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Evidence has existed for more than 50 years In support of the
hypothesis that body energy stored In the form of fat is homeo-
statically regulated. Implicit In this concept Is the existence of a
biological system that operates dynamically over time to match
cumulative energy Intake to energy expenditure. For example,
to compensate for weight loss Induced by energy restriction,
animals must enter a period of positive energy balance (I.e.,
energy Intake greater than energy expenditure) that Is sus-
tained for as long as It takes to correct the deficit in body fat
stores. Having reached this point, the animal must return to a
state of neutral energy balance If stable fat mass Is to be main-
tained. The Identification of neuronal circuits in the hypothala-
mus that, when activated, exert potent, unidirectional effects on
energy balance provides a cornerstone of support for this
model. The additional finding that these central effector path-
ways are regulated by humoral signals generated in proportion
to body fat stores, Including the hormones Insulin and leptin,
helps to round out the picture of how energy homeostasis Is
achieved. The goal of this overview Is to highlight the evidence
that specific subsets of hypothalamic neurons containing spe-
cific signaling molecules participate In this dynamic regulatory
process, and to put these observations In the larger context of
a biological system that controls body adiposity.
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Adiposity Signals: Insulin and Leptin

The concept that humoral signals generated in propor-
tion to body energy stores provide negative feedback to
brain areas that control food intake and energy expenditure
was first proposed by Gordon Kennedy some 50 years ago.
He reasoned that if the brain is to engage compensatory
mechanisms that influence energy balance when the stabil-
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ity of body fat stores is threatened, it must receive afferent
input in proportion to the current level of body fat. Several
criteria to be met by an afferent humoral signal involved in
energy homeostasis can be considered: The signal should
circulate in plasma at levels proportional to body fat content
and should enter the brain in proportion to its circulating
level; administration of the putative signal into the circula-
tion or directly into the brain should reduce food intake and
promote weight loss, whereas a deficit of this signal should
have the opposite effect; and a signal transduction system
that mediates the effects of the signal should be identifiable
in brain areas known to control food intake and body
weight. To date, the hormones insulin and leptin are the
only molecules known to meet each of these criteria.

A role for insulin in the central nervous system (CNS)
control of energy homeostasis was first proposed by Woods
and Porte (1). This hypothesis was based on evidence that
insulin circulates in proportion to body fat in humans and
most other mammals, that insulin receptors are concentrated
in brain areas involved in the control of food intake (such as
the hypothalamic arcuate nucleus), and that administration
of insulin directly into the brain results in dose-dependent
reductions of food intake and body weight without evidence
of toxicity or systemic illness (reviewed in Ref. 2). Subse-
quent studies revealed that circulating insulin enters the
CNS via a saturable transport mechanism that can be
downregulated in response to environmental stimuli that
predispose to weight gain (e.g., consumption of a high fat
diet) (3).

A major discovery in 1994 followed' from the hypoth-
esis that mice with mutation at the ob locus (ob/ob) are
deficient in a key adiposity signal (4) since they exhibit
sustained hyperphagia, reduced energy expenditure, and se-
vere obesity (5). Since ob/ob mice have high insulin levels,
as expected for their degree of obesity, the missing adiposity
signal was unlikely to be insulin. Cloning of the ob gene by
Friedman and colleagues (4) provided powerful support for
the existence of a previously unknown adiposity signal,
which they termed "leptin." This hormone is a secreted
product of the adipocyte, and its deficiency is responsible
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for the severe obesity phenotype of ob/ob mice. Subsequent
studies, including the identification of the leptin receptor,
established that leptin meets the criteria delineated above
for a humoral adiposity negative feedback signal, and
studies now have begun to explore the mechanism(s)
whereby leptin regulates neuronal circuits involved in en-
ergy homeostasis.

