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Obesity, insulin resistance, and type 2
diabetes are a tightly linked and increas-
ingly common triad of metabolic disor-
ders. A well-supported and widely
accepted explanation for their associa-
tion is that obesity-induced insulin
resistance in tissues such as muscle,
liver, and fat increases the demand for
insulin, and that type 2 diabetes ensues
when this heightened demand cannot
be met by defective pancreatic 3 cells.
Despite the undeniable importance of
adipocytes in the regulation of insulin
sensitivity (see refs. 1-3 for recent
reviews and insights into this interac-
tion), this understanding of the patho-
genesis of type 2 diabetes may yet be
incomplete. Growing evidence suggests
that the CNS plays a key role in glucose
homeostasis, via brain pathways that
overlap with those controlling food
intake and body weight. Advancing this
notion a step further is the study by
Obici et al., published in this issue of the
JCI (4), implicating a specific hypothal-
amic neuronal pathway — the
melanocortin pathway — in the control
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of insulin sensitivity in peripheral tis-
sues. The recognition that neuronal
melanocortin signaling also figures
prominently in energy homeostasis, the
process whereby energy intake is
matched to energy expenditure over
time, suggests an intimate coupling of
neuronal mechanisms regulating body
weight and glucose metabolism (Figure
1). Disorders affecting key neuronal
pathways can therefore be included
among potential mechanisms linking

obesity to type 2 diabetes (5).

Neuroendocrine control

of energy homeostasis

The hypothesis that humoral signals
generated in proportion to body fat
stores are critical for energy homeostasis
gained wide acceptance following the
demonstration that genetic deficiency of
the adipocyte hormone, leptin, causes
severe hyperphagia and obesity (6) that
is reversed by leptin administration (7,
8). The subsequent identification of dis-
crete, leptin-responsive hypothalamic
pathways clearly established that circu-
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lating signals generated in proportion to
body adiposity provide afferent input to
brain areas involved in energy home-
ostasis (9). Although leptin likely plays a
more critical role, insulin also provides
afferent input to the CNS regarding the
sufficiency of body fat stores (5). Both
hormones circulate at levels proportion-
ate to body adiposity and enter the brain,
possibly via receptor-mediated transport
across blood-brain barrier endothelium.
Receptors for insulin and for leptin are
concentrated in key hypothalamic areas
such as the arcuate nucleus, and intrac-
erebroventricular (icv) infusion of low
doses of either hormone reduces food
intake and body weight (reviewed in refs.
5, 9). Energy restriction, which lowers
insulin and leptin levels, is therefore
proposed to activate an integrated set of
CNS responses that limit weight loss
and promote the recovery of depleted fat
stores when sufficient food becomes
available (5,9, 10).

While a sizable number of neuronal
systems are now implicated in energy
homeostasis, none is more crucial than
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CNS regulation of glucose metabolism. (a) Neuronal pathways including the melanocortin system potentiate insulin’s ability to inhibit hepatic glucose

production and to increase glucose uptake into muscle and fat. Insulin and leptin, which circulate at levels proportionate to body adiposity, activate
neuronal glucose-lowering pathways. Since the same neuroendocrine control system is critical for normal energy homeostasis (b), defects in its sig-
naling can induce both insulin resistance and obesity via distinct but complementary mechanisms and thus predispose to type 2 diabetes.
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the hypothalamic melanocortin path-
way. Melanocortins are peptides such
as o-melanocyte-stimulating hormone
(0-MSH) that are cleaved from the
proopiomelanocortin (POMC) precut-
sor. POMC-synthesizing neurons with-
in the arcuate nucleus are stimulated by
leptin (11) and can reduce food intake
and increase energy expenditure by acti-
vating two neuronal melanocortin
receptor subtypes: Mc3r and, still more
dramatically, Mc4r. The weight-reduc-
ing actions of melanocortins are
opposed by an adjacent subset of arcu-
ate nucleus neurons that contain both
agouti-related peptide (AgRP), an
endogenous Mc3/4r antagonist, and
neuropeptide Y (NPY, a potent stimu-
lator of food intake). Unlike POMC
neurons, NPY/AgRP neurons can be
inhibited by leptin or insulin. Thus, as
weight loss lowers insulin and leptin
levels, NPY/AgRP neurons are activat-
ed, POMC neurons are inhibited (9, 10),
and body fat begins to accumulate once
nutrient availability permits. That this
neuroendocrine control system is
essential for normal energy homeosta-
sis is confirmed by the obese phenotype
of mice with loss-of-function muta-
tions affecting any of several key signal-
ing molecules (reviewed in ref. 12),
including leptin (0b/0b), leptin receptor
(db/db), POMC, Mc4r, and neuronal
insulin receptors (13). Importantly,
striking parallels exist between humans
and mice with respect to the obesity-
inducing consequences of mutations
affecting neuronal leptin or melano-
cortin signaling (12).

