[Frontiers in Bioscience 16, 1-12, January 1, 2011]

Is insulin resistance a disorder of the brain?

Undurti N Das !, Gaston Repossi 23, Alejandro Dain 2 Aldo Renato Eynard 23

"Jawaharlal Nehru Technological University, Kakinada-533 003, India and UND Life Sciences, 13800 Fairhill Road, 321,
Shaker Heights, OH 44120, USA, ’Instituto de Biologia Celular, Facultad de Ciencias Medicas, Universidad Nacional de
Cordoba, Ciudad Universitaria, Barros esquina Gordillo, Cordoba (5000), Argentina, 3CONICET, Argentina

TABLE OF CONTENTS

1. Abstract
2. Introduction

3. Parasympathetic and sympathetic tones and insulin resistance

4. Hypothalamo-pituitary-adrenal pathway and parasympathetic and sympathetic systems and hypothalamic neuropeptide Y in

insulin resistance

5. NPY, leptin, GLUT-4, melanocortin, and insulin interact to play a role in insulin resistance

6. Insulin and brain

7. Insulin and brain monoamines
8. Acknowledgements

9. References

1. ABSTRACT

There is reasonable evidence to suggest that
insulin resistance may have its origins in the hypothalamus.
Insulin secretion is regulated by sympathetic and
parasympathetic nervous systems and modulates the
concentrations of hypothalamic neuropeptides and
monoaminergic  neurotransmitters, and, in return,
hypothalamic monoamines regulate the secretion of insulin
by pancreatic beta cells. A lesion of the ventromedial
hypothalamus produces all the features of the metabolic
syndrome including insulin resistance and
hyperinsulinemia. These and other evidence suggest that
insulin resistance may very well be a disease of the brain.

2. INTRODUCTION

Peripheral insulin resistance is common in
obesity, type 2 diabetes mellitus, coronary heart disease
(CHD), and hyperlipidemia. There is evidence to suggest
that some well defined hypothalamic neurons may have a
significant role both in insulin secretion and resistance. The
main brainstem parasympathetic efferent neurons reach the
pancreas and regulate insulin secretion (Figure 1). These
parasympathetic efferent neurons are located in the nucleus
ambiguous and the dorsal motor nucleus of the vagus
nerve. Ventromedial hypothalamic (VMH) lesions produce
insulin overseretion an abnormality that seems to be vagus
nerve-mediated. VMH lesions result in an increased
parasympathetic efferent tone together with decreased
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Figure 1. Scheme showing relationship among hypothalamic neuropeptides, monoaminergic transmitters, gut, leptin and other
molecules; pancreas, liver, muscle, adipose tissue and exercise. Hypothalamus and other areas of brain are rich in insulin
receptors and GLP-1 receptors. Thus, it is likely that GLP-1 (though not discussed in details in the present article) secreted by the
gut could reach brain and regulate insulin secretion by its actions on the hypothalamus in addition to acting directly on pancreatic
beta cells to increase insulin secretion. GLP-1 receptors are also situated on the heart and thus may have cardioprotective action.
Leptin and insulin interact with each other. Insulin receptor number and their affinity to insulin in the hypothalamus is one
significant factor that has a regulatory action on the development of obesity, type 2 diabetes mellitus and the metabolic syndrome
as evident from studies done with NIRKO mice. Insulin could regulate the secretion and action of NPY/Agrp, dopamine,
serotonin and Ach in the brain. Ach, in turn, has a regulatory action on serotonin and dopamine and catecholamines. Normally
there is a balance between sympathetic (SNS) and parasympathetic nervous systems (PNS). PNS by virtue of its Ach secretion
could regulate inflammation, NO production, cardiovascular system, insulin secretion and homeostatic functions of liver. GLP-1
receptors are present in the brain that may have a regulatory role in insulin action. Brain communicates with liver through vagal
efferent fibers and liver, in turn, communicated with pancreas through vagal fibers. There are also vagal afferent and efferent
fibers running between hypothalamus and pancreas that control insulin secretion. Exercise enhanced vagal tone that may be
relevant to its beneficial actions on the regulation blood glucose control, prevention of cardiovascular diseases and inflammation.
Leptin receptors are also present on pancreatic beta cells and thus, may have a regulatory role in insulin secretion. In summary,
brain (hypothalamus), gut, pancreas, adipose tissue, heart, muscle, liver and autonomic nervous system behave as one integrated
wheel in the regulation of glucose homeostasis.
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sympathetic tone that leads to hyperinsulinemia, obesity
and insulin resistance (1).

