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Insulin has been known to act on the hypothalamus, in particular the arcuate nucleus, in the central nervous system. Such central 
insulin action is not only involved in the regulation of energy metabolism via the regulation of food intake and heat production, 
but also plays an important role in glucose metabolism by regulating hepatic glucose production and glucose uptake by skeletal 
muscles. Studies on the intracerebroventricular administration of PI-3K inhibitors or sulfonylureas have demonstrated that 
hyperpolarization of agouti-related protein neurons induced by the activation of PI-3K signaling/KATP channels in the hypo-
thalamic arcuate nucleus plays an important role in the suppression of hepatic glucose production mediated by central insulin 
action. Cutting of the vagus nerve overrides the suppression of hepatic glucose production by intracerebroventricular insulin 
administration, which suggests the involvement of autonomic nerves in central insulin action in the liver. The central insulin 
action-mediated suppression of hepatic glucose production is associated with decreased gene expression of enzymes involved 
in hepatic gluconeogenesis, and both increased interleukin-6 expression in hepatic non-parenchymal cells induced by central 
insulin action and associated activation of hepatic STAT3 play an important role in the suppression of gene expression of hepatic 
gluconeogenesis-related enzymes. In animal models of obesity and insulin resistance, the central insulin action-mediated he-
patic glucose production control mechanism is impaired in both the hypothalamus and liver. Increased hepatic gluconeogenesis 
in obesity and type-2 diabetes has been attributed to impaired hepatic insulin signaling and increased expression of enzymes 
involved in hepatic gluconeogenesis due to hyperglycemia, but may also be partially attributed to the impairment of the central 
insulin action-mediated suppression of hepatic gluconeogenesis. Biomed Rev 2011; 22: 31-39.
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INTROdUCTION

Homeostasis of energy metabolism is maintained by the close 
interaction between the central nervous system (CNS) and pe-
ripheral tissues. In response to changes such as food intake, a 
stimulus is sent from peripheral tissues to the CNS to regulate 

energy intake, and this is followed by the transmission of a 
command from the CNS to the peripheral tissues to regulate en-
ergy metabolism, such as increasing heat production (1, 2). In 
such CNS-peripheral tissue interactions, a variety of humoral 
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factors play an important role especially in the transmission of 
information from peripheral tissues to the CNS. Previous stud-
ies have demonstrated that factors such as leptin, adiponectin, 
both secreted by adipose tissue, and glucagon like-peptide 1 
secreted by intestinal tissue, play an important role in energy 
metabolism through their action on the CNS (3-5). Insulin, 
a potent regulator of glucose metabolism acting on the liver, 
skeletal muscle, and adipose tissue, has also been shown to 
regulate energy metabolism through its action on the CNS. 
Recent studies have also demonstrated that insulin action on 
the CNS not only regulates energy metabolism via the regula-
tion of food intake and heat production, but is also involved in 
the regulation of glucose metabolism (6,7). These observations 
indicate that insulin regulates glucose metabolism via both the 
direct action on peripheral organs and the indirect regulation 
through its action on the CNS. The purpose of this article is 
to discuss the role of central insulin action in the regulation of 
glucose metabolism, with a focus on its recently-discovered 
action on the regulation of hepatic glucose production.

CENTRAL INSULIN ACTION ANd ENERGY METABOLISM

Studies using 125I-labeled insulin have demonstrated that 
circulating insulin acts on limited areas of the brain such 
as the hypothalamus, in particular the arcuate nucleus, and 
the choroid plexus (8-10). In particular, insulin action in the 
hypothalamic arcuate nucleus, which has both insulin and 
leptin receptors (11), plays an important role in the regula-
tion of energy metabolism (Fig. 1). Brain endothelial cells are 
connected to each other by tight junctions to form the blood-
brain barrier (BBB), which inhibits the entry of molecules 
larger than 400 Da into the CNS (12). Several mechanisms 
of how insulin, a molecule of some 5800 Da, is transported 
into the brain have been reported and include diffusion from 
periventricular regions lacking the BBB, such as the median 
eminence near the arcuate nucleus (13), and the involvement 
of insulin receptor-mediated transport mechanisms in the BBB 
(12). Studies using hyperinsulinemic euglycemic clamps have 
shown that an increase in insulin level in cerebrospinal fluid 
is limited, even in the presence of a significantly high level of 

Figure 1. Central insulin action and energy metabolism. Insulin acts on the hypothalamus, especially the arcuate nucleus. 
Hypothalamic insulin action suppresses food intake, induces glucose uptake in the muscle, decreases hepatic glucose production, 
and increases thermogenesis in brown adipose tissue and lipogenesis in white adipose tissue.
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circulating insulin, indicating the saturation of insulin transport 
into the CNS. These observations suggest the involvement of 
not only simple diffusion, but also carrier-mediated transport 
mechanisms in the saturable transport of insulin into the CNS 
(14-16).

