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Abstract

Obesity is today one of the commonest of life-threatening diseases in developed countries and generally results from an imbalance
between energy intake and energy expenditure. Although there is increasing evidence for a genetic basis of obesity in some clinical
syndromes, this seems to be the cause only in a limited number of patients and obesity is far from being considered as a gene-related disease.
Eating is a complex and multifactorial process involving autonomous pathways that transfer sensory and motor information between the
entire length of the digestive tract and the central nervous system. Modulation of the amount of energy that we take in as food involves
several mechanisms and networks that connect the brain with the gut, this process being key to the regulation of body weight over time, as
well as to the modification of long-term eating behaviors. Furthermore, this axis is closely coupled to other systems that are involved in
energy homeostasis, namely, food preference, energy expenditure, and lifestyle. The identification of several neuropeptides that modulate
eating behavior in various ways, along with studies performed in animal models, have focused attention on the role of these molecules and
their clinical implications in the development of obesity in humans.

© 2005 Elsevier Inc. All rights reserved.

1. Introduction

There is growing concern over the increasing prevalence
of obesity worldwide. In the United States, according to the
large-scale Behavioural Risk Factor Surveillance System,
prevalence of obesity has risen to 19.8% of the total
population, representing an approximately 50% increase
over obesity levels in the early 1990s (12%). Simultaneous-
ly, the incidence of diabetes among adults has increased
from 5% to 7.3% within the past decade [1]. Prevalence of
obesity is increasing at an alarming rate not only in the
United States but also in many Western countries as well as
in the third-world countries (>17% in Baltic Republics [2],
in excess of 50% of adult population in Mexico [3]). There
is a growing body of evidence that the prevalence of
overweight and obesity also increases in areas where
tremendous socioeconomic changes have taken place, such
as in East Germany [4].This is also the case in countries
with historically low incidence of obesity [5] (ie, an increase
of up to 9.5% in overweight population was reported
in China [6]).
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Even more alarmingly, the parallel increases of obesity
and diabetes prevalence in adults are progressively extend-
ing to ever younger age groups, affecting even 9- and
10-year olds, in whom obesity, as in older age groups, is
directly linked with an increase in the risk of impaired
glucose tolerance [7] and type 2 diabetes mellitus [8].
Moreover, obesity in children (>3 years old) presents an
increasingly important predictor of adult obesity [9].

Existing evidence appears to point to a high prevalence of
obesity among Greek adults and children [10]. For example,
it has recently been reported that prevalence of overweight
and obesity among children in northern Greece is 22.2% and
4.1%, respectively, and has been rising in the last few
decades, especially among boys [11]. It is well known that
obesity creates a survival disadvantage in the long term. This
disadvantage takes the form of augmentation in endocrine
dysfunction and metabolic disease, particularly type 2
diabetes and cardiovascular disease. In addition, increased
cancer rates, psychological and psychiatric dysfunctions,
and orthopedic diseases have been demonstrated. There is
also evidence that obesity is linked via multiple pathways
with gonadal dysfunction, such as hyperinsulinemia, and
increased androgen and estrogen production [12]. Current
measurements used to determine excess mortality risk from
obesity are based on the body mass index (BMI), which is
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calculated by dividing the body weight in kilograms by the
square of the height in meters. In nonselected populations,
BMI correlates with the percentage of body fat, and this
relationship is independently influenced by sex, age, and
race [13]. It is noteworthy that the anatomic distribution of
fat is of critical importance, with visceral obesity portending
a much greater risk of disease [14-16].

Accumulated data have established the function of
adipose tissue as an endocrine organ. In this regard, it is
now recognized that neuropeptides in the hypothalamus also
play a fundamental role in the regulation of energy balance.

A number of neuropeptides are thought to increase
feeding, including neuropeptide Y (NPY), agouti-related
protein (AGRP), and melanin-concentrating hormone
(MCH). On the other hand, several peptides are known
todecrease food intake, including leptin, corticotropin-
releasing factor, cholecystokinin (CCK), cocaine- and
amphetamine-regulated transcript (CART), and glucagon.

A more in-depth understanding of the pathogenesis of
human obesity should ultimately guide treatment of affected
individuals. Thus, the purpose of this review is to highlight
the current knowledge about the pathophysiology of obesity
and trace potential interactive pathways, which could serve
as the basis for new therapeutic approaches.

2. Peripheral regulation
2.1. Insulin

Insulin acts primarily as an anabolic hormone but is also
the key regulator of extracellular glucose concentrations.
Although glucose provides the primary stimulus, production
and secretion of insulin is a multifaceted process including
several other molecules, such as free fatty acids, amino
acids, keto acids, as well as a number of hormones, neuro-
modulators, and receptors, such as glucagon-like peptide 1
(GLP-1) and specific G protein—coupled receptors [17].
Insulin is believed to function as one of the adiposity signals
to the brain for modulation of energy balance. It is generally
known that circulating levels of insulin are proportional to
the fat stores [18,19]. In particular, the visceral compartment
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has been identified as an important contributor to hyper-
insulinemia, and its related syndrome, the metabolic
syndrome, is the clinical paradigm of that close correlation
[20]. Furthermore, many therapeutic schemes that regulate
either glucose or lipid metabolism (metformin, thiazolidi-
nediones [TZDs], and corticosteroids) have substantial
effects on each other in multiple tissues (liver, skeletal
muscle, and adipose tissue). Likewise, syndromes of
adipose tissue deficiency, such as lipodystrophies, are
known to cause severe insulin resistance [21].

The first report of insulin’s crucial impact on the brain in
the modulation of food intake was obtained in baboons [22].
A more recent study has shown that a selective decrease in
hypothalamic insulin receptors causes hyperphagia and
insulin resistance in rats [23]. Oral and intracerebroven-
tricular administration of an insulin mimetic resulted in a
dose-dependent reduction of food intake and body weight in
rats. The biological action of these molecules is limited to
the hypothalamic insulin receptors. Thus, insulin mimetics
have a unique advantage over insulin in the control of body
weight and promise a novel antiobesity treatment [24].

2.2. Adipose tissue

Adipocytes are involved in a variety of functions,
including glucose homeostasis, inflammation, energy bal-
ance, lipid metabolism, and the fibrinolytic-hemostatic
system (Fig. 1). It has been shown that adipocytes secrete
several proteins and chemical messengers, including leptin,
tumor necrosis factor o (TNF-o), resistin, adiponectin,
interleukin (IL) 6, and angiotensinogen [21]. Because several
of these so-called adipocytokines profoundly influence
insulin sensitivity and glucose metabolism, they could well
provide a molecular link between increased adiposity and
impaired insulin sensitivity [25,26]. The connection between
adipose tissue and hormonal secretion is also not disputed.
Increased cortisol levels in Cushing syndrome as well as
after corticosteroid treatment are typically followed by an
increase in the visceral adipose tissue volume. Such condi-
tions of hypercortisolemia are seen in stress-induced activa-
tion of the hypothalamus-pituitary-adrenal axis [27,28].
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Fig. 1. Major products of adipose tissue.
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2.3. White and brown adipose tissue

The uncontrolled expansion of white adipose tissue
(WAT) seen in obesity predisposes affected individuals to
health complications. Another type of fat, brown adipose
tissue (BAT) has the opposite function, allowing dissipation
rather than storage of energy. Recent studies on the
transcriptional control of adipocyte differentiation offer
a new perspective on conversion between brown and
white adipocytes.

Brown adipose tissue is specialized in adaptive thermo-
genesis, the aspect of energy expenditure induced by cold
exposure or diet [29], and is present throughout the life span
in rodents but not in humans. Production of the uncoupling
protein 1 (UCP1), which is involved in adenosine triphos-
phate synthesis, and the large number of mitochondria in
brown adipose cells is regarded as the main activators
promoting energy dissipation as heat. The oxidation of fatty
acids in mitochondria produces a gradient of protons
between the mitochondrial compartments separated by the
internal membrane, and this gradient of protons is mainly
used to produce ATP via ATP synthase. The presence of
UCP1 in the internal membrane of BAT mitochondria
induces the loss of the proton gradient, heat production
representing the final result of the burned fatty acids.

In contrast, UCP1 messenger RNA (mRNA) is expressed
only at low levels in WAT [30] and is rarely induced in some
endocrinologic disorders (eg, phacochromocytoma and
primary aldosteronism). Uncoupling protein 1 knockout
mice were generated and it was found that they were unable
to maintain their body temperature upon cold exposure but
they did not become obese [31], thus, proving that these
rodents can maintain body mass by an alternative mecha-
nism, independent of the UCP1 pathway.

When the BAT sympathetic nervous system activity is
increased by cold exposure or overfeeding, the stimula-
tory effect on UCPI1 activity and expression is mediated
essentially by the f3-adrenoceptor [32]. This third
subtype of the family of the f-adrenoceptors was found
to be the predominant f§ subtype in rodent BAT and WAT
[32,33]. The f3-adrenoceptor was found to be down-
regulated in the BAT and WAT of both the obese fa/fa
Zucker rat (a genetic model with a default in the leptin
receptor) [32] and the ob/ob mouse (genetically obese
mice lacking leptin), compared with lean animals [34].
These obese animals have been successfully treated with
f3-adrenoceptor agonists and the reduction of their body
mass was accompanied by the appearance of BAT in
white depots [35]. In f 3-adrenoceptor knockout mice,
the capacity to adapt to a cold environment was fully
preserved, but there was an increase in fat deposit under
basal conditions and in response to a high-fat diet [36]. It
has been shown in rodents that a cold-induced increase in
UCP1 expression occurs in the WAT [37], although this is
not obtained in f 3-adrenoceptor knockout mice. These
mice lack the 3 known f-adrenoceptors (ff-less mice) and

on a high-fat diet, in contrast to wild-type mice, they
developed massive obesity, entirely due to a failure of
diet-induced thermogenesis [38]. These lines of data suggest
that the f3-adrenoceptor—UCPI axis plays a key role in
thermogenesis and might be a promising new target for
antiobesity drugs. However, in a study concerning 14 healthy
young lean male volunteers who were treated with a highly
selective ff3-adrenoceptor agonist (CL 316,243), Weyer et al
[39] failed to detect any effect on thermogenesis and
plasma leptin concentration. Furthermore, treatment failed
to produce any measurable reduction of fat mass after
8 weeks.

Particular interest is being focused on the peroxisome
proliferator—activated receptors (PPAR), especially PPAR Y2,
which are thought to be key regulators in the differentiation
of adipocyte. The recently identified PPARy coactivator la
(PGC-1a), which is expressed at higher levels in BAT than in
WAT [40], seems to be essential to the understanding of the
different biological function of the 2 types of adipose tissue.
PGC-la coactivates the PPARy-RXRa heterodimer to
stimulate the UCP1 promoter. It has been shown that PGC-
la transduction to human white adipocytes can alter their
metabolic function and increase their fat oxidation capacity
[41]. Conversely, adipocyte may also transdifferentiate into
white adipocyte. In warm acclimated animals, where there
is no adrenergical stimulation, BAT gradually loses its char-
acteristics and converts into a tissue composed of uniloc-
ular cells with mitochondria similar to that seen in white
adipocytes [42].

Alteration in energy balance, through a conversion of
WAT to BAT, may introduce an alternative topic for new
therapeutic strategies in the treatment of obesity [43].

