be useful in the
treatment of obesity [111]. No clinical data are yet available.

6.3. 11β-hydroxysteroid Dehydrogenase Type I Inhibitor

Cortisol, the glucocorticoid secreted by the adrenal gland can be inactivated
through conversion to cortisone in peripheral tissues. Cortisone can be reac-
tivated by the enzyme 11β-hydroxysteroid dehydrogenase type 1. In mice,
where this enzyme is overexpressed, there are increased amounts of fat in the
abdomen, suggesting that modulation of this enzyme could be a target to se-
lectively modulate visceral or central adiposity.
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6.4. Modulators of Energy Sensing in the Brain (Acetyl Co-A
Carboxylase 2 Inhibitor; Fatty Acid Synthase; Carnitine
Palmitoyltransferase-3)

Recent developments suggest that the ratio of AMP to ATP in selected re-
gions of the brain may play a role in modulating food intake and energy bal-
ance. 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. Fatty acid synthesis and oxidation are coordinately regu-
lated. Adenosine 5-monophosphate activated kinase (AMPK) phosphorylates
acetyl-Co-A-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 phosphoryla-
tions by AMPK is to convert substrate to oxidation rather than fatty acid syn-
thesis. Cerulenin or C-75 blocks fatty acid synthase, which also blocks fat syn-
thesis and activates fatty acid oxidation by activating carnitine palmitoyl Co-A
transferase-I. Injection of these fatty acid synthase inhibitors into animals pro-
duces a reduction in food intake and weight loss, suggesting the potential for
future clinical drugs.

6.5. Adiponectin

Adiponectin, also called adipocyte complement-related protein, 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. Although a large molecule, drugs that modulate its production, release,
or action may be potential candidates for treating obesity.

6.6. Melanocortin-4 Receptor (MC4R) Agonists

Of the potential targets for drugs to treat obesity, the biological data favor-
ing this receptor are among the strongest. There are five melanocortin receptors
that belong to the G-protein coupled 7-transmembrane family of receptors. The
MC1 receptor is located primarily in skin and modulates pigmentation changes
in response to α-MSH. The MC2 receptor is in the adrenal gland, where it
responds to adrenocorticotropic hormone (ACTH) modulating steroid produc-
tion. 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
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exocrine tissues. The MC4 receptors in the brain are located in sites that af-
fect feeding. In the hypothalamus, leptin-responsive neurons modulate MC4
expression, modifying energy balance. The MC4 receptor responds to α-MSH
with a decrease in food intake. When animals are genetically engineered to
remove expression of MC4 receptors, they become massively obese. The ef-
fect of α-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 antag-
onists to this receptor. The first two, an agonist called Melanotan-II (MT-II)
and an antagonist called SHU-9119, are modifications of the core sequence
of α-MSH. They demonstrate the viability of this strategy, because MT-II re-
duces food intake and body weight, while SHU-9119 as well as AgRP block
this effect. Both peptide and nonpeptide agonists for the MC4 receptor have
been developed, but no reports have yet emerged of clinical studies [112].

7. NATURAL PRODUCTS (OVER-THE-COUNTER
PREPARATIONS)

7.1. Chromium

Chromium is a trace mineral and a cofactor to insulin. It has been claimed
that chromium can cause weight loss and fat loss while increasing lean body
mass. A recent meta-analysis of 10 double-blind randomized controlled obe-
sity trials showed a statistically significant weight loss of 1.1 to 1.2 kg over
a 6- to 14-week treatment period. There were no adverse events, but the au-
thors pointed out that this weight loss, although statistically significant, was
not clinically significant [113].

7.2. Garcinia cambogia

Garcinia cambogia contains hydroxycitric acid, an inhibitor of citrate cleav-
age enzyme that inhibits fatty acid synthesis from carbohydrate. Hydroxyci-
trate was studied by Roche in the 1970s and was shown to reduce food in-
take and cause weight loss in rodents [114]. Although there have been reports
of successful weight loss in humans with small studies, some of which were
combined other herbs, the largest and best designed placebo-controlled study
demonstrated no difference in weight loss compared to a placebo [113, 115].
Thus, there is no evidence for efficacy.
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7.3. Chitosan

Chitosan or acetylated chitin is a dietary fiber derived from crustaceans that
has been advocated as a weight loss agent. A recent systematic review of the
randomized clinical trials of chitosan concluded, based on 14 trials longer than
4 weeks involving 1071 subjects, that chitosan gives 1.7-kg weight loss that is
statistically significant [116]. This degree of weight loss falls far short of the
5 kg felt to be clinically significant, however.

7.4. Hoodia

Hoodia gordonii is a cactus that grows in Africa. It has been eaten by bush-
men to decrease appetite and thirst on long treks across the desert. The active
ingredient is steroidal glycoside, called P57AS3 or just P57. P57 injected into
the third ventricle of animals increases the ATP content of hypothalamic tis-
sue by 50% to 150% and decreases food intake by 40% to 60% over 24 hours
[117]. Phytopharm is developing P57 in partnership with Unilever. Information
on the Phytopharm Web site describes a double-blind 15-day trial in which 19
overweight males were randomized to P57 or placebo. Nine subjects in each
group completed that study. There was a statistically significant decrease in
calorie intake and body fat with good safety. Since Hoodia is a rare cactus in
the wild and cultivation is difficult, it is not clear what the dietary herbal sup-
plements claiming to contain Hoodia actually contain or if they are effective
in causing weight loss.

