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Insulin Signaling in the Central Nervous System
A Critical Role in Metabolic Homeostasis and Disease
From C. elegans to Humans
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Insulin and its signaling systems are implicated in both
central and peripheral mechanisms governing the ingestion, distribution, metabolism, and storage of nutrients
in organisms ranging from worms to humans. Input from
the environment regarding the availability and type of
nutrients is sensed and integrated with humoral information (provided in part by insulin) regarding the
sufficiency of body fat stores. In response to these
afferent inputs, neuronal pathways are activated that
influence energy flux and nutrient metabolism in the
body and ensure reproductive competency. Growing
evidence supports the hypothesis that reduced central
nervous system insulin signaling from either defective
secretion or action contributes to the pathogenesis of
common metabolic disorders, including diabetes and
obesity, and may therefore help to explain the close
association between these two disorders. These considerations implicate insulin action in the brain, an organ
previously considered to be insulin independent, as a
key determinant of both glucose and energy homeostasis. Diabetes 54:1264 –1276, 2005

A

n important function of the central nervous
system (CNS) is to ensure a steady supply of
energy substrate to maintain the body economy
and prepare for reproduction. To accomplish
this task, widely divergent afferent signals must be integrated and transduced into homeostatic adjustments of
food intake, energy expenditure, and nutrient metabolism.
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This perspectives article focuses on recent progress in our
understanding of neuronal insulin action and the critical
role it plays in energy homeostasis. Based on this information, we hypothesize that the close association between
diabetes and obesity in humans arises, at least in part, as
a consequence of deficient insulin signaling in both the
CNS and peripheral tissues.
Studies conducted ⬎50 years ago first implicated the
ventral hypothalamus as a key brain area in energy homeostasis, and an explosion of new information has both
confirmed this early impression and illuminated many of
the critical mechanisms involved. Among the key findings
is evidence that insulin functions not only as a peripheral
regulator of nutrient storage and release of circulating
substrates but as a key afferent signal to the CNS for the
control of energy balance. Indeed, neuronal insulin signaling is known to be important for the control of fat storage
in animals as primitive as C. elegans and Drosophilia
melanogaster, and the cellular signaling systems mediating these effects bear remarkable homology to those described in mammals. New data have also shown that
neuronal insulin signaling is a determinant of lifespan and
reproductive function in these organisms, further broadening the importance of this system to diverse areas of
physiology and biomedicine.
While we note growing evidence implicating insulin
action in the control of cognition and neuronal function in
cortical and hippocampal areas important to memory
formation and information processing, this is not the focus
of this article. However, we point out that considerable
work has raised the possibility that abnormal insulin
action/function in these brain areas contributes to the
pathogenesis of Altzheimer’s disease, and the interested
reader is referred elsewhere for a discussion of this topic
(1,2).
ADIPOSITY SIGNALS TO THE BRAIN

The various afferent inputs that the brain uses to adjust
food intake and energy metabolism can be broadly subdivided into two groups: those that communicate information pertaining to body energy stores and those that
are generated acutely in response to nutrient ingestion.
Among afferent signals indicating the size of body adipose
mass, insulin and leptin are the best studied and understood, and both appear to be required by the CNS for the
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control of food intake, body weight, and metabolic homeostasis (3). Although leptin is secreted primarily from
adipocytes while insulin is released from the endocrine
pancreas, both circulate at levels proportionate to body fat
mass and exert relatively long-lived inhibitory effects on
food intake via actions on a common set of hypothalamic
neurons (4).
By comparison, signals responding to recently ingested
nutrients are more varied and function primarily on a mealto-meal basis to control gastric emptying and the timing of
meal initiation and termination (5). These short-term signals include afferents transmitted via the vagus nerve
from sensory systems intrinsic to the gastrointestinal
tract, amines released from gastrointestinal neurons that
modulate vagal function, and circulating or locally acting
peptides, such as cholecystokinin, that are rapidly secreted from enteroendocrine cells upon nutrient ingestion.
Whereas forebrain structures such as the hypothalamic
arcuate nucleus are critical sites for sensing adiposityrelated input such as leptin and insulin, information provided by these meal-related signals is conveyed primarily
to hindbrain areas such as the nucleus of the solitary tract
(6), with afferent vagal nerve fibers playing a central role in
this process. Unlike adiposity signals, these meal-related
signals collectively govern the amount of energy consumed during individual meals but are not generated in
proportion to changes in body energy stores.
HYPOTHALAMIC TARGETS OF INSULIN SIGNALING

The arcuate nucleus, situated adjacent to the floor of the
third ventricle in the mediobasal hypothalamus, contains
neurons that respond to hormonal and nutrient-related
afferent signals that are influenced by the size and state of
adipose tissue stores and by recent food ingestion. Among
them are neurons that coexpress neuropeptide Y (NPY)
and Agouti-related peptide (AgRP), two peptides that
potently stimulate food intake, reduce energy expenditure,
and thus promote weight gain. The orexigenic actions of
NPY are mediated via activation of Y1 and/or Y5 receptors
(7), while those of AgRP arise from antagonism of neuronal melanocortin receptors (MC3r and MC4r) (8). Because
melanocortin signaling reduces food intake and increases
energy expenditure, blockade of melanocortin receptors
by AgRP increases food intake and decreases energy
expenditure, effects that are analogous to those of NPY.
The anabolic actions of NPY and AgRP are mediated by
“downstream” sites innervated by these “first order” insulin- and leptin-sensitive neurons. The hypothalamic paraventricular nucleus and the lateral hypothalamic area
contain neurons that express receptors for both NPY and
AgRP and are implicated as critical sites for relaying
AgRP- and NPY-mediated signaling to downstream circuits
that regulate energy homeostasis (9).
The arcuate nucleus also contains neurons that synthesize ␣-melanocyte stimulating hormone, a peptide that
has powerful anorexic effects in the CNS. As with other
melanocortin peptides, ␣-melanocyte stimulating hormone
is derived from the precursor proopiomelanocortin (POMC)
by posttranslational processing. Many POMC neurons in
the arcuate nucleus also coexpress the cocaine and amphetamine-regulated transcript (CART) peptide. Like ␣-melanocyte stimulating hormone, CART reduces food intake,
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although its essential role in the anorexic actions of insulin
and leptin is less well defined. These POMC/CART neurons
project widely and densely innervate the same hypothalamic areas (e.g., paraventricular nucleus and lateral hypothalamic area) that are supplied by fibers from NPY/
AgRP neurons (10). “Second order” neurons located in
these downstream areas process signals from the arcuate
nucleus and are hypothesized to transduce this afferent
input into altered feeding behavior and energy metabolism. As discussed below, one mechanism whereby hypothalamic responses to input from adiposity-related hormones exert their behavioral and metabolic effects is via
descending projections to hindbrain areas, such as the
nucleus of the solitary tract (11,12), where they modulate
the response to input from meal-related satiety signals
such as cholecystokinin (13).
Receptors for insulin and leptin are concentrated in
the arcuate nucleus, and available evidence suggests that
while both hormones inhibit NPY/AgRP neurons, they have
the opposite effects on POMC neurons (3). It is via this
reciprocal regulation of anabolic and catabolic neuronal
circuits that insulin and leptin are hypothesized to mediate
their effects on energy balance (4). Similarly, adaptive
responses that promote the recovery of lost weight are
thought to arise, at least in part, from the activation of
NPY/AgRP and inhibition of POMC neurons induced by
reduced plasma levels of insulin and leptin that accompany depletion of body fat mass.
GHRELIN AND PEPTIDE YY3–36