2.4. Adipose tissue and inflammation

Although adipose tissue and adipocytes have been
widely examined in the search for the mechanisms
underlying obesity and associated diseases, little is under-
stood about their role in inflammation. Adipocytes and
diverse types of immune cells, such as T cells and
macrophages, possess similar roles in pathways, such as
complement activation and inflammatory cytokine produc-
tion. Adipose tissue macrophage numbers increase in
obesity and participate in inflammatory pathways that are
activated in the adipose tissue of obese individuals. Among
the 100 most significantly obesity-correlated genes, 30%
encode proteins that are characteristic of macrophages.
Expression analysis of macrophage and nonmacrophage cell
populations isolated from adipose tissue demonstrated that
adipose tissue macrophages are responsible for almost all
adipose tissue TNF-o expression and significant amounts of
IL-6 expression [44]. Growing evidence has pointed to a
correlative and causative relationship between inflammation
and insulin resistance, especially via the actions of adipose-
derived proinflammatory cytokine TNF-o [45]. It has been
demonstrated that TNF-o mediates insulin resistance as a
result of obesity in many rodent obesity models and is
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overexpressed in WAT in obese and insulin-resistant states.
Corroborating the crucial role of inflammation in the
pathophysiology of obesity, mice with genetically disturbed
TNF receptor were partially protected from obesity-induced
insulin resistance [46]. Administration of TNF-« antibodies
improved insulin sensitivity in obese rodents [47].

In humans, IL-6 circulating levels are correlated with
BMI and are inversely related to insulin sensitivity [48,49].
Interleukin 6 signals via a heterodimeric receptor complex
consisting of a soluble IL-6¢; subunit (IL-6 receptor [IL-6R])
and a signal transducing subunit (gp130). The IL-6R gene
maps to an important candidate locus for type 2 diabetes
on chromosome 1g21. An Asp358Ala polymorphism of the
IL-6R has been reported to associate with obesity in Pima
Indians and type 2 diabetes in Danish whites [26].

This connection is also established in animals, but the
exact correlation and its clinical outcome remain unknown.
Mice genetically lacking IL-6 developed mature-onset
obesity [50]. Furthermore, intracerebroventricular adminis-
tration of IL-6 decreases body fat in rats [S1]. Recently, a
marked improvement in insulin resistance, endothelial
function, and low-grade inflammation were observed in
the weight-losing morbid obese patients after bariatric
surgery but circulating levels of TNF-z, IL-6, and its
soluble receptors did not change, indicating their unique role
in insulin sensitivity [25].

2.5. Leptin

Leptin plays a major role in the family of cytokines.
Reduction of visceral fat activates a complex procedure,
involving various neuronal signals, peptides, and cytokines,
which ultimately lead to increase of appetite and decrease of
energy expenditure.

Leptin (from the Greek word lepfos, meaning thin) is
primarily produced by adipocytes, is secreted into the
peripheral circulation, and must cross the blood-brain barrier
before it can have any effects on the hypothalamus [52].
Leptin seems to alter the efficacy with which a number of
meal-related signals modulate food intake. Leptin receptors
are abundantly expressed in the arcuate and the dorsomedial
nuclei of the hypothalamus [53]. Leptin interacts with
2 different cell types within the arcuate: medial neurons that
contain the orexigenic peptides NPY and agouti-related
peptide, and lateral neurons that express proopiomelano-
cortin (POMC), the precursor for the anorexigenic melano-
cyte-stimulating hormone (a-MSH). Elevation of leptin
levels results in a decrease of orexigenic NPY and agouti-
related peptide expression, and an increase in the expression
of anorexigenic POMC. Experimentally, the effects of intra-
cerebroventricular injection of leptin were achieved without
any change in peripheral leptin levels, supporting the
hypothesis of leptin’s central action [54].

The role of leptin and its receptors in the regulation of
energy balance is well illustrated by observations that
rodents which have mutations in either their signaling leptin
receptors (db/db mice or fa/fa Zucker rats) [55] or in leptin

production (ob/ob mice) [56] are extremely obese. In obese
mice (because of leptin deficiency), increased appetite,
reduced metabolic rate, and a variety of endocrine
abnormalities (hyperglycemia, hyperinsulinemia, hypercor-
tizolemia, and infertility) have been observed [57]. Experi-
ments in rodents have demonstrated that forebrain
administration of leptin and NPY have opposing effects
on the neurophysiologic responses of the nucleus tractus
solitarius (NTS) to gastric loads [58]. There is evidence that
the effect of leptin on gastrointestinal motility is not limited
to the modification of various centrally acting neuro-
peptides, but also acts directly on the vagal nerve, and
through its afferent branch, modulates the NTS function.
However, because gut vagal afferent responses to the same
range of gastric loads were unchanged by central admin-
istration of either leptin or NPY, a potentional alternative
pathway might be involved.

The isolation of leptin and its relevant gene in humans
aroused great enthusiasm and, initially, leptin was thought to
be the “magic bullet” weight-control hormone. However,
further investigations showed that, in both animals and
humans, leptin levels are increased in obesity, thus support-
ing the theory of “leptin resistance,” similar to that of insulin
resistance. In addition, exogenous leptin administration as a
potential therapy in obese individuals seems to be ineffec-
tive either in reducing body weight or in maintaining such a
result when achieved. Subjects who are heterozygous for
leptin mutations are partially deficient in leptin, and this can
directly influence the laying down of fat tissue [59],
suggesting that these individuals might benefit from
exogenous leptin supplementation.

Leptin treatment of transgenic mice with BAT deficiency
is unable to prevent obesity [60], signifying that the increase
in energy expenditure caused by leptin is closely associated
with BAT [61]. However, most of the reductions in body
weight achieved with leptin treatment are due to reduced
energy intake rather than increased energy expenditure.
Leptin appears to gain access to the cerebrospinal fluid via a
saturable transport mechanism similar to that described for
insulin; however, leptin receptors demonstrate notable
structural and functional differences by comparison with
those of insulin [62].

Current data on leptin resistance point to a postreceptor
defect [63]. It is likely that leptin resistance is related to the
function of a suppressive factor of the cytokines (suppressor
of cytokine signaling—3), which inhibits the phosphorylation
of specific intracellular peptides (signal transduction and
transcription, STAT peptides) from janus kinases [64].
Although Ieptin is more effective and long-lasting than
insulin, they both appear to act as long-term hormonal
adiposity signals to the brain proportionally to body fat
storage. Interestingly, studies have demonstrated, both in
experimental animals and in human subjects, that the
association between insulin and leptin resistance may be
independent of body fat mass [65,66]. Schwartz et al [67]
found that the relationship between plasma leptin levels and
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BMI did not differ significantly among subjects with type 2
diabetes mellitus from that observed in nondiabetic subjects,
indicating that obesity associated with type 2 diabetes
mellitus is unlikely to result from impaired leptin secretion.
Furthermore, according to their findings, insulin sensitivity
contributes to the association between body adiposity and
plasma levels of insulin, but not leptin, suggesting that the
mechanisms underlying the association between body
adiposity and circulating levels of these 2 hormones appear
to be different.

The use of leptin-related synthetic peptides on body
weight and food intake has been evaluated in vivo [68] with
encouraging results, showing that the active region of
leptin’s molecule is located in domains between 106 and
140 of the amino acid sequence. This finding heightens
expectations for the development of smaller and potent leptin
analogs. An effective use of another cytokine as a substitute
for leptin has been reported, introducing new sites for
therapeutic intervention in the leptin signaling pathway [69].

2.6. Resistin

A new adipocyte hormone—resistin—was recently
identified in mice [70] while screening for genes that were
induced during the differentiation of adipocytes but were
down-regulated in mature adipocytes exposed to rosiglita-
zone. Mouse resistin consists of 114 amino acids and
circulates as a homodimer of 2 peptides joined by a disulfide
bridge [71]. Resistin is more highly expressed in visceral
white fat than in subcutaneous fat [70]. In obese mice,
serum levels of resistin are strikingly increased and
administration of TZDs (insulin sensitizers) seems to
decrease resistin levels. These observations point to resistin
as a mediator of insulin resistance.

In addition, neutralization of resistin activity with the use
of resistin-specific antibodies decreases glucose levels and
improves insulin sensitivity in mice, whereas the injection
of resistin has the opposite effects. In humans, a significant
positive correlation between resistin and BMI was recently
reported [72]; however, according to the same study, serum
resistin was not a significant predictor of insulin resistance.
In a small group of patients, evidence was provided that
resistin levels correlate with insulin resistance in nondiabetic
subjects, but this association is less marked than that seen
for leptin and insulin resistance [73].

In contrast to the previously mentioned reports, a recent
study concerning 123 middle-aged women and 120 healthy
young subjects found that serum resistin levels did not
correlate with markers of adiposity (including BMI, waist-
to-hip ratio, insulin resistance, lipid profile, and serum leptin
levels). It is of particular interest that females had higher
resistin levels than males [73,74]. In addition, no difference
in serum resistin levels between lean healthy and obese
insulin-resistant nondiabetic and type 2 diabetic adolescents
was documented. In another study, although cross-sectional
analysis in obese subjects demonstrated no correlation
between serum resistin and parameters related to adiposity

or insulin resistance, longitudinal analysis revealed change
in serum resistin to be positively correlated with changes in
BMI, body fat, fat mass, visceral fat area, and mean glucose
and insulin in obese patients before and after weight loss
through diet [75].

These findings suggest that insulin modulates its own
activity through the regulation of resistin, but the potential
role of mutations in the resistin gene and their contribution
to insulin resistance in humans remain to be investigated.
However, the fact that resistin inhibits adipocyte differen-
tiation and may function as a feedback regulator of
adipogenesis, although in parallel might decrease insulin
sensitivity, confirms the necessity for weight reduction
and exercise in managing obese subjects with hyper-
insulinemia [76].

2.7. Adiponectin

In the mid-1990s, an adipose-secreted protein with
homology and complement factor Clq was cloned inde-
pendently by different groups and was named adipoQ,
Acrp 30, or adiponectin. Adiponectin is an adipocyte-
specific secreted protein that sensitizes the liver and muscle
to the action of insulin [77]. Adiponectin decreases the
postprandial rise of plasma free fatty acids and improves
postabsorptive insulin-mediated suppression of hepatic
glucose output. It also acts as an anti-inflammatory and
anti-atherogenic plasma protein [78]. In vitro findings have
suggested a new role for adiponectin, as a regulator of blood
cell formation and lymphopoiesis [79].

In humans, adiponectin levels are inversely related to the
degree of adiposity. It has been reported that adiponectin
levels are reduced in obesity, even in young subjects
[80-84]. Adiponectin levels were found to be higher in
women compared with men [81,82], despite the negative
association between estradiol and adiponectin [85]. Pre-
dominantly central fat distribution is an independent
negative predictor of serum adiponectin [85]. In a recent
small clinical study, serum adiponectin was inversely
associated with bone mineral density and visceral fat
volume, indicating that adiponectin may play a role in the
protective effects of visceral fat on bone mineral density
[86]. Although women have more subcutaneous fat and men
have more visceral fat, previous studies have found that the
sex difference in adiponectin levels is independent of total
body fat or fat redistribution [82].

It was recently demonstrated that a genetically inherited
decrease in adiponectin levels predisposes subjects to
insulin resistance and type 2 diabetes [87]. Secretion of
adiponectin exhibits ultradian pulsatility as well as a diurnal
variation, with a significant decline at night and a nadir in
the early morning. The 24-hour variations are identical to
those of cortisol and leptin-binding protein, suggesting that
the latter may have a direct inhibitory effect on adiponectin
secretion. However, neither a 48-hour fast nor leptin
administration was shown to regulate serum adiponectin in
healthy men and women [85].
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Described mutation in the relevant gene contributed to
the development of severe obesity in humans [88].
Adiponectin expression and levels in the circulation are
up-regulated by the PPARy agonist rosiglitazone [89],
suggesting the correlation between adiponectin, adipocyte
function, and obesity. Roglitazone belongs to the TZDs,
which are insulin-sensitizing drugs that ameliorate insulin
resistance and lower plasma levels of both glucose and
insulin in several genetic models of obesity.

