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Introduction 
 

    ype 2 diabetes is a complex disease mainly charac- 
   terized by impaired insulin action and insulin se-

cretion [1, 2]. A major breakthrough in the understand-
ing of mechanisms leading to type 2 diabetes has re-
cently come from studies on the central nervous sys-
tem (CNS) dependent regulation of glucose and fat 
metabolism. The concept that the CNS has an essential 
role in glucose homeostasis and insulin action is not 
new. In 1849, Claude Bernard reported that pricking 
the floor of the fourth ventricle in rabbits produced 
hyperglycemia [3]. 

The past decade has greatly increased knowledge 
about the ability of the CNS to regulate food intake, 
body weight and glucose homeostasis. It is now clear 
that the CNS, and in particular the hypothalamus, 
plays a pivotal role in regulating glucose homeostasis 
independently of its effects on body weight. Therefore, 
some of the molecular defects underlying type 2 diabe-
tes may reside in the CNS, supporting the concept that 
type 2 diabetes is, at least in part, a hypothalamic dis-
order. 

Central insulin actions 
The effects of insulin on hepatic glucose fluxes may 

be divided into (i) direct effects on the liver mostly 
leading to rapid inhibition of glycogenolysis [4], and (ii) 
indirect effects mediated through extrahepatic actions 
such as the inhibition of lipolysis and reduction of glu-

cagon levels [5-8]. More recently, it has been proposed 
that indirect effects of insulin on glucose production 
also include the activation of hypothalamic insulin sig-
naling [9]. Insulin can act in the hypothalamus to 
modulate feeding behavior [10-12], neuropeptide Y 
expression [13, 14], hypoglycemia counter-regulation 
[15, 16] and autonomic outflow [17, 18]. These find-
ings suggest that the brain is an insulin target with re-
gard to energy homeostasis in mammals. 

The activation of insulin receptors in the hypo-
thalamus, in particular in the arcuate nucleus (ARC), 
plays an important role in the regulation of glucose 
homeostasis (Figure 1). Using pharmacological and 
molecular manipulations of the hypothalamic insulin 
action, Obici and co-workers demonstrated that the 
activation of insulin signaling in the ARC in the ab-
sence of elevated systemic insulin levels, is sufficient to 
decrease blood glucose levels via a substantial inhibi-
tion of endogenous glucose production [9]. Con-
versely, the blockade of insulin action in the ARC by 
insulin antibodies, or by decreasing insulin receptors 
by antisense oligonucleotides, or by inhibiting the insu-
lin-dependent activation of phosphatidylinositol-3-
kinase (PI3K), leads to a reduced ability of circulating 
insulin to suppress endogenous glucose production. 
Overall, these findings suggest that hypothalamic ac-
tion of insulin is required for the full inhibitory effect 
of systemic insulin on endogenous glucose production 
and requires an intact insulin signaling cascade involv-
ing the activation of the insulin receptor, insulin recep-
tor substrate (IRS), and PI3K [9, 19]. 
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Insulin acts in the ARC hyperpolarizing rat hypo-
thalamic glucose-responsive neurons by opening and 
activating ATP-sensitive potassium channels (KATP 
channels) [20] and this is per se sufficient to lower 
blood glucose via inhibition of hepatic glucose output 
and gluconeogenesis [19]. Delivery of a KATP channel 
blocker to the ARC, such as glybenclamide, abolishes 
the central effects of insulin on endogenous glucose 
production, and prevents, in part, the suppression of 
endogenous glucose production by circulating insulin 
[9, 19]. 

Pocai and co-workers showed that insulin acts on 
KATP channels in hypothalamic neurons to control he-
patic glucose production by decreasing glucose-6-
phosphatase and phosphoenolpyruvate kinase expres-
sion in the liver [19]. The sulfonylurea receptor sub-

unit (SUR1) of the KATP 
channels is expressed in 
the mediobasal hypo-
thalamus and is required 
for the assembly of the 
associated pore-forming 
subunits (Kir6x) [21]. 
Interestingly, in SUR1 
null mice, the ability of 
insulin to suppress he-
patic gluconeogenesis 
and endogenous glucose 
production is impaired 
[19]. 