Two hormones secreted from the gastrointestinal tract
exert opposing effects on energy balance via actions in the
arcuate nucleus. Ghrelin, an acylated peptide secreted by
cells in the gastric mucosa, stimulates food intake and is
implicated in meal initiation (14). Peptide YY3–36 (PYY3–36),
a close relative of NPY and member of the pancreatic
polypeptide family, is secreted primarily from distal small
intestine and colon and appears to paradoxically inhibit
feeding (15). Plasma levels of ghrelin, the appetite-stimulating hormone, rise perceptibly in the blood before meals
and fall after food is consumed, while the reverse is the
case for PYY3–36. Interestingly, it has been reported that
both ghrelin and PYY3–36 exert their feeding effects via a
mechanism that involves reciprocal regulation of NPY/
AgRP neurons in the ARC. Thus, PYY3–36 was found to
activate autoinhibitory Y2 receptors on NPY/AgRP cells
and thereby reduce the release of anabolic peptides and
increase the release of catabolic signals by decreasing
inhibitory ␥-aminobutyric acid input from NPY to POMC
neurons (15). A note of caution is indicated because this
weight-reducing effect is reported when PYY3–36 is given
into the circulation, despite its clear ability to increase
food intake when infused directly into the CNS (via stimulation of Y1 and Y5 receptors) (7). By comparison, ghrelin
exerts orexigenic effects by binding to its receptor (also
known as the growth hormone secretagogue receptor) on
NPY/AgRP neurons, thereby activating these cells (16).
REGULATION OF ENERGY EXPENDITURE

Evidence suggests that many of these same hormones and
hypothalamic systems also regulate energy expenditure.
This association was first recognized many years ago dur1265
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ing the study of diet-induced thermogenesis. Diet-induced
thermogenesis is a robust phenomenon that arises from
activation of the sympathetic nervous system (SNS) with
subsequent triglyceride hydrolysis in brown adipose tissue
(BAT) (17,18). This in turn stimulates heat production
through mitochondrial oxidation of fatty acids that is augmented by uncoupling protein 1, a protein found uniquely
in BAT mitochondria that establishes a proton leak favoring energy dissipation as heat. Insulin’s importance to
diet-induced thermogenesis was originally inferred from a
study in rats showing that treatment with diazoxide, a
potent inhibitor of insulin secretion, strongly attenuates
the thermogenic response to a carbohydrate meal (19).
Subsequent pharmacological studies demonstrated increased body temperature and energy expenditure, as well
as reduced food intake, when insulin was injected into
the hypothalamic ventromedial and paraventricular nuclei
(20,21). These pharmacological studies suggested that insulin action in the hypothalamus coordinately reduces
food intake while increasing SNS outflow to BAT to
produce heat from fatty acid oxidation as a mechanism to
increase energy expenditure.
Stemming from these observations is the notion that
hyperinsulinemia might mediate the well-documented effect of obesity to increase SNS activity and hence contribute
to obesity-associated hypertension (22). This possibility
was further supported by evidence that systemic insulin
administration increases plasma catecholamine levels (23).
Indeed, both insulin and leptin were later shown to increase SNS activity (as determined from recordings of SNS
nerve fibers), whether given peripherally or centrally (24,25).
Furthermore, genetic mutations that reduced leptin or
impaired its receptor signaling decrease SNS outflow, BAT
thermogenesis, and resting energy expenditure (26).
A potentially confounding observation for the interpretation of this work is the vasodilatory effect of peripheral
insulin administration to activate the SNS. However, the
attendant increase of SNS activity appears to be independent of its effects on blood flow (23). An interesting
extension of this work is the hypothesis that the elevated
levels of free fatty acids common to obesity might arise
from insulin-induced activation of the SNS (22). Such a
mechanism could contribute to the common association of
obesity, hypertension, elevated free fatty acids, and insulin
resistance in individuals with type 2 diabetes, a hypothesis
that has yet to be critically tested.
CNS INSULIN REGULATION OF HEPATIC GLUCOSE
PRODUCTION