From the data previously mentioned, it could be
concluded that a close correlation exists between adipo-
nectin levels and insulin resistance; however, a recent study
challenged this conception [73]. Furthermore, in this
clinical study, no significant correlation was established
between adiponectin levels and the homeostasis model
assessment ratio or fasting insulin. The in vivo effects of
adiponectin injections in mice were investigated by several
groups producing promising results as regards insulin
sensitization and stimulation of fatty acids f-oxidation
[90]. Recently, a study reported the cloning of human and
mouse adiponectin receptors that mediate antidiabetic
metabolic effects [91]. The 2 receptors, designated AdipoR1
and AdipoR2, are abundantly expressed in skeletal muscle
and liver, respectively, and are structurally very different
from G protein—coupled receptors. The gene for the human
AdipoR1 receptor is located on chromosome 1p36.13-g41,
and the gene for AdipoR2 on 12pl13.31. Expression or
suppression of receptor activity by small-interfering RNA
supports the conclusion that they serve as receptors for both
globular and full-length adiponectin, and that they mediate
increased AMP kinase and PPAR« activity, giving rise to
increased fatty-acid oxidation and glucose uptake, which
accounts for increased insulin sensitivity mediated by this
adipocytokine. In conclusion, activation of the adiponectin
pathway may provide novel therapeutic strategies for
obesity-linked disorders.

3. The nervous system

3.1. Hypothalamic neuropeptides

3.1.1. Neuropeptide Y/agouti-related protein

Neuropeptide Y is a 36—amino acid hypothalamic
orexigenic neuropeptide secreted in the arcuate nucleus.
Five Y receptors are known, which arbitrate the action of
NPY and its other family members, peptide YY, and
pancreatic polypeptide PP [92]. Neuropeptide Y receptors
have been identified in a variety of tissues, including brain,
spleen, small intestine, kidney, testis, placenta, and aortic
smooth muscle [92]. In addition, Y1 receptors have been
associated with vascular smooth muscle contraction by
regulating the action of noradrenaline [92].

Administration of leptin suppresses the expression of
NPY, whereas leptin paucity has the opposite effect [93].
Animal studies have identified hypothalamic neuropeptides
pathways involved in regulating feeding and metabolism

[94,95], such as NPY/AGRP neurons, activated by the fall
in plasma leptin during starvation. Hyperphagia observed in
insulin-depleted diabetic rats is correlated with the increase
of NPY production, which is mentionally marginally
normalized if insulin is administered [96]. Hypothalamic
NPY and AGRP overactivity in rodents leads to obesity and
neuroendocrine abnormalities [94,97]; however, transgenic
NPY knockout mice do not have altered feeding behavior,
thus, arousing questions concerning the physiological role
of NPY [98]. With respect to this report, mice with genetic
depletion of the Y5 receptor (YSR) developed mild late-
onset obesity; however, feeding attitude was unaffected in
younger Y5R-null mice, demonstrating that although the
Y5R contributes to feeding, it is not the critical receptor in
mice [99]. Consequently, human NPY Y1 receptor, a gene
encoded in 1993 [100], has attracted interest. It is assumed
that under normal circumstances, lack of NPY can be
overlapped from the other orexiogenic peptides.
Agouti-related protein is an endogenous «-MSH antago-
nist at the melanocortin-4 receptor (MC4R), colocalized
with NPY in arcuate nucleus neurons [94], called the
infundibular nucleus in humans. The pathophysiology of
food intake under particular clinical circumstances, such as
stress, obesity in Prader-Willi syndrome (PWS), and illness-
associated anorexia, appears to lie in downstream or
separate circuits and might involve many of the known
neuropeptides. Recent experiments reported that stress-
induced cortisol secretion was followed by elevated NPY
secretion [101]. Prader-Willi syndrome is the most common
genetic cause of marked obesity [102] and is associated with
life-threatening hyperphagia, as well as growth hormone
(GH) deficiency and hypothalamic hypogonadism. Until
recently, investigators believed that increased activity of
hypothalamic NPY/AGRP neurons might be responsible for
hyperphagia in these subjects [103]. On the other hand,
anorexia associated with severe illness may be mediated by
disturbances in the normal physiological response of
hypothalamic pathways, perhaps via circulating cytokines
or endotoxins [104]. However, Goldstone et al [105] did not
find increased activity of NPY/AGRP neurons either in
obese PWS adults or in severe illness. Thus, obesity in PWS
is likely to be multifactorial and the exact origin of the
neuroendocrine abnormalities is currently unresolved [106].
Craniopharyngioma is the commonest structural cause of
hypothalamic obesity [107]. In these patients, the preopera-
tive percentage of obese patients was reported to be elevated
after surgical treatment [108], indicating the vital impor-
tance of the hypothalamus in food consumption.
Intracerebroventricular and oral administration of a
selective and potent antagonist for the Y1 receptor
(J-104870) significantly suppressed spontanecous food in-
take in Zucker fatty rats [99]. Several strategies have been
proposed in treating hyperphagia in PWS (behavioral
approaches, fenfluramine, fluoxetine, biliopancreatic diver-
sion, and vertical banded gastroplasty), although the
available data for their efficacy are controversial [106].
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Growth hormone replacement in children with PWS was
also reported to improve muscle mass and to contribute to
weight loss [108], although GH deficiency is rarely the main
cause of severe obesity. However, in cases where GH
deficiency is confirmed, exogenous supplementation is
crucial to provide adequate muscle strength needed to
induce mobility, exercise, and increase energy expenditure.

3.1.2. Melanin-concentrating hormone

Melanin-concentrating hormone is synthesized in the
magnocellular neurons in the lateral hypothalamus and the
zona incerta. To date, 2 receptors for MCH in humans have
been identified, namely, MCH-R1 and MCH-R2. As an
orexigenic peptide, MCH interacts with other neuropeptides
that influence feeding behavior. Animals treated with MCH
developed hyperphagia and obesity, whereas ablation of the
rodent MCH receptor leads to a lean phenotype [109,110].
Melanin-concentrating hormone is overexpressed in the
leptin-deficient (ob/ob) mouse, whereas further ablation of
MCH in this animal (double-null mice lacking both leptin
and MCH) led to attenuation of obesity. It is of great inter-
est that no decrease in hyperphagia was observed [111].
Hence, the role of MCH mainly concerns the regulation of
energy expenditure. Consistent with this proposition,
activation of MCH neuronal pathways stimulated adiposity,
partially resulting from increased lipogenesis in the liver and
WAT and reduced energy expenditure in BAT [112]. In
addition to its orexigenic action, MCH seems to be involved
in the activation of the stress axis, specifically due to the
significant expression of the MCH-R1 receptor in the
amygdala and hippocampus [113]. Although this notion
exceeds the scope of the present review, studies in
behavioral animal models, using MCH-R1 antagonists,
provided evidence for a potential role of MCH in the
regulation of mood and emotion [114]. Central administra-
tion of a MCH-R1 antagonist resulted in sustained
reductions in food intake, introducing a new potential
approach for the treatment of obesity [115] as well as
anxiety and depressive syndromes [113].

3.1.3. a-Melanocyte—stimulating hormone
o-Melanocyte—stimulating hormone is a product of the
POMC gene and inhibits food intake by its action via
the melanocortin receptors in the hypothalamus [116].
Melanocyte-stimulating hormone interacts with at least
5 receptors, 2 of which (MC3R and MC4R) are expressed
in the brain. MC3Rs are mainly indicated in the hypothal-
amus and limbic system whereas MC4Rs are widely
expressed (cortex, hippocampus, thalamus, hypothalamus,
spinal cord, and peripheral sympathetic nervous system)
[117]. As mentioned previously, a-MSH competes with
AGRP, which acts as an endogenous antagonist on MC
receptors [97]. It has been demonstrated that melanocortin
system action is not limited to specific receptors but is also
implicated in the modulation of insulin production and its
peripheral action. Animals genetically rendered unable to

produce POMC, as well as rodents lacking MC receptors,
express obese phenotype [118,119]. It has been suggested
that prevalence of such gene lesions in humans accounts for
approximately 5% of obese children [33].

Consistent with the inhibitory role of MSH, food
deprivation results in decreased expression of POMC in
the arcuate nucleus [120]. Proopiomelanocortin mRNA
abundance is low in ob/ob mice but increased through
long-term leptin treatment [120]. The anorexigenic and
thermogenous effects of leptin were reduced in animals
with inhibited MC receptor [121], indicating that leptin’s
efficacy is somehow dependent on the impact of the
POMC pathway. Seasonal cycles in food intake and energy
metabolism as well as the influence of daylight (known to
be related to POMC secretion) were investigated by Reddy
et al in 1999. Their results clearly demonstrated that male
Siberian hamsters show profound decreases in food intake
and body weight when exposed to short days; however,
these photoperiodically regulated long-term metabolic
responses are not associated with major changes in mRNA
expression of the 3 investigated hypothalamic peptides
(orexin, NPY, and POMC) [122].

3.1.4. Orexin

Orexin (also known as hypocretin) is a peptide localized
in neuronal cell bodies of the lateral hypothalamic area
[123] and its adjacent area, which contribute to the
regulation of food intake and energy balance. It has been
identified as a ligand for an orphan G protein—coupled
receptor [124]. In rats, orexin-containing neurons project to
numerous hypothalamic and extra-hypothalamic sites,
including the cerebral cortex, circumventricular organs, and
brainstem [125]. Hence, orexin is likely to be involved in
regulating various functions, such as emotion, arousal,
feeding, and drinking [126,127]. It has been shown in rats
that centrally administered orexin increases food intake. The
effect of orexin on anorexia induced by CCK was recently
investigated and it was reported that orexin significantly
reversed the CCK-induced loss of appetite [128]. Owing to
the hypothesis that CCK increase is possibly associated
with IL-1 [129] and also related to anorexia nervosa [130],
the role of orexin has attracted considerable scientific interest.
Although these experimental studies were performed on rats,
preliminary findings indicate that orexin might be a promi-
sing target for pharmacologic intervention in the treatment
of anorexia and cachexia induced by various diseases.

3.1.5. Cocaine- and amphetamine-related transcript
Cocaine- and amphetamine-related transcript peptides
are neuropeptides involved in feeding, which are widely
distributed in the brain, gut, pituitary, adrenals, and
pancreas [131]. In the arcuate nucleus, CART colocalizes
within the majority of POMC-containing neurons, and in
the lateral hypothalamus it colocalizes with MCH. This
anatomic finding shows that CART plays a crucial as well
as a complicated role in orexins. Indeed, it has recently
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been noted that a centrally injected CART fragment
(55-102) resulted in increased food intake in rats [132].
In addition, genetic disruption of cannabinoid receptor type
1 in mice causes hypophagia and leanness, indicating that
the cannabinoid system interferes with the orexigenic
mechanism [133].

By contrast, other studies have reported that short-term
administration of CART peptide into the ventricular system
in rats led to a dose-dependent decrease in food intake
[134,135]. The discrepancies previously mentioned might
partly relate to photoperiodic differences in CART expres-
sion as well as the circadian regulation of the colocalized
POMC. However, the observation that CART mRNA
remains unchanged in seasonally fat vs lean hamsters is
consistent with the view that CART-producing cells in the
arcuate are involved mainly in energy homeostasis rather
than long-term seasonal regulation of body weight [136].