Central insulin action plays an important role in food intake 
regulation. In a study using monkeys, intracerebroventricular 
administration of insulin led to decreases in food intake and 
body weight (17). Rat studies have also demonstrated similar 
effects following the intracerebroventricular administration of 
insulin or low-molecular weight compounds that can activate 
the insulin receptor (1,18). The neuron-specific insulin receptor 
knockout (NIRKO) mouse is an animal model of impaired cen-
tral insulin action (19). The female NIRKO mouse exhibits a 
significant increase in food intake, and both males and females 
increase adipose tissue and body weight and develop insulin 
resistance (19). Such central insulin action-mediated regulation 
of food intake has been attributed to an action on neuropep-
tide tyrosine (NPY)/agouti-related protein (AgRP) neurons, 
which mediate orexigenic effects, and pro-opiomelanocortin 
(POMC)/cocaine-amphetamine-regulated transcript (CART) 
neurons, which mediate the anorexic effects in the hypo-
thalamus. Intracerebroventricular administration of insulin 
leads to decreased expression of NPY and increased expres-
sion of POMC, resulting in suppressed food intake (1,6,20). 
When insulin binds to its receptor, it transmits information 
to cells by activating the phosphoinositide-3-kinase (PI3-K) 
and mitogen-activated protein kinase/extracellular-regulated 
kinase (MAPK) signaling pathways (21). The PI3-K signal-
ing pathway has been shown to play an important role in the 
suppression of food intake mediated by insulin signaling in the 
CNS. Actually, studies have demonstrated that the anorexic 
effect of intracerebroventricular insulin administration can 
be inhibited by intracerebroventricular pretreatment with a 
PI3-K inhibitor (22). Leptin, which acts on the hypothalamus, 
suppresses food intake, and regulates energy metabolism, is 
reported to activate the hypothalamic PI3-K signaling pathway 
(23). Leptin regulates the expression of AgRP and POMC 
through activation of the PI3-K signaling pathway and it also 
regulates the expression of signal transducer and activator of 
transcription-3 (STAT3) signaling (24). STAT3-dependent 
regulation of AgRP and POMC expression is suppressed 
by competitive binding of each transcriptional promoter by 
Forkhead box O1 (FoxO1) (25), which is inhibited by the 
activation of PI3-K signaling (26, 27). Given that insulin does 
not activate hypothalamic STAT3, insulin regulates AgRP and 

POMC expression via inactivation of hypothalamic FoxO1 by 
PI-3K signaling (25,28). Central insulin action also plays an 
important role in increasing heat production following food 
intake via the regulation of sympathetic activity. The dietary 
control of sympathetic activity is critically mediated by insulin 
action in the ventromedial hypothalamus (VMH) (29). This 
finding is supported by the observation that the destruction 
of the VMH by the administration of gold thioglucose leads 
to suppression of heat production following food intake and 
impaired regulation of sympathetic activity (29, 30). Studies 
have suggested the involvement of hypothalamic PI-3K and 
MAPK in the regulation of sympathetic activity mediated by 
central insulin action. In particular, regulation of sympathetic 
stimulation of brown adipocytes, a major source of heat pro-
duction in mice, has been suggested to be critically mediated 
by the activation of hypothalamic MAPK (31).

The involvement of central insulin action has also been 
suggested in the regulation of lipogenesis in white adipose 
tissue (32). A 7-day continuous intracerebroventricular insulin 
administration with an osmotic pump resulted in increased 
adipose tissue weight and increased expression of lipopro-
tein lipase in adipose tissue (32). However, the detailed role 
of central insulin action in white adipose tissue has not been 
elucidated. These observations indicate that insulin plays an 
important role in the homeostasis of energy metabolism by 
decreasing food intake and increasing heat production through 
its action on the hypothalamus.