Interest in the role of CNS insulin signaling in plasma
glucose regulation has increased with the recent demonstration that hepatic glucose production declines sharply
during infusion of either insulin or a small-molecule insulin mimetic into the third cerebral ventricle and that this
effect occurs independently of any change in circulating
levels of insulin or other glucoregulatory hormones (27).
This effect appears to depend upon neuronal signal transduction via the insulin receptor substrate (IRS)-phosphatidylinositol 3-OH kinase (PI3K) pathway, as intracerebroventricular (ICV) infusion of a PI3K inhibitor exerts the
opposite effect. Adding considerable weight to these findings is evidence that hypothalamic insulin signaling is
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required for the normal control of glucose production by
the liver, based on infusion into the third ventricle of
insulin-specific antibodies or antisense oligonucleotides
directed against the insulin receptor (28). Both interventions reduced hepatic sensitivity to circulating insulin and
thereby increased hepatic glucose production, suggesting
that insulin action in the brain is a physiological determinant of liver glucose metabolism. The efferent mechanism
coupling insulin action in the brain to hepatic glucose
metabolism is unknown but is presumed to involve autonomic innervation of the liver or other tissues. Of fundamental interest is the as yet unanswered question of
whether defective hypothalamic insulin signaling contributes to the peripheral tissue insulin resistance and glucose
intolerance characteristic of obesity and diabetes.
INSULIN SIGNAL TRANSDUCTION IN THE CNS

Insulin receptor activation in peripheral tissues is coupled
to signal transduction pathways via the IRS family of
adaptor molecules. IRS-1 was the first of this family to be
identified, and while this protein appears to play an
essential role in insulin signal transduction in some peripheral tissues, its role in CNS insulin action is uncertain.
Despite being expressed diffusely throughout the CNS
(29), IRS-1 is not concentrated in ventral hypothalamic
nuclei where insulin receptors are found, and mice lacking
IRS-1 do not have an abnormal energy homeostasis phenotype (30,31). An unexpected and fortuitous finding from
IRS-1 knockout mice was the discovery of IRS-2. This
protein is relatively abundant in the arcuate nucleus (32),
as are insulin receptors. The hypothesis that IRS-2 is involved in hypothalamic insulin action on energy homeostasis is supported by evidence that insulin administration
rapidly induces tyrosine phosphorylation of this protein in
association with the production of phosphotidylinositol
3,4,5-trisphosphate, a signaling molecule generated by
PI3K that couples IRS proteins to downstream effector
molecules (33). Moreover, mice lacking IRS-2, particularly
in the hypothalamus, exhibit increased food intake and
body fat deposition and a major impairment of reproduction (34 –36).
A key function of IRS proteins in peripheral tissues is to
couple insulin receptor activation to signaling via the PI3K
signal transduction pathway, and in neurons, PI3K is
implicated as a key mediator of insulin action as well. In
response to insulin administration, hypothalamic PI3K
activation was detected within 15 min and shown to occur
preferentially within cells of the mediobasal hypothalamus
that also contain IRS-2 and phosphotidylinositol 3,4,5trisphosphate (37). Also notable in response to ICV insulin
infusion was the serine phosphorylation of hypothalamic
Akt (also known as protein kinase B), a major downstream
mediator of PI3K signaling. Insulin’s ability to suppress
food intake was blocked by administration of either of two
PI3K inhibitors—wortmannin and LY294002—into the third
cerebral ventricle, supporting a PI3K-dependent mechanism (37). As noted earlier, ICV infusion of LY294002 also
causes hepatic insulin resistance, an effect similar to that
induced by local blockade of insulin receptor signaling,
whereas infusion of an antagonist of the mitogen-activated
protein kinase pathway (which is also activated by the
insulin receptor, at least in peripheral tissues) was without
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effect (27). As in peripheral tissues, therefore, PI3K signaling appears to be critical for hypothalamic insulin action.
Support for the physiologic activation of this pathway
has been provided by a study of hyperphagia induced by
exposure to cold (in an effort to meet increased energy
requirements), which was suggested to arise, at least in
part, from diminished insulin signaling in the hypothalamus (32). Cold exposure was found to suppress the
inhibitory effect of ICV insulin infusion on food intake
compared with control animals maintained at room temperature. In the same study, cold exposure was associated
with reduced phosphorylation of the insulin receptor and
Akt (protein kinase B) in hypothalamic extracts, although
the basal levels of both Akt phosphorylation and food
intake were increased. That increased basal signaling via
PI3K in the hypothalamus was ineffective in suppressing
food intake suggests that cold exposure blocks signal
transduction downstream of Akt as well.
CROSS TALK BETWEEN LEPTIN AND INSULIN