Overall, these data 
indicate that the central 
effects of insulin on the 
suppression of endoge-
nous glucose production 
are mediated by the acti-
vation of IRS, PI3K and 
KATP channels in the 
ARC. This input is re-
layed to the motor nu-
cleus of the vagus nerve 
in the brainstem and 
leads to the activation of 
the efferent vagal fibers 
which innervate the liver. 
Indeed, hepatic branch 
vagotomy leads to a loss 
of about 50% of the in-
sulin inhibitory effect on 
glucose production [22]. 
However, this effect is 
not blocked by selective 

vagal deafferentation, suggesting that only the efferent 
vagal fibers are required for the neural and insulin-
mediated inhibition of glucose production [19]. 

A recent report suggests that brain insulin action is 
responsible for the increase of hepatic IL-6 in the liver 
and that IL-6-STAT3 signaling in the liver contributes 
to central insulin action, leading to the suppression of 
hepatic glucose production [23]. The phosphorylation 
of hepatic STAT3 induced by glucose loading was at-
tenuated in mice lacking the brain insulin receptors 
(NIRKO mice), indicating that insulin action in the 
brain contributes to postprandial activation of hepatic 
STAT3. Injection of insulin into the cerebral ventricle 
of wild-type mice resulted in liver STAT3 phosphory-
lation in a time-dependent manner, demonstrating a 
direct link between insulin action in the brain and he-
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Figure 1. The activation of insulin signaling in hypothalamic arcuate nucleus (ARC) is suf-
ficient to decrease blood glucose levels via the inhibition of hepatic glucose production 
(GP). This effect is mediated by the activation of efferent vagal fibers which innervate the 
liver. The effects of central leptin on glucose homeostasis involve both melanocortin-
dependent and melanocortin-independent pathways. Acute activation of hypothalamic 
melanocortin receptors, results in an increased rate of hepatic gluconeogenesis. The ef-
fect of central leptin on the suppression of glucose production and glycogenolysis is me-
diated by the stimulation of melanocortin-independent pathways involving insulin-like 
pathways such as the PI3K signaling cascade. Glucagon-like peptide-1 (GLP-1) is pro-
duced in a discrete set of hindbrain neurons that project to a specific population of  GLP-1 
receptor-containing cells in the hypothalamus. During hyperglycemia following a meal, 
GLP-1 inhibits muscle glucose utilization and increases insulin secretion to favor hepatic 
glycogen storage. The intracellular pool of long-chain fatty acids (LCFA-CoAs) is under 
the control of several biochemical events including a free fatty acids (FFA) flux. Accumu-
lation of LCFA-CoAs reduces hepatic glucose production. 
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patic STAT3 signaling. The intracerebroventricular 
(ICV) infusion of insulin did not induce the phos-
phorylation of IR or Akt in the liver but increased he-
patic IL-6. Previous reports indicated that IL-6 acti-
vates STAT3 and inhibits the expression of gluconeo-
genic genes in cultured hepatocytes [24, 25]. In a 
mouse model, transplantation of an IL-6 producing 
tumor resulted in the inhibition of the expression of 
glucose-6-phosphatase (G6pc), a key enzyme in the glu-
coneogenic pathway in the liver [26]. Inoue and co-
workers investigated whether IL-6 was involved in the 
phosphorylation of hepatic STAT3 induced by insulin 
action in the brain [23]. Administration of antibodies 
that neutralize circulating IL-6 in mice, prevented liver 
STAT3 phosphorylation induced by a bolus injection 
of IL-6, euglycemic hyperinsulinemic clamp, or ICV 
insulin infusion. Moreover, STAT3 phosphorylation in 
the liver induced by the ICV insulin infusion was in-
hibited in mice lacking IL-6 (IL-6KO mice). These re-
sults indicate that IL-6 is essential for phosphorylation 
of hepatic STAT3 induced by brain-insulin action. 
Moreover, inhibition of hepatic glucose production as-
sessed by an euglycemic hyperinsulinemic clamp was 
also attenuated in IL-6KO mice, which is consistent 
with the notion that IL-6 contributes to the suppres-
sion of hepatic glucose production. 