7.5. Stevia

Stevia rebaudiana is a South American plant that contains stevosides that act
as noncaloric sweeteners. In fact, Stevia has been used as a sweetener in Brazil
and Japan for more than 20 years. Stevia is sold as a dietary herbal supplement
and has been said to be useful in the treatment of obesity [118]. There are
three clinical trials testing Stevia. The first trial was a randomized multicenter,
placebo-controlled trial that enrolled 106 hypertensive subjects for 1 year of
treatment. Subjects took stevoside 250 mg three times a day or a placebo. By
3 months the systolic blood pressure dropped from 166 to 153 mm Hg and
the diastolic blood pressure fell from 105 to 90 mm Hg, and this statistically
significant reduction was maintained for the rest of the year-long trial [119].
The second trial enrolled 12 diabetic subjects in a crossover design. Glucose
and insulin were measured around a standard meal with 1 g of stevioside or
1 g of corn starch was given just prior to the meal. There was a statistically
significant 18% reduction in the glucose area under the curve and an increase in
insulin sensitivity [120]. The third trial randomized 174 hypertensive subjects
to stevioside 500 mg three times a day or placebo for 2 years. The systolic
blood pressure fell from 150 to 140 mm Hg and the diastolic pressure fell from
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95 to 89 mm Hg by the end of the first week, and this statistically significant
difference persisted for the rest of the 2-year study. The stevoside group was
protected from left ventricular hypertrophy, and like in the other two trials,
there were no adverse events or laboratory abnormalities [121]. There was no
weight loss in this 2-year trial. Thus, stevia does not appear to produce weight
loss, but may be useful in the treatment of the metabolic syndrome.

7.6. Citrus aurantium

Since the withdrawal of ephedra from the dietary herbal supplement mar-
ket, manufacturers of dietary herbal supplements for weight loss have turned
to Citrus aurantium, which contains phenylephrine. A recent systematic re-
view found only one randomized, placebo-controlled trial involving 20 sub-
jects treated with Citrus aurantium for 6 weeks. This trial demonstrated no
statistically significant benefit for weight loss [122]. There have been reports
of cardiovascular events associated with the use of Citrus aurantium includ-
ing a prolonged QT interval with syncope and an acute myocardial infarction
[123, 124]. Thus, there is no evidence for efficacy of Citrus aurantium in the
treatment of obesity, but concern does exist regarding its safety.

8. SUMMARY AND CONCLUSIONS

Obesity is increasing in prevalence and its medical liabilities are, in large
measure, related to the metabolic syndrome, a syndrome of insulin resistance.
The drugs available at present for the treatment of obesity and the metabolic
syndrome are few in number and limited in efficacy. This chapter reviewed the
drugs approved for other indications that cause weight loss, drugs in the late
development process that have not been approved, 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 reviewed the nonprescription
products sold for the treatment of obesity and the metabolic syndrome. The
development 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 drug development tools than existed when
hypertension drugs were being developed, much faster progress in developing
safe and effective drugs for obesity and the metabolic syndrome is anticipated.
With safe and effective drugs available, we anticipate that the chronic treat-
ment 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.
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1. INTRODUCTION

Treatment of overweight patients with surgery is increasing at a rapid rate
The Nationwide Inpatient Sample from 1998 to 2002 has provided one quan-
titative estimate of bariatric surgical procedures. Between 1998 and 2002 the
number of operations increased from 13,365 to 72,177, a more than 5-fold in-
crease. More than 80% of these were the so-called gastric bypass operation.
Several other trends were also noted in this paper: An increase in women be-
ing operated on rising from 81 to 84%; a rise in the percent of privately insured
patients increasing from 75 to 83%; and an increase in the number of older pa-
tients aged 50 to 64 being operated on rising from 15% to 24%. The length of
hospitalization decreased from 4.5 to 3.3 days, and operative mortality ranged
from 0.1 to 0.2%. Serious consideration of this growing form of treatment for
overweight is thus important both for the patient and for the physicians and
other health professionals who will take care of these patients.

Interest in bariatric surgery results from the positive results for weight loss
and for maintaining weight loss. This has impacted health care for this group of
people. On February 21, 2006, the Center for Medicare and Medicaid Services
agreed to expand the coverage for bariatric surgery in the treatment of obesity.
We can thus expect even more procedures to be done in the future (Figure 1).
This chapter will cover the types of bariatric surgery available for overweight
patients, the effectiveness of these operations and some of the problems asso-
ciated with them. There are several sources of information that the reader can
consult for additional details [1–6].

The operations used to treat obesity are generally referred to as “bariatric”
procedures, a word derived from the Greek meaning “heavy”. All of them in-
volve some manipulation of the plumbing that we call the gastro-intestinal
track. Figure 2 shows some of the operations that are or have been used to treat
the overweight patient. They are grouped into those that are “restrictive” and
those that have a component of malabsorption in them.
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Figure 1. Growth in number of bariatric operations performed each year.