As noted earlier, NPY/AgRP neurons in the arcuate nucleus are suppressed by both insulin and leptin, while
POMC/CART neurons are activated by these hormones.
Therefore, insulin and leptin share in common the ability
to suppress anabolic, while activating catabolic, regulatory
neurocircuitry (3). Specific examples of this regulation
stem from studies in which ICV insulin infusion was
shown to block the effects of both fasting and streptozotocin-induced diabetes to increase expression of NPY
mRNA in the arcuate nucleus (38,39). Conversely, central
insulin administration increases hypothalamic POMC
mRNA content, while SHU-9119, a melanocortin receptor
antagonist, blocks the ability of ICV insulin to suppress
food intake (40). As described for leptin, insulin-induced
inhibition of food intake can therefore be explained, at
least in part, by the combination of reduced NPY/AgRP
signaling and increased melanocortin signaling.
When subthreshold doses of insulin and leptin are administered in combination, they have subadditive effects
on short-term food intake, suggesting activation of redundant signaling mechanisms such as the activation of PI3K
and of POMC neurons (41). Over time, however, the effects
appear to be additive, suggesting activation of independent systems. This assertion appears to be at least partly
true, since leptin action on energy homeostasis clearly
requires signaling via the Janus kinase–signal transducers
and activators of transcription (JAK-STAT) system (particularly JAK-2 and STAT-3) (42). In an effort to isolate the
contribution of STAT-3 signaling to leptin action, Bates et
al. (43) generated mice in which the native leptin receptor
allele was replaced by a mutant that does not activate
STAT-3. Mice homozygous for this mutant allele manifest
marked hyperphagia and obesity but do not display the
pronounced diabetes or infertility seen in db/db mice that
lack competent leptin signaling capability. Signaling via
STAT-3 therefore appears to be crucial for some (e.g.,
control of food intake and body weight), but not all (e.g.,
glucose metabolism and reproduction), actions of leptin in
the brain. By comparison, JAK-STAT signaling has not been
shown to be a critical mediator of neuronal actions of insulin.
While it is widely accepted that divergent cellular mechanisms mediate neuronal responses to insulin and leptin,
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substantial evidence also suggests that cross talk occurs
between cell signaling pathways used by these two hormones. In addition to evidence that both leptin and insulin
can increase hypothalamic signaling via PI3K, interaction
between leptin and insulin at the level of JAK-STAT signaling has been documented in nonneuronal cells. In rat
liver, insulin was shown to activate JAK-2 and to augment
leptin-induced activation of STAT-3 signaling when the
two hormones were given together (44). Cross talk may
also exist in molecular mechanisms terminating signal
transduction by insulin and leptin. For example, signaling
via both leptin receptors and insulin receptors is terminated by the phosphatase protein tyrosine phosphatase-1B
(45), and deficiency of this enzyme results in mice with
increased sensitivity to both insulin and leptin (46). Perhaps more importantly, these mice are both lean and
resistant to diet-induced obesity. These observations raise
the possibility that high-fat feeding causes weight gain, at
least in part, via attenuated signaling via adiposity signals,
since the inability to attenuate this signaling (via the
absence of protein tyrosine phosphatase-1B) confers protection against obesity in this model.
A second molecule implicated in termination of leptin
signal transduction is suppressor of cytokine signaling 3
(SOCS3). Induced in the arcuate nucleus and other tissues
following the binding of leptin to its receptor (via activation of the JAK-STAT pathway), SOCS3 binds to and inactivates both the leptin receptor and JAK-2, thus blocking
further activation of STAT-3 (47). However, recent data
implicate this mechanism in the termination of signaling
by insulin as well. Specifically, SOCS3 can induce cellular
insulin resistance by modification of the insulin receptor
and IRS proteins, thereby impairing insulin signaling via
PI3K (48). In addition, a recent selective brain knockout of
SOCS3 demonstrated a loss in body weight associated
with an enhanced leptin-induced STAT-3 phosphorylation
and POMC induction. The mice were resistant to high-fat
diet–induced weight gain and had increased sensitivity to
insulin. While weight loss may have contributed, the simultaneous increase in leptin and insulin sensitivity is consistent with a combined direct CNS effect (49). A supportive
study for a direct effect for SOCS3 to regulate insulin
signaling was subsequently shown in adipose tissue in
vitro (50). These considerations illustrate the potential of
leptin-induced SOCS3 expression to downregulate hypothalamic signaling via both STAT-3 and IRS-PI3K. Moreover, insulin was shown to activate SOCS3 expression in a
cell-based system via activation of Janus kinase and
subsequent activation of STAT-5B (51), although whether
insulin induces SOCS3 in vivo is unknown. Induction of
SOCS3 is therefore an attractive potential mediator of
hypothalamic resistance to the actions of both insulin and
leptin and may contribute to the pathogenesis of common
forms of obesity.
INSULIN, LEPTIN AND THE CONTROL OF NEURONAL
ION CHANNELS

Work from Spanswick et al. (52) suggests that insulin
action in at least a subset of hypothalamic neurons involves regulation of ATP-sensitive K⫹channels (KATP channels). As in pancreatic ␤-cells, these channels are
inactivated (i.e., closed) by increased intracellular ATP
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levels in response to oxidation of glucose or other substrates. KATP channel closure in turn raises intracellular
concentrations of K⫹, leading to membrane depolarization
and increased firing rate. Thus, glucose-excited neurons
are those that are activated (i.e., depolarized) by increased
local concentrations of glucose, and these cells are relatively abundant in mediobasal hypothalamus. In response
to insulin, KATP channels are activated (e.g., opened)
within a few minutes, resulting in reduced neuronal firing
owing to membrane hyperpolarization and increased K⫹
conductance. This insulin effect is blocked by either of
two inhibitors of PI3K, LY249002 and wortmannin, but not
by several other enzyme inhibitors. However, a recent
study by Wang et al. (53) indicates that these effects are
not seen at a lower, more physiological glucose level and
are completely opposite at hypoglycemic levels. They
conclude that these neurons are downstream of NPY and
POMC neurons and potentially play an integrating role for
peripheral and central energy homeostasis.
Compelling evidence of cross talk between insulin and
leptin was provided with the demonstration that leptin,
like insulin, activates KATP channels in glucose-responsive
hypothalamic neurons and that this activity is also blocked
by PI3K inhibitors (54,55). Moreover, glucose-responsive
neurons from Zucker fatty (fa/fa) rats that develop obesity
as a result of a leptin receptor mutation are insensitive to
both insulin and leptin. Thus, congenital leptin insensitivity is associated with hypothalamic resistance to insulin as
well as leptin, a possibility originally suggested by the
observation that ICV insulin inhibits neither food intake
(56) nor NPY gene expression in these fa/fa rats (57).
That insulin and leptin act on the same pool of neurons
is further demonstrated by studies showing that both
hormones inhibit large conductance calcium-activated
potassium channels in a hippocampal slice preparation
(58,59). However, leptin’s effect on these channels is
largely related to activation of PI3K, whereas the insulin
effect appeared to be more dependent on mitogen-activated protein kinase activation. Nevertheless, some of
insulin’s effects on these neurons were mimicked by the
KATP channel opener diazoxide and were partially blocked
by inhibitors of PI3K.
GLUCOSE UTILIZATION IN CNS INSULIN ACTION