The relative importance of hypothalamic insulin 
signaling for the overall control of liver glucose pro-
duction has been a matter of debate lately, since a re-
cent study demonstrated that a 4-fold rise in cranial 
insulin levels does not change acute hepatic glucose 
output in dogs [26]. Therefore, apparent differences 
between rodents and dogs concerning acute and 
chronic control of glucose homeostasis must be care-
fully addressed in future work. 

Central leptin actions 
Leptin, the product of the ob gene, is a circulating 

hormone produced by white adipose tissue that has 
potent effects on feeding behavior, thermogenesis and 
neuroendocrine responses [27-29]. The severe obesity 
caused by leptin absence in rodents and humans [30] 
makes it clear that leptin is a fundamental hormone 
regulating energy homeostasis. Abundant evidence [31, 
32], including the brain-specific knockout of the leptin 
receptor [33], indicates that the CNS is the site for 
leptin anti-obesity actions. The leptin receptor mRNA 
is highly expressed in the hypothalamus, including the 
ARC, the ventromedial nucleus and the dorsomedial 
nucleus [34-37]. 

In addition to its effects on food intake and body 
weight, leptin has potent effects on glucose homeosta-

sis. Conditions of adipose tissue deficiency, both in 
animal models and in humans with lipodystrophy, are 
associated with severe insulin resistance. Leptin ad-
ministration has impressive effects in improving insu-
lin action and glucose homeostasis [38, 39]. 

To investigate the functional significance of the 
leptin receptor in the ARC, Coppari and co-workers 
used a mouse model that allows site-selective restora-
tion of the leptin receptor expression in leptin receptor 
null animals. Restoration of leptin receptors in the 
ARC had modest effects on body weight, but re-
markably improved glucose homeostasis. 

Numerous lines of evidence suggest that central 
leptin action, as well as insulin, regulates energy balance 
and glucose homeostasis via neural pathways that are 
only partially overlapping (Figure 1). 

The binding of leptin to its receptor (LepR) in the 
ARC leads to the activation of the signaling cascade 
involving Janus kinase, signal transducer and activator 

of transcription 3 (Jak-STAT3) [40, 41]. Recent data 
suggest that leptin, like insulin, activates the IRS-PI3K 
pathway [42, 43]. Delivery of a functional LepR to the 
ARC of LepR-deficient rats improves peripheral insu-
lin sensitivity via a mechanism requiring the activation 
of PI3K [44]. 

Another candidate pathway for regulating glucose 
homeostasis is the central melanocortin system [45-47]. 
Melanocortin signaling acutely affects insulin levels and 
glucose uptake, and humans with MC4R mutations are 
extremely insulin resistant [47]. 

Activation of the leptin receptor in the ARC leads 
to stimulation of neurons producing anorectic peptides 
(melanocortins) and the inhibition of neurons co-
producing the orectic peptides NPY/AGRP. These 
data suggest that leptin effects on peripheral glucose 
metabolism could be mediated by these downstream 
neural pathways. It has been demonstrated that the ef-
fects of central leptin on glucose homeostasis involve 