Figure 2. Illustrations of operative procedures. The jejuno-ileal by-pass operation on the upper
left is no longer performed due to its complications. The pancreaticoduodenal procedure is tech-
nically difficult and is performed at a smaller number of centers. The lap-banding procedures,
gastric bypass and vertically banded gastroplasty are the most widely performed operations.
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2. SURGICAL APPROACHES TO OBESITY AND
THEIR HISTORICAL CONTEXT

The earliest systematic use of surgery to treat obesity was published in 1963
by Payne et al. [7]. They separated the intestine at the mid-jejunum and con-
nected the proximal end to the colon so that the contents of the upper GI track
were emptied into the colon. Weight loss with this procedure was rapid and
subjects returned to nearly normal weight. However, there were serious prob-
lems with diarrhea and loss of potassium and other minerals. Believing that
their patients had been “cured” of their obesity, the operations were reversed.
To their dismay, there was a rapid regain of the lost weight. The next approach
was by the same group [8] who pioneered a less drastic rearrangement of the
GI-track by coupling the jejunum to the distal segment of the ileum. These op-
erations were very popular during the 1970’s but fell into disuse as the number
of complications continued to rise, and alternative gastric operations came into
use.

Restrictive operations involving reducing the volume of the stomach with
various stapling procedures, but leaving the flow of food from esophagus to
duodenum appeared in 1979 [9] and 1980 [10]. They consisted of both trans-
verse staple lines as well as vertical staple lines. One version that in effect
prolonged the esophagus is a procedure called the vertical-banded gastro-
plasty [11].

An alternative restrictive procedure consists of placing a plastic band around
the stomach and, in some of the systems providing a way to inflate it from a
subcutaneous reservoir. The initial procedure was performed in 1976, but not
published until 8 years later [12]. This procedure is now widely used in Europe
and has been approved by the Food and Drug Administration in the United
States.

Three procedures have been developed that involve combinations of gastric
and intestinal operations. The first of these is the gastric bypass originally de-
veloped by Mason and Ito [13, 14]. In this procedure a small gastric pouch is
anastamosed to the distal limb of the jejunum, while the proximal limb is at-
tached to the side of this loop a short ways below the connection of the jejunum
to the stomach. This is thus a restrictive and modest malabsorptive procedure.
The next procedure is the biliopancreatic diversion which was developed by
Scopinaro and consists of two long intestinal segments, one draining contents
from the stomach and the other the duodenal juices. They are connected near
the ileo-cecal valve thus reducing the length of intestine where food and in-
testinal juices are together and reducing absorption. The final procedure in this
group is the distal gastric bypass where the jejunum replaces the duodenum
in draining the lower stomach—the so-called biliopancreatic diversion with
duodenal switch [15].
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All of these operations can now be done by laparoscopy which has sig-
nificantly reduced the operative morbidity and allowed more patients to have
this procedures. Laparoscopic procedures were first undertaken by Fried and
Peskova [16] and by Belachew et al. [17]. Gradually these techniques have
spread and will probably dominate the surgical treatment of obesity, if they
have not already done so.

3. INDICATIONS AND CONTRAINDICATIONS

3.1. Indications in Adults

Indications and contraindications for bariatric surgical procedures were out-
lined by a consensus conference at the National Institutes of Health (NIH) in
1991 and are summarized in Table 1 [18, 19]. Adult patients may be consid-
ered for these procedures if they have a BMI > 40 kg/m2 or a BMI > 35 kg/m2

Table 1. Indications and contraindications for bariatric surgery

Indications Contraindications

1. BMI > 40 kg/m2 or
BMI 35–39.9 kg/m2 and life-threatening
cardiopulmonary disease, severe diabetes,
or lifestyle impairment

2. Failure to achieve adequate weight loss
with nonsurgical treatment

1. History of noncompliance with medical
care

2. Certain psychiatric illnesses: personality
disorder, uncontrolled depression, suicidal
ideation, substance abuse

3. Unlikely to survive surgery

if they have serious co-morbidities such as sleep apnea, diabetes mellitus, or
joint disease. For individuals less than 16 years of age, surgical and pediatric
consultants should review each case separately [4], since operations that re-
duce caloric intake can slow weight gain when performed before an individ-
ual has achieved adult height. Similarly, bariatric surgery for individuals older
than 65 years of age should also be considered on an individual basis, since
the adaptation to the procedure may be more troublesome and difficult. Poten-
tial patients must have tried and failed non-surgical weight loss procedures.
The patient and their significant others must understand the procedure and its
complications. A recent paper suggests that for some patients with a BMI be-
low 35 kg/m2 may benefit from laparoscopic insertion of an adjustable gastric
band [20].

3.2. Contraindications for Adults

Patients with major depression or psychosis should be carefully reviewed
before being accepted. Patients with binge-eating disorders, abuse of drugs or
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alcohol, severe cardiac disease, prohibitive anesthetic risks, severe coagulopa-
thy, or inability to comply with nutritional requirements including life-long
vitamin replacement should be reviewed very carefully by a team approach or
declined. A large number of complications can occur in the post-operative pe-
riod and it is thus desirable to have bariatric operations performed by a team
with comprehensive surgical, medical and nutritional support. To provide guid-
ance in how to do this, The American Society of Bariatric Surgeons (ASBS)
has developed guidelines for establishing Centers of Excellence (COE) for
bariatric clinics that are desirable to have in place [21]. In addition, a number
of NIH-funded Surgical Centers have been established to advance the science
and care of patients needing bariatric surgery.

