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� Abstract Animals have developed highly adaptive and redundant mechanisms
to maintain energy balance by matching caloric intake to caloric expenditure. Recent
evidence has pointed to a variety of peripheral signals that inform specific central
nervous system (CNS) circuits about the status of peripheral energy stores as critical
to the maintenance of energy balance. A critical component of these CNS circuits is
the melanocortin system. Regulation of signaling by melanocortin 3 and melanocortin
4 receptors in the CNS is controlled via neuronal cell bodies in the arcuate nucleus
of the hypothalamus that synthesize melanocortin receptor agonists such as alpha-
melanocyte-stimulating hormone (α-MSH) or antagonists such as agouti-related pro-
tein (AgRP). The activity of these two populations of neurons is reciprocally regulated
by a number of peripheral and central systems that influence energy balance. Further,
increased melanocortin signaling via pharmacological or genetic means in the CNS
causes potent reductions in food intake and weight loss. Decreased melanocortin sig-
naling via pharmacological or genetic means results in increased food intake and weight
gain. Reviewed here is the wide range of evidence that points to the melanocortin sys-
tem as a critical node in the diverse neurocircuitry that regulates food intake and body
weight.
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INTRODUCTION

The amount of stored fuel in the body is regulated in a very accurate manner.
To accomplish this, energy intake must be matched to energy expenditure over
time. Over the past decade, our understanding of how this is accomplished has
increased enormously. A major component of that increased understanding has
been the identification of neural systems that can influence food intake and/or
energy expenditure. Over the past decade, powerful molecular biological tools have
identified dozens of neurotransmitters and receptor systems with a potential role
in the maintenance of energy balance. This embarrassment of riches has led to an
alternative dilemma, which is how to knit several dozen neurotransmitter systems
into functional circuits whose activity might be altered so as to provide treatment
strategies for the escalating problem of obesity. To this end, it is critical to identify
primary neural systems that respond directly to changes in peripheral energy status.
This review details the wealth of evidence that points to the melanocortins and their
associated receptors as a vital component of the ongoing matching of caloric intake
to caloric expenditure.

Many lines of evidence indicate the important role of circulating hormones
in the regulation of energy balance (22, 35). In particular, hormones appear to
provide information about the status of peripheral energy stores in the form of
adipose tissue. Such adiposity signals act in the central nervous system (CNS) to
alter subsequent food intake and energy expenditure in order to maintain adequate
supplies of stored fuel. To do so, adiposity signals must have several properties
(94). First, levels of these signals need to vary appropriately with energy status.
Second, they must cross the blood-brain barrier, where they can act on appropriate
receptors in CNS regions linked to the control of energy balance. Third, changes
in signaling for adiposity signals must result in predictable changes in energy
balance.

Several hormones have been hypothesized to act as such an adiposity signal. The
one that has received the most attention is the adipocyte-derived hormone leptin.
Leptin is made primarily in adipocytes and under most circumstances circulates
in proportion to the amount of adipose tissue (25). It is capable of crossing the
blood-brain barrier (2, 11, 76), where it interacts with specific receptors found on
a variety of neuronal populations (77). Further, administration of leptin directly
into the CNS results in reduced food intake and weight loss (81), whereas reduced
leptin signaling through a variety of means results in increased food intake and
weight gain (13, 48). Thus, leptin fulfills all of the criteria of being an adiposity
signal.

Although it receives less attention, insulin also fulfills the criteria of being an
adiposity signal (75, 92). Although insulin levels rise and fall in response to blood
glucose levels, both basal levels and the 24-hour area under the curve are propor-
tional to body fat (68, 69). Moreover, insulin crosses the blood-brain barrier, where
it can interact with insulin receptors found in several regions in the CNS. Insulin
administration directly into the CNS causes a reduction of food intake and body
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weight in a number of species (92, 93, 95). Reductions in insulin signaling, via
either administration of insulin antibodies or targeted deletion of insulin receptors
in the CNS, result in increased food intake and body weight (10, 57). The totality of
these data support the hypothesis that both leptin and insulin provide important neg-
ative feedback signals to the CNS concerning the status of peripheral energy stores.