3.1.6. Prolactin-releasing peptide

Prolactin-releasing peptide (PrRP) is a poor prolactin
secretagogue produced in the hypothalamus. Prolactin-
releasing peptide is mainly secreted in the NTS and in the
ventrolateral medulla, whereas PrRP receptor is expressed
primarily in the hypothalamus, the thalamus, and the border
of the NTS-area postremal [137]. This tissue distribution
suggests an alternative function of PrRP to its purported
hypophysiotropic function. Although paraventricular nucle-
us injection of PRL-releasing peptide did not alter food
intake, both intraventricular and intrahypothalamic injec-
tions of the peptide decrease food intake and alter the release
of several hypothalamic neuropeptides («-MSH, cocaine-
and amphetamine- regulated transcript, neurotensin) [138].
Prolactin-releasing peptide is down-regulated by fasting.
Co-administration of PrRP and leptin has additional effects
on appetite, body weight, and energy expenditure [139].
Some authors have shown that more than 90% of PrRP
neurons in all regions where PrRP is expressed contain
leptin receptors. Prolactin-releasing peptide neurons are also
activated by CCK, and it has been suggested that PrRP may
mediate some of the satiating actions of CCK on higher
brain centers [140]. Thus, it seems that PrRP neurons are
involved in the regulation of food intake and energy
homeostasis mainly by affecting the leptin-sensitive brain
circuitry and the central function of CCK.

3.2. Brain stem

Despite the acknowledged supremacy of the hypothala-
mus in collecting the peripheral signals and in initiating
relevant responses, the brainstem is coupled to other systems
that modulate energy requirements and food intake. Meals
are terminated by feedback from the digestive tract to the
brainstem and this does not depend on nutrients or energy
absorbed from the food. Release of CCK postprandially
activates receptors on the afferent sensory fibers of the vagus
and, through their axons, stimulates cell bodies which are
located predominantly in the NTS of the brainstem [141].

The NTS is a key brainstem region that involves many
autonomic functions. Indirect modulation by other factors,
such as diet preferences, availability of food, and hyper-
catabolic circumstances, indicates that the brainstem-gut
axis communicates with other brain locations as described
previously. Indeed, NTS probably lacks an effective blood-
brain barrier and its neurons are open to modulation by
circulating factors, such as leptin. The leptin-receptor
messenger is expressed in brainstem serotonergic neurons,
suggesting that they are direct targets of leptin action and
mediate some of the effects of leptin on feeding [142]. Leptin
and serotonergic neurons act within a common pathway to
gonadotrophin-releasing hormone neurons, possibly through
a subtype of serotonin receptor (SHT receptor) [143]. It
seems that the brainstem has a role in the control of
individual meal size whereas the hypothalamus is funda-
mental to long-term energy homeostasis.

3.3. Peripheral nervous system

The noradrenergic tone increases in WAT during fasting
[144,145]. There are 2 types of adipocytes existing in WAT
with different roles: those where f[2-adrenoceptors (that
couple negatively with adenyl cyclase) are prevalent, and
those where ff1- and fi3-adrenoceptors (coupling positively
with adenyl cyclase) are prevalent.

The f-receptor-rich adipocytes are reached directly by
noradrenergic fibers and react with intense lipolysis. The
f-receptor—rich adipocytes would not react to guarantee a
reservoir to refill the slimmed adipocytes rapidly [146]. It
has been proposed that the increase in parasympathetic
tone, which occurs at night, promotes the nocturnal
deposition of fat [147]. It seems logical to assume that the
greater parasympathetic nervous system activity in the
visceral WAT might result in greater accumulation of fat in
this area compared with subcutaneous adipose tissue.
Peculiar patterns of fat distribution seen in patients with
lipodystrophy, HIV infection, Cushing syndrome, and in the
elderly may be associated with altered parasympathetic
activity. It is has also been shown that decreased activation of
the parasympathetic nervous system (which occurs in
patients with obesity and type 2 diabetes mellitus) increases
lipolysis and raises plasma free fatty acid levels, leading to
insulin resistance in skeletal muscle and the liver [147].
Thus, decreases in free fatty acid levels induced by increased
parasympathetic nervous system activity as a result weight
loss or by pharmacologic means may deter the development
of atherosclerosis and improve insulin sensitivity [148].

4. Gut peripheral signals
4.1. Ghrelin

Ghrelin is a 28—amino acid peptide mainly secreted by
gastric endocrine cells into the systemic circulation [149],
but under particular circumstances, ghrelin is also derived
from other tissues including the pancreas [150]. It is an
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endogenous ligand for the GH secretagogue receptor, and it
has structural and functional similarities to the gut hormone
motilin [151]. Fasting increases, whereas feeding decreases,
circulating ghrelin concentrations. The mean levels of
circulating ghrelin are decreased in obese subjects [152].
Administration of ghrelin in both animals and humans
resulted in a remarkable increase in appetite via the
activation of the orexiogenic the NPY/AGRP pathway in
the arcuate nucleus [153,154]. Conversely, ghrelin serum
concentration is negatively correlated to leptin and insulin
[155]. In obese Zucker fa/fa rats, plasma ghrelin concen-
trations were significantly increased, regardless of the
feeding status of the animals, substantiating a part for
ghrelin in the advance of obesity in the absence of the leptin
signal [156]. Obese patients treated surgically (gastric
bypass) had diminished levels of circulating ghrelin despite
weight loss; in contrast, dietary-achieved weight loss was
linked with elevated serum ghrelin [152,157]. Alterations in
hormonal milieu because of surgical management [158] and
long-term effects on food intake and satiety are currently
under investigation [159].

The most potent inhibitor of ghrelin secretion is
somatostatin and its natural analog cortistatin, which
concurrently reduce the secretion of beta cells. According
to this concept, the pancreas might play a role in appetite
regulation. Synthetic compounds endowed with antagonistic
activity could beneficially lessen appetite and contribute to
the maintenance of the reduced body weight. However, a
recent study in ghrelin-deficient mice (ghrelin-null mice)
failed to record any difference regarding growth, fertility,
appetite, bone density, and adipose tissue distribution in
these rodents [160], dampening the initial optimism of
investigators. Ghrelin receptor agonists, with potent activity
after oral administration, are already available [161], and
their potential anabolic role in conditions where appetite and
GH are diminished (eg, cachexia) is a topic for further
investigation [104,162].

Recent studies have found that fasting levels of ghrelin
are grossly elevated in PWS, which could contribute to their
hyperphagia. Thus, gastric bypass and ghrelin antagonists
may play a leading role in a new strategy in treating obesity
in these patients [163].

4.2. Peptide YY

Peptide YY (PYY3.36) is a new and promising peptide
with intermediate action, belonging to the “family” of
neuropeptides P. It is secreted from the intestine and colon
postprandially and its circulating concentrations remain
elevated during meals [164,165]. Endogenous PYY levels
are low in obese subjects, suggesting that PYY deficiency
may contribute to the pathogenesis of obesity [166].
Consistent with this in morbidly obese patients who were
treated surgically (vertical banded gastroplasty), the low
preoperative PYY concentration gradually rises to the
control levels postoperatively [167]. Treatment with PYY
in both animals and humans certainly suppressed appetite

for an interval of 12 to 24 hours and reduced plasma levels
of ghrelin [166].

It is noteworthy that PY'Y effect is different from that of
fast-acting ghrelin and the long-term effects of insulin and
leptin [167]. Clinical use of PYY is currently under
investigation [166]. PYY reduces food intake by modulat-
ing appetite circuits in the arcuate nucleus of the hypothal-
amus [165], notably by antagonizing orexiogenic NPY at
the level of its receptor and, in addition, by ameliorating the
activity of POMC neurons [166]. A recent study showed
that repeated administrations of pancreatic polypeptide
(another member of the same “P” family) decreased body
weight gain and ameliorated insulin resistance and hyper-
lipidemia in ob/ob [168].

4.3. Cholecystokinin

Cholecystokinin is mainly produced by neuroendocrine
secretory cells lining the intestinal lumen. Cholecystokinin
peptides exert their action on 2 distinct receptor subtypes:
CCK-A (alimentary), now called the CCKIR, which is
mostly expressed peripherally; and CCK-B (brain), renamed
the CCK2R, which is primarily present in the brain. Cho-
lecystokinin reduces food intake via the parasympathetic
nervous system during food ingestion [169] and increases
absorption by retarding stomach emptiness. That is achieved
through the reduction of the stomach’s mobility and the
contortion of the gallbladder. Under normal circumstances,
CCK triggers the pancreas during the intestinal phase of
pancreatic secretion. As demonstrated in animals, CCK
central action is catalyzed by serotonin and is associated
with the paraventricular nucleus, suggesting that CCK
interacts with other food intake modulators. This procedure
is followed by a reduction of dopamine and acetylcholine in
accumbens as a part of the final feeling of satiety [170].
Elevation of circulating CCK induces an immediate
decrease of ghrelin and increase of leptin levels [171].

Although CCK does not cross the blood-brain barrier,
central administration of CCK results in a feeling of satiety,
indicating that its role is not limited to the peripheral
nervous signaling. Recently, it was hypothesized that the
activity of CCK in the central nervous system may not be
restricted to the increase of IL-1f production in the brain
[172]. Animals treated with CCK receptor antagonists had
increased levels of serum leptin as well as of the
cerebrospinal fluid—plasma leptin ratio, suggesting that
CCK might facilitate the passage of leptin through the
blood-brain barrier [173].

4.4. Glucose-dependent insulinotropic polypeptide/GLP-1

Glucose-dependent insulinotropic polypeptide (GIP, or
gastric inhibitory polypeptide) and GLP-1 are known as the
duodenal incretin hormones, possessing insulinotropic
activity [174]. Wild-type mice fed with a high-fat diet
exhibited both hypersecretion of GIP and extreme visceral
and subcutaneous fat deposition with insulin resistance
[175]. In contrast, mice lacking the GIP receptor fed with a
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Fig. 2. Hormones and peptides involved in energy homeostasis and their action in hypothalamus. Solid lines indicate net stimulatory effect; dashed lines,

net inhibitory effect.

high-fat diet were clearly protected from both the obesity
and the insulin resistance. Thus, secretion of GIP by the
duodenum, although not impairing the appetite, certainly
links overnutrition to obesity [175].

Although glucose is the main regulator of GIP secretion,
GIP-producing cells are modified by various secretagogue
factors by means of a complicated mechanism [176]. A recent
study reported that significantly enhanced incretin responses
occurred in all examined subjects during a large meal test vs
a small meal, irrespective of their glucose metabolism
and body weight [177], suggesting that large meals could
probably improve the beta-cell sensitivity to glucose in obese
subjects and possibly also in type 2 diabetic patients.
Glucose-dependent insulinotropic polypeptide is released
postprandially into the circulation in response to feeding,
stimulating insulin secretion; however, its short biological
half-life detracts from GIP’s suitability as a potential
therapeutic agent for the treatment of type 2 diabetes.

It has been reported that GLP-1 responses were highest
after a meal rich in olive oil in patients with type 2 diabetes,
which may indicate a relation between fatty acid com-
position, incretin responses, and triacylglycerol metabolism
postprandially [178]. Remarkable elevation of postpran-
dial GLP-1 concentration was described in obese type 2
diabetic subjects after therapy with a second-generation
o-glucosidase inhibitor (miglitol) [179]. This fact indicates
that GLP-1 might play a role in mediating satiety and thus
stabilizing body weight in obese type 2 diabetic patients.
Of note, central intracerebroventricular injection of GLP-1
powerfully inhibits feeding in rodents [174].

Current scientific interest is focused on the construction
of stable GIP analogs to circumvent the rapid degradation
caused by the ubiquitous enzyme dipeptidylpeptidase 1V,
and preliminary results are promising [180-182].

5. Discussion

Several authors have excellently reviewed the environ-
mental and cognitive factors that overpower homeostatic
regulation [183] whereas others have focused on the
hypothalamic neuropeptides involved in the food intake
and body weight regulation [184]. In the present review, we
try to summarize the role of several anorexigenic and
orexigenic (both central and peripheral) neuropeptides on
food intake and their integration with the homeostatic
regulatory system.