While overall brain glucose utilization appears to be
independent of insulin action and is unaffected by its
administration in both animals and humans, the insulinsensitive glucose transporter GLUT-4 is reported to be
expressed in several brain areas. The highest levels are
found in the cerebellum, olfactory bulb, and hippocampus,
while lower amounts are present in the lateral hypothalamic area, the arcuate nucleus, and globus pallidus (60).
Although the functional significance of this protein in the
hypothalamus has been questioned, GLUT-4 mRNA has
been identified in glucose-excited, glucose-inhibited, and
nonglucosensing ventromedial nucleus neurons along with
mRNA for glucokinase and the insulin receptor (61).
However, studies have yet to demonstrate insulin-stimulated glucose transport in hypothalamic neurons, so the
question of whether GLUT-4 participates in neuronal insulin signaling or in glucose-sensing mechanisms underlying
food intake and body weight regulation remains uncertain.
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A new transporter, GLUT-8, has also identified in the
brain and localized specifically to the hippocampus, the
cerebral cortex, and the hypothalamus (62). In hippocampus, this molecule is synthesized exclusively in neurons
and has a novel intracellular distribution such that under
basal conditions it is associated with intracellular organelles, but upon peripheral glucose administration it is
redistributed to the plasma membrane (63). Based on
these studies and on the absence of GLUT-8 trafficking
under hyperglycemic-insulinopenic conditions in animals
with streptozotocin-induced diabetes, insulin (but not glucose) is proposed to serve as the stimulus for GLUT-8
translocation in the rat hippocampus. The postulated role
for this transporter revolves around the idea that glucose
is liberated from oligosaccharides during protein glycosylation, events that occur in the rough endoplasmic
reticulum, and that GLUT-8 transports glucose from this
organelle into the cytoplasm.
Glucokinase, the glucose sensor of the ␤-cell, is also
present in the CNS. In the arcuate nucleus, ⬎75% of
NPY-positive neurons express glucokinase (64), and intracarotid glucose infusions increased hypothalamic C-fos
gene expression, which paralleled glucokinase expression
(65). Glucokinase may therefore be a mediator of glucosesensing in both glucose-responsive (also referred to as
glucose-excited) and glucose-sensitive (also referred to as
glucose-inhibited) neurons. Many glucokinase-expressing
neurons coexpress KATP channels, and coexpression of
GLUT-4 with insulin receptor mRNA is also reported in
glucose-responsive neurons (61). Interactions among glucose-sensing, ion channel function, neuropeptide gene
expression, and neuropeptide release are therefore likely
but are complex and poorly understood. Future research
is required to dissect the mechanisms underlying these
processes and their contribution to the control of food
intake and energy homeostasis.
BRAIN INSULIN IN WORMS AND FLIES: BIOLOGY
EXPANDED

By 1997, molecules and signaling pathways homologous to
the CNS insulin signaling system in mammals had been
discovered in two very simple organisms: the nematode
Caenorhabitis elegans and the fruit fly Drosophila melanogaster (66,67). In these invertebrates, insulin-related
signaling is implicated not only in the regulation of fat
storage and reproduction but surprisingly as a determinant
of lifespan as well. The initial discovery in C. elegans was
the cloning of DAF-2, the gene that encodes a homologue
of the mammalian insulin receptor, containing both ligand
binding and tyrosine kinase domains (68).
The relevance of DAF-2 to C. elegans physiology was
initially based on its association with a stage of diapause
arrest called “dauer.” Entry into this developmental stage,
characterized by inhibition of reproduction and reduced
metabolism and growth that resembles suspended animation or hibernation, is normally triggered by periods of
reduced food availability. Mutations of DAF-2 were shown
to produce the dauer state and also revealed DAF-2 as the
first step in a signal transduction cascade homologous to
the insulin pathway described in mammals. DAF-2–mediated signaling is present in neurons, gastrointestinal tract
cells, and muscles of this organism, as are other proteins
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in this signal transduction pathway. One of these is a
protein called advanced glycation end product (AGE)-1, a
homologue of mammalian PI3K whose knockout induces
the same dauer stage phenotype with increased longevity
seen with mutation of DAF-2 (68). Another key protein is
DAF-16, a member of the forkhead transcription factor
family related to mammalian HNF-3 and FOXO1. The
finding that DAF-16 mutation completely reversed the
phenotype arising from DAF-2 or AGE-1 knockout (69) (a
phenomenon referred to as genetic complementation)
suggests that this forkhead protein functions downstream
of the more proximal DAF-2 and AGE-1 proteins, that its
activity is normally inhibited by activation of the upstream
DAF-2/AGE-1 cascade, and that this inhibition is a dominant component of signaling in this cascade.
In their original report in 1997, Kimura et al. (68)
suggested that following binding of an insulin-like ligand
to DAF-2, AGE-1 is activated, and signaling downstream of
this PI3K-like molecule (e.g., inhibition of DAF-16) is
required to prevent dauer formation and to thereby limit
lifespan. They further suggested that increased longevity
associated with the DAF-2 knockout is analogous to the
effect of caloric restriction to increase mammalian
longevity, since calorically restricted animals experience
decreases of both circulating insulin (and hence reduced
insulin receptor signal transduction) and fertility. Three
years later, this group restored DAF-2 signaling specifically to neurons, muscle, or intestine of animals that otherwise lack this protein, using promoters that selectively
express DAF-2 cDNAs in each of these cell types (70).
Interestingly, only restoration of DAF-2 in neurons was
sufficient to restore lifespan and reproduction of DAF-2
knockouts to wild-type values, and neuron-specific restoration of AGE-1 in animals that otherwise lack this protein
produced the same effect. These neuron-specific “genetic
rescue” experiments also reversed the pattern of excessive
intestinal triglyceride deposition and associated metabolic
defects. By comparison, restoration of DAF-2 or AGE-1 in
muscle regulated metabolism but did not reverse the dauer
stage or lifespan, and restoration in the intestine had
relatively minor effects. Thus, neuronal insulin-like signaling appears to be a key regulator of various essential
functions in C. elegans, and the metabolic and reproductive defects induced by whole-body deletion of DAF-2
appear to be attributable in large part to abnormalities
specific to the absence of insulin-like signaling in the
nervous system.
Recently, knockout of FOXO1 in the mouse was reported to produce effects resembling those of DAF-16
deletion in C. elegans (71,72), indicating conservation of
the function of these homologues over the course of
evolution. While activation of DAF-2 can potentially occur
via binding by any of several insulin-like ligands present in
C. elegans, studies using DNA microarrays describe INS-7
as an insulin-like molecule that stimulates the DAF-2
pathway and in turn inhibits DAF-16 (73). This leads to
suppression of a variety of antioxidant enzymes and heat
shock proteins related to stress, while at the same time
producing more egg yolk protein for reproduction and,
surprisingly, stimulation of INS-7, which is released and
hypothesized to stimulate and coordinate the adjacent cells
of the animal (74). Thus, a feed-forward signaling mechaDIABETES, VOL. 54, MAY 2005

nism may exist to coordinate the cells of C. elegans
whereby INS-7 is released from neuronal cells to act upon
adjacent cells and amplify the INS-7 signal. (Fig. 1A).
INSULIN-LIKE SIGNALING IN DROSOPHILA

