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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



xvi Preface

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