Although experimental findings concerning several
neuropeptides within the last decade are indisputably a
great step forward in the understanding of the pathophys-
iology of obesity, many pieces of the puzzle are still missing

Table 1
Currently available antiobesity drugs

Drug name Mechanism of action Side effects
Orlistat Decrease in fat absorption Decrease in absorption of
due to the inhibition of fat-soluble vitamins, soft
pancreatic lipase stools, increase defecation,
oily discharge
Sibutramine Inhibition of Increase in heart rate and

norepinephrine, dopamine,
and serotonin reuptake

blood pressure, insomnia,
headache
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Table 2

Potential targets for the development of antiobesity drugs in the future
Agonists Antagonists

GLP-1 Endocannabinoid receptor

Insulin mimetics and sensitizers

Leptin analogues and sensitizers

MC4R agonists

Dopaminergic, noradrenergic,
serotonergic agents

Fatty acid synthesis inhibitors
Ghrelin

MCH receptor

NPY receptor

Data are limited primarily to the pathways described in the text.

(Fig. 2). The great variety of transgenic manipulations that
alter energy balance suggests that there are many potential
targets for antiobesity drugs. The difficulty is to determine
which of these are most likely to lead to useful therapies.
Although important data have been added to our knowledge
from experiments in transgenic mice, no antiobesity drug
that was rationally targeted to a specific protein has ever
reached the marketplace. To date, only 2 medications—
sibutramine and orlistat—have been approved for long-term
use in the treatment of obesity; however, these currently
available treatment approaches are inadequate and show
little potential for future management of obesity (Table 1).
As with research in other chronic diseases, progress in
obesity research has mainly resulted from empiric observa-
tions, and the most effective treatment is surgical. Initial
treatment should focus on lifestyle modifications—dietary
interventions and increased physical activity—with behav-
ioral modification strategies used adjunctively. For severely
obese patients with significant medical comorbidities or
physical conditions, 2 surgical procedures may be consid-
ered: vertical banded gastroplasty and gastric bypass.

Anorectic drugs (which enhance serotonergic and nor-
adrenergic transmission) may work mainly through hypo-
thalamic actions, as does recombinant leptin; therefore, it is
possible that these drugs would not act to full effect in the
presence of hypothalamic damage. Lipase inhibitors require
dietary adherence and are therefore unlikely to have a useful
role in the presence of hyperphagia or behavioral distur-
bance, unless the patient is under constant supervision.
Several other drugs currently approved for other uses show
promise in their ability to cause weight loss. If the
medications presently available for the treatment of obesity
are not optimal, the ideal obesity medication needs to be
defined. Because visceral obesity and its close association
with diabetes, hypertension, and hyperlipidemia carries a
greater mortality risk than generalized increases in body fat,
the ideal obesity medication would reduce body fat with a
preferential loss of visceral fat, while preserving lean tissue,
and would be well tolerated. This ideal drug should work
through a downstream regulator of the physiological
mechanisms controlling body weight by altering eating
habits (ie, hyperphagia) but without altering the other
behavioral characteristics of each individual.

There are few reports describing significant linkage of
BMI with markers on the X chromosome, but the clinical

extent of this potential association and the biological
mechanism underlying it need to be clarified. The sex-
specific component in the predisposition to obesity and
genetic heterogeneity are the main factors inhibiting
identification of a susceptibility gene for obesity [185].
Current investigational direction is focused on the effort to
isolate more genes that can predispose people to obesity,
offering new targets for drug intervention in the future.
Although each new signaling pathway discovered in the
hypothalamus is a potential target for drug development in
the treatment of obesity, the growing number of such
signaling molecules indicates a highly complex process that
controls food intake (Table 2). Dramatic increase in our
knowledge regarding gene-related obesity is mainly based
on experimental studies. The identification of potential
gene-to-gene interactions in this field seems to be one of the
greatest scientific challenges at present. However, steps may
be slow because this process will be even more difficult in
humans who have greater genetic variability. Consequently,
we believe that research should focus on deciphering the
molecular basis of the system, and that could be followed by
application of this understanding to treatment targets.
Because research in obesity tends to move toward physio-
logical observations and molecular approaches and away
from the present reliance on empiric observations, defining
advanced clinical end points (eg, measurement of visceral
fat or assessment, or energy expenditure) will become ever
more important.

Conclusively, lessons from “knockout” models demon-
strate that some individuals may have a different genetic
predisposition to obesity and become overweight without
remarkable hyperphagia mainly due to a decrease in
metabolic rate. However, the standard in the majority of
obese subjects is the imbalance between energy intake and
energy expenditure, closely correlated with psychosocial
factors (lifestyle).

Behavioral modification to improve diet and increase
physical activity continues to be the cornerstone of obesity
treatment. It seems essential to view weight loss as a basic
modality for improvement in health, and the optimal goal of
obesity treatment should be reduction in comorbidity rather
than merely cosmetic management.

References

[1] Mokdad AH, Bowman BA, Ford ES, Vinicor F, Marks JS, Koplan
JP. The continuing epidemics of obesity and diabetes in the United
States. JAMA 2001;286:1195-200.

[2] Pomerleau J, Pudule I, Grinberga D, Kadziauskiene K, Abaravicius A,
Bartkeviciute R, et al. Patterns of body weight in the Baltic Republics.
Public Health Nutr 2000;3:3 - 10.

[3] Sanchez-Castillo CP, Pichardo-Ontiveros E, Lopez RP. The epide-
miology of obesity. Gac Med Mex 2004;140(Suppl 2):S3-S20
[Abstract].

[4] Frye C, Heinrich J. Trends and predictors of overweight and obesity in
East German children. Int J Obes Relat Metab Disord 2003;27:963 -9.

[5] Moon OR, Kim NS, Jang SM, Yoon TH, Kim SO. The relationship
between body mass index and the prevalence of obesity-related



N. Angelopoulos et al. / Metabolism Clinical and Experimental 54 (2005) 1202—1217 1213

diseases based on the 1995 National Health Interview Survey in
Korea. Obes Rev 2002;3:191-6.

[6] Zhou B, Wu Y, Yang J, Li Y, Zhang H, Zhao L. Overweight is an
independent risk factor for cardiovascular disease in Chinese
populations. Obes Rev 2002;3:147-56.

[7] Sinha R, Fisch G, Teague B, Tamborlane WV, Banyas B, Allen K,
et al. Prevalence of impaired glucose tolerance among children and
adolescents with marked obesity. N Engl J Med 2002;346:802-10.

[8] Aye T, Levitsky LL. Type 2 diabetes: an epidemic disease in

childhood. Curr Opin Pediatr 2003;15:411-5.

Whitaker RC, Wright JA, Pepe MS, Seidel KD, Dietz WH.

Predicting obesity in young adulthood from childhood and parental

obesity. N Engl ] Med 1997;337:869-73.

Mamalakis G, Kafatos A. Prevalence of obesity in Greece. Int J Obes

Relat Metab Disord 1996;20:488-92.

[11] Krassas GE, Tzotzas T, Tsametis C, Konstantinidis T. Prevalence

and trends in overweight and obesity among children and

adolescents in Thessaloniki, Greece. J Pediatr Endocrinol Metab
2001;14:1319-26.

Diamanti-Kandarakis E, Bergiele A. The influence of obesity on

hyperandrogenism and infertility in the female. Obes Rev 2001;

2:231-8.

Jackson AS, Stanforth PR, Gagnon J, Rankinen T, Leon AS, Rao

DC, et al. The effect of sex, age and race on estimating percentage

body fat from body mass index: the Heritage Family Study. Int J

Obes Relat Metab Disord 2002;26:789-96.

Carey VI, Waiters EE, Colditz GA, et al. Body fat distribution and

risk of non—insulin-dependent diabetes mellitus in women. The

Nurses Health Study. Am J Epidemiol 1997;145:614-9.

[15] Solomon CG, Manson JE. Obesity and mortality: a review of the
epidemiologic data. Am J Clin Nutr 1997;66(Suppl):1044-50.

[16] Lean MEJ, Han TS, Seidell JC. Impairment of health and quality

of life in people with large waist circumference. Lancet 1998;351:

853-6.

Rhodes CJ, White MF. Molecular insights into insulin action and

secretion. Eur J Clin Invest 2002;32(Suppl 3):3-13.

Considine RV, Considine EL, Williams CJ, Nyce MR, Magosin SA,

Bauer TL, et al. Evidence against either a premature stop codon or

the absence of obese gene mRNA in human obesity. J Clin Invest

1995;95:2986 - 8.

Bagdade JD, Bierman EL, Porte Jr D. The significance of basal

insulin levels in the evaluation of the insulin response to glucose in

diabetic and nondiabetic subjects. J Clin Invest 1967;46:1549-57.

[20] Bergman RN, Van Citters GW, Mittelman SD, Dea MK, Hamilton-
Wessler M, Kim SP, et al. Central role of the adipocyte in the
metabolic syndrome. J Investig Med 2001;49:119-26.

[21] Ahirna RS, Flier J. Adipose tissue as an endocrine organ. Trends
Endocrinol Metab 2000;11:327-9.

[22] Woods SC, Lotter EC, McKay LD, Porte Jr D. Chronic intra-
cerebroventricular infusion of insulin reduces food intake and body
weight of baboons. Nature 1979;282:503 - 5.

[23] Obici S, Feng Z, Karkanias G, Baskin DG, Rossetti L. Decreasing
hypothalamic insulin receptors causes hyperphagia and insulin
resistance in rats. Nat Neurosci 2002;5:566-72.

[24] Air EL, Strowski MZ, Benoit SC, Conarello SL, Salituro GM,
Guan XM, et al. Small molecule insulin mimetics reduce food intake
and body weight and prevent development of obesity. Nat Med
2002;8:179-83.

[25] Vazquez LA, Pazos F, Berrazueta JR, Fernandez-Escalante C,

Garcia-Unzueta MT, Freijanes J, et al. Effects of changes in body

weight and insulin resistance on inflammation and endothelial

function in morbid obesity after bariatric surgery. J Clin Endocrinol

Metab 2005;90:316-22.

Hamid YH, Urhammer SA, Jensen DP, Glumer C, Borch-Johnsen K,

Jorgensen T, et al. Variation in the interleukin-6 receptor gene

associates with type 2 diabetes in Danish whites. Diabetes 2004;

53:3342-5.

[9

—

[10

=

[2

—

[3

—

[14

[}

(17

—

[18

=

[19

[}

[26

[}

[27] Bjorntorp P. Do stress reactions cause abdominal obesity and
comorbidities? Obes Rev 2001;2:73 - 86.

[28] Chrousos GP, Gold PW. The concept of stress and stress system
disorders. Overview of physical and behavioral homeostasis. JAMA
1992;267:1244-52.

[29] Himms-Hagen J. Brown adipose tissue thermogenesis: interdisci-
plinary studies. FASEB J 1990;4:2890-8.

[30] Oberkofler H, Dallinger G, Liu YM, Hell E, Krempler F, Patsch W.
Uncoupling protein gene: quantification of expression levels in
adipose tissues of obese and non-obese humans. J Lipid Res
1997;38:2125-33.

[31] Enerback S, Jacobsson A, Simpson EM, Guerra C, Yamashita H,
Harper ME, et al. Mice lacking mitochondrial uncoupling protein are
cold-sensitive but not obese. Nature 1997;387:90-4.

[32] Giacobino JP. Beta 3-adrenoceptor: an update. Eur J Endocrinol 1995;
132:377-85.

[33] Muzzin P, Revelli JP, Kuhne F, Gocayne JD, McCombie WR,
Venter JC, et al. An adipose tissue specific beta-adrenergic receptor.
Molecular cloning and down-regulation in obesity. J Biol Chem
1991;266:24053 - 8.

[34] Collins S, Daniel KW, Rohlfs EM, Ramkumar V, Taylor IL,
Gettys TW. Impaired expression and functional activity of the beta 3-
and beta l-adrenergic receptors in adipose tissue of congenitally
obese (C57BL/6J ob/ob) mice. Mol Endocrinol 1994;8:518-27.