In 2001, an analogous set of studies investigated the
insulin receptor–like signaling system in the fruit fly,
Drosophila. While the insulin-like receptor was first reported in this species in 1996, knockouts were found to be
lethal; hence, insulin receptor–like activity is absolutely
essential for life during development. However, mutations
of either an IRS homologue termed CHICO, or complex
heterozygotes of the insulin-like receptor, were shown to
extend lifespan and reduce reproduction in a manner
similar to that induced by DAF-2 mutants in C. elegans
(75). As in C. elegans, lifespan extension was associated
with a general growth deficiency and a decrease in cell
number and size, and insulin-like signaling was shown to
depend on a PI3K homologue. Additionally, the CHICO
mutation increased lifespan and triglyceride storage and
decreased body size (76). A downstream FOXO-like molecule (d FOXO) is described as well and, analogous to
DAF-16 in C. elegans, it exerts a negative effect on feeding,
growth, and organism size (77) (Fig. 1B).
While the role of insulin-like signaling in the regulation
of carbohydrate storage and mobilization has not been
studied in Drosophilia, surgical removal of the medial
neurosecretory glands in the blowfly brain, which contain
an insulin-like peptide, leads to hyperglycemia (78). Since
these cells are also present in Drosophila brain, insulinlike molecules appear to be synthesized and secreted from
neurosecretory cells and, via effects in brain, regulate
lifespan and reproduction in flies, as in C. elegans. The
findings in C. elegans, which possess neither adipose cells
nor leptin-like molecules, are compatible with the hypothesis that the insulin signaling system for regulating energy
homeostasis is evolutionarily older than leptin. These
considerations also suggest that an early evolutionary role
for insulin may have been to regulate metabolism through
neuronal control of nutrient storage, a process tightly coupled with control of reproduction and lifespan, since both
energy storage and reproduction depend upon nutrient
availability. According to this hypothesis, the emergence of insulin as a key regulator of carbohydrate
metabolism in vertebrates was a more recent evolutionary
development.
INSULIN AND THE CONTROL OF REPRODUCTION AND
LIFESPAN IN MAMMALS

Insulin signaling in the CNS of mammals, including humans, seems to have many biochemical, molecular, and
physiological parallels with its role in invertebrates. For
example, caloric restriction in mammals is associated with
reduced secretion of insulin and reproductive hormones
(e.g., follicle-stimulating hormone and leutinizing hormone)
and, if prolonged, with extension of lifespan (79). Energyrestricted states are also associated with decreased
adipose tissue mass and, consequently, of plasma leptin
and insulin concentrations as well. Since insulin is a major
regulator of leptin biosynthesis and release from adipocytes, low plasma concentrations of both hormones are
usually found together and are associated with similar
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FIG. 1. A: Proposed role of insulin-like signaling
in the control of lifespan, reproduction, and fat
storage in C. elegans. In response to the taste
and/or ingestion of food, one or more INS ligands
are released from neurosecretory cells in the
CNS. Activation of the insulin receptor homologue, DAF-2, in CNS and elsewhere triggers intracellular signaling via the PI3K homologue
AGE-1. The ultimate consequence of these events
is the inactivation (by phosphorylation) of the
forkhead transcription factor, DAF-16, an effect
that permits normal growth, aging, reproduction,
and fat storage. This cascade of events can be
interrupted by inadequate nutrient availability,
leading to reduced insulin signaling, activation of
DAF-16, and subsequent entry into the dauer
phase of development. Such animals are characterized by reduced growth and reproductive capacity and increased longevity and fat mass.
Inactivating mutations of DAF-2 or AGE-1 also
induce the dauer condition, and these effects are
blocked by inactivation of DAF-16. B: Insulin-like
signaling in C. elegans, D. melanogaster, and
mammals (adapted from 61).
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outcomes. However, in the fat cell–specific insulin receptor knockout mouse, lifespan extension occurs in an
animal with a reduced fat mass, an increase in food intake,
and an increase in plasma leptin but not in insulin compared with control animals. Therefore, low levels of insulin may be the critical factor in prolonging life in mammals
as well as invertebrates (80,81).
These observations provide a compelling framework
within which to consider the well-documented effect of
caloric restriction to delay the onset of puberty. Women
participating in vigorous exercise, with its attendant reduction in body fat stores, experience reductions of both
circulating leptin and insulin and of pituitary reproductive
hormones and consequently can have delayed puberty
menstrual disturbances and reduced reproductive capacity (82,83). Recent studies (84) suggest that physiological
leptin replacement during a short-term fast in men is
sufficient to restore testosterone completely with improved pulsatile gonadotrophin release, suggesting that
leptin deficiency plays an important role in the reproductive consequences of a deficient fat mass in humans. While
the extent to which reduced insulin signaling might contribute to these reproductive consequences of deficient
energy stores awaits further study, an effect seems likely
given the redundancy in hypothalamic signaling mechanisms. Direct evidence in support of this assertion is
provided by mice with selective knockout of the brain
insulin receptor. These mice exhibit increased body fat
and, interestingly, impaired reproductive capacity due to
low pituitary leutinizing hormone and follicle-stimulating
hormone secretion (85). Excessive weight gain due to
reduced brain insulin signaling was also observed following selective deletion of the insulin receptor in rat hypothalamus (28).
Since the phenotype of leptin-deficient ob/ob and leptinresistant db/db mice is also characterized by hypothalamic
hypogonadism, deficiency of either leptin or insulin action
in the CNS is sufficient to impair reproduction. These observations suggest that both the ability to store fat and to
regulate the reproductive axis depend on signals informing
the CNS that fat has been stored. This concept is further
supported by studies of leptin-deficient children entering
puberty. Available data suggest that hypogonadotrophic
hypogonadism is a characteristic of such individuals and
that this phenotype is ameliorated by leptin replacement
(86). As a whole, this body of work suggests that genetic
dissection of the insulin signaling system in Drosophila
and C. elegans may lead to the identification of new
metabolic end points and potential targets for future
therapeutic intervention in diabetes, obesity, reproductive
disorders, and/or lifespan extension.
Because insulin resistance is commonplace in peripheral tissues, it seems reasonable to hypothesize that a
similar resistance phenomenon might occur in the brain.
Were this to occur, the hypothalamus and pituitary might
then perform their evolutionarily conserved roles and
adjust peripheral physiology to the perceived deficit in fat
stores, increasing energy storage while inhibiting reproduction. While this response might serve the organism
well in situations of low nutrient availability, reduced CNS
insulin action due to impaired signal transduction could
potentially contribute to weight gain and reproductive
DIABETES, VOL. 54, MAY 2005