3.3. Bariatric Surgery for the Pediatric Age Group

The rising prevalence of overweight among children and adolescents has
seen an increased interest in bariatric surgery for this age group [4]. The prin-
cipal concern in this age group is the potential for reducing linear growth if a
patient is operated on before their adult height is reached. Criteria for adoles-
cent patients are shown in Table 2. The largest study in adolescents contained

Table 2. Criteria for batriatric surgery in adolescents

Adolescents being considered for bariatric surgery should:

1. Have failed ≥ 6 months of organized attempts at weight
management, as determined by their primary care provide

2. Have attained or nearly attained physiologic maturity
3. Be very severely overweight (BMI ≥ 40 kg/m2) with serious

obesity-related comorbidities or have a BMI of ≥ 50 with
less severe comorbidities

4. Demonstrate commitment to comprehensive medical and
psychological evaluations both before and after surgery

5. Agree to avoid pregnancy for at least 1 year postoperatively
6. Be capable of and willing to adhere to nutritional guidelines

postoperatively
7. Provide informed assent to surgical treatment
8. Demonstrate decisional capacity
9. Have a supportive family environmment

only 33 patients who underwent several different procedure, thus providing lit-
tle overall guidance [22]. The review in Pediatrics suggests that at the present
time the gastric bypass may be the most appropriate procedure.



312 G.A. Bray

4. EFFECTIVENESS OF SURGICAL PROCEDURES

A number of studies have compared bariatric procedures against each other
and against non-surgical techniques. These studies can be compared using sev-
eral yardsticks. Actual weight loss may be reported and is one way of compar-
ing treatments. However, because of differences in weight the loss of “excess”
weight is a second way of comparing treatment groups that is often used in the
surgical reports. This method calculates the excess weight above the weight at
a BMI of 25 kg/m2 (or some other standard) and expresses the weight loss as a
percent of the excess weight. A third way that is used in comparing weight loss
is as a percentage of those patients who lose a given amount of weight—say
5%, 10% or 20% from their initial or baseline weight.

Although the jejuno-ileal by-pass operation is no longer performed, there
are 2 randomized and two prospective nonrandomized trials have been pub-
lished between 1977 and 1981 using this technique [23–25]. The weight losses
with the two procedures at 1 year were similar, but the complications ob-
served with the jejunoileal bypass procedure over time were more significant.
In a comparison of the jejunoileal bypass against the horizontal gastroplasty,
weight loss of 33% favored the jejunoileal bypass compared to the 16% weight
loss with the horizontal gastroplasty, but the side-effects were less severe with
the gastroplasty [26].

Jejunoileal bypass has also been compared with dietary treatment in the
Danish Obesity Project [27, 28]. There were 130 surgically treated patients and
66 patients treated medically. After 2 years, the weight loss was 42.9 kg in the
surgical group and 5.9 kg in the diet group. The surgically operated patients
had significant post-operative problems, but also had more improvement in
blood pressure and quality of life.

The horizontal gastroplasty has been compared with the gastric bypass in
several studies [29]. In the largest of these studies, 204 patients weighing
112 kg were included and followed for 3 years. The weight loss at 3 years
was 39 kg in the group treated by gastric bypass compared to 17 kg in the
group receiving the gastroplasty [30]. An additional problem with the horizon-
tal gastroplasty operation is that more re-operations have been needed.

Horizontal gastroplasty has been compared with a very low calorie diet
(VLCD) in a 2 year study with a follow-up for 5 years, but a drop-out rate
in excess of 50%. After 2 years, the weight loss was only 8.2 kg in the VLCD
group compared with a robust 30.6 kg in the surgically treated group [31, 32].
At 5 years successful weight loss was expressed as percentage losing more
than 10% of initial body weight rather than actual weight loss. By this crite-
rion there were 16% successes in the surgical group but only 3% in the VLCD
group.
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Vertical banded gastroplasty has been compared to gastric bypass in a num-
ber of trials ranging up to 10 years in length [1, 33, 34]. In the 10 year trial,
individuals enrolled in the gastroplasty group lost about 16% of initial body
weight compared to 24% for those in the gastric bypass group. Using different
criteria, Howard et al. reported a loss of > 75% of excess weight after 1 year
in 18% of the patients with vertical banded gastroplasty compared to 60% for
those with gastric bypass. Using a criterion of a weight loss to a BMI of less
than 35 kg/m2, MacLean et al. [35] reported success rate of 83% for those with
a gastric bypass and 43% for those with the vertical banded gastroplasty.

Two trials have compared gastric bypass against non-surgical treatment. In
the first non-randomized trial, Martin et al. [36] compared gastric bypass in
201 patients against VLCD and diet in 161 patients. After 6 years of follow-up
34.5% of the gastric bypass group and 19.7% in the VLCD-diet group were
available for evaluation. In the surgical BMI declined from 49.3 kg/m2 at op-
eration to a low of 31.8 kg/m2 after 2 years and 33.7 kg/m2 after 6 years. For
the VLCD group, the corresponding data was a BMI of 41.2 kg/m2 at baseline,
32.1 kg/m2 after 2 years and 38.5 kg/m2 after 6 years in those who returned
for follow-up.

There is one trial comparing laparoscopic Roux-en-Y versus a mini-gastric
bypass [37]. In this trial 40 subjects were randomized to each procedure and
followed for a mean of 31.3 months. As expected, the operative time was
shorter with the mini bypass procedure and the operative morbidity was higher
in the Roux-en-Y procedure. Weight losses at 1 and 2 years were similar in the
two groups. The authors conclude that the mini-gastric bypass is simpler and
safer than the Roux-en-Y procedure.