both melanocortin-dependent and melanocortin-
independent mechanisms [48]. Acute activation of hy-
pothalamic melanocortin receptors, results in an in-
creased rate of hepatic gluconeogenesis and the in-
creased expression of the rate-limiting gluconeogenic 
enzymes phosphoenolpyruvate carboxykinase 
(PEPCK) and glucose 6-phosphatase (Glc6Pase) [48]. 
ICV administration of leptin increases the rate of he-
patic gluconeogenesis and the expression of PEPCK 
and Glc6Pase, without changing glucose production, 
due to the simultaneous and compensatory inhibition 
of hepatic glycogenolysis [48, 49]. By contrast, the ICV 
co-administration of leptin and a melanocortin antago-
nist, which prevents leptin-induced activation of 
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melanocortin receptors, abolishes the leptin-induced 

increase in gluconeogenic fluxes, without affecting 
leptin’s ability to suppress glycogenolysis, and results in 
reduced hepatic glucose production [48]. 

The neural circuits mediating leptin action on he-
patic glucose fluxes are still unknown, the melano-
cortin-independent effects of central leptin closely re-
semble the effects of central insulin on hepatic glucose 
fluxes [19]. Since both leptin and insulin activate PI3K 
in the hypothalamus, and this signaling pathway has 

been implicated in the regulation of both feeding be-
havior and glucose homeostasis [9, 50], it could  be 
speculated that the effect of central leptin on the sup-
pression of glucose production and glycogenolysis is 
mediated by the stimulation of melanocortin-indepen-
dent pathways involving insulin-like pathways such as 
the PI3K signaling cascade. 

Central GLP-1 actions 
There is increasing evidence that glucagon-like pep-

tide-1 (GLP-1) plays a role in the regulation of glucose 
homeostasis, and its potential use in the treatment of 
diabetes has been proposed. Blockade or reduction of 
GLP-1 determined abnormally high glucose levels fol-
lowing glucose administration [51, 52]. 

Besides the gut, the other major site of GLP-1 pro-
duction is the brain. GLP-1 is produced in a discrete 
set of hindbrain neurons that project to a specific 
population of GLP-1 receptor-containing cells in the 
brain stem, hypothalamus and midbrain. The CNS and 
peripheral actions of GLP-1 are distinct and independ-
ent. Some preliminary studies demonstrated that ICV 
administration of GLP-1 activates primarily the central 
CRH-containing neurons of the hypothalamo-
pituitary-adrenocortical axis and this activation may be 
responsible for the reduction of plasma glucose levels 
[53]. Knauf and colleagues demonstrated by using 
GLP-1 receptor antagonists in the cerebroventricular 
system of mice, that during hyperglycemia, brain GLP-
1 inhibited muscle glucose utilization and increased in-
sulin secretion to favor hepatic glycogen stores [54]. 
Overall, these data suggest that central GLP-1 signal-
ing plays a role in the control of blood glucose levels. 

Similar effects were observed in mice with GLP-1 
receptor knockout, and were reduced by selective mus-
cle denervation, suggesting that GLP-1 activity in the 
brain induces peripheral neural signals which regulate 
systemic glucose metabolism. Interestingly, when the 
CNS GLP-1 receptors were blocked, there was a sig-
nificant attenuation of meal-induced insulin secretion 
[54]. The authors propose that during hyperglycemia  
following a meal, CNS GLP-1 inhibits muscle glucose 

utilization and increases insulin secretion to favor he-
patic glycogen storage (Figure 1). 

Neuronal biochemical sensors 
Neuronal biochemical sensors play a special role in 

sensing the nutritional status of the body [55, 56]. Re-
cent evidence supports the notion that specific neural 
circuits in the ARC respond to increased availability of 
circulating nutrients by activating efferent pathways 
that lead to the suppression of endogenous glucose 
production [57-59]. 

The central administration of macronutrients such 
as glucose or oleic acid decreases blood glucose and 
insulin levels [57, 58, 60]. Like central insulin action, 
the central effect of circulating macronutrients on glu-
cose production is mediated by the activation of KATP 
channels in the ARC [57, 59]. 