CNS control of glucose
homeostasis

Several observations suggest that leptin
deficiency causes hyperglycemia and
hyperinsulinemia via mechanisms inde-
pendent of obesity per se. For example,
leptin deficiency contributes to the syn-
drome of severe insulin resistance and
diabetes characteristic of congenital
absence of adipose tissue (lipodystro-
phy) in mice (3, 14), and leptin potent-
ly lowers insulin and glucose levels in
0b/ob mice independent of its effects on
food intake and body weight (15). Evi-
dence that leptin infusion directly into
the hypothalamus potentiates insulin
action in muscle and fat (16) suggests
that its effects on glucose homeostasis
involve a central site of action. Central-
ly administered insulin also promotes
insulin-stimulated glucose utilization

in peripheral tissues, whereas blockade
of hypothalamic insulin signaling (17)
or neuron-specific deletion of insulin
receptors (13) causes systemic insulin
resistance. Intact hypothalamic signal-
ing by insulin and leptin therefore
appears to be obligatory not only for
normal energy homeostasis, but for
normal glucose homeostasis as well.

To investigate whether the same is
true for hypothalamic melanocortin sig-
naling, Obici and colleagues (4) first
determined the effect of icv infusion of
0-MSH on peripheral tissue insulin sen-
sitivity in rats using the euglycemic,
hyperinsulinemic clamp method. Fol-
lowing a week-long icv infusion of o-
MSH at a dose below that needed to
reduce food intake, both insulin-stimu-
lated glucose disposal and insulin-
induced suppression of hepatic glucose
production were increased. Increased
neuronal melanocortin receptor signal-
ing is therefore sufficient to increase
insulin sensitivity in vivo, although it
remains to be determined whether this
effect  occurs independently of
melanocortin-induced decreases of
body adiposity. The more compelling
question of whether neuronal
melanocortin receptor signaling is
required for normal glucose homeosta-
sis was addressed by icv infusion of the
melanocortin 3/4 receptor antagonist,
SHU9119. The finding that insulin
resistance results from pharmacological
blockade of neuronal melanocortin
receptors, even when changes in body
adiposity are prevented by controlling
food intake (4), suggests that intact neu-
ronal melanocortin signaling is required
for normal insulin sensitivity in periph-
eral tissues, independent of its effects on
energy balance (Figure 1). This concept
is further supported by evidence that
hyperinsulinemia and insulin resistance
develop at an early age in Mc4r-deficient
mice, prior to the onset of hyperphagia
and obesity (18).

A role for the brain in the
pathogenesis of both obesity

and type 2 diabetes?

These observations raise a number of
important questions. What efferent
mechanisms transduce the hypothalam-
ic actions of insulin, leptin, and
melanocortins into altered insulin sensi-
tivity in liver and muscle? Is the
melanocortin system downstream of
neuronal leptin and insulin signaling in
the control of glucose homeostasis, or

does it play an important role independ-
ent of input from hormonal stimuli (or
both)? Finally, to what extent might neu-
ronal defects contribute to the patho-
genesis of both obesity and type 2 dia-
betes? Consider that in addition to
causing insulin resistance in liver, fat,
and muscle (1), obesity also causes leptin
resistance in the hypothalamus (19).
Defective signaling within key neuronal
pathways that control both energy
homeostasis and glucose homeostasis
may therefore contribute to the link
between type 2 diabetes and obesity.
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