The Swedish Obese Subjects (SOS) Trial is a second controlled, but non-
randomized trial directly comparing surgical and non-surgical treatment for
obesity, and is the largest trial comparing surgical versus medical treatment
of morbid obesity [34, 38–40]. A total of 6328 obese (BMI > 34 kg/m2 for
men and > 38 kg/m2 for women) subjects were recruited, of whom 2010 un-
derwent surgery for obesity (gastric banding, gastroplasty or gastric bypass)
while 2037 chose conventional treatment. Operated participants were matched
on a number of criteria to a group of 6322 overweight men and women in the
SOS registry who were not operated on. The SOS study began slowly in 1987
and has contributed significant new information about overweight individuals
and the effects of surgical intervention. Prior to surgery there were an average
of 7.6 kg weight loss attempts for the men and 18.2 kg for the women. The
mean for the largest weight loss prior to surgery was 17.7 kg for the men and
18.2 kg for the women, but they were only able to maintain this for 7 to 10
months.

When the banding operation was compared with vertical banded gastro-
plasty and gastric bypass in the Swedish Obese Subjects study, Sjostrom et
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Figure 3. Weight loss following bariatric operations in the Swedish Obese Subjects Study.

al. reported similar weight losses out to 10 year in the lap-band and vertical
banded gastroplasty that was significantly below that seen with the gastric by-
pass [34] (Figure 3).

One randomized clinical trial compared intensive medical management ver-
sus laparoscopic insertion of an adjustable gastric band (LAP-BAND system).
Included in the trial were individuals who had a BMI between 30 and 35 kg/m2,
who also had co-morbid conditions such as hypertension, dyslipidemia, dia-
betes obstructive sleep apnea, or gastroesophageal reflux disease, severe phys-
ical limitations or clinically significant psychosocial problems. The intensive
medical program consisted of a very low calorie (energy) diet and behavior
modification for 12 weeks followed by a transition phase over 4 weeks com-
bining some VLCD meals with 120 mg of orlistat and then orlistat 120 mg
before all meals. Surgery was performed by 2 surgeons. Of the 40 patients in
each group, 1 withdrew before surgery leaving 39 at the end of 2 years and 7
dropped-out of the intensive intervention leaving 33 patients who completed
treatment. Both groups had an identical 13.8% weight loss at 6 months. The
surgical group continued to lose weight and were 21.6% below baseline at
2 years. The non-surgical group regained weight from 6 to 24 months at which
time they were on average only 5.5% below baseline weight. At 2 years, the
surgically treated group had significantly greater improvements in diastolic
blood pressure, fasting plasma glucose level, insulin sensitivity index and HD-
cholesterol level. Quality of life improved more in the surgical group. Physical
function, vitality and mental health domains of the SF-36 were improved in the
surgical group. Thus laparoscopic insertion of an adjustable gastric band may
be beneficial to some patients with weights below those usually recommended
for this procedure [20].
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No randomized comparisons of the biliopancreatic diversion with other pro-
cedures have yet been published. However, there are two nonrandomized com-
parisons. When 142 patients with the biliopancreatic diversion were compared
with 93 patients undergoing a lap-band procedure, excess weight loss was 60%
with the diversion operation against 48% for the lap-band [41]. In a comparison
of the diversion operation with a long-limb gastric bypass, BMI was reduced
from 64 kg/m2 to 37 kg/m2 in the diversion group compared to a decrease
from 67 kg/m2 to 42 kg/m2 [42]. The biliopancreatic diversion appears to have
more side effects than other procedures. Scopinaro, who originated the proce-
dure, reported a low mortality of 0.5% with an excess body weight loss of 75%.
Anemia occurred in spite of iron and folate replacement in < 5%, stomach ul-
cer during H2-blocker therapy in 3.2% and protein malnutrition in 3% [43].

5. MECHANISMS FOR WEIGHT LOSS

There are at least 2 mechanisms that can account for the weight loss after
bariatric surgery. The first of these is malabsorption. This was clearly an im-
portant component of the jejunoileal bypass [44], and is a prominent feature
of the biliopancreatic diversion procedures. A second mechanism is altered
hormonal secretion from the gastrointestinal track. Glucagon-like peptide-1
(GLP-1 or enteroglucagon) is secreted from the lower intestinal track and has
effects on GI function and on food intake [45]. More interest has been sparked
by ghrelin, a small peptide released from the stomach which stimulates food
intake. Cummings et al. reported that after bariatric surgery the level of this
peptide was significantly reduced [46, 47], but there have been contradictory
reports since. The final mechanism is a decrease in food intake. This was also
present in the patients with jejunoileal bypass [44]. In one report Lindroos et
al. [48] found no different in energy intake between patients with a gastric
bypass and those with a gastroplasty, although those with a gastroplasty lost
less weight. In the Swedish Obese Subjects study food intake in the operated
groups was less than in the control group at all time intervals (Figure 4).

The lap-band procedure also reduces food intake and feelings of satiety. In
one trial Dixon et al. [49] gave a test meal to individuals with a lap-band on
2 occasions, one with optimal restriction, and one with reduced restriction. In
the overweight control subjects with no bariatric procedure, the baseline lev-
els of glucose, insulin and leptin were higher whereas the ghrelin level was
lower. When they ate the test meal, the control subjects had a larger response
of glucose and insulin, whereas the subjects with the lap-band had similar re-
sponses to both meals. Satiety, however, was less when the band was at the
optimal restriction and there was less reduction in satiety when the band was
not optimally inflated.
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Figure 4. Food intake following bariatric operations in the Swedish Obese Subjects Study [34].