[35] Ghorbani M, Himms-Hagen J. Appearance of brown adipocytes in
white adipose tissue during CL 316,243-induced reversal of obesity
and diabetes in Zucker fa/fa rats. Int J Obes 1997;21:465-75.

[36] Revelli JP, Preitner F, Samec S, Muniesa P, Kuehne F, Boss O, et al.
Targeted gene disruption reveals a leptin-independent role for the
mouse beta3-adrenoceptor in the regulation of body composition.
J Clin Invest 1997;100:1098 - 106.

[37] Cousin B, Bascands-Viguerie N, Kassis N, Nibbelink M, Ambid L,
Casteilla L, et al. Cellular changes during cold acclimation in adipose
tissues. J Cell Physiol 1996;167:285-9.

[38] Bachman ES, Dhillon H, Zhang CY, et al. BetaAR signaling required
for diet-induced thermogenesis and obesity resistance. Science
2002;297:843-5.

[39] Weyer C, Tataranni A, Snitker S, Danforth E, Ravussin E. Increase in
insulin action and fat oxidation after treatment with CL 316,243, a
highly selective 3-adrenoceptor agonist in humans. Diabetes 1998;
47:1555-61.

[40] Puigserver P, Wu Z, Park CW, Graves R, Wright M, Spiegelman BM.
A cold-inducible coactivator of nuclear receptors linked to adaptive
thermogenesis. Cell 1998;92:829-39.

[41] Tiraby C, Tavernier G, Lefort C, Larrouy D, Bouillaud F, Ricquier D,
et al. Acquirement of brown fat cell features by human white
adipocytes. J Biol Chem 2003;278:33370-6.

[42] Geloen A, Collet AF, Bukowiecki LJ. Role of sympathetic
innervation in brown adipocyte proliferation. Am J Physiol 1992;
263:1176-81.

[43] Tiraby C, Langin D. Conversion from white to brown adipocytes:
a strategy for the control of fat mass? Trends Endocrinol Metab
2003;14:439-41.

[44] Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL,
Ferrante Jr AW. Obesity is associated with macrophage accumulation
in adipose tissue. J Clin Invest 2003;112:1796-808.

[45] Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou CJ, et al. Chronic
inflammation in fat plays a crucial role in the development of
obesity-related insulin resistance. J Clin Invest 2003;112:1821-30.

[46] Uysal KT, Wiesbrock SM, Marino MW, Hotamisligil GS. Protection
from obesity-induced insulin resistance in mice lacking TNF-alpha
function. Nature 1997;389:610-4.

[47] Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expression
of tumor necrosis factor—alpha: direct role in obesity-linked insulin
resistance. Science 1993;259:87-91.

[48] Kern PA, Ranganathan S, Li C, Wood L, Ranganathan G. Adipose
tissue tumor necrosis factor and interleukin-6 expression in human



1214 N. Angelopoulos et al. / Metabolism Clinical and Experimental 54 (2005) 1202—-1217

obesity and insulin resistance. Am J Physiol Endocrinol Metab
2001;280:745-51.

[49] Bastard JP, Maachi M, Van Nhieu JT, Jardel C, Bruckert E, Grimaldi
A, et al. Adipose tissue IL-6 content correlates with resistance to
insulin activation of glucose uptake both in vivo and in vitro. J Clin
Endocrinol Metab 2002;87:2084-9.

[50] Wallenius V, Wallenius K, Ahren B, Rudling M, Carlsten H, Dickson
SL, et al. Interleukin-6—deficient mice develop mature-onset obesity.
Nat Med 2002;8:75-9.

[51] Wallenius K, Wallenius V, Sunter D, Dickson SL, Jansson JO.
Intracerebroventricular interleukin-6 treatment decreases body fat in
rats. Biochem Biophys Res Commun 2002;293:560-5.

[52] Golden PL, Maccagnan TJ, Pardridge WM. Human blood-brain—
barrier leptin receptor. Binding and endocytosis in isolated human
brain microvessels. J Clin Invest 1997;99:14-8.

[53] Tartaglia LA, Dembski M, Weng X, Deng N, Culpepper J, Devos R,
et al. Identification and expression cloning of a leptin receptor,
OB-R. Cell 1995;83:1263-71.

[54] Halaas JL, Boozer C, Blair-West J, Fidahusein N, Denton DA,
Friedman JM. Physiological response to long-term peripheral and
central leptin infusion in lean and obese mice. Proc Natl Acad Sci
U S A 1997;94:8878-83.

[55] Seeley RJ, van Dijk G, Campfield LA, Smith FJ, Burn P, Nelligan
JA, et al. Intraventricular leptin reduces food intake and body
weight in lean rats but not in obese Zucker rats. Horm Metab Res
1996;28:664 - 8.

[56] Campfield LA, Smith FJ, Guisez Y, Devos R, Burn P. Recombinant
mouse OB protein: evidence for a peripheral signal linking
adiposity and central neural networks. Sci Wash DC 1995;269:
546-9.

[57] Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM.
Positional cloning of the mouse obese gene and its human
homologue. Nature 1994;372:425-32.

[58] Schwartz GJ, Moran TH. Leptin and neuropeptide Y have opposing
modulatory effects on nucleus of the solitary tract neurophysiological
responses to gastric loads: implications for the control of food intake.
Endocrinology 2002;143:3779-84.

[59] Farooqi IS, Keogh JM, Kamath S, Jones S, Gibson WT, Trussell R,
et al. Partial leptin deficiency and human adiposity. Nature 2001;
414:34-5.

[60] Hamann A, Busing B, Kausch C, Ertl J, Preibisch G, Greten H, et al.
Chronic leptin treatment does not prevent the development of
obesity in transgenic mice with brown fat deficiency. Diabetologia
1997;40:810-5.

[61] Scarpace PJ, Matheny M, Pollock BH, Tumer N. Leptin increases
uncoupling protein expression and energy expenditure. Am J Physiol
1997;273:E226-30.

[62] Schwartz MW, Woods SC, Porte Jr D, Seeley RJ, Baskin DG.
Central nervous system control of food intake. Nature 2000;404:
661-71.

[63] Korner J, Aronne LJ. The emerging science of body weight

regulation and its impact on obesity treatment. J Clin Invest 2003;

111:565-70.

Bjorback C, Elmquist JK, Frantz JD, Shoelson SE, Flier JS.

Identification of SOCS-3 as a potential mediator of central leptin

resistance. Mol Cell 1998;1:619-25.

[65] Fischer S, Hanefeld M, Haffner SM, Fusch C, Schwanebeck U,
Kohler C, et al. Insulin-resistant patients with type 2 diabetes
mellitus have higher serum leptin levels independently of body fat
mass. Acta Diabetologica 2002;39:105-10.

[66] Appleton DJ, Rand JS, Sunvold GD. Plasma leptin concentrations
are independently associated with insulin sensitivity in lean and
overweight cats. J Feline Med Surg 2002;4:83-9.

[67] Schwartz MW, Prigeon RL, Kahn SE, Nicolson M, Moore J,
Morawiecki A, et al. Evidence that plasma leptin and insulin levels
are associated with body adiposity via different mechanisms.
Diabetes Care 1997;20:1476-81.

[64

[l

[68] Grasso P, Leinung MC, Ingher SP, Lee DW. In vivo effects of leptin-
related synthetic peptides on body weight and food intake in female
ob/ob mice: localization of leptin activity to domains between amino
acid residues 106-140. Endocrinology 1997;138:1413-8.

[69] Gloaguen I, Costa P, Demartis A, Lazzaro D, Di Marco A, Graziani R,
et al. Ciliary neurotrophic factor corrects obesity and diabetes
associated with leptin deficiency and resistance. Proc Natl Acad Sci
U S A 1997;94:6456-61.

[70] Steppan CM, Bailey ST, Bhat S, Brown EJ, Banerjee RR, Wright CM,
et al. The hormone resistin links obesity to diabetes. Nature
2001;409:307-12.

[71] Banerjee RR, Lazar MA. Dimerization of resistin and resistin-like
molecules determined by a single cysteine. J Biol Chem 2001;276:
25970-3.

[72] Degawa-Yamauchi M, Bovenkerk JE, Juliar BE, Watson W, Kerr K,
Jones R, et al. Serum resistin (FIZZ3) protein is increased in obese
humans. J Clin Endocrinol Metab 2003;88:5452-5.

[73] Silha JV, Krsek M, Skrha JV, Sucharda P, Nyomba BL, Murphy LJ.
Plasma resistin, adiponectin and leptin levels in lean and obese
subjects: correlations with insulin resistance. Eur J Endocrinol 2003;
149:331-5.

[74] Lee JH, Chan JL, Yiannakouris N, Kontogianni M, Estrada E, Seip R,
et al. Circulating resistin levels are not associated with obesity or
insulin resistance in humans and are not regulated by fasting or leptin
administration: cross-sectional and interventional studies in normal,
insulin-resistant, and diabetic subjects. J Clin Endocrinol Metab
2003;88:4848 - 56.

[75] Azuma K, Katsukawa F, Oguchi S, Murata M, Yamazaki H, Shimada
A, et al. Correlation between serum resistin level and adiposity in
obese individuals. Obes Res 2003;11:997-1001.

[76] Shuldiner AR, Yang R, Gong DW. Resistin, obesity and insulin
resistance—the emerging role of the adipocyte as an endocrine
organ. N Engl J Med 2001;345:1345-6.

[77] Yamauchi T, Kamon J, Waki H, Terauchi Y, Kubota N, Hara K,
et al. The fat-derived hormone adiponectin reverses insulin resist-
ance associated with both lipoatrophy and obesity. Nat Med 2001;
7:941-6.

[78] Ouchi N, Kihara S, Funahashi T, Matsuzawa Y, Walsh K. Obesity,
adiponectin and vascular inflammatory disease. Curr Opin Lipidol
2003;14:561 -6.

[79] Yokota T, Meka CS, Kouro T, Medina KL, Igarashi H, Takahashi M,
et al. Adiponectin, a fat cell product, influences the earliest
lymphocyte precursors in bone marrow cultures by activation of the
cyclooxygenase-prostaglandin pathway in stromal cells. J Immunol
2003;171:5091 -9.

[80] Hara T, Fujiwara H, Shoji T, Mimura T, Nakao H, Fujimoto S.
Decreased plasma adiponectin levels in young obese males.
J Atheroscler Thromb 2003;10:234-8.

[81] Weyer C, Funahashi T, Tanaka S, Hotta K, Matsuzawa Y, Pratley RE,
et al. Hypoadiponectinemia in obesity and type 2 diabetes: close
association with insulin resistance and hyperinsulinemia. J Clin
Endocrinol Metab 2001;86:1930-5.

[82] Cnop M, Havel PJ, Utzschneider KM, Carr DB, Sinha MK, Boyko
EJ, et al. Relationship of adiponectin to body fat distribution, insulin
sensitivity and plasma lipoproteins: evidence for independent roles of
age and sex. Diabetologia 2003;46:459 - 69.

[83] Yu JG, Javorschi S, Hevener AL, Kruszynska YT, Norman RA,
Sinha M, et al. The effect of thiazolidinediones on plasma
adiponectin levels in normal, obese, and type 2 diabetic subjects.
Diabetes 2002;51:2968 - 74.

[84] Matsubara M, Maruoka S, Katayose S. Inverse relationship between
plasma adiponectin and leptin concentrations in normal-weight and
obese women. Eur J Endocrinol 2002;147:173 - 80.

[85] Gavrila A, Chan JL, Yiannakouris N, Kontogianni M, Miller LC,
Orlova C, et al. Serum adiponectin levels are inversely associated
with overall and central fat distribution but are not directly
regulated by acute fasting or leptin administration in humans:



N. Angelopoulos et al. / Metabolism Clinical and Experimental 54 (2005) 1202—1217 1215

cross-sectional and interventional studies. J Clin Endocrinol Metab
2003;88:4823-31.