MELANOCORTINS AND THEIR RECEPTORS

Identifying peripheral signals that inform the CNS is just one of several important
steps in understanding how energy balance is regulated. Also critical is under-
standing the neural circuitry upon which these peripheral signals act. This has
been made more complicated by the large number of neurotransmitters that has
now been linked to the control of either food intake or energy expenditure. One
strategy to begin building these functional circuits is to focus upon the systems that
receive the most direct input from peripheral adiposity signals. One region with
high levels of expression for both insulin and leptin receptors is the arcuate nucleus
of the hypothalamus (4, 77). Thus, the systems contained in the arcuate nucleus
are a logical starting point to begin unraveling the complicated neural underpin-
nings of the regulation of energy balance. Although the arcuate contains a number
of neuropeptide systems that can influence energy balance, it is the primary site
in which a variety of ligands for the receptors for the melanocortin system are
produced.

As the name implies, the melanocortin system was first linked to the control
of skin and hair pigmentation. Several important melanocortin receptor ligands
come from the precursor peptide proopiomelanocortin (POMC). In particular,
alpha-melanocyte-stimulating hormone (α-MSH) acts on the first of five iden-
tified melanocortin receptor subtypes (MC1) located primarily in the skin and hair
to produce dark pigmentation (26). A second melanocortin ligand produced from
POMC is adrenocorticotrophic hormone (ACTH). ACTH is produced in the pi-
tuitary as an essential part of the stress response. ACTH circulates in the blood
and acts upon MC2 receptors found primarily in the adrenal gland to stimulate
glucocorticoid secretion (26).

POMC is made not only in the periphery but also in the CNS and particularly
within the arcuate nucleus of the hypothalamus. These neurons project to a number
of other hypothalamic regions and project directly to sympathetic efferent projec-
tions in the spinal cord. Thus these neurons appear to be ideally situated to be
critical regulators of both food intake and energy expenditure. α-MSH is not only
a potent agonist for MC1 receptors but also for MC3 and MC4 receptors that are
found primarily within the CNS. Although MC3 receptors have a rather narrow
distribution within specific subregions of the hypothalamus, MC4 receptors are
broadly distributed in the CNS, including in several regions of the hypothalamus,
but also in the nucleus accumbens and the dorsal motor nucleus of the vagus
(45, 54).
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Several lines of evidence link α-MSH action on MC4 receptors to the control of
energy balance. α-MSH is an agonist at both MC3 and MC4 receptors. Central
administration of α-MSH, or synthetic analogues such as melanotan II (MTII),
results in potent reductions in food intake and significant loss of body weight (20,
83, 85). Moreover, synthetic antagonists for MC3/MC4 receptors can block the
effects of MTII or increase food intake on their own (8, 20). The hypothesis that
these actions depend primarily on MC4 receptors is supported by the observation
that mice with targeted genetic disruption of the MC4 receptor have elevated
food intake and body weight and show no reductions in food intake after MTII
administration (41, 56). Over the last several years, agonists that are relatively
more selective for the MC4 over the MC3 receptor have been developed and these
compounds also reduce food intake (8).

One of the unique aspects of the melanocortin system is the existence of en-
dogenous antagonists that work to reduce melanocortin signaling under a variety
of circumstances. In the periphery, pigmentation is not only controlled by the level
of activity induced by α-MSH but is the result of a balance of action between
α-MSH and an antagonist for peripheral MC1 receptors termed agouti signaling
protein (ASP). Whereas α-MSH works to darken pigmentation, ASP works to
lighten pigmentation. What makes ASP so interesting is that it does not act just as
a competitive antagonist for α-MSH at MC1 receptors. Rather it acts as an “inverse
agonist,” meaning that ASP can actually decrease constitutive MC1 receptor ac-
tivity even in the absence of α-MSH (90). A naturally occurring mutation of ASP
results in inappropriate ubiquitous expression of ASP (59). These mice, typically
termed agouti or Ay mice, have a yellow coat color as a result of increased ASP
action on MC1 receptors. Interestingly, the phenotype of these mice also includes
increased food intake and body weight. This is a result of ASP being expressed in
the brain and acting as an antagonist/inverse agonist at MC4 receptors.

