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ABSTRACT: Food intake is tightly controlled by a number of central and peripheral factors and
systems which ensure, under physiological conditions, an almost perfect match between energy in-
take and energy expenditure. Although most of the factors and systems involved in the control of
energy homeostasis are redundant and their inhibition does not result in significantly changed food
intake, a few of them appear critical and their block induces the onset of anorexia or hyperphagia.
Among these systems, the brain monoaminergic system plays an important role in the control of
eating behavior. In this article, we will review the existing literature dealing with the role of brain
serotonin in the regulation of food intake and its contribution to the pathogenesis of hyperphagia of
obesity. With the use of a number of models, it appears that brain serotonin contributes to food in-
take regulation by acting within the brain in a coordinated manner with another monoamine in-
volved in food intake regulation, dopamine. Also, hyperphagia of obesity is associated with
changes in brain monoamine concentrations, but it is still difficult to ascertain whether these de-
fects are an acquired response to chronic overingestion leading to obesity, which then drives fur-
ther increases in food intake to preserve the status quo, or whether they are due to primary central
factors. The pivotal role of central serotonin in food intake regulation and particularly in obesity is
also strengthened by the evidence that the drugs licensed to interfere with food intake in obese pa-
tients act on the serotonergic system. (Nutritional Therapy & Metabolism 2007; 25: 49-55)
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INTRODUCTION

Under physiological conditions, energy homeostasis,
ie, the balance between energy intake and energy expen-
diture, should be tightly controlled to avoid pathological
changes in body weight, leading to increased risk of se-
rious disorders. If we consider that the average energy
intake over a year is approximately 650,000 kcal, then
this energy intake should be matched by energy expen-
diture with a 99.9% precision, to avoid a >2 kg increase
in body weight over the same period. Therefore, it is not
surprising that energy homeostasis is under the control
of a number of different, and frequently redundant, cen-
tral and peripheral factors.

Although extremely complex, the general frame of
food intake regulation can be summarized in the gut-brain
axis hypothesis, ie, a brain area located in the hypothala-
mus receives and integrates inputs from the periphery.
When the sum of these inputs indicates that an energy

deficit exists in the periphery, hypothalamic orexigenic
pathways are activated and food intake is elicited. In con-
trast, when the messages arriving to the brain signal an ex-
cess of energy availability, then hypothalamic anorexi-
genic pathways are activated and food intake is inhibited.
Consequently, energy homeostasis results from the inter-
actions at the hypothalamic level between peripheral sig-
nals, reaching the brain as hormones (among which in-
sulin appears to play an important role), peptides, or neur-
al inputs, and a number of hypothalamic pathways in-
volved in their integration and in eliciting the adequate be-
havioral response. Among the different hypothalamic
pathways, the brain monoaminergic system, and particu-
larly brain serotonin, appears to play a critical role in con-
trolling food intake under physiological conditions. More-
over, its derangement seems to contribute to the develop-
ment of hyperphagia, thereby strengthening its role as a
critical mediator of eating behavior and as an attractive pu-
tative therapeutic target for hyperphagic obese patients.
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MONOAMINE AND THE CONTROL OF FOOD
INTAKE

In the effort to crack the riddle of food intake con-
trol, it is useful to base investigations on a simple for-
mula reflecting the integrative behavior of sponta-
neous food intake, i.e. food intake = meal number x
meal size (1). Under normal circumstances, counter-
balancing controls for each feeding index exist, such
that a change in one is likely to produce a compen-
satory change in the other to preserve the relative con-
sistency of daily food intake (2). This reciprocal rela-
tionship between meal number and meal size that
maintains homeostasis of food intake under normal
conditions and leads to its disruption under different
experimental conditions has been repeatedly demon-
strated (see ref. 3 for a review). To function as a com-
plementary system, it is likely that under normal and
stable metabolic conditions meal size (reflecting
short-term food intake controls) and meal number (re-
flecting long-term food intake controls) are indepen-
dently regulated in a way analogous to the reciprocal
innervation controlling spinal reflexes. It is also likely
that they are regulated by different but connected
anatomical sites in the hypothalamus. Thus, putative
hypothalamic areas involved in the control of appetite
and food intake are those loci whose anatomical and
functional relationships, as they relate to regulation of
food intake and metabolism, are well established.
Among other hypothalamic areas, the lateral hypothal-
amic area (LHA) and the ventromedial nucleus of the
hypothalamus (VMN) are known to be anatomically
linked (3). Functional reciprocity between LHA and
VMN has been established by a number of studies. Fi-
nally, serotonin and dopamine, 2 neurotransmitters
whose role in food intake control is well established,
exert their action via different areas of the hypothala-
mus, including the VMN and LHA (4).