CENTRAL INSULIN ACTION REGULATES GLUCOSE 
METABOLISM

There is an increasing amount of evidence to suggest that 
central insulin action plays an important role in the regula-
tion of glucose metabolism as well as energy metabolism. 
Obici and colleagues developed rats deficient in hypothalamic 
insulin receptors by intracerebroventricular administration of 
antisense oligonucleotides and found that these rats exhibited 
insulin resistance (33). A study using hyperinsulinemic eug-
lycemic clamps has shown that insulin resistance produced 
by knocking down hypothalamic insulin receptors is not 
associated with impaired glucose uptake in muscles and fat 
tissues but is attributed to impaired suppression of glucose 
production; in other words, increased glucose production in 
the liver (33). The NIRKO mouse, which also exhibits insulin 
resistance, has been shown to exhibit increased hepatic glucose 
production in a hyperinsulinemic euglycemic clamp study (34). 
Another study has demonstrated that the intracerebroventricu-
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lar administration of insulin in rat or mouse models leads to 
suppressed glucose production in the liver (35,36). Central 
insulin action, acting mainly on the hypothalamic arcuate nu-
cleus, has been shown to regulate hepatic glucose production 
via the vagus nerve (33). Cutting of the vagal hepatic branch 
has been demonstrated to result in reduced hepatic glucose 
production following intracerebroventricular administration 
of insulin (36). These studies suggest that the central insulin 
action regulates glucose metabolism through the suppression 
of hepatic glucose production via the vagal nerve. It has been 
reported that central insulin action activates hepatic glycogen 
synthesis (37). Considering that hepatic glycogen synthase is 
known to be activated by hepatic vagal nerve activation (38), 
central insulin action also regulates hepatic glycogen synthesis 
via the vagal nerve.

Hyperinsulinemic euglycemic clamp studies with insulin 
administration at high concentrations are used to examine in 
detail the effect of insulin on glucose uptake by peripheral 
organs, including skeletal muscles (39). A recent study using 
the euglycemic clamp with high-dose insulin administration 
has shown that the inhibition of central insulin action does not 
alter glucose uptake by adipose tissue, but reduces glucose 
uptake by skeletal muscles (40). Increased synthesis of gly-
cogen in skeletal muscles has also been observed following 
intracerebroventricular administration of insulin in mice (41). 
Thus, the central insulin action may also play a certain role in 
glucose metabolism in skeletal muscles.

The PI-3K signaling pathway in the hypothalamic arcuate 
nucleus plays an important role in the regulation of glucose 
metabolism mediated by central insulin action. In rats, the 
intracerebroventricular administration of a PI-3K inhibitor 
to inhibit central insulin action leads to a decrease in insulin-
dependent hypoglycemic response and an increase in glucose 
production in the liver (35,42). The use of an adenovirus vec-
tor to induce overexpression of a constitutively active mutant 
of Akt, which is activated by PI-3K, in the arcuate nucleus 
results in an enhanced hypoglycemic response to insulin with 
no change in food intake (42). These findings suggest that 
activation of the PI-3K signaling pathway in the CNS, espe-
cially in the hypothalamic arcuate nucleus, leads to suppressed 
glucose production in the liver and thus plays a certain role in 
the hypoglycemic response to insulin.

The KATP channels in the hypothalamus have been shown 
to play an important role in the suppression of hepatic glu-
cose production mediated by the central insulin action. The 
intracerebroventricular administration of KATP channel blocker 

sulfonylurea can reverse the suppression of hepatic glucose 
production by central insulin action (35). Insulin has been 
shown to induce hyperpolarization of hypothalamic neurons 
by opening KATP channels via PI-3K (43). This is further sup-
ported by the fact that insulin opens KATP channels in both 
AgRP and POMC neurons and induces hyperpolarization 
of these neurons (44,45). It has also been demonstrated that 
MAPK inhibitors do not affect insulin-induced, hypothalamic 
KATP channel-dependent hyperpolarization (43). AgRP neu-
ron-specific insulin receptor-deficient mice exhibited increased 
hepatic glucose production, whereas in POMC neuron-specific 
insulin receptor-deficient mice, insulin successfully suppressed 
glucose production in the liver (45). These results suggest that 
hyperpolarization and inactivation of AgRP neurons, resulting 
from the activation of PI-3K/KATP channels, play an important 
role in the suppression of hepatic glucose production mediated 
by the central insulin action.

The involvement of central insulin action has also been sug-
gested in the regulation of glucose uptake by skeletal muscles, 
but its mechanism has been unclear (40). Leptin, which also acts 
on KATP channels in the hypothalamus (43), has been shown 
to increase glucose uptake by skeletal muscles by activating 
5’-AMP-activated protein kinase (AMPK) via the sympathetic 
nervous system (46), and the hypothalamic administration of 
leptin has been shown to increase glucose uptake by adipose tis-
sue (47). Intracerebroventricular administration of sulfonylurea 
in a euglycemic clamp study with a high-concentration insulin 
infusion resulted in increased hepatic glucose production and 
reduced glucose uptake by skeletal muscles due to blockage of 
central insulin action by KATP channel blockade (40). At the 
same time, no change in glucose uptake was observed in adipose 
tissue or the heart, and no significant change in AMPK activity 
was observed in skeletal muscles (40). These results suggest the 
regulation of glucose metabolism in skeletal muscles mediated 
by central insulin action has different mechanisms than the 
regulation of glucose metabolism in skeletal muscles mediated 
by central leptin action.