The phenotype of agouti mice was among the original observations that led to
the hypothesis that the melanocortin system is a critical regulator of energy bal-
ance. However, because ASP is not normally expressed in the CNS, its relevance
to the control of food intake and energy expenditure under normal conditions was
suspect. Like the peripheral melanocortin system, however, the CNS melanocortin
system also includes an endogenous antagonist/inverse agonist that was identified
by its sequence homology to ASP and was termed agouti related protein (AgRP)
(24). AgRP is an antagonist/inverse agonist at MC3 and MC4 receptors (65, 67)
and is found in a discrete population of neurons located entirely within the arcu-
ate nucleus adjacent to cells that express POMC (34). Overexpression of AgRP
results in mice that are hyperphagic and obese in a manner similar to agouti mice
but without the yellow coat color, presumably because AgRP has little affinity for
MC1 receptors (67).

A biologically active c-terminal fragment of AgRP delivered into the ventricular
system of either rats or mice produces a profound increase in food intake similar
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to that produced by administration of synthetic MC4 receptor antagonists (72). In
the first few hours after administration of AgRP, this effect is not quite as powerful
as the most potent stimulator of food intake, neuropeptide Y (NPY). However, the
effect of AgRP to increase food intake is not limited to a few hours. In fact, a single
administration of AgRP can continue to increase food intake for a period of up to
six days (33). This effect is quite unexpected because a single injection of NPY
rarely influences food intake for more than a 24-hour period. So when compared
at any periods longer than a few hours, AgRP is easily the most potent endogenous
orexigen yet identified.

An obvious question is how a peptide that is subject to degradation in a matter
of hours can have an effect that alters behavior for a period of days. If AgRP is
administered immediately prior to the MC receptor agonist MTII, it can block the
anorexic effects of MTII; however, AgRP cannot block the effects of MTII that is
administered 24 hours later, even though AgRP continues to be able to stimulate
further food intake (33). Either nonspecific or combined mu and kappa opioid
receptor antagonists can block the immediate effect of AgRP, but not the long-
term effect (32). Moreover, the pattern of neuronal activation induced by AgRP
two hours after its administration looks quite different from the pattern observed
24 hours after its administration (31). These observations indicate that the ability
of AgRP to potently change long-term aspects of food intake is not just the result of
continued melanocortin receptor blockade, but likely represents a form of plasticity
induced by acute fluctuations in melanocortin signaling. The open question here
is whether such plasticity is a normal component of energy balance regulation that
may contribute to alterations in the defended level of body weight as a result of
environmental or dietary changes or whether it is an epiphenomenon produced by
exogenous administration of AgRP.

Unfortunately the regulation of melanocortin signaling is even more compli-
cated than the number of receptors, agonists, and antagonists described thus far.
It turns out that the ability of AgRP to be a competitive antagonist/inverse agonist
depends importantly on a cell surface molecule termed syndecan-3. Syndecan-3
is a heparin-sulfated proteoglycan that is heavily expressed in the hypothalamus
and appears to act as a coreceptor for AgRP to aid in its binding to the MC4 re-
ceptor. Overexpression of the close family member syndecan-1 results in a highly
unexpected and unusual pattern of upregulation localized to the paraventricular nu-
cleus of the hypothalamus. It also results in an obese phenotype presumably due
to increased ability of existing AgRP to inhibit CNS melanocortin signaling (71).

REGULATION OF THE CNS MELANOCORTIN SYSTEM

To play an important role in the control of energy balance, changes in the melano-
cortin system must result in changes in body weight, and changes in energy balance
must alter the amount of melanocortin signaling in the CNS. Food restriction and
the resulting weight loss increase AgRP gene expression in the arcuate nucleus
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(61, 62) while simultaneously decreasing POMC gene expression (78). These two
changes would be expected to result in a net decrease in melanocortin signaling
because of decreased levels of the agonist and increased levels of the antagonist
at the critical melanocortin receptors. Because melanocortin signaling is associ-
ated with decreased food intake, this response is consistent with the hypothesis
that regulation of the CNS melanocortin system is an important contributor to the
response to negative energy balance that maintains constant levels of adiposity.
On the positive energy balance side, POMC expression is increased in the arcuate
nucleus as a function of involuntary overfeeding, and the decreased food intake as-
sociated with involuntary overfeeding can be blocked by exogenous administration
of melanocortin receptor antagonists (30). These results are consistent with the hy-
pothesis that increased melanocortin receptor signaling is critical to the regulatory
responses that occur during positive energy balance as well.