In the past years, intra-LHA and intra-VMN
changes in neurotransmitter levels have been demon-
strated to be related to the relationship between meal
size and meal number (4). Conceptually, it could be
hypothesized that an interaction between LHA and
VMN and between at least 2 neurotransmitters,
dopamine and serotonin, within these brain areas, may
significantly participate in food intake control in
health and disease by their influences on meal size
and meal number, probably via modulation of gas-
trointestinal function and motility (4). In particular, it
appears that an increase in hypothalamic serotonin is
involved in the regulation of satiation and thus of meal
number, while an increase in hypothalamic dopamine
is involved in sustaining feeding activity and thus in

the regulation of meal size.

Serotonin, as well as dopamine, is a monoamine
acting as a neurotransmitter and is involved in differ-
ent biological responses. Although the exact role of
monoamines in the central regulation of food intake
and body weight still awaits clarification, their in-
volvement in this process has been repeatedly con-
firmed. Now it is clear that monoaminergic neuro-
transmitters act in conjunction with neuropeptides and
peripheral hormones to bring about physiological
states such as hunger, satiation and satiety (5). Sup-
porting this view, it has been recently shown that fen-
fluramine, a serotonergic drug, acts in the arcuate nu-
cleus of the hypothalamus (the integrating center re-
ceiving information from the periphery) by stimulat-
ing a specific neuronal population, the pro-opiome-
lanocortin neurons (POMC), which is involved in me-
diating satiety (6).

The particular role of monoamines in the regula-
tion of specific behavior such as food intake is proba-
bly related to their mechanism of synthesis, which is
different from that of neuropeptides. In short-term
regulation, monoamine synthesis is dependent on the
availability of substrate and enzyme activity and less
dependent on the gene level of expression. Thus, the
monoaminergic system is able to adjust its own activi-
ty both to immediate needs and to long-term regula-
tion, which includes the level of gene expression of
their rate-limiting enzymes and pre- and postsynaptic
receptors. The importance of serotonin in food intake
regulation was demonstrated in mice lacking seroton-
ergic receptors, which display food intake— and body
weight-related abnormalities (7). Similarly, dopamine
has been shown to be indispensable for feeding behav-
ior, so that mice with a knockout tyrosine hydroxylase
gene are aphagic (8), while their eating behavior can
be restored by transfection of the tyrosine hydroxylase
gene into the striatum (9).

The release of dopamine and serotonin in the LHA
and VMN occurs during eating and the amount of
dopamine release is proportional to meal size (10, 11).
Since serotonin and dopamine are known to modulate
the activity and gene expression of peptidergic neurons
(12), it is likely that these monoamines can target feed-
ing-related peptidergic neurons in the LHA and VMN to
influence food intake. Finally, a number of studies have
shown that serotonin release in the hypothalamus is en-
hanced during feeding to promote satiation (13), and re-
flects carbohydrate ingestion (14). The observation that
food deprivation brings about an opposite direction of
changes in dopamine and serotonin VMN concentra-
tions points to the reciprocal roles in the relationship be-
tween dopamine and serotonin.
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SEROTONIN AND EXPERIMENTAL OBESITY

Two main experimental models have been devel-
oped to reproduce obesity in animals: the leptin signal-
ing—deficient model and the diet-induced obesity model.

The leptin signaling—deficient model

Leptin is a peptide which is mainly produced by
adipocytes in proportion to body fat stores. It reaches
the arcuate nucleus in the hypothalamus, where it acti-
vates the anorexigenic neuronal pathway (ie, the POMC
neurons) while simultaneously inhibiting the prophagic
neuronal pathway (ie, the NPY/AgRP neurons) (15).
Then, via second-order neuronal pathways, the informa-
tion brought by leptin, ie, an increase in body fat stores,
triggers the behavioral response of stopping eating (15).
In humans, obesity due to a point mutation of the leptin
gene or of its receptor is rare, but clinical obesity is
characterized by leptin resistance (16). Its pathogenesis
includes neurochemical changes downstream of the neu-
rons possessing leptin receptors affecting central regula-
tion of food intake and body weight, via altered gene ex-
pression of neuropeptides.