3. PARASYMPATHETIC AND SYMPATHETIC
TONES AND INSULIN RESISTANCE

In experimental animals, glucose-induced insulin
secretion was greater in pre-weaned pre-obese 17-day-old
Zucker rats compared to the corresponding controls that
were reversed to normal by pretreatment with atropine. It is
interesting to note that 30 second electrical stimulation of
the vagus nerve (that induces the release of acetylcholine)
preceding a glucose load potentiated the glucose load-
induced insulin release in 6-9 week adult animals and more
s0 in obese Zucker (fa/fa) than in lean rats that supports the
contention that there exists an enhanced sensitivity and/or
responsiveness of the pancreatic beta cells of obese animals
to the parasympathetic system. This was confirmed by the
observation that vagotomy resulted in a significant decrease
in glucose-induced insulin secretion, an effect that was
absent in lean rats. Perfusion of pancreas from adult obese
Zucker rats showed enhanced secretion of insulin in
response to arginine when compared with controls, an
effect that was restored to normal by superimposed atropine
infusion suggesting that arginine enhanced vagal tone,
possibly, by augmenting the synthesis of nitric oxide. These
results suggest that enhanced insulin secretion in pre-obese
Zucker rats is an early abnormality that is mediated by
increased tone of the parasympathetic vagus nerve and that
in adult obese rats increased insulin secretion is also vagus-
mediated (2, 3).

In the genetically obese rat (fa/fa), wherein an in
situ brain-pancreas perfusion model with intact pancreatic
central nervous system (CNS) innervations model was
used, it was noted that though the overall pattern of insulin
secretory dynamics were similar in both the obese and lean
rats, insulin released during the entire 40 minute perfusion
period from obese rats was significantly greater than in lean
rats. Obese rats with intact CNS secreted almost 2-fold
higher amounts of insulin compared with the obese in
which the CNS was ablated and 4-fold higher amounts of
insulin as CNS intact lean rats, suggesting that
hypersecretion of insulin in obese Zucker rats is controlled
by CNS. Furthermore, vagotomy had little effect on CNS
intact lean rats whereas it reversed the CNS component of
hypersecretion of insulin in the CNS intact obese rats but
insulin secretion was lowered by vagotomy (4). These
results suggest that parasympathetic nervous system plays a
significant role in the hyperinsulinemia seen in the Zucker
obese rat that could be due to the direct innervations of the
pancreas by parasympathetic nerves.

Under normal physiological conditions, a balance
is maintained between parasympathetic and sympathetic
nervous systems and their tone. Hence, it is possible that
the enhanced tone of the vagus nerve noted in pre-obese
Zucker rats and obese adult rats could be accompanied by a
simultaneous decrease in sympathetic tone. This is
supported by the observation that hypersecretion of insulin
in obese rats was partially due to diminished tonic
sympathetic nervous system inhibition of insulin release (5)

providing evidence that abnormal CNS control of insulin
secretion in obese Zucker rats.

4. HYPOTHALAMO-PITUITARY-ADRENAL
PATHWAY AND PARASYMPATHETIC AND
SYMPATHETIC SYSTEMS AND HYPOTHALAMIC
NEUROPEPTIDE Y IN INSULIN RESISTANCE

It is known that (a) pre-weaning adrenalectomy
prevented the development of hyperinsulinemia in
genetically obese (fa/fa) rats, (b) corticosterone
replacement for only 24 h restored the hyperinsulinemia of
obese (fa/fa) rats, (c) the differential effects of
corticosterone on insulin secretion by lean and obese rats
were found to be mediated by the parasympathetic nervous
system and (d) the parasympathetic nervous system
contributes to, but is not the only cause of,
hyperinsulinemia in intact obese rats, although plasma
glucose concentrations did not differ between phenotypes
(6). The basal plasma insulin concentration of obese rats
treated with corticosterone for 24 h was reduced 15, 30 and
45 min after injection of atropine (0.3 mg) without any
change in the plasma glucose level suggesting that even
corticosteroid-induced hyperinsulinemia is mediated to
some extent by the parasympathetic nervous system.
Furthermore, the insulin secretory response to the glucose
load was greater in obese than in lean rats that was
significantly reduced by atropine in obese (7).
Adrenalectomy not only reduced basal insulin levels and
the secretory response in obese but not lean rats but also
abolished the atropine-blockable component of the
response, whereas  corticosterone  replacement of
adrenalectomized fa/fa rats restored the hyperinsulinemia.
Infusion of dexamethasone intracerebro-ventricularly to
adrenalectomized fa/fa rats increased basal insulin and the
secretory response to glucose, an effect that was blocked by
atropine. In contrast, intracerebroventricular infusion of
obese rats with corticotropin releasing factor reduced basal
and stimulated insulin levels. These results reiterate the fact
that the hypersecretion of insulin in obese fa/fa rats are
mediated by the central glucocorticoid-mediated
stimulation of vagal drive to the pancreatic beta-cells
implicating the hypothalamo-pituitary-adrenal (HPA) axis
in the pathogenesis of obesity.