Although leptin plays a quantitatively more important
role than insulin, several observations suggest that insulin
and leptin exert overlapping effects on hypothalamic neu-
rons involved in energy homeostasis. Both hormones cause
sustained, dose-dependent decreases of food intake and
body weight following intracerebroventricular infusion,
whereas deficiency of either hormone causes hyperphagia
(2). A role for neuronal insulin signaling in the control of
body adiposity was confirmed by the recent finding that
neuron-specific deletion of insulin receptors leads to in-
creased body fat deposition (6). Impaired reproductive func-
tion is an additional component of the phenotype of these
mice, and although the mechanism underlying this effect is
unknown, it is noteworthy that mice lacking either leptin or
its receptor have similar defects affecting the reproductive
axis. These observations raise the possibility of crosstalk
between signaling events downstream of insulin receptors
and leptin receptors in key hypothalamic neurons, and stud-
ies currently are underway to address this hypothesis.

Although humans with severe obesity due to mutation
of leptin or its receptor are now well described, most forms
of human obesity are characterized by normal or increased
food intake despite increased circulating levels of insulin
and leptin, and are without any known defect in the recep-
tors for these two adiposity signals. Therefore, common
forms of obesity in both humans and animal models are
hypothesized to involve resistance to the actions of insulin
and leptin downstream of their neuronal receptors, affecting
the brain pathways that mediate their effects on energy bal-
ance. Thus, the identification of these neuronal pathways
and the means by which they become resistant to input from
adiposity signals is a high priority.

Central Effector Pathways That Control
Energy Balance

Insight into the location of neuronal targets for the ac-
tion of insulin and leptin can be gained from the CNS dis-
tribution of insulin and leptin receptors. One of the few
brain areas that contains high levels of both receptors is the .
hypothalamic arcuate nucleus, and two key neuronal subsets
involved in energy homeostasis are also situated in this
brain area. Neuropeptide Y (NPY) is a powerful orexigen
that also reduces energy expenditure and, with repeated cen-
tral administration, can readily induce obesity in rodents. In
the hypothalamus, NPY is synthesized primarily by neurons
located in the ventromedial aspect of the arcuate nucleus,

and these cells are activated in response to negative energy
balance (e.g., caloric restriction or starvation). In view of
NPY's potent orexigenic effects, this activation of NPY
neurons is proposed to contribute to hyperphagia triggered
by loss of body fat, although controversy exists surrounding
the precise contribution of NPY in such conditions (7, 8).

Opposing the actions of NPY are the melanocortins,
peptides cleaved from the proopiomelanocortin (POMe)
precursor molecule (9) that are produced by neurons in
more dorsolateral subregions of the arcuate nucleus. Phar-
macological administration of melanocortins such as o-me-
lanocyte-stimulating hormone, directly into cerebral ven-
tricles causes acute decreases of food intake and promotes
weight loss (10). Evidence that these POMC neurons are
involved in energy homeostasis stems from observations
that both chronic caloric restriction and acute energy depri-
vation reduce POMC gene expression in the arcuate nucleus
(11, 12), and that pharmacological blockade of CNS mela-
nocortin receptors causes hyperphagia and weight gain (10).
Thus, NPY and melanocortins have opposing effects on
energy balance, and NPY and POMC neurons are recipro-
cally regulated in response to negative energy balance. The
effect of weight loss to both increase NPY and reduce mela-
nocortin signaling in the hypothalamus is thus hypothesized
to play a key role in adaptive behavioral and autonomic
responses that promote the recovery of depleted fat stores.