The Zucker rat is a well-established model of obesi-
ty caused by leptin signaling deficiency, particularly due
to a mutation of the leptin receptor. The feeding pattern
of the obese Zucker rat versus its lean counterpart
demonstrates a consistently larger meal size throughout
the 24-hour light-dark cycle; thus, the obese Zucker rat
consistently consumes more food than its lean counter-
part (17). Hypothalamic monoaminergic activity has
been reported to be different between lean and leptin-re-
sistant obese Zucker rats (18, 19). Thus, it is conceiv-
able that monoaminergic hypothalamic systems, togeth-
er with the peptidergic system, contribute to the patho-
genesis of leptin-resistant obesity.

To confirm this hypothesis, serotonin and dopamine
concentrations in the VMN were studied in vivo using
microdialysis, as they relate to eating after food depriva-
tion in obese and lean Zucker rats (20). The data ob-
tained suggest that in obese rats with altered leptin sig-
naling the pattern of serotonin and dopamine release as-
sociated with food deprivation and refeeding is unal-
tered, but the levels of these neurotransmitters are lower
than those observed in lean rats. This points to an im-
paired postsynaptic monoaminergic action to produce an
adequate metabolic response in obese Zucker rats in re-
sponse to feeding state.

To better understand these data, it must be consid-
ered that leptin rapidly modulates synaptic transmission
in the hypothalamus (21), inhibiting dopamine and nor-
epinephrine release from the neuronal endings (22). In

the light of these reports, it could be reasoned that a de-
crease in leptin secretion during food deprivation (23)
would stimulate dopamine release in the hypothalamus,
while a transitory leptin increase during refeeding (24)
would inhibit dopamine release. Such a pattern of
dopamine release associated with food deprivation and
refeeding has been described and suggests a functional
link between leptin and dopamine in the VMN. Howev-
er, this pattern was observed in both obese and lean rats,
which implies that activation of monoamine release re-
lated to feeding status is unaltered in leptin-resistant
obese Zucker rats. These observations point to the con-
clusion that monoamine release associated with food de-
privation and refeeding is a leptin-independent phenom-
enon, or rather that obese Zucker rats are still able to re-
spond to leptin changes via monoamine release. Indeed,
obese Zucker rats do not show complete absence of lep-
tin action in intracellular signal transduction, but only a
reduction in this effect (25). Moreover, dopamine levels
were found to be lower in obese than in lean rats, which
can be due to the enhanced suppressive effect of leptin
on dopamine release because of the hyperleptinemia in
obese rats. However, food deprivation and refeeding
bring about a suppression and increase, respectively, of
dopamine release in the lateral hypothalamus in both
obese and lean Zucker rats (26). This phenomenon can
be explained as a secondary effect of leptin via the neu-
rons of the arcuate nucleus and the VMN to stimulate
dopamine release in the lateral hypothalamus.

The lower concentrations of serotonin found in
obese versus lean Zucker rats is in agreement with pre-
viously reported low VMN serotonin concentrations
(27). The opposite dynamics of serotonin and dopamine
changes after food deprivation and refeeding suggests
that serotonin release could be also related to leptin se-
cretion. Hence, low leptin secretion during food depriva-
tion can be associated with low serotonin release in the
VMN (23). Moreover, a stimulatory effect of leptin on
serotonin turnover has been reported, although indirect-
ly via the inhibition of nitric oxide (28).

The consistent pattern of dopamine and serotonin
changes in the VMN during food deprivation and
refeeding indicates an involvement of these
monoamines in the long-term regulation of metabolism
associated with states of hunger and satiety. Most neuro-
transmitters relevant to the regulation of metabolism
have an effect on both energy intake and expenditure
(5). Thus, even though obese Zucker rats have a similar
pattern of dopamine and serotonin change to lean rats
during food deprivation and refeeding, it is possible that
in obese rats the monoamines are unable to produce the
same metabolic effect as in lean rats. Such impaired
function of monoamines may include their altered func-
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tion on a postsynaptic level, where they play a role as
neuromodulators of food intake—related peptidergic mo-
toneurons.

To further explore and support the role of hypothala-
mic serotonin and dopamine in the regulation of feeding
pattern during obesity, dopaminergic and serotonergic
neurons were grafted into the LHA of obese Zucker rats
in order to create an experimental model of chronic
physiological over-release of dopamine or serotonin in
the LHA; the feeding pattern was studied before and af-
ter the transplant (29). Compared to the pregrafting peri-
od, a smaller increase in meal size occurred in both
serotonin-grafted and dopamine-grafted rats versus con-
trol rats. There was also a smaller decrease in meal
number in both serotonin-grafted and dopamine-grafted
rats versus control animals. Although the changes in
feeding pattern resulted in a decrease in total food intake
in serotonin-grafted rats versus control rats, no differ-
ences in body weight gain were observed in grafted ver-
sus control rats for the duration of the study. The present
data show that dopamine and serotonin in the LHA can
also modulate the feeding pattern and hence can con-
tribute to the formation of feeding patterns in the obese
Zucker rat.