As it becomes increasingly clear how the central insulin 
action regulates hepatic glucose metabolism, studies have 
suggested that the contribution of this mechanism varies de-
pending on the type of animal model. A dog model has been 
developed where insulin is infused from the carotid or vertebral 
artery to selectively increase the level of insulin circulating 
in the head compared with the peripheral insulin level (48). 
This model, where the insulin level in the head was selectively 
increased to a level 4 times higher than that achieved by the 
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standard hyperinsulinemic euglycemic clamp, demonstrated 
the same level of suppression of hepatic glucose production 
as the standard hyperinsulinemic euglycemic clamp. This 
finding indicates that the central insulin action may exert a 
milder suppressive effect on hepatic glucose production in 
dogs than in mice and rats.

MEChANISM OF CENTRAL INSULIN ACTION-MEdIATEd 
REGULATION OF hEpATIC GLUCOSE pROdUCTION

Hepatic glucose production is composed of glycogenolysis and 
gluconeogenesis. Central insulin action-mediated suppression 
of hepatic glucose production has been attributed primarily 
to a decrease in gluconeogenesis (36). Hepatic gluconeo-
genesis is strongly regulated by the expression of the genes 
of related metabolic enzymes, and the central insulin action 
suppresses gene expression of enzymes involved in hepatic 
gluconeogenesis, such as phosphoenolpyruvate carboxykin-
ase and glucose-6-phosphatase. Gene expression of hepatic 
gluconeogenic enzymes is regulated by a number of transcrip-
tion factors, including cyclic-AMP response element binding 
protein (CREB) and FoxO1 (49). Insulin decreases the gene 

expression of hepatic gluconeogenic enzymes by the inhibi-
tion of transcriptional activity of CREB and FoxO1 (50-53). 
Central insulin action also suppresses hepatic gluconeogenic 
gene expression as described above, and hepatic STAT3 plays 
an important role as a transcription factor involved in this 
suppression by central insulin action (34). Hepatic STAT3 sup-
presses gene expression of enzymes involved in hepatic glu-
coneogenesis when activated by interleukin-6 (IL-6) (54,55). 
This is further supported by liver-specific STAT3-deficient 
mice that develop insulin resistance as the gene expression of 
hepatic gluconeogenic enzymes increases, leading to glucose 
intolerance under the condition of obesity induced by high-
fat diet feeding (54). Activation of hepatic STAT3 induced 
by the central insulin action has been demonstrated to be due 
to increased secretion of IL-6 from hepatic non-parenchymal 
cells (34). However, the role of the vagus nerve in hepatic 
STAT3 activation by central insulin action has not been fully 
elucidated. These observations indicate that insulin inhibits 
the expression of hepatic gluconeogenic genes by the direct 
action on the hepatocyte inhibiting CREB and FoxO1 activity 
and by central insulin action activating hepatic STAT3 (Fig. 2).

Figure 2. Direct and indirect regulation of hepatic gluconeogenic gene expression by insulin. Insulin inhibits the transcriptional 
activity of FoxO1 and CREB and suppresses hepatic gluconeogenesis in a PI3-K signaling-dependent manner in hepatocytes. In 
addition to the direct effect on hepatocytes, central insulin action increases IL-6 expression in non-parenchymal hepatic cells, 
which activates hepatic STAT3 in a paracrine manner and decreases expression of hepatic gluconeogenic enzyme genes.
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Species difference has been suggested regarding the cen-
tral insulin action-mediated suppression of hepatic glucose 
production, as evidenced by the lack of such suppressive 
mechanisms in dogs (37, 48). However, the central insulin 
action-mediated activation of hepatic STAT3 has been shown 
to be preserved in dogs as well as in mice (37, 56). This sug-
gests that the contribution of hepatic STAT3 to the regulation 
of gene/protein expression of hepatic gluconeogenic enzymes 
varies among species.