complications in insulin resistance syndromes, such as
polycystic ovarian disease (87). Clearly, the impact of such
resistance would be magnified if the same biochemical
defect were to affect leptin signal transduction as well, and
the previous discussion highlighting cross talk between leptin and insulin signaling pathways emphasizes the feasibility
of this possibility.
Especially intriguing in this regard is evidence that the
downstream pathways controlling longevity and reproduction may be independent of one another (88). This conclusion is based on the suppression of DAF-2 activity in adult
C. elegans (after the development of reproductive capacity) via application of RNAi. In these animals, lifespan is
extended despite suppression of insulin-like signaling that
was intact until a late stage of development. Furthermore,
reproductive timing was specified independently of the
dauer decision, suggesting that the DAF-2 pathway can
function late in development to affect the timing of reproduction (88). Thus, while extension of longevity appeared
at first to be invariably associated with impaired growth or
reproduction, selective manipulation of this pathway may
permit youthfulness and lifespan extension without affecting these other processes.
The report (89) and evaluation (90,91) of the Snell dwarf
mouse suggest a similar extension of lifespan in this
mammalian model, and its association with reduced
insulin/IGF-1 signaling additionally supports the lifespan
mechanisms uncovered in C. elegans and Drosophila.
Recent work suggests that this phenomenon can be induced without the need for reduced food intake, as mice
with selective knockout of the insulin receptor in adipose
tissue have normal food intake, a 25% reduction in adipose
mass, elevated leptin (relative to fat mass), relatively low
plasma insulin, and normal fertility with an extended
lifespan (81).
IMPLICATIONS FOR THE ASSOCIATION OF TYPE 2
DIABETES WITH OBESITY

A major mechanism linking obesity and type 2 diabetes is the
effect of excessive body fat deposition to induce peripheral
tissue insulin resistance, thereby increasing the demand on
the ␤-cell, and if the increased secretory demand cannot be
met, hyperglycemia ensues. However, this mechanism in and
of itself may not fully explain the close association between
obesity and diabetes, and viable alternatives warrant careful
consideration. It is possible, for example, that a shared defect
contributes to the pathogenesis of both disorders. According
to this hypothesis, an underlying genetic defect or set of
defects that are sensitive to environmental factors predispose first to positive energy balance and weight gain and, as
the disorder progresses, to impaired glucose homeostasis
and diabetes (Fig. 2). Since glucose intolerance is clearly
exacerbated by obesity-induced peripheral insulin resistance,
this model proposes that a feed-forward process is set in
motion, whereby the more weight is gained the greater the
deterioration of glucose homeostasis. Here, we suggest that
although several factors can set this pathophysiological sequence in motion, impaired insulin signal transduction in
tissues throughout the body, including the CNS, plays a
fundamental role.
As should now be evident, both body weight regulation
and glucose homeostasis rely in part on a common set of
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FIG. 2. Model for the link between diabetes and
obesity related to insulin. Obesity (increased
adipose mass) and diabetes (increased plasma
glucose) are linked by a common dependence on
insulin action and secretion in peripheral tissues
and brain.