[86] Lenchik L, Register TC, Hsu FC, Lohman K, Nicklas BIJ,
Freedman BI, et al. Adiponectin as a novel determinant of bone
mineral density and visceral fat. Bone 2003;33:646-51.

[87] Kadowaki T, Hara K, Yamauchi T, Terauchi Y, Tobe K, Nagai R.
Molecular mechanism of insulin resistance and obesity. Exp Biol
Med 2003;228:1111-7.

[88] Ristow M, Muller-Wieland D, Pfeiffer A, Krone W, Kahn CR.
Obesity associated with a mutation in a genetic regulator of
adipocyte differentiation. N Engl J Med 1998;339:953-9.

[89] Maeda N, Takahashi M, Funahashi T, Kihara S, Nishizawa H,
Kishida K, et al. PPARgamma ligands increase expression and
plasma concentration of adiponectin, an adipose-derived protein.
Diabetes 2001;50:2094-9.

[90] Berg A, Combs T, Scherer P. ACRP30/adiponectin: an adipokine
regulating glucose and lipid metabolism. Trends Endocrinol Metab
2002;13:84-9.

[91] Yamauchi T, Kamon J, Ito Y, Tsuchida A, Yokomizo T, Kita S, et al.
Cloning of adiponectin receptors that mediate antidiabetic metabolic
effects. Nature 2003;423:762-9.

[92] Dumont Y, Martel JC, Fournier A, St-Pierre S, Quirion R.

Neuropeptide Y and neuropeptide Y receptor subtypes in brain and

peripheral tissues. Prog Neurobiol 1992;38:125-67.

Schwartz MW, Baskin DG, Bukowski TR, Kuijper JL, Foster D,

Lasser G, et al. Specificity of leptin action on elevated blood glucose

levels and hypothalamic neuropeptide Y gene expression in ob/ob

mice. Diabetes 1996;45:531-5.

Zarjevski N, Cusin I, Vettor R, Rohner-Jeanrenaud F, Jeanrenaud B.

Chronic intracerebroventricular neuropeptide-Y administration to

normal rats mimics hormonal and metabolic changes of obesity.

Endocrinology 1993;133:1753-8.

Stanley BG, Kyrkouli SE, Lampert S, Leibowitz SF. Neuropeptide

Y chronically injected into the hypothalamus: a powerful neuro-

chemical inducer of hyperphagia and obesity. Peptides 1986;7:

1189-92.

Sipols AJ, Baskin DG, Schwartz MW. Effect of intracerebro-

ventricular insulin infusion on diabetic hyperphagia and

hypothalamic neuropeptide gene expression. Diabetes 1995;44:

147-51.

Ollmann MM, Wilson BD, Yang YK, Kerns JA, Chen Y, Gantz I,

et al. Antagonism of central melanocortin receptors in vitro and in

vivo by agouti-related protein. Science 1997;278:135-8.

Erickson JC, Clegg KE, Palmiter RD. Sensitivity to leptin and

susceptibility to seizures of mice lacking neuropeptide Y. Nature

1996;381:415-21.

Kanatani A, Kanno T, Ishihara A, Hata M, Sakuraba A, Tanaka T,

et al. The novel neuropeptide Y Y(1) receptor antagonist J-104870:

a potent feeding suppressant with oral bioavailability. Biochem

Biophys Res Commun 1999;266:88-91.

Herzog H, Baumgartner M, Vivero C, Selbie LA, Auer B, Shine J.

Genomic organization, localization, and allelic differences in the

gene for the human neuropeptide Y Y1 receptor. J Biol Chem

1993;268:6703-7.

[101] Zukowska-Grojec Z. Neuropeptide Y. A novel sympathetic stress
hormone and more. Ann N Y Acad Sci 1995;771:219-33.

[102] Eiholzer U, Blum WF, Molinari L. Body fat determined by skinfold
measurements is elevated despite underweight in infants with Prader-
Labhart-Willi syndrome. J Pediatr 1999;134:222-5.

[103] Swaab DF. Prader-Willi syndrome and the hypothalamus. Acta
Paediatr 1997;423:50-4.

[104] Inui A. Cancer anorexia-cachexia syndrome: are neuropeptides the
key? Cancer Res 1999;59:4493-501.

[105] Goldstone AP, Unmehopa UA, Bloom SR, Swaab DF. Hypothalamic
NPY and agouti-related protein are increased in human illness but not
in Prader-Willi syndrome and other obese subjects. J Clin Endocrinol
Metab 2002;87:927-37.

[93

—

[94

[}

[95

[t}

[96

[}

[97

—

[98

[t

[99

[}

[100

=

[106] Pinkney J, Wilding J, Williams G, MacFarlane 1. Hypothalamic
obesity in humans: what do we know and what can be done? Obes
Rev 2002;3:27-34.

[107] Sklar CA. Craniopharyngioma: endocrine sequelae of treatment.
Pediatr Neurosurg 1994;21:120-3.

[108] Sorva R. Children with craniopharyngioma. Early growth failure

and rapid postoperative weight gain. Acta Paediatr Scand 1988;

77:587-92.

Borowsky B, Durkin MM, Ogozalek K, Marzabadi MR, DeLeon J,

Lagu B, et al. Antidepressant, anxiolytic and anorectic effects of a

melanin-concentrating hormone-1 receptor antagonist. Nat Med

2002;8:825-30.

[110] Tritos NA, Maratos-Flier E. Two important systems in energy
homeostasis: melanocortins and melanin-concentrating hormone.
Neuropeptides 1999;33:339-49.

[111] Segal-Lieberman G, Bradley RL, Kokkotou E, Carlson M,
Trombly DJ, Wang X, et al. Melanin-concentrating hormone is a
critical mediator of the leptin-deficient phenotype. Proc Natl Acad
Sci U S A 2003;100:10085-90.

[112] Ito M, Gomori A, Ishihara A, Oda Z, Mashiko S, Matsushita H, et al.
Characterization of MCH-mediated obesity in mice. Am J Physiol
Endocrinol Metab 2003;284:E940-5.

[113] Hervieu G. Melanin-concentrating hormone functions in the nervous
system: food intake and stress. Expert Opin Ther Targets 2003;7:
495-511.

[114] Forray C. The MCH receptor family: feeding brain disorders? Curr
Opin Pharmacol 2003;3:85-9.

[115] Shearman LP, Camacho RE, Sloan Stribling D, Zhou D,
Bednarek MA, Hreniuk DL, et al. Chronic MCH-1 receptor
modulation alters appetite, body weight and adiposity in rats. Eur
J Pharmacol 2003;475:37-47.

[116] Wardlaw SL. Clinical review 127: obesity as a neuroendocrine
disease: lessons to be learned from proopiomelanocortin and
melanocortin receptor mutations in mice and men. J Clin Endocrinol
Metab 2001;86:1442-6.

[117] Elmquist JK, Maratos-Flier E, Saper CB, Flier JS. Unraveling the
central nervous system pathways underlying responses to leptin. Nat
Neurosci 1998;1:445-50.

[118] Huszar D, Lynch CA, Fairchild-Huntress V, Dunmore JH, Fang Q,
Berkemeier LR, et al. Targeted disruption of the melanocortin-4
receptor results in obesity in mice. Cell 1997;88:131-41.

[119] Cowley MA, Smart JL, Rubinstein M, Cerdan MG, Diano S,
Horvath TL, et al. Leptin activates anorexigenic POMC neurons
through a neural network in the arcuate nucleus. Nature 2001;411:
480-4.

[120] Mizuno TM, Kleopoulos SP, Bergen HT, Roberts JL, Priest CA,
Mobbs CV. Hypothalamic pro-opiomelanocortin mRNA is reduced
by fasting in ob/ob and db/db mice, but is stimulated by leptin.
Diabetes 1998;47:294-7.

[121] van Dijk G. The role of leptin in the regulation of energy balance and
adiposity. J Neuroendocrinol 2001;13:913-21.

[122] Reddy AB, Cronin AS, Ford H, Ebling FJ. Seasonal regulation

of food intake and body weight in the male Siberian hamster:

studies of hypothalamic orexin (hypocretin), neuropeptide Y (NPY)

and pro-opiomelanocortin (POMC). Eur J Neurosci 1999;11:

3255-64.

Peyron C, Tighe DK, van den Pol AN, de Lecea L, Heller HC,

Sutcliffe JG, et al. Neurons containing hypocretin (orexin)

project to multiple neuronal systems. J Neurosci 1998;18:

9996-10015.

Sakurai T, Amemiya A, Ishii M, Matsuzaki I, Chemelli RM, Tanaka

H, et al. Orexins and orexin receptors: a family of hypothalamic

neuropeptides and G protein—coupled receptors that regulate feeding

behavior. Cell 1998;92:573-85.

[125] Nambu T, Sakurai T, Mizukami K, Hosoya Y, Yanagisawa M,
Goto K. Distribution of orexin neurons in the adult rat brain. Brain
Res 1999;827:243-60.

[109

—

[123

[t}

[124

=



1216 N. Angelopoulos et al. / Metabolism Clinical and Experimental 54 (2005) 1202—-1217

[126] Kunii K, Yamanaka A, Nambu T, Matsuzaki I, Goto K, Sakurai T.
Orexins/hypocretins regulate drinking behaviour. Brain Res 1999;
842:256-61.

[127] Hagan JJ, Leslie RA, Patel S, Evans ML, Wattam TA, Holmes S,
et al. Orexin A activates locus coeruleus cell firing and increases
arousal in the rat. Proc Natl Acad Sci U S A 1999;96:10911-6.

[128] Asakawa A, Inui A, Inui T, Katsuura G, Fujino MA, Kasuga M.
Orexin reverses cholecystokinin-induced reduction in feeding.
Diabetes Obes Metab 2002;4:399-401.

[129] Daun JM, McCarthy DO. The role of cholecystokinin in interleukin-
induced anorexia. Physiol Behav 1993;54:237-41.

[130] Uhe AM, Szmukler GI, Collier GR, Hansky J, O’Dea K, Young GP.
Potential regulators of feeding behavior in anorexia nervosa. Am J
Clin Nutr 1992;55:28-32.

[131] Gautvik KM, de Lecea L, Gautvik VT, Danielson PE, Tranque P,
Dopazo A, et al. Overview of the most prevalent hypothalamus-
specific mRNAs, as identified by directional tag PCR subtraction.
Proc Natl Acad Sci U S A 1996;93:8733-8.

[132] Abbott CR, Rossi M, Wren AM, Murphy KG, Kennedy AR,
Stanley SA, et al. Evidence of an orexigenic role for cocaine- and
amphetamine-regulated transcript after administration into discrete
hypothalamic nuclei. Endocrinology 2001;142:3457-63.

[133] Cota D, Marsicano G, Tschop M, Grubler Y, Flachskamm C,
Schubert M, et al. The endogenous cannabinoid system affects
energy balance via central orexigenic drive and peripheral lipogen-
esis. J Clin Invest 2003;112:423-31.

[134] Lambert PD, Couceyro PR, Mcgirr KM, Dall Vechia SE, Smith Y,
Kuhar MJ. CART peptides in the central control of feeding and
interactions with neuropeptide Y. Synapse 1998;29:293-8.

[135] Aja S, Schwartz GJ, Kuhar MJ, Moran TH. Intracerebroventricular
CART peptide reduces rat ingestive behavior and alters licking
microstructure. Am J Physiol 2001;280:1613-9.

[136] Robson AJ, Rousseau K, Loudon AS, Ebling FJ. Cocaine and
amphetamine-regulated transcript mRNA regulation in the hypo-
thalamus in lean and obese rodents. J Neuroendocrinol 2002;14:
697-709.