The ability of dopamine and serotonin to influence
feeding pattern in the LHA can be explained by recently
reported data that provided the putative neurochemical
basis for food intake control. Two neuronal populations
in the LHA expressing melanin-concentrating hormone
(30) and hypocretin/orexin (31, 32) were discovered;
both neuropeptides strongly stimulate food intake. Al-
though so far there have been no studies exploring the re-
lationships between the LHA monoaminergic system and
the newly discovered peptidergic system, it is possible
that they involve a single regulatory pathway influencing
food intake and body weight control.

It has been demonstrated that an increase in food in-
take is not essential for the development of obesity in
Zucker rats (33), indicating that this obesity is due to ab-
normal regulation of the metabolism and not to food in-
take per se. These data explain findings as to why a de-
crease in total food intake in serotonin-grafted rats did
not affect body weight gain, and suggest that relatively
small changes in LHA monoamine concentrations pro-
duced by the graft are sufficient to affect the feeding
pattern controlling mechanism, but not to affect the
body weight set-point.

Beside its role in influencing food intake, hypothala-
mic serotonin appears also to impact energy expendi-
ture. In a recent report, Ohliger-Frerking et al studied
dorsal raphe nucleus serotonergic neurons, projecting to
the VMN to influence feeding (34). They showed that
the neurons from obese Zucker rats exhibited a larger

depolarization and increased firing rate in response to
phenylephrine than did cells from lean rats, thus sug-
gesting that dorsal raphe nucleus serotonergic neurons
of obese rats have an enhanced adrenergic drive. Fur-
thermore, serotonin, acting through 5-HT ¢ receptors,
reduces food intake and augments sympathetic activity,
thus promoting weight loss (35).

From these data obtained in the leptin signaling—de-
ficient model, we can conclude that hypothalamic sero-
tonin and dopamine are involved in the modulation of
feeding pattern in lean rats, while the alterations in their
baseline levels and in response to feeding may be re-
sponsible for the altered feeding pattern of obese rats.
Considering that serotonin influences energy expendi-
ture via the sympathetic nervous system, it can be con-
cluded that hypothalamic serotonin and dopamine con-
tribute to the pathogenesis of obesity. However, it is not
yet clear whether the alterations in monoaminergic neu-
rotransmission are primary in nature or secondary to
changes in the diet. An answer to this question may re-
sult from studies in the diet-induced obesity model.

The diet-induced model of obesity

When Sprague-Dawley rats are placed on a diet rela-
tively high in fat and calories, approximately half devel-
op diet-induced obesity (DIO) while the rest are diet-re-
sistant. When fed a low-fat diet from weaning, DIO- and
diet-resistant—prone rats weigh the same, but DIO-prone
rats have a number of abnormalities of neural function,
many of which are normalized when they become obese
after chronic exposure to a high-fat diet. In the effort to
better explore these neurochemical alterations, Has-
sanain and Levin recently reported that DIO-prone rats
show abnormalities of diurnal and fasting-induced alter-
ations in brain serotonin turnover which may predispose
them to becoming obese when dietary fat and caloric
density are increased (36). Once obesity develops, these
abnormalities, like those of several other hypothalamic
neurotransmitters and peptides, are normalized. This
may contribute to the persistence of obesity once it de-
velops.

One of the major contributions of the DIO model to
the understanding of the mechanisms regulating food in-
take in obese rats is the demonstration that changes in
diet modulate gene expression. In a recent study, Schaf-
fauser et al. studied rats fed a low- or a high-fat diet for
14 days (37). Then, the mRNA for 5-HT, receptor and
NPY receptor was measured. The results showed that
serotonin receptor expression was reduced, while NPY
mRNA was increased. These data indicate that dietary
fat may modulate serotonergic activity by influencing
the expression of serotonin receptor genes, and thus pos-
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sibly contributing to DIO. However, this change is ac-
companied by profound changes in the expression of
other hypothalamic genes involved in food intake, and it
is not yet clear whether these changes are concomitant
or one is brought about by the other.

The data obtained in the DIO model point to a criti-
cal role of genetic background in determining the occur-
rence of obesity. In particular, it appears that changes in
the composition of the diet may largely influence hypo-
thalamic neurotransmission (both aminergic and pep-
tidergic) via changes in gene expression in prone ani-
mals, thus leading to a positive energy balance.