CENTRAL INSULIN ACTION-MEdIATEd REGULATION OF 
hEpATIC GLUCOSE pROdUCTION ANd TYpE 2 dIABETES

Increased hepatic gluconeogenesis has been observed in 
obese individuals with type-2 diabetes (57). The question 
then arises as to the role of the central insulin action-mediated 
suppression of hepatic gluconeogenesis in the presence of 
obesity and insulin resistance. In a rat study, maintaining 
a high level of peripheral blood insulin did not lead to a 
substantial increase in central insulin action, probably due 
to saturation of the transport mechanisms (1). This suggests 
that an increased blood insulin level associated with insulin 
resistance does not lead to a substantial increase in insulin 
action in the CNS. With regard to insulin action in the 
hypothalamus, a study using obese Zucker rats with leptin 
receptor abnormalities has demonstrated that insulin fails to 
induce hyperpolarization of hypothalamic neurons in these 
rats (43). It has also been demonstrated that the intake of 
obesity-inducing high-fat diets, even short-term intake, in-
duces activation of S6 kinase in the hypothalamus and thereby 
inhibits insulin signaling (58). A study using db/db leptin 
receptor-deficient obese mice has shown that the activation 
of hepatic STAT3, an effector of the central insulin action, 
is inhibited by endoplasmic reticulum stress associated with 
insulin resistance in obesity (59). This is further supported 
by the reversal of both the central insulin action-mediated 
suppression of glucose production in the liver and the pro-
motion of glucose uptake by skeletal muscles in obesity 
model mice bred with a high-fat diet (40). Increased hepatic 
gluconeogenesis in type-2 diabetes has been attributed to 
impaired suppression of hepatic glucose production due to 
impaired hepatic insulin signaling and increased expression 
of enzymes involved in hepatic gluconeogenesis due to 
increased activity of CREB associated with hyperglycemia 
(60), but may also be partially attributed to the impairment 
of the central insulin action-mediated suppression of hepatic 
gluconeogenesis.

CONCLUSION

Studies have demonstrated that the central insulin action 
regulates not only food intake and energy metabolism, but 
also glucose metabolism via the regulation of hepatic glucose 
production. Hepatic glucose production plays a key role in 
glucose metabolism, as evidenced by the observation that in-
creased hepatic glucose production leads to impaired glucose 
tolerance (61). Thus, hepatic glucose production is controlled 
by insulin’s direct action on the liver and indirectly via its 
action on the CNS. The fact that various animal models of 
impaired hepatic insulin signaling exhibit profound glucose 
intolerance indicates that the direct action of insulin on the 
liver plays a central role in the homeostasis of glucose me-
tabolism. At the same time, insulin resistance exhibited by 
CNS insulin receptor-deficient mice (19) and liver-specific 
STAT3-deficient mice (50) suggests a role of the central insulin 
action-mediated regulation of hepatic glucose production in 
glucose metabolism.

ACkNOwLEdGMENTS

This work was supported by the Program for Promotion of 
Basic and Applied Research for Innovations in Bio-oriented 
Industry (BRAIN) to H. Inoue; a Grant-in-Aid for Scientific 
Research (B, 23300274) and a Grant-in-Aid for Scientific 
Research on Innovative Areas (23126509) from the Ministry 
of Education, Culture, Sports, Science and Technology of 
Japan (MEXT) to H. Inoue.

REFERENCES

1.  Schwartz MW, Figlewicz DP, Baskin DG, Woods SC, 
Porte D, Jr. Insulin in the brain: a hormonal regulator of 
energy balance. Endocr Rev 1992; 13: 387-414.

2.  Kaiyala KJ, Woods SC, Schwartz MW. New model for the 
regulation of energy balance and adiposity by the central 
nervous system. Am J Clin Nutr 1995; 62: 1123S-1134S.

3.  Qi Y, Takahashi N, Hileman SM, Patel HR, Berg AH, 
Pajvani UB, et al. Adiponectin acts in the brain to decrease 
body weight. Nat Med 2004; 10: 524-529.

4.  Kubota N, Yano W, Kubota T, Yamauchi T, Itoh S, Kuma-
gai H, et al. Adiponectin stimulates AMP-activated protein 
kinase in the hypothalamus and increases food intake. Cell 
Metab 2007; 6: 55-68.

5.  Field BC, Chaudhri OB, Bloom SR. Bowels control brain: 
gut hormones and obesity. Nat Rev Endocrinol 2010; 6: 
444-453.

6.  Plum L, Belgardt BF, Bruning JC. Central insulin action 



37

Biomed Rev 22, 2011

Central insulin action

in energy and glucose homeostasis. J Clin Invest 2006; 
116: 1761-1766.

7.  Niswender KD, Baskin DG, Schwartz MW. Insulin and 
its evolving partnership with leptin in the hypothalamic 
control of energy homeostasis. Trends Endocrinol Metab 
2004; 15: 362-369.