The potent responses of the melanocortin system to manipulations of energy
balance raise the question of how the melanocortin system senses changes in en-
ergy balance. Several lines of evidence point to the actions of adiposity signals
directly upon melanocortinergic neurons in the arcuate. First, both insulin and lep-
tin receptors are found on POMC neurons, and central administration of insulin or
leptin can stimulate POMC gene expression in fasting animals (7, 60, 78). Further,
leptin-deficient mice show increased expression of AgRP and decreased expres-
sion of POMC that can be normalized by exogenous leptin administration (60, 78).
Leptin also increases the neuronal firing rate in POMC neurons (16). Finally, the
actions of central administration of both insulin and leptin to reduce food intake
and body weight can be blocked by exogenous melanocortin antagonists (7, 80).
Taken together, these data make a strong case that the melanocortin system is an
important effector system that mediates the effects of adiposity signals in the CNS
to regulate energy balance.

Adiposity signals do not represent the only input into the CNS melanocortin
system. Other peripheral peptides have been hypothesized to have an action di-
rectly upon melanocortinergic neurons in the arcuate. For example, the stomach
makes a peptide called ghrelin that stimulates food intake when given either pe-
ripherally or directly into the CNS (39, 42). Consistent with this action of ghrelin,
circulating levels of ghrelin are increased after periods of fasting and decreased
during feeding (the opposite of leptin) (39, 42). Moreover, ghrelin reduces activity
in POMC neurons via actions on ghrelin receptors (also termed growth hormone
secretagogue receptors) (15). Additionally, circulating levels of peptide YY(3–36)
[PYY(3–36)] are increased after meals, and peripheral or interarcuate injections
of PYY(3–36) have been reported to reduce food intake. PYY(3–36) also results
in increased activity of POMC neurons (6). These data support the hypothesis that
a variety of circulating peripheral factors may act upon melanocortin neurons in
the arcuate to mediate their role in the control of energy balance.

It is not merely peripheral hormones that appear to have actions on the CNS
melanocortin system. The serotonergic system has long been linked to the control
of food intake, and the primary actions of one of only two currently FDA-approved
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weight-loss medications are on the serotonergic system. In fact, such serotonergic
agonists appear to act via the melanocortin system as well. Serotonin receptors are
found on POMC neurons, dex-fenfluramine stimulates activity of POMC neurons,
and its ability to reduce food intake is blocked by melanocortin antagonists (36).
Taken together, these data indicate that the CNS melanocortin system is a nodal
point that integrates a number of important inputs to influence food intake and
energy expenditure in the service of energy balance regulation.

HUMAN GENETICS OF THE MELANOCORTIN SYSTEM

The growing epidemic of obesity and the clear indication that susceptibility to
obesity includes an important genetic component have increased the urgency to
understand the underlying genes that contribute to body weight regulation. Al-
though they are exceedingly rare, several single gene mutations that cause human
obesity syndromes in a Mendelian fashion have been instrumental in defining the
role of key molecules in appetite control, such as leptin (63, 82) and the leptin
receptor (12). Given the evidence summarized above, it is logical to extend this
analysis to search for monogenic obesity syndromes associated with critical as-
pects of the melanocortin system that could provide conclusive evidence that this
system is as critical in humans as it appears to be in animal models.

The first direct evidence for the involvement of melanocortin peptides in the
control of human food intake came from the description of two patients with
defects in the POMC gene (50). In these patients, obesity occurred in the first
month of life and increased dramatically due to constant hyperphagia (50). One
patient was compound heterozygous for two mutations, which prevented synthe-
sis of ACTH and α-MSH. The second, unrelated patient was homozygous for a
nucleotide transversion upstream of the start codon, which interferes with transla-
tional initiation by introducing an additional start site. As expected, these patients
demonstrated other predicted effects of POMC deficiency including very low levels
of glucocorticoids, very light skin color, and bright red hair. In addition to defects
in the prohormone itself, disruptions of the melanocortin system can result from an
inability to appropriately process POMC. Prohormone convertase 1 is a cleavage
enzyme responsible for cleaving a number of prohormones, including POMC. Two
patients with mutations in prohormone convertase 1 that resulted in undetectable
levels of α-MSH also showed similar phenotypes, including early-onset obesity
(43). These case studies provide compelling evidence for an important role of
POMC in human body weight regulation.