6. BENEFITS FROM BARIATRIC SURGERY

Bariatric surgery produces more weight loss than conventional therapy for
overweight, and the weight loss is more durable. After two years, weight reduc-
tion in the Swedish Obese Subjects study was 28 kg, which was significantly
greater than the 0.5 kg in the matched registry patients [39]. After 10 years,
control patients had gained an average of 1.4 kg compared with surgical pa-
tients who demonstrated persistent weight loss [34].

Although there is a small death rate resulting from bariatric surgery, data
are beginning to accumulate that the long-term benefits weigh in on the side
of reduced mortality after bariatric surgery. Christou et al. compared 1035 pa-
tients who had undergone bariatric surgery with an age- and gender-matched
severely obese case-control population [50]. Patients who had bariatric surgery
had a significantly lower rate of cardiovascular disease, cancer, and endocrine,
infectious and psychiatric disorders than the case-controls. The overall mor-
tality rate of 0.68% in the bariatric group was significantly lower than in the
case-controls (6.17 percent, RR 0.11, 95% CI 0.04–0.27). Mortality rates are
influenced by the amount of surgical experience [51, 52].

There are a number of reports showing improvement in the diseases associ-
ated with overweight. One of the most impressive has been sleep apnea. Even
modest weight loss can benefit this disabling medical problem, and bariatric
surgery has been particularly helpful [53].

Next to the effects on sleep apnea is improvement in the prospects for pa-
tient with diabetes or those at high risk for developing it. Pories et al. were the
first to note the marked improvement of diabetes after surgery [54, 55]. Al-
though there were design issues with these retrospective studies, they showed
an annual incidence of 4.5% in the control group contrasted with only 1% in
the surgically operated group. The Swedish Obese Subjects study has reported
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Figure 5. Incidence of diabetes mellitus, low HDL-cholesterol and high uric acid at 2
and 10 years following bariatric surgery for obesity in the Swedish Obese Subjects Study
(from [34]).

similarly impressive data. After 2 years of follow-up the incidence of new-
onset diabetes was 4.7% in the matched control group with no new cases in the
surgical group. After 8 years the incidence of new-onset diabetes in the control
group was 18.5% compared to only 3.6% in the operated group. The incidence
rate was related to the amount of weight lost. In the subgroup losing more than
12% of their initial body weight, there were no new cases, in contrast to 7% in
those losing 2% and 9% in those gaining 4% (Figure 5). This was reflected in
the low odds ratio [OR] for diabetes (OR 0.10) and hyperinsulinemia (OR 0.1).

The incidence of other medical complications was also reduced. There was
a linear reduction in the systolic and diastolic blood pressure with the degree
of weight loss [56] and the odds ratio for incident hypertension was 0.38.
Triglyceride and insulin levels also showed a linear decrease with weight loss
(OR 0.28 for hypertriglyceridemia). The concentration of HDL-cholesterol in-
creased linearly with weight loss (OR 0.28), but cholesterol did not decline
significantly until weight loss had exceeded 25 kg (OR 1.24) [29].

Surgically treated patients required less medication for cardiovascular dis-
ease or diabetes than matched controls [57]. Among those not already requir-
ing such medications, surgery reduced the proportion who required initiation
of treatment, as well as the costs of medications [58]. Quality of life compared
[38] was related primarily to the degree of weight-loss. Psychiatric dysfunction
also improved [59], and patients become less depressed [60].
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7. COMPLICATIONS ASSOCIATED WITH
BARIATRIC SURGERY

7.1. Complications Following Lap-band Bariatric Surgery

Despite its relative technical ease, Laparoscopic Adjustable Gastric Band
(LAGB) has been associated with several complications which are summa-
rized in Table 3. Laparoscopic procedures have significantly reduced rates of
wound infections. One advantage of the lap-band is that it eliminates leakage

Table 3. Complications from laparo-
scopic adjustable gastric band

• Revisional surgery up to 40%
• Acute stomal obstruction 2%
• Band erosion 0–3%
• Band slippage/prolapse up to 24%
• Port/tubing malfunction 0.4–7%
• Pouch/esophageal dilation up to 10%
• Infection at port site 0 to 9%

at staple lines. There is no significant difference in leak rates between the open
versus laparoscopic approach. An initial trial of LAGB in the United States
showed disappointing weight losses and high complication rates, associated
with relatively high rates of revisional surgery (40 percent) [61]. However,
complications following LAGB were described far less frequently in Europe,
Australia, and in a more recent trial in the United States [62–64]. On aver-
age, approximately 13 to 15 percent of patients will require reoperation for
various complications [65]. New standards for training and certification may
ensure more standardized operative technique and optimal postoperative pa-
tient management, and thus may lead to improved outcomes [66]. Occasion-
ally, the stomach wall prolapses upward or downward through the band lead-
ing to gastric obstruction. In the registration trials submitted to the Food and
Drug Administration slippage occurred in 24% of patients but a lower inci-
dence of 2 to 14% has been reported in subsequent studies [67, 68]. If the tube
becomes disconnected from the subcutaneous port decompression of the band
will occur. Port and tubing malfunction have occurred in 0.4 to 7.0% of patients
[67, 69].