SEROTONIN AND CLINICAL OBESITY

As outlined in the previous sections, a number of ex-
perimental studies have consistently indicated that, in
leptin-resistant obesity, abnormal hypothalamic
dopamine and serotonin activities contribute to hyper-
phagia and body-weight gain, and modulation of hypo-
thalamic dopamine and serotonin levels may result in re-
duced food intake and weight loss. Also, it appears that
abnormalities of the brain serotonergic system are in-
volved in mediating the onset of diet-induced obesity.
When considered together, these data suggest that brain
neurotransmission may represent a common step on
which different appetite-related messengers converge.
More simplistically, it can be hypothesized that most of
the abnormality existing in the cascade of signaling path-
ways of the obese rat results in a disturbed hypothalamic
monoaminergic neurotransmission.

Translating this evidence into human obesity, it
might be speculated that abnormalities of brain sero-
tonin function are involved in the pathogenesis of clini-
cal obesity. However, human obesity is a multifactorial
disease, so it is unlikely that serotonin could represent
the only factor involved in its pathogenesis, unless null
mutations of specific genes involved in serotonin activi-
ty and metabolism occur. Rather, it is likely that poly-
morphisms of specific serotonin-related genes may con-
fer, or contribute to confer, the susceptibility to develop
obesity in the presence of favoring environmental fac-
tors. From the clinician’s perspective, this hypothesis
might yield interesting results in an attempt to develop
effective therapeutic approaches to disturbed eating be-
havior. Specifically, the inhibitory effect on food intake
of hypothalamic serotonin may be exploited to reduce
food intake and achieve weight loss in hyperphagic
obese patients (38). We recognize that serotonergic
agents have been used in the treatment of hyperphagia,
but it must be emphasized that their side effects may
limit their use (39).

A more physiological and safer approach may be
based on the distinct characteristics of the enzymatic
pathways transforming the amino acid tryptophan into
serotonin. Tryptophan is readily transformed into sero-
tonin, whose concentrations do not limit the enzyme ac-
tivity; consequently, the more tryptophan that reaches
the brain, the more serotonin is produced (40). Thus, by
providing the brain with pharmacological doses of the
precursor tryptophan, more serotonin should be pro-
duced, also within the hypothalamus; consequently, re-
duced food intake and body-weight loss should be
achieved. To test this hypothesis, we used the direct pre-
cursor of serotonin, 5-hydroxy-tryptophan. In a series of
clinical, placebo-controlled, double-blind studies, we
consistently demonstrated that the oral administration of
5-hydroxy-tryptophan at a dose ranging from 750 to 900
mg/day reduces food intake in dietary-unrestricted
obese patients (41), enhances the adherence to a
hypocaloric dietary regimen (42), and reduces carbohy-
drate craving in non-insulin-dependent diabetic patients
(43), supporting the proposed role of brain serotonin in
determining macronutrient selection (38). The clinical
relevance of brain-neurotransmission modulation is also
emphasized by the promising results obtained in the op-
posite clinical syndrome, ie, anorexia associated with tu-
mor growth. In this setting, preliminary data have indi-
cated that the reduction of the supply of tryptophan to
the brain achieved by the manipulation of the plasma
amino-acid profile is associated with increased food in-
take (44). In our opinion, these data support the hypoth-
esis that brain monoaminergic neurotransmission may
represent a common step on which different appetite-re-
lated messengers converge.

CONCLUSION

A tight control of energy homeostasis is critical in
maintaining adequate nutritional status and body com-
position over time. To this end, a complex regulatory
system evolved based on the interaction between periph-
eral factors, informing the brain about the metabolic sta-
tus of peripheral tissues, and hypothalamic integrating
areas, which elicit the appropriate behavioral response.
Among the hypothalamic circuitries, the monoaminergic
system, and particularly the serotonin system, appear to
play a critical role in influencing not only food intake
but energy expenditure as well. In this context, the con-
tribution of brain serotonin to hyperphagia and obesity,
as well as disease-related anorexia, has been investigat-
ed in animal models. The results obtained demonstrate
that abnormalities of the serotonergic system may con-
tribute to the development of hyperphagia and obesity.
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This experimental evidence suggests that brain serotonin
could be involved in human obesity by favoring the ac-
cumulation of adipose tissue via yet to be determined
polymorphisms of serotonin-related genes, which dis-
turb the physiological anorexigenic effects of this neuro-
transmitter.
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