Elevations of plasma levels of free fatty acids (FFA) 
or glucose, activate hypothalamic centers which in turn 
suppress endogenous glucose production (Figure 1). 
Several lines of evidence indicate that lipid metabolism 
in neurons plays a pivotal role in mediating the hypo-
thalamic responses to fuel availability. Consistent with 
this, ICV administration of fatty acid synthase inhibi-
tors reduces food intake, NPY expression and blood 
glucose levels [61]. 

The enzyme carnitine palmitoyltransferase-1 (CPT-
I) regulates the entry of long-chain fatty acids (LCFAs) 
into mitochondria, the site where LCFAs undergo 
beta-oxidation. Hypothalamic inhibition of CPT-1, de-
creases food intake and suppresses endogenous glu-
cose production [62] via a neural pathway which re-
quires the activation of KATP channels localized in the 
ARC and efferent vagal fibers innervating the liver [22, 
58]. This finding indicates that changes in the rate of 
lipid oxidation in selective hypothalamic neurons signal 
nutrient availability to the hypothalamus, which in turn 
modulates the exogenous and endogenous flux of nu-
trients into the circulation (Figure 1) [63]. 

In cells, as well as neurons, cellular oxidation of 
long-chain fatty acyl-CoAs is regulated by the cellular 
levels of malonyl-CoA due to its role as a potent in-
hibitor of CPT-1 activity [64]. Neuronal levels of 
malonyl-CoA act as neural sensors of fuel availability 
and regulators of energy balance and glucose homeo-
stasis. 

The variation of the intracellular pool of LCFA-
CoAs is controlled by several biochemical events in-
cluding the following: (i) FFA and glucose flux, (ii) key 
metabolic enzymes such as acetyl-CoA carboxylase 
(ACC), an enzyme that converts acetyl-CoA, generated 
from glycolysis, to malonyl-CoA, and (iii) malonyl-
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CoA decarboxilase (MCD) (an enzyme that converts 

malonyl-CoA to acetyl-CoA). These events are able to 
lower malonyl-CoA levels, prevent the accumulation of 
LCFA-CoAs by derepressing CPT-1 activity and in-
creasing LCFA-CoAs oxidation. MCD overexpression 

in the ARC leads to reduced accumulation of LCFA-
CoAs, increased food intake, and increased endoge-
nous glucose production [65]. These results support 
the notion that in the CNS, malonyl-CoA act as a neu-
ral sensor of fuel availability and a regulator of energy 
balance and glucose homeostasis. 

Concluding remarks 
The hypothalamus is emerging as a critical site for 

the integration of nutritional, endocrine, and neural 
cues signaling the body’s metabolic and nutritional 
status. These signals should normally activate a nega-
tive feedback loop between the availability of nutrients 
and their intake and metabolism. It has been postu-
lated that an onset of hypothalamic resistance to mul-
tiple signals, such as leptin, insulin, and fatty acids, 
could contribute to the susceptibility to weight gain 

and insulin resistance in predisposed individuals and 
animals. 

The concept that the CNS has a primary role in the 
control of insulin sensitivity and glucose homeostasis 
suggests that diabetes might be viewed as a disorder 
with underlying defects in the CNS. The knowledge of 
the central pathways involved in glucose metabolism 
may help to fully understand the pathophysiology of 
this complex disease. In addition, the hypothalamic cir-
cuits that regulate insulin action might become the tar-
gets of future preventive and therapeutic strategies. 

However, targeting the hypothalamus for diabetic 
prevention and therapy is challenging. The CNS 
blood-brain barrier is able to block the flux of many 
substances which are administered systemically. In ad-
dition, some molecules which are potentially beneficial 
for the central treatment of insulin resistance, may 
have adverse effects on peripheral target tissues. 

We are probably at the beginning of a new era of 
investigation to improve our understanding of the 
complex neuronal network involved in the regulation 
of glucose homeostasis. 
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