8.  Corp ES, Woods SC, Porte D, Jr., Dorsa DM, Figlewicz 
DP, Baskin DG. Localization of 125I-insulin binding sites 
in the rat hypothalamus by quantitative autoradiography. 
Neurosci Lett 1986; 70: 17-22.

9.  van Houten M, Posner BI, Kopriwa BM, Brawer JR. 
Insulin binding sites localized to nerve terminals in rat 
median eminence and arcuate nucleus. Science 1980; 207: 
1081-1083.

10.  Marks JL, Porte D, Jr., Stahl WL, Baskin DG. Localization 
of insulin receptor mRNA in rat brain by in situ hybridiza-
tion. Endocrinology 1990; 127: 3234-3236.

11.  Schwartz MW, Seeley RJ, Campfield LA, Burn P, Baskin 
DG. Identification of targets of leptin action in rat hypo-
thalamus. J Clin Invest 1996; 98: 1101-1106.

12.  Pardridge WM. Drug targeting to the brain. Pharm Res 
2007; 24: 1733-1744.

13.  van Houten M, Posner BI, Kopriwa BM, Brawer JR. 
Insulin-binding sites in the rat brain: in vivo localization 
to the circumventricular organs by quantitative radioau-
tography. Endocrinology 1979; 105: 666-673.

14.  Banks WA. Blood-brain barrier and energy balance. Obe-
sity (Silver Spring) 2006; 14 (Suppl 5): 234S-237S.

15.  Baura GD, Foster DM, Porte D, Jr., Kahn SE, Bergman 
RN, Cobelli C, et al. Saturable transport of insulin from 
plasma into the central nervous system of dogs in vivo. 
A mechanism for regulated insulin delivery to the brain. 
J Clin Invest 1993; 92: 1824-1830.

16.  Woods SC, Porte D, Jr. Relationship between plasma and 
cerebrospinal fluid insulin levels of dogs. Am J Physiol 
1977; 233: E331-334.

17.  Woods SC, Lotter EC, McKay LD, Porte D, Jr. Chronic 
intracerebroventricular infusion of insulin reduces food 
intake and body weight of baboons. Nature 1979; 282: 
503-505.

18.  Air EL, Strowski MZ, Benoit SC, Conarello SL, Salituro 
GM, Guan XM, et al. Small molecule insulin mimetics 
reduce food intake and body weight and prevent develop-
ment of obesity. Nat Med 2002; 8: 179-183.

19.  Bruning JC, Gautam D, Burks DJ, Gillette J, Schubert M, 
Orban PC, et al. Role of brain insulin receptor in control 

of body weight and reproduction. Science 2000; 289: 
2122-2125.

20.  Schwartz MW, Sipols AJ, Marks JL, Sanacora G, White 
JD, Scheurink A, et al. Inhibition of hypothalamic neu-
ropeptide Y gene expression by insulin. Endocrinology 
1992; 130: 3608-3616.

21.  Ogawa W, Matozaki T, Kasuga M. Role of binding pro-
teins to IRS-1 in insulin signalling. Mol Cell Biochem 
1998; 182: 13-22.

22.  Niswender KD, Morrison CD, Clegg DJ, Olson R, Baskin 
DG, Myers MG Jr, et al. Insulin activation of phosphati-
dylinositol 3-kinase in the hypothalamic arcuate nucleus: a 
key mediator of insulin-induced anorexia. Diabetes 2003; 
52: 227-231.

23.  Niswender KD, Morton GJ, Stearns WH, Rhodes CJ, 
Myers MG, Jr., Schwartz MW. Intracellular signalling. 
Key enzyme in leptin-induced anorexia. Nature 2001; 
413: 794-795.

24.  Bates SH, Stearns WH, Dundon TA, Schubert M, Tso 
AW, Wang Y, et al. STAT3 signalling is required for leptin 
regulation of energy balance but not reproduction. Nature 
2003; 421: 856-859.

25.  Kitamura T, Feng Y, Kitamura YI, Chua SC Jr, Xu AW, 
Barsh GS, et al. Forkhead protein FoxO1 mediates Agrp-
dependent effects of leptin on food intake. Nat Med 2006; 
12: 534-540.

26.  Biggs WH, 3rd, Meisenhelder J, Hunter T, Cavenee WK, 
Arden KC. Protein kinase B/Akt-mediated phosphoryla-
tion promotes nuclear exclusion of the winged helix tran-
scription factor FKHR1. Proc Natl Acad Sci USA 1999; 
96: 7421-7426.