Current evidence suggests that regulation of both NPY
and POMC neurons in response to changes of body fat mass
involves changing input from insulin and leptin. For ex-
ample, the effect of fasting to increase NPY gene expression
in the arcuate nucleus, but not in other brain areas, can be
inhibited by administration of either insulin (13) or leptin
(14) directly into the brain. Moreover, genetic leptin defi-
ciency in ob/ob mice leads to marked upregulation of NPY
gene expression in the arcuate nucleus and this effect is
reversed by leptin administration (15, 16). The reverse holds
true for POMC neurons in the arcuate nucleus. Leptin ad-
ministration to fasted animals increases hypothalamic
POMC gene expression, whereas genetic leptin deficiency
lowers POMC mRNA levels in a manner that is reversed by
leptin administration (11). These observations provide com-
pelling support for a model in which a change in the level of
adiposity negative feedback signals (reflecting a proportion-
ate change of body fat content) is transduced into adaptive
changes of food intake and energy expenditure via a highly
coordinated set of regulatory responses occurring within
arcuate nucleus NPY and POMC neurons (17). By reducing
input from adiposity signals, a period of energy deficit ac-
tivates NPY while inhibiting POMC neurons, responses that
are proposed to trigger an increase of food intake until the
deficit is corrected. Conversely, involuntary overfeeding in
normal rats (e.g., via infusion of nutrients directly into the
stomach) causes anorexia via a mechanism dependent on
increased melanocortin receptor signaling (18).

A fascinating aspect of melanocortin signaling in en-
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ergy homeostasis surfaced when it was recognized that an
endogenous melanocortin receptor antagonist is also syn-
thesized within hypothalamic neurons. Known as agouti-
related peptide (AgRP) (19), this molecule induces sus-
tained increases of food intake upon central infusion by
blocking hypothalamic melanocortin receptors. Neuronal
AgRP is synthesized primarily (if not exclusively) in arcu-
ate nucleus NPY-containing neurons, and virtually all NPY
neurons in this brain area coexpress AgRP (20). These
NPY/AgRP neurons are therefore remarkably specialized,
as they are capable of increasing food intake not only by
increasing NPY signaling, but by decreasing melanocortin
signaling as well. Like NPY, expression of AgRP is
strongly induced both by a period of negative energy bal-
ance and by genetic leptin deficiency (19, 20). More recent
studies suggest that NPY/AgRP neurons also exert direct
effects to inhibit melanocortin expression in adjacent
POMC neurons (21).

Implications for the Pathogenesis and Treatment
of Obesity

One of the benefits of our rapidly expanding under-
standing of the biological control of energy homeostasis is
that it provides a framework within which to assess the role
of specific molecules in the pathogenesis of obesity. For
example, maintenance of normal body weight is predicted
to require that leptin, signaling via leptin receptors in the
hypothalamus, is able to activate POMC neurons and to
thereby increase signaling at hypothalamic melanocortin re-
ceptors. Consistent with this model, genetic obesity occurs
not only in mice bearing mutations of leptin or its receptor,
but in mice with mutations of POMC (22) or the melanocor-
tin 4 receptor (Mc4r, the principal melanocortin receptor
implicated in the effect of melanocortins on food intake and
body weight) (23). These observations prompted efforts to
screen these genetic loci in cohorts of obese humans in
search of genetic causes of obesity.

This effort has borne fruit. Thus, whereas single gene
mutations causing human obesity were unknown as recently
as 5 years ago, examples have now been reported in indi-
viduals with mutations of genes encoding leptin, leptin re-
ceptor, POMC, and Mc4r as well as other loci(24). The use
of animal models to identify key molecules in energy ho-
meostasis has therefore yielded important new insights into
the genetic basis of human obesity. Although most of these
monogenic obesity syndromes are rare, Mc4r mutations
have been identified in up to 4% of obese human popula-
tions (24). In more common forms of obesity, however, the
heritable contribution is polygenic, and studies using link-
age analysis have identified several additional candidate
loci that may playa role (25).

The identification of signaling molecules that are criti-
cal for energy homeostasis and are implicated in the patho-
genesis of obesity has generated optimism that new, more
effective approaches to obesity treatment will follow. In-
deed, pharmaceutical companies worldwide are actively

screening and testing drugs with activity at melanocortin
receptors, leptin receptors, and NPY receptors, to name but
a few. To date, this effort has not expanded the armamen-
tarium of drugs available for obesity treatment, but this will
likely change over time. Given the remarkably high and still
increasing prevalence of obesity in many areas of the world
(26), the market for such compounds is unparalleled, as is
the potential benefit to those who suffer its adverse health
consequences.
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