Administration of an ovine corticotropin-
releasing factor (0CRF) bolus that does not stimulate HPA
axis at the onset of glucose ingestion during oral glucose
tolerance tests (OGTTs) normalized the glucose intolerance
of genetically obese rats and decreased their insulin output,
whereas it had no effect in lean rats, and did not change
glucose absorption. This indicates that the beneficial effect
of oCRF on glucose intolerance of fa/fa rats was not
dependent on glucose absorption (8). In contrast, when the
intravenous bolus of oCRF was doubled at the onset of
OGTTs, it stimulated the HPA axis and produced a
worsening of glucose intolerance in obese rats together
with an increase in their insulin response but had no effect
in lean rats. These results coupled with the observations
that: (a) the white adipose tissue lipogenic activity was
much more insulin responsive whereas the muscle tissue
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was insulin resistant in normal rats exposed to
hyperinsulinemia for 4 days than in the control groups with
corresponding and divergent changes in glucose transporter
(GLUT-4); (b) muscle tissue of normal rats exposed to
stress levels of corticosterone for 2 days showed insulin
resistance due to an increased glucose-fatty acid cycle,
without measurable alteration of the GLUT-4; (c)
genetically obese (fa/fa) rats showed decreased cerebral
glucose utilization compared to lean controls due to
increased levels in their hypothalamic neuropeptide Y
(NPY) levels and median eminence corticotropin-releasing-
factor; and (d) Intracerebro-ventricular administration of
NPY to normal rats for 7 days produced hyperinsulinemia,
hypercorticosteronaemia, and other metabolic
abnormalities seen in the genetically obese fa/fa rats,
including muscle insulin resistance, suggested that both
obesity and insulin resistance could be disorder(s) of the
brain (9).

5. NPY, LEPTIN, GLUT-4, MELANOCORTIN, AND
INSULIN INTERACT TO PLAY A ROLE IN
INSULIN RESISTANCE

Genetically obese rodents that showed
hyperphagia, hyperinsulinemia, and insulin resistance has
increased hypothalamic NPY mRNA and peptide content
(10). When normal rats were given
intracerebroventricularly NPY, they showed: (a) marked
hyperphagia, (b) increased body weight gain, (c) increased
basal insulinemia, (d) a much greater insulin response to
meal feeding, (e) a pronounced increase in the in vivo
insulin-stimulated glucose uptake by adipose tissue with a
marked decrease in uptake by muscle tissue, (f) increased
insulin responsiveness of the glucose transport process by
adipose tissue due to increases in both GLUT4 mRNA and
protein levels, and (g) decreased insulin responsiveness of
glucose uptake in muscles unrelated to GLUT-4 expression
compared with saline-infused controls implicating NPY as
a major player in the development of insulin resistance and
the metabolic syndrome. Intracerebroventricular
administration of NPY paralleled increase in ob gene
expression in adipose tissue. When normal rats were made
hyperinsulinemic-euglycaemic for 24 hours, such
hyperinsulinemia also resulted in increased ob mRNA
levels in white adipose tissue (11). Thus, NPY-induced
hyperinsulinemia seems to be responsible for the
upregulation of ob mRNA levels of NPY-infused rats and
hence, a functional relationship is likely between NPY-
induced hyperinsulinemia and ob gene expression in the
adipose tissue. It should be mentioned here that increased
hypothalamic (NPY action and disruption of the
melanocortin (MC)-4 receptor (MC4 is a satiety factor)
both result