27.  Nakae J, Park BC, Accili D. Insulin stimulates phospho-
rylation of the forkhead transcription factor FKHR on 
serine 253 through a Wortmannin-sensitive pathway. J 
Biol Chem 1999; 274: 15982-15985.

28.  Carvalheira JB, Torsoni MA, Ueno M, Amaral ME, Araujo 
EP, Velloso LA, et al. Cross-talk between the insulin and 
leptin signaling systems in rat hypothalamus. Obes Res 
2005; 13: 48-57.

29.  Landsberg L. Insulin-mediated sympathetic stimulation: 
role in the pathogenesis of obesity-related hypertension 
(or, how insulin affects blood pressure, and why). J Hy-
pertens 2001; 19: 523-528.

30.  Hogan S, Himms-Hagen J. Brown adipose tissue of mice 
with gold thioglucose-induced obesity: effect of cold and 
diet. Am J Physiol 1983; 244: E581-588.



38

Biomed Rev 22, 2011

Inoue

31.  Rahmouni K, Morgan DA, Morgan GM, Liu X, Sigmund 
CD, et al. Hypothalamic PI3K and MAPK differentially 
mediate regional sympathetic activation to insulin. J Clin 
Invest 2004; 114: 652-658.

32.  Koch L, Wunderlich FT, Seibler J, Konner AC, Hampel 
B, Irlenbusch S, et al. Central insulin action regulates 
peripheral glucose and fat metabolism in mice. J Clin 
Invest 2008; 118: 2132-2147.

33.  Obici S, Feng Z, Karkanias G, Baskin DG, Rossetti L. 
Decreasing hypothalamic insulin receptors causes hyper-
phagia and insulin resistance in rats. Nat Neurosci 2002; 
5: 566-572.

34.  Inoue H, Ogawa W, Asakawa A, Okamoto Y, Nishizawa 
A, Matsumoto M, et al. Role of hepatic STAT3 in brain-
insulin action on hepatic glucose production. Cell Metab 
2006; 3: 267-275.

35.  Obici S, Zhang BB, Karkanias G, Rossetti L. Hypotha-
lamic insulin signaling is required for inhibition of glucose 
production. Nat Med 2002; 8: 1376-1382.

36.  Pocai A, Lam TK, Gutierrez-Juarez R, Obici S, Schwartz 
GJ, Bryan J, et al. Hypothalamic K(ATP) channels control 
hepatic glucose production. Nature 2005; 434: 1026-1031.

37.  Ramnanan CJ, Saraswathi V, Smith MS, Donahue EP, 
Farmer B, Farmer TD, et al. Brain insulin action augments 
hepatic glycogen synthesis without suppressing glucose 
production or gluconeogenesis in dogs. J Clin Invest 2011; 
121: 3713-3723.

38.  Shimazu T. Glycogen synthetase activity in liver: regula-
tion by the autonomic nerves. Science 1967; 156: 1256-
1257.

39.  den Boer MA, Voshol PJ, Kuipers F, Romijn JA, Havekes 
LM. Hepatic glucose production is more sensitive to in-
sulin-mediated inhibition than hepatic VLDL-triglyceride 
production. Am J Physiol Endocrinol Metab 2006; 291: 
E1360-1364.

40.  Coomans CP, Biermasz NR, Geerling JJ, Guigas B, Rensen 
PC, Havekes LM, et al. Stimulatory effect of insulin on 
glucose uptake by muscle involves the central nervous 
system in insulin-sensitive mice. Diabetes 2011; 60: 3132-
40.

41.  Perrin C, Knauf C, Burcelin R. Intracerebroventricular 
infusion of glucose, insulin, and the adenosine monophos-
phate-activated kinase activator, 5-aminoimidazole-
4-carboxamide-1-beta-D-ribofuranoside, controls muscle 
glycogen synthesis. Endocrinology 2004; 145: 4025-4033.

42.  Gelling RW, Morton GJ, Morrison CD, Niswender KD, 

Myers MG, Jr., Rhodes CJ, et al. Insulin action in the brain 
contributes to glucose lowering during insulin treatment 
of diabetes. Cell Metab 2006; 3: 67-73.

43.  Spanswick D, Smith MA, Mirshamsi S, Routh VH, Ash-
ford ML. Insulin activates ATP-sensitive K+ channels 
in hypothalamic neurons of lean, but not obese rats. Nat 
Neurosci 2000; 3: 757-758.

44.  Plum L, Ma X, Hampel B, Balthasar N, Coppari R, Munz-
berg H, et al. Enhanced PIP3 signaling in POMC neurons 
causes KATP channel activation and leads to diet-sensitive 
obesity. J Clin Invest 2006; 116: 1886-1901.