7.2. Complications Following Restrictive Bariatric Surgery

A list of some of the complications following restrictive gastric operations
is shown in Table 4. Mortality rate varies from one center to another. As noted
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Table 4. Complications of gastric
restriction operations

• Disruption of staple line in VBG 27–31%
• Stomal stenosis 20–33%
• Band erosion 1–7%
• Gastroesophageal reflux
• Recurrent vomiting 8–21%

above, surgeons with more than 20 operations to their credit have significantly
lower mortality. Wound infections were an important concern with the open
procedures. Leaks around staple lines are a major life-threatening complica-
tion that can occur with vertically banded gastroplasty. Marginal (stomal) ul-
ceration and stenosis, with band erosion at the end of the esophageal extension,
gastro-esophageal reflux disease (GERD), nausea and vomiting, marginal ul-
cers are problems with the lap-band and with laparoscopic or open gastroplasty
are examples. Regain of body weight is more common with gastroplasty than
with gastric by-pass or biliopancreatic diversion [70, 71]. Gastroesophageal
reflux after VBG presents with classic symptoms such as burning pain, heart-
burn, aspiration, and cough. It typically occurs as a late complication, as
a result of stomal stenosis and pouch dilatation [72]. Wound infection of
10–15% are significantly greater with gastric bypass procedures than the
3–4% seen with laparoscopic procedures [73–75]. Perioperative use of antibi-
otics (usually cefazolin) can reduce this problem [76].

7.3. Complications with Malabsorptive Operations

Death following a Roux-en-Y gastric by-pass ranges from 0 to 1 percent
or somewhat more [54, 77, 78]. In a recent assessment of deaths using the
Medicare records, Flum et al. [79] noted that among 16,155 patients undergo-
ing bariatric procedures between 1997 and 2002, the 30 day. 90 day and 1 year
mortality rates were 2.0%, 2.8% and 4.6%, which are higher than the usual re-
ported rates from surgical series. Men had higher early death rates than women.
Death rates were also significantly higher among subjects over 65 years of age.
After adjusting for sex and comorbidity index, the odds of death within 90 days
were 5-fold higher in those over 75 years of age than in those 65 to 74 years
old.

Leaks around staple lines are a major life-threatening complication of the
gastric by-pass and the biliopancreatic diversion. Leaks from the staple lines
are the most serious complication and require immediate surgical intervention.
They may be responsible for up to 50% of deaths [46]. The quoted leak rate
following gastric bypass is between 0 and 5.1 percent, with the average leak
rate between 2 and 3 percent [52, 73, 74, 80]. Early symptoms of a suture line
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leak may be subtle, including a low-grade fever, respiratory distress, or an un-
explained tachycardia [81]. Exploratory surgery should be performed without
delay.

Hospitalization following Roux-en-Y gastric bypass is significantly in-
creased. Between 1995 and 2004 there were 60,077 gastric bypass operations
performed in California with 11,659 performed in 2004 alone [82]. The hos-
pitalization rate was 7.9% in the year preceding the RYBGP and 19.3% in
the year following. Among the 24,678 patients for whom 3 year of data were
available, 8.4% were admitted in the year before surgery, 20.2% in the first
year after bariatric surgery, 18.4% in the second year and 14.9% in the third
year. The authors conclude that hospitalization in the years following gastric
bypass is related to the surgery.

Another early post-operative risk common to all procedures is pulmonary
embolus [83]. The incidence of deep vein thrombosis and pulmonary em-
bolism varies between 0 and 3.3 percent with laparoscopic bypasses [52, 73,
74, 80] and 0.3 and 1.9 percent with open bypasses [30, 84, 85]. In an autopsy
series [83] pulmonary embolism was the cause of death in 30% of patients. In
addition 80% had silent pulmonary emboli despite prophylactic treatment with
anti-coagulants. Risk factors associated with fatal PE include severe venous
stasis disease, BMI > 60 kg/m2, truncal adiposity, and obesity-hypoventilation
syndrome [86]. Use of heparin prophylactically would appear to be a desirable
post-operative procedure in obese patients having this operation.

Ventral hernias occur in up to 24% of patients who have open operations but
with laparoscopic surgery it is reduced to an incidence of 0 to 1.8% [52, 54,
74, 75, 87]. The Roux-en-Y procedure also carries a risk of internal hernias,
since the anatomical changes provide new holes through which bowel can be
squeezed [88]. These internal hernias have been described in 0 to 5 percent of
patients undergoing laparoscopic bariatric surgery [74, 75].

Development of gall stones is a common problem with rapid weight loss and
thus cholelithiasis is to be expected follow surgical procedures for overweight.
Gall stone disease has been reported to develop in as many as 38 percent of
patients within six months of surgery [89]. The risk of gall stones can be re-
duced to as low as 2 percent by using the bile salt (ursodeoxycholic acid) for
6 months following surgery [90].

Metabolic and nutritional derangements can pose significant problems fol-
lowing after malabsorptive procedures. Life-long use of vitamins and minerals
are important. Malabsorption of iron, vitamin B12, and folate are the most
likely problems. Malabsorption of fat soluble vitamins, protein, and thiamine
may also occur and can manifest itself clinically.
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8. OTHER OPERATIVE PROCEDURES FOR THE
OVERWEIGHT PATIENT

8.1. Intragastric Balloon

The intragastric balloon (Bioenterics Intragastric Balloon, Inamed) is a tem-
porary alternative for weight loss in moderately obese individuals. It consists
of a soft, saline-filled balloon placed endoscopically that promotes a feeling of
satiety and restriction. It is currently not available for use in the United States,
but is undergoing extensive testing in Europe and Brazil. Mean excess weight
loss is reported to be 38 percent and 48 percent for 500 and 600 mL balloons,
respectively [91]. However, the results of a Brazilian multi-center study in-
dicate weight loss is transient, with only 26 percent of patients maintaining
over 90 percent of the excess weight loss to one year [92]. Side-effects include
nausea, vomiting, abdominal pain, ulceration, and balloon migration.