Although complete POMC deficiency is rare, four studies have linked a region
of chromosome 2 encompassing the POMC gene to obesity in broader populations.
One study of a Mexican American population reported that this locus accounted
for 47% of the variation in serum leptin levels (14). Similar associations were
reported in subsequent studies of French families (37) and a population of African
Americans (73). Thus, polymorphisms in the POMC gene and/or its promoter
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may be linked to susceptibility to common obesity, particularly in conjunction
with other genetic mutations that also increase susceptibility.

Another identified monogenic obesity syndrome is the result of MC4 recep-
tor mutations. Several authors have suggested that MC4 receptor mutations are
the most frequent monogenic obesity syndromes, with estimates of up to 4% of
morbidly obese patients showing mutations of the MC4 receptor (97). Most com-
pelling, Farooqi and colleagues sequenced the MC4 receptor gene in 500 patients
with early onset obesity and showed that 5.8% had mutations in the MC4 receptor
gene (22, 23, 97). Moreover, the severity of the obesity in these patients could be
predicted based on the ability of the mutation to alter in vitro MC4 receptor func-
tion. Although considerable controversy still surrounds these genetic observations
(3), such data provide a strong argument that MC4 receptor activity is an important
determinant of body weight in humans even if mutations of this gene only account
for a minority of the obesity now observed in developed countries.

The bottom line of the information summarized thus far is that evidence links
the activity of the melanocortin system to the regulation of energy balance. The
evidence is extremely diverse and includes pharmacological studies utilizing en-
dogenous and synthetic ligands, spontaneous and directed gene mutations in mouse
models, and human genetic data. Such multifactorial evidence continues to fuel
considerable interest in this system as one potential contributor that separates
obese from lean individuals, and as a source for therapeutic options to treat obese
individuals.

OTHER FUNCTIONS ASSOCIATED WITH THE
MELANOCORTIN SYSTEM

Peripheral Glucose Homeostasis

Obesity is highly correlated with hyperinsulinemia, insulin resistance, and hy-
perglycemia in humans (58). Most animal models of obesity are also associated
with varying degrees of hyperinsulinemia and hyperglycemia. As discussed in
the previous sections, the central melanocortin system plays a crucial role in
energy homeostasis, integrating numerous inputs that influence food intake and
energy expenditure. Recent evidence suggests that the melanocortin system’s ef-
fects on glucose homeostasis are at least in part independent of changes in food
intake.

The first evidence linking the melanocortin system to glucose homeostasis is
from studies in which the peripheral administration of α-MSH increased plasma
insulin, glucose, and glucagon levels (46, 47). Data from obese mouse models with
genetic impairments of the melanocortin system also demonstrate a link between
melanocortins and glucose homeostasis. Male MC4R−/− mice, for example, dis-
play marked hyperinsulinemia in addition to hyperphagia, adult-onset obesity,
and diabetes mellitus (41). A gene dosage effect has been observed for this phe-
notype, with late-onset hyperinsulinemia and glucose intolerance present in the
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heterozygous mice (41). Impairments of glucose homeostasis have also been ob-
served in MC3R−/− mice and agouti mice (64).

Recent data on POMC-deficient mice demonstrate that they maintain normal
serum levels of insulin, normal fasting levels of glucose, and normal clearance
of glucose during a glucose tolerance test (38). POMC−/− mice, however, have
a severe impairment in the glucagon-mediated counter-regulatory response after
insulin-induced hyperglycemia that can be reversed by peripheral application of
α-MSH (38). Because POMC also encodes for ACTH that stimulates glucocorti-
coid secretion, POMC-deficient mice also are profoundly hypocortisolemic, which
potentially confounds the role of α-MSH in peripheral glucose homeostasis in this
model.