45.  Konner AC, Janoschek R, Plum L, Jordan SD, Rother E, 
Ma X, et al. Insulin action in AgRP-expressing neurons 
is required for suppression of hepatic glucose production. 
Cell Metab 2007; 5: 438-449.

46.  Minokoshi Y, Kim YB, Peroni OD, Fryer LG, Muller C, 
Carling D, at al. Leptin stimulates fatty-acid oxidation by 
activating AMP-activated protein kinase. Nature 2002; 
415: 339-343.

47.  Haque MS, Minokoshi Y, Hamai M, Iwai M, Horiuchi M, 
Shimazu T. Role of the sympathetic nervous system and 
insulin in enhancing glucose uptake in peripheral tissues 
after intrahypothalamic injection of leptin in rats. Diabetes 
1999; 48: 1706-1712.

48.  Edgerton DS, Lautz M, Scott M, Everett CA, Stettler 
KM, Neal DW, et al. Insulin’s direct effects on the liver 
dominate the control of hepatic glucose production. J Clin 
Invest 2006; 116: 521-527.

49.  O’Brien RM, Streeper RS, Ayala JE, Stadelmaier BT, 
Hornbuckle LA. Insulin-regulated gene expression. Bio-
chem Soc Trans 2001; 29: 552-558.

50.  Zhou XY, Shibusawa N, Naik K, Porras D, Temple K, Ou 
H, et al. Insulin regulation of hepatic gluconeogenesis 
through phosphorylation of CREB-binding protein. Nat 
Med 2004; 10: 633-637.

51.  Dentin R, Liu Y, Koo SH, Hedrick S, Vargas T, Heredia 
J, et al. Insulin modulates gluconeogenesis by inhibition 
of the coactivator TORC2. Nature 2007; 449: 366-369.

52.  Nakae J, Kitamura T, Silver DL, Accili D. The forkhead 
transcription factor Foxo1 (Fkhr) confers insulin sensitiv-
ity onto glucose-6-phosphatase expression. J Clin Invest 
2001; 108: 1359-1367.

53.  Matsumoto M, Pocai A, Rossetti L, Depinho RA, Accili 
D. Impaired regulation of hepatic glucose production in 
mice lacking the forkhead transcription factor Foxo1 in 
liver. Cell Metab 2007; 6: 208-216.



39

Biomed Rev 22, 2011

Central insulin action

54.  Inoue H, Ogawa W, Ozaki M, Haga S, Matsumoto M, 
Furukawa K, et al. Role of STAT-3 in regulation of he-
patic gluconeogenic genes and carbohydrate metabolism 
in vivo. Nat Med 2004; 10: 168-174.

55.  Ramadoss P, Unger-Smith NE, Lam FS, Hollenberg AN. 
STAT3 targets the regulatory regions of gluconeogenic 
genes in vivo. Mol Endocrinol 2009; 23: 827-837.

56.  Ramnanan CJ, Edgerton DS, Rivera N, Irimia-Dominguez 
J, Farmer B, Neal DW, et al. Molecular characterization of 
insulin-mediated suppression of hepatic glucose produc-
tion in vivo. Diabetes 2010; 59: 1302-1311.

57.  DeFronzo RA. Lilly lecture 1987. The triumvirate: beta-
cell, muscle, liver. A collusion responsible for NIDDM. 
Diabetes 1988; 37: 667-687.

58.  Ono H, Pocai A, Wang Y, Sakoda H, Asano T, Backer 

JM, et al. Activation of hypothalamic S6 kinase mediates 
diet-induced hepatic insulin resistance in rats. J Clin Invest 
2008; 118: 2959-2968.

59.  Kimura K, Ymada T, Matusmoto M, Kido Y, Hosooka T, 
Asahara S, et al. Endoplasmic reticulum stress inhibits 
STAT3-dependent suppression of hepatic gluconeogenesis 
via dephosphorylation and deacetylation. Diabetes 2011 
(in press).

60.  Dentin R, Hedrick S, Xie J, Yates J, 3rd, Montminy M. He-
patic glucose sensing via the CREB coactivator CRTC2. 
Science 2008; 319: 1402-1405.

61.  Trinh KY, O’Doherty RM, Anderson P, Lange AJ, Newgard 
CB. Perturbation of fuel homeostasis caused by overexpres-
sion of the glucose-6-phosphatase catalytic subunit in liver 
of normal rats. J Biol Chem 1998; 273: 31615-31620.