8.2. Gastric Stimulation or Gastric Pacing

Gastric pacing as a technique for weight loss was pioneered in pigs where
repeat stimulation produced significant weight loss [93]. The first clinical trial
included 24 overweight human beings with a BMI > 40 kg/m2. Over the
9 months of the trial the BMI was reduced 4.7 kg/m2 with no significant
side effects [93]. In a follow-up study of 11 patients with an initial BMI of
46.0 kg/m2 who lost 3.6 kg in the 2 months after implantation of the pace
maker, but before it was turned on, there was a further 6.8 kg weight loss after
6 months of electrical stimulation. Following a test meal there was a smaller
rise in cholecystokininn, and lower levels of somatostatin, GLP-1 and leptin,
although it is unclear whether this was secondary to the stimulation or weight
loss. In a summary of experience on more than 200 patients who have had
gastric implantation, Shikora [94] noted that some patients responded well
whereas others did not. An algorithm was developed based on baseline age,
gender, body weight, BMI and response to preoperative questionnaires. With
this algorithm the selection rate for the procedure was 18% to 33%. When this
algorithm is applied, excess weight loss is up to 40% in 12 months, compared
to a 4% excess weight gain in the control group. More data is needed.

8.3. Liposuction and Omentectomy

Liposuction which is also known as lipoplasty or suction-assisted lipec-
tomy is the most common esthetic procedure performed in the US with over
400,000 cases performed annually [95]. Although not generally considered to
be a bariatric procedure, removal of fat by aspiration after injection of phys-
iologic saline has been used to remove and contour subcutaneous fat. As the
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techniques have improved it is now possible to remove significant amounts of
subcutaneous adipose tissue without affecting the amount of visceral fat. In
a study to examine the effects of this procedure, Klein et al. [95] studied 7
overweight diabetic women and 8 overweight non-diabetic women with nor-
mal glucose tolerance before and after liposuction. One week after assessing
insulin sensitivity, the subjects underwent large volume tumescent liposuction
which consists of removing more than 4 liters of aspirate injected into the fat
beneath the skin. There was a significant loss of subcutaneous fat as expected,
but no change in the visceral fat. Subjects were reassessed 10–12 weeks after
the surgery when the non-diabetic women had lost −6.3 kg of body weight and
−9.1 kg of body fat which reduced body fat by −6.3%. The diabetic women
had a similar response with a weight loss of −7.9 kg, a reduction in body fat
of −10.5 kg and reduction in percent fat of −6.7%. Waist circumference was
also significantly reduced. In spite of these significant reductions in body fat,
there were no changes in blood pressure, lipids or cytokines (tumor necrosis
factor-α, interleukin-6, or C-reactive protein). There was also no improvement
in insulin sensitivity suggesting that removal of subcutaneous adipose tissue
without reducing visceral fat has little influence on the risk factors related to
being overweight.

Omentectomy is the direct removal of the intra-abdominal fat by surgical
means. One randomized controlled trial in 50 overweight subjects compared
the effect of an adjustable lap-band alone with a lap-band plus removal of the
omentum [96]. Of the original 50 operated patients, 37 were re-evaluated at the
end of 2 years after the surgery. The reduction in body weight was 27 kg in the
lap-band group and 36 kg in the lap-band + omentectomy group (p = 0.07).
Glucose and insulin improved more in the subjects with omentectomy than in
those without it. This study complements the one by Klein described above
by showing that removal of extra visceral fat can have a small but significant
effect, while decreasing subcutaneous fat alone has little impact.

9. SUMMARY

We are now at the end of this monograph written some 30 years after my first
full length book about the Obese Patient. The survey began with definitions
of overweight and how the problem has developed into the current epidemic.
This was followed by a discussion of the hazards to health of excess weight,
which set the stage for what we can do about the problem. Clearly the most
effective long-term weight loss solution is bariatric surgery. However, from a
societal perspective, we need to develop strategies that will help people avoid
the problem so we can reduce the use of these drastic techniques to only a
handful of people. Otherwise we may bankrupt the health care system.
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The road toward prevention of overweight will be long and hard. The first
law of thermodynamics which describes the fact that we gain weight from
eating more than our bodies need has lulled us into the uncomfortable place of
believing that through “will-power”, increased food choices or more places to
exercise we can overcome the current epidemic of obesity. At least that is the
current approach of the Calories Count Program of the Department of Health
and Human Services and the direction toward personal responsibility for being
overweight that the food industry would like to have us take. However, I think
this is an inadequate approach. Until we recognize that low food prices, driven
in part by farm subsidies, drive food choices, that there is a hedonic override
to our regulatory system for controlling body weight, and until we develop
newer strategies to prevent the problem, I fear that overweight will remain a
major problem well into the future. This will mean that the demand for bariatric
surgery will continue. This conclusion brings us to a good place to end our
adventure into the problems and solutions for overweight.
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