[137] Roland BL, Sutton SW, Wilson SJ, Luo L, Pyati J, Huvar R, et al.
Anatomical distribution of prolactin-releasing peptide and its
receptor suggests additional functions in the central nervous system
and periphery. Endocrinology 1999;140:5736-45.

[138] Seal LJ, Small CJ, Dhillo WS, Stanley SA, Abbott CR, Ghatei MA,
et al. PRL-releasing peptide inhibits food intake in male
rats via the dorsomedial hypothalamic nucleus and not the
paraventricular hypothalamic nucleus. Endocrinology 2001;142:
4236-43.

[139] Ellacott KL, Lawrence CB, Rothwell NJ, Luckman SM. PRL-
releasing peptide interacts with leptin to reduce food intake and
body weight. Endocrinology 2002;143:368-74.

[140] Lawrence CB, Ellacott KL, Luckman SM. PRL-releasing peptide
reduces food intake and may mediate satiety signaling. Endocrinol-
ogy 2002;143:360-7.

[141] Raybould HE, Gayton RJ, Dockray GJ. Mechanisms of action of
peripherally administered cholecystokinin octapeptide on brain stem
neurons in the rat. J Neurosci 1988;8:3018-24.

[142] Finn PD, Cunningham MJ, Rickard DG, Clifton DK, Steiner RA.
Serotonergic neurons are targets for leptin in the monkey. J Clin
Endocrinol Metab 2001;86:422-6.

[143] Sullivan SD, Howard LC, Clayton AH, Moenter SM. Serotonergic
activation rescues reproductive function in fasted mice: does
serotonin mediate the metabolic effects of leptin on reproduction?
Biol Reprod 2002;66:1702 -6.

[144] Migliorini RH, Garofalo MA, Kettelhut IC. Increased sympathetic
activity in rat white adipose tissue during prolonged fasting. Am J
Physiol 1997;272:656-61.

[145] Young JB. Developmental plasticity in sympathetic nervous system
response to fasting in adipose tissues of male rats. Metabolism
2003;52:1621-6.

[146] Dodt C, Lonnroth P, Wellhoner JP, Fehm HL, Elam M. Sympathetic
control of white adipose tissue in lean and obese humans. Acta
Physiol Scand 2003;177:351-7.

[147] Kreier F, Fliers E, Voshol PJ, Van Eden CG, Havekes LM, Kalsbeek
A, et al. Selective parasympathetic innervation of subcutaneous and
intra-abdominal fat— functional implications. J Clin Invest 2002;
110:1243-50.

[148] Boden G, Hoeldtke RD. Nerves, fat, and insulin resistance. N Engl J
Med 2003;349:1966-7.

[149] Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo H, Kangawa K.
Ghrelin is a growth-hormone-releasing acylated peptide from
stomach. Nature 1999;402:656-60.

[150] Broglio F, Gottero C, Arvat E, Ghigo E. Endocrine and non-
endocrine actions of Ghrelin. Horm Res 2003;59:109-17.

[151] Asakawa A, Inui A, Kaga T, Yuzuriha H, Nagata T, Ueno N, et al.
Ghrelin is an appetite-stimulatory signal from stomach with
structural resemblance to motilin. Gastroenterology 2001;120:
337-45.

[152] Cummings DE, Weigle DS, Frayo RS, Breen PA, Ma MK, Dellinger
EP, et al. Plasma ghrelin levels after diet-induced weight loss or
gastric bypass surgery. N Engl J Med 2002;346:1623 - 30.

[153] Broberger C, Johansen J, Johansson C, Schalling M, Hokfelt T. The
neuropeptide Y/agouti gene-related protein (AGRP) brain circuitry in
normal, anorectic, and monosodium glutamate-treated mice. Proc
Natl Acad Sci U S A 1998;95:15043-8.

[154] English PJ, Ghatei MA, Malik IA, Bloom SR, Wilding JP. Food fails
to suppress ghrelin levels in obese humans. J Clin Endocrinol Metab
2002;87:2984.

[155] Inui A. Feeding and body weight regulation by hypothalamic
neuropeptides: mediation of the actions of leptin. Trends Neurosci
1999;22:62-7.

[156] Beck B, Richy S, Stricker-Krongrad A. Ghrelin and body weight
regulation in the obese Zucker rat in relation to feeding state and
dark/light cycle. Exp Biol Med 2003;228:1124-31.

[157] Faraj M, Havel PJ, Phelis S, Blank D, Sniderman AD, Cianflone K.
Plasma acylation-stimulating protein, adiponectin, leptin, and
ghrelin before and after weight loss induced by gastric bypass
surgery in morbidly obese subjects. J Clin Endocrinol Metab 2003;
88:1594-602.

[158] Cummings DE, Shannon MH. Ghrelin and gastric bypass: is there a
hormonal contribution to surgical weight loss? J Clin Endocrinol
Metab 2003;88:2999-3002.

[159] Holdstock C, Engstrom BE, Ohrvall M, Lind L, Sundbom M,
Karlsson FA. Ghrelin and adipose tissue regulatory peptides: effect
of gastric bypass surgery in obese humans. J Clin Endocrinol Metab
2003;88:3177-83.

[160] Sun Y, Ahmed S, Smith RG. Deletion of ghrelin impairs neither
growth nor appetite. Mol Cell Biol 2003;23:7973-81.

[161] Murphy MG, Plunkett LM, Gertz BJ, He W, Wittreich J, Polvino
WM, et al. MK-677, an orally active growth hormone secretagogue,
reverses diet-induced catabolism. J Clin Endocrinol Metab 1998;
83:320-5.

[162] Inui A, Meguid MM. Ghrelin and cachexia. Diabetes Obes Metab
2002;4:431.

[163] Goldstone A. Prader-Willi syndrome: advances in genetics, patho-
physiology and treatment. Trends Endocrinol Metab 2004;15:12-20.

[164] Adrian TE, Ferri GL, Bacarese-Hamilton AJ, Fuessl HS, Polak JM,
Bloom SR. Human distribution and release of a putative new gut
hormone, peptide YY. Gastroenterology 1985;89:1070-7.

[165] Batterham RL, Cowley MA, Small CJ, Herzog H, Cohen MA,
Dakin CL, et al. Gut hormone PYY(3-36) physiologically inhibits
food intake. Nature 2002;418:650-4.

[166] Batterham RL, Cohen MA, Ellis SM, Le Roux CW, Withers DJ,
Frost GS, et al. Inhibition of food intake in obese subjects by peptide
YY3-36. N Engl J Med 2003;349:941 -8.

[167] Schwartz MW, Morton GJ. Obesity: keeping hunger at bay. Nature
2002;418:595-7.



N. Angelopoulos et al. / Metabolism Clinical and Experimental 54 (2005) 1202—1217 1217

[168] Asakawa A, Inui A, Yuzuriha H, Ueno N, Katsuura G, Fujimiya M,
et al. Characterization of the effects of pancreatic polypeptide in the
regulation of energy balance. Gastroenterology 2003;124:1325-36.

[169] Kissileff HR, Carretta JC, Geliebter A, Pi-Sunyer FX. Cholecysto-
kinin and stomach distension combine to reduce food intake in
humans. Am J Physiol Regul Integr Comp Physiol 2003;285:992 - 8.

[170] Helm KA, Rada P, Hoebel BG. Cholecystokinin combined with

serotonin in the hypothalamus limits accumbens dopamine release

while increasing acetylcholine: a possible satiation mechanism. Brain

Res 2003;963:290-7.

Konturek SJ, Pepera J, Zabielski K, Konturek PC, Pawlik T,

Szlachcic A, et al. Brain-gut axis in pancreatic secretion and appetite

control. J Physiol Pharmacol 2003;54:293-317.

[172] Zhan L, Hosoi T, Okuma Y, Nomura Y. Cholecystokinin inhibits
food intake independent of interleukin-1beta expression in the brain.
Biol Pharm Bull 2003;26:1181-3.

[173] Cano V, Ezquerra L, Ramos MP, Ruiz-Gayo M. Regulation of leptin
distribution between plasma and cerebrospinal fluid by cholecysto-
kinin receptors. Br J Pharmacol 2003;140:647-52.

[174] Gault VA, O’Harte FP, Flatt PR. Glucose-dependent insulinotropic
polypeptide (GIP): anti-diabetic and anti-obesity potential? Neuro-
peptides 2003;37:253-63.

[175] Miyawaki K, Yamada Y, Ban N, Thara Y, Tsukiyama K, Zhou H,
et al. Inhibition of gastric inhibitory polypeptide signaling prevents
obesity. Nat Med 2002;8:738-42.

[176] Wang SY, Chi MM, Li L, Moley KH, Wice BM. Studies with GIP/
Ins cells indicate secretion by gut K cells is KATP channel inde-
pendent. Am J Physiol Endocrinol Metab 2003;284:E988-E1000.

[177] Vilsboll T, Krarup T, Sonne J, Madsbad S, Volund A, Juul AG, et al.
Incretin secretion in relation to meal size and body weight in healthy

[171

—

subjects and people with type 1 and type 2 diabetes mellitus. J Clin
Endocrinol Metab 2003;88:2706-13.

[178] Thomsen C, Storm H, Holst JJ, Hermansen K. Differential effects of
saturated and monounsaturated fats on postprandial lipemia and
glucagon-like peptide 1 responses in patients with type 2 diabetes.
Am J Clin Nutr 2003;77:605-11.

[179] Lee A, Patrick P, Wishart J, Horowitz M, Morley JE. The effects of

miglitol on glucagon-like peptide-1 secretion and appetite sensations

in obese type 2 diabetics. Diabetes Obes Metab 2002;4:329-35.

Gault VA, Flatt PR, Harriott P, Mooney MH, Bailey CJ, O’Harte FP.

Improved biological activity of Gly2- and Ser2-substituted analogues

of glucose-dependent insulinotrophic polypeptide. J Endocrinol

2003;176:133-41.

Gault VA, Flatt PR, O’Harte FP. Glucose-dependent insulinotropic

polypeptide analogues and their therapeutic potential for the

treatment of obesity-diabetes. Biochem Biophys Res Commun
2003;308:207-13.

Gault VA, O’Harte FP, Harriott P, Flatt PR. Degradation, cyclic

adenosine monophosphate production, insulin secretion, and glyce-

mic effects of two novel N-terminal Ala2-substituted analogs of
glucose-dependent insulinotropic polypeptide with preserved bio-
logical activity in vivo. Metabolism 2003;52:679-87.

[183] Berthoudm H-R. Neural systems controlling food intake and energy
balance in the modern world. Curr Opin Clin Nutr Metab Care
2003;6:615-20.

[184] Hillebrand JG, de Wied D, Adan RAH. Neuropeptides, food intake
and body weight regulation: a hypothalamic focus. Peptides 2002;
23:2283-306.

[185] Tiwari HK, Allison DB. Do allelic variants of SLC6A14 predispose
to obesity? J Clin Invest 2003;112:1633-6.

[180

=

[181

—

[182

—



	Current knowledge in the neurophysiologic modulation of obesity
	Introduction
	Peripheral regulation
	Insulin
	Adipose tissue
	White and brown adipose tissue
	Adipose tissue and inflammation
	Leptin
	Resistin
	Adiponectin

	The nervous system
	Hypothalamic neuropeptides
	Neuropeptide Y/agouti-related protein
	Melanin-concentrating hormone
	alpha-Melanocyte-stimulating hormone
	Orexin
	Cocaine- and amphetamine-related transcript
	Prolactin-releasing peptide

	Brain stem
	Peripheral nervous system

	Gut peripheral signals
	Ghrelin
	Peptide YY
	Cholecystokinin
	Glucose-dependent insulinotropic polypeptide/GLP-1

	Discussion
	References