intracellular signaling mechanisms. It therefore follows
that both processes would be impaired if reduced insulin
signaling were to occur in tissues throughout the body.
Due to defects in either insulin secretion or cellular insulin
sensitivity (or both), insulin action is by definition reduced
in tissues of individuals with type 2 diabetes. It therefore
follows that unless tissue-specific defects are present in
type 2 diabetes that spare the brain, CNS insulin action is
likely to be reduced in affected individuals as well. If this
were to occur early in the natural history of this disorder,
excessive weight gain would be expected and could therefore serve as an initiating event (92).
Any of several mechanisms— defective insulin secretion, reduced blood-brain barrier insulin transport, or
reduced neuronal responsiveness to insulin— can be invoked to explain how insulin action in the brain of affected
individuals might be attenuated. Perhaps because of their
overlapping roles in reproduction and nutrition, the same
neuronal targets and signal transduction mechanisms used
by insulin are also used by leptin. Hence, disruption of this
signaling system is predicted to compromise negative
feedback from all known adiposity signals, and increased
caloric intake and storage is the predicted outcome.
Based on these considerations, impaired insulin secretion can also be viewed as a primary event, at least in some
cases, since it is expected to favor weight gain, with other
factors remaining unchanged. Because deficient insulin
signaling in peripheral tissues increases hepatic glucose
production and decreases glucose utilization, such weight
gain should be coupled to a predisposition to hyperglycemia, depending on the magnitude of the secretory defect
and the ability of islet ␤-cells to compensate.
Examples from the clinical literature are instructive for
the evaluation of this hypothesis. Among them are patients
with maturity-onset diabetes of the young type 2, characterized by a mild isolated defect of insulin secretion due to
a coding region mutation of the glucokinase gene. Because
this defect is readily and almost completely compensated
for by hyperglycemia, at least initially, the underlying
defect is difficult to detect (93). In such individuals, the
contribution of an isolated mild impairment of insulin
secretion to the development of obesity is inherently
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limited, since insulin levels remain near normal as glucose
levels increase promptly. However, if the demand placed
on the islet increases due to environmental factors (e.g.,
consumption of a high-fat diet) or when present in combination with a genetic propensity toward obesity, then
the need to increase insulin secretion rises in a curvilinear
fashion to compensate for the associated insulin resistance (94). Under these conditions, the insulin secretory
defect may become more overt, and food intake and body
weight will increase as a result. As weight increases, so
does insulin resistance, and while this response may
initially help to normalize plasma insulin levels and limit
further weight gain, hyperglycemia will result if this ␤-cell
compensation is incomplete. These considerations highlight the interwoven nature of consequences arising from
reduced insulin signaling in both CNS and periphery that
favor the association of diabetes with obesity.
The association between these two disorders may
be further strengthened by peripheral metabolic consequences of reduced neuronal insulin signaling. For example, recent studies (27,28) demonstrate that reduced
hypothalamic neuronal insulin signaling causes hepatic
insulin resistance. If ␤-cell function is intact, increased
insulin output can compensate completely or almost completely for insulin resistance, and both hyperglycemia and
excessive storage of body fat will be minimized. However,
any limitation to ␤-cell compensation will permit hyperglycemia to develop once insulin secretion falls below that
needed to suppress hepatic glucose output and maintain
normal glucose levels, and the propensity for obesity will
again be increased. This vicious cycle can theoretically
progress until insulin deficiency becomes severe, at which
point glycosuria and unrestrained lipolysis become prominent and prevent further weight gain. Thus, whether the
initial defect lies in the capacity to secrete insulin or to
activate insulin signal transduction (in brain or periphery),
food intake and weight will rise and the associated insulin
resistance will lead to the development of hyperglycemia if
␤-cell compensation is impaired.
The rapid increase in obesity prevalence over the past
10 –15 years in our society is, not unexpectedly, paralleled
by an alarming increase in the prevalence of type 2
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diabetes. Among many factors implicated in this trend is
the ready availability of high-density, highly palatable
foods of relatively low cost (95,96) and a lifestyle that
demands little in the way of physical activity. The opportunity to study a population of Japanese Americans in
Seattle, who have maintained their genetic identity by
intermarriage into the second and third generation, allowed us to evaluate this progression prospectively to
identify risk factors for the development of type 2 diabetes
and the associated risk of cardiovascular disease (97).
Among the potential risk factors in this population was a
polymorphism in the ␤-cell glucokinase promoter that was
both common (frequency 25%) and associated with a 30%
reduction in the early insulin response to glucose and a
significantly increased risk of impaired glucose tolerance
(98,99). The functional significance of this ⫺30 G/A polymorphism in Caucasians was recently confirmed and extended by Weedon et al. (100).
In studies by Fujimoto and colleagues (97,101), Japanese Americans progressing to type 2 diabetes were compared with those who did not at baseline and after 2.5 and
5 years of observation. While both progressor groups had
impaired early insulin secretion at baseline compared with
nonprogressors, increased abdominal obesity was present
at baseline only among those progressing to diabetes
within 2.5 years, while those who developed diabetes at 5
years did not develop excess intra-abdominal fat until that
assessment. Thus, this population is characterized by a
genetic risk factor for impaired insulin secretion whose
progression from normal glucose tolerance to diabetes
was associated with impaired insulin secretion 5 years
before the development of intra-abdominal fat, the best
obesity-related correlate of insulin resistance identified so
far (102).
Based on the high prevalence of the glucokinase promoter polymorphism in this population, a high proportion
of the population is hypothesized to have inherited a mild
defect of insulin secretion that was not expressed clinically as long as body weight was not excessive. As the
population aged and consumed an increasingly high-fat,
highly palatable western diet, the frequency of obesity and
impaired glucose tolerance increased. While a high-fat diet
may induce a reduction of central insulin action to increase food intake and lead to obesity (103), we hypothesize that increased calorie ingestion in this population was
also facilitated by relatively impaired insulin secretion,
which in turn favored increased deposition of intra-abdominal fat and subsequent insulin resistance. Increased
body fat in this situation can therefore be interpreted as
compensation, in part, for a genetic defect in insulin secretion leading to increased insulin levels until a new
steady state of obesity and hyperglycemia is reached. Final
progression from impaired glucose tolerance or early type
2 diabetes to overt clinical hyperglycemia is associated
with a progressive deterioration of ␤-cell function. This
delayed deterioration is well described and may relate to
toxic factors secondary to lipid (104) or glucose excess
(105) and/or to amyloid deposition in islet ␤-cells (106,
107), leading to ␤-cell death and further impairment of
insulin secretion despite treatment (108).
These observations support a model in which diabetes
and obesity can be functionally linked to one another by
DIABETES, VOL. 54, MAY 2005

␤-cell abnormalities that predispose to both weight gain
and hyperglycemia. This progression is exacerbated by
environmental factors and common gene variants that
favor weight gain and further increase the demand on the
␤-cell. Genetic defects that can contribute to this pathophysiological sequence are likely to be common, varied in
nature, and modest with respect to their functional consequences. Inheritance of one or more of these gene variants,
in combination with environmental factors, is presumably
required to produce the obesity and insulin resistance
syndromes. In addition to primary lesions affecting insulin
secretion, candidate genes could also include those predisposing to insulin resistance. In isolation, such defects
may have a limited impact, but in the presence of environmental factors that predispose to ␤-cell stress and/or
damage (such as high fat feeding [104], mild chronic
hyperglycemia [105], or peripheral insulin resistance)
could suffice to set this pathophysiological sequence in
motion. Regardless of whether underlying gene defects
affect insulin secretion or action, those individuals with
impaired ␤-cell responses would tend to be the most obese
and therefore have the greatest risk for the development of
the obesity-diabetes syndrome.
From this perspective, preventive treatments aimed at
either insulin resistance or impaired insulin secretion
should slow the progression of hyperglycemia. While
supporting this hypothesis, recent experience with the
thiazolidinedione class of insulin-sensitizing drugs, which
reduce hyperglycemia and hyperinsulinemia, demonstrates a
key problem: a high prevalence of undesirable weight gain
(109). This weight gain may be related to the propensity of
these agents to differentiate preadipocytes into mature
cells and to favor fat deposition. However, the insulin- and
leptin-lowering effects of these drugs might aggravate
obesity by reducing adiposity-related signaling in the hypothalamus.
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