Recent data indicate that central melanocortin signaling may have a tonic in-
hibitory effect on insulin secretion, which suggests that this system may be involved
in the control of glucose homeostasis independent of effects on food intake (21).
Young, lean MC4R−/− mice have increased plasma insulin levels as well as re-
duced insulin tolerance prior to the onset of detectable hyperphagia, obesity, or
changes in free fatty acid levels. In addition, the central administration of MTII
to C57BL/6J mice dose-dependently inhibits basal plasma insulin and reduces
glucose tolerance. In hyperinsulinemic ob/ob mice, MTII decreases insulin con-
centrations, which is not secondary to a reduction in blood glucose. The inhibitory
effect of MTII on insulin release is completely blocked by the nonspecific α-
adrenoreceptor agonist phentolamine, which suggests that the melanocortins may
increase the sympathetic drive to the pancreas to exert a tonic inhibitory effect on
insulin secretion (21).

Further support for the effects of the central melanocortin system on insulin
action can be found in a study in which week-long infusions of either α-MSH
or the high-affinity melanocortin receptor antagonist, SHU9119, were centrally
administered to rats while a constant food intake was maintained (66). α-MSH
markedly enhanced the action of insulin on glucose uptake and production from
the liver, whereas an antagonist had the opposite effects on these parameters that
are not secondary to changes in food intake (66).

Reproduction

The central melanocortin system also has a wide range of effects on both male
and female reproductive functions (74). It is well established that α-MSH and
ACTH cause potent erections in male mice, rats, and rabbits (1, 9), and it has been
hypothesized that this effect is mediated by the MC3R (87). In addition, admin-
istration of MTII can evoke spontaneous erections in men (89), and in humans
α-MSH stimulates gonadotropin secretion (51). Recent evidence suggests that the
melanocortins also exert their effects on sexual function via the MC4R (86). For
example, the MC4R has been implicated in the modulation of penile erection, and
the MC4R−/− mouse has an impairment in copulatory behavior in both motiva-
tion and performance parameters (86). A heterozygous frameshift mutation in the
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human MC4R gene, however, which results in obesity, does not result in reproduc-
tive incompetence (97). Humans with mutations in the POMC gene also appear
to have normal reproductive function (50). In rodents, female sexual behavior is
influenced by melanocortins as well. For example, α-MSH administration into the
ventromedial nucleus of the hypothalamus of female rats stimulates both sexual
receptivity and lordosis, and this may be mediated by the MC3R (17). There is
also evidence that α-MSH is involved in the regulation of luteinizing hormone and
prolactin (44, 79). More research is needed to determine the precise role of the
melanocortins in reproductive physiology and behavior.

Cardiovascular Function

The melanocortins have multiple effects on cardiovascular function, and more
than one melanocortin receptor, and possibly nonmelanocortin receptors, appears
to mediate these effects (88). For example, the administration of δ-MSH and ACTH
to rats causes an increase in blood pressure and heart rate (19). Members of the
δ-MSH family also cause an increase in macro- and microcirculatory cerebral
blood flow (18). These effects of δ-MSH appear to depend on the maintenance of
sympathetic drive to the vascular system and the heart (88).

Inflammation

α-MSH has been shown to have anti-inflammatory effects in every animal model
studied to date (53). The peptide reduces acute inflammation induced by peripheral
administration of inflammatory stimuli or the injection of mediators of inflamma-
tion, such as cytokines and leukotrines. α-MSH acts both directly on peripheral
inflammatory cells (i.e., neutrophils, macrophages) and within the brain to inhibit
inflammation. A dose-dependent reduction in inflammation in peripheral tissues
(e.g., ear, foot) is observed after central injection of α-MSH (52). Blockade of
β2-adrenergic receptors, but not β1-adrenergic receptors, effectively reduces the
anti-inflammatory effect of central α-MSH, though the precise location of β2
receptors in the pathway remains to be determined (55). There is also evidence
that α-MSH acts within the brain to inhibit local production of tumor necrosis
factor-alpha (TNF-α). The rapid anti-TNF-α effects of α-MSH within the brain
appear to occur via direct action of α-MSH on brain cells that produce TNF-α
(e.g., astrocytes and microglia) (53).

OPEN QUESTIONS ABOUT THE MELANOCORTIN
SYSTEM

Although our understanding of the important role for the melanocortin system has
grown rapidly in the last decade, a number of important questions have yet to be
answered. In the CNS, the melanocortin system is not limited to the hypothalamus.
In fact, MC4 receptors are widely distributed, including significant populations in
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the nucleus accumbens and in the dorsal motor nucleus of the vagus (45, 54). In
fact, administration of both MC4 receptor agonists and antagonists in the region of
the caudal brainstem is as potent in reducing food intake as that in the region of the
hypothalamus (27). Moreover, POMC is made not only in the hypothalamus but
also in the caudal brain stem. A role for α-MSH derived from these neurons has yet
to be clearly established, but remains a viable way in which melanocortin signaling
in the CNS could be altered and contributes to the regulation of food intake and body
weight under different conditions (28, 29). A complete understanding of the CNS
melanocortin system will not emerge until the interplay between hypothalamic
and brain stem melanocortins has been revealed.

A second open question concerns the role that peripheral melanocortin signal-
ing plays in the regulation of energy balance. This review has largely focused on
the evidence that links the central melanocortinergic system to the control of en-
ergy balance, but an important role for the peripheral system cannot be excluded.
Mice with deletions of the POMC gene show profound obesity in the face of de-
creased melanocortin signaling in both peripheral and CNS tissues (38, 96). It is
also the case that there are significant sources of α-MSH, AgRP, and ASP in pe-
ripheral tissues including adipocytes. Further, although both central and peripheral
administration of melanocortin receptor ligands potently reduce food intake, re-
cent evidence has led researchers to question if peripheral administration of these
peptide ligands can activate CNS melanocortin receptors (84), and if the effects of
peripheral administration are secondary to activation of peripheral melanocortin
receptors. Thus, although it is clear that the CNS melanocortin system plays an
important role in the regulation of energy balance, the relationship between the
peripheral and central melanocortin systems remains largely undetermined.

A third and critical question is whether the melanocortin system can be exploited
to provide therapeutic options for obese patients. The most obvious way to do this
is to develop centrally acting small agonists specific to the MC4 receptor. The
effort to produce these compounds is substantial and is ongoing in several major
pharmaceutical houses. Several concerns remain about such ligands. In particular,
there is a significant possibility that activation of MC4 receptors may result in
unwanted side effects related to extrahypothalamic populations of MC4 receptors.
For example, some reports have shown significant levels of MC4 receptors in the
human penis (86), and peripheral administration of melanocortin receptor ligands
results in unwanted and persistent erections. These sexual side effects may make the
use of MC4 agonists much more difficult. Another problem is that the reduced body
weight from melanocortin receptor agonists would be expected to increase AgRP
action. An increase in this endogenous activity would then serve to potentially
limit the actions of the exogenous agonist and thereby limit the ultimate efficacy
of the drug.

There are several alternatives to using agonists for the MC4 receptor. One such
alternative is to inhibit the secretion or action of AgRP to inhibit MC4 receptor
signaling. The powerful effect of AgRP to increase food intake and rapidly produce
obesity supports this particular strategy. However, mice with targeted deletion
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of AgRP show little or no body weight phenotype (70). Thus, pharmacological
inhibition of AgRP may not result in sustained weight loss because of compensation
by some other aspect of the body weight regulatory system. Another possibility
would be to alter one of the several identified inputs to the melanocortin system.
One suggested possibility is to use peripheral PYY(3–36) to directly activate the
CNS melanocortin system (5), but considerable controversy surrounds whether
PYY(3–36) can actually activate the correct set of neurons in vivo.

Regardless of the hurdles, the enormous burden of obesity compels the scien-
tific community to increase its understanding of how energy balance is regulated.
We no longer have the luxury of studying these systems as a function of scientific
curiosity, but rather it is now a medical necessity. All of the evidence indicates
that the melanocortin system is an important component of the complex and re-
dundantly controlled regulatory system that maintains energy balance. Thus, for
the foreseeable future the melanocortin system likely will be an important part of
understanding both the etiology and potential treatment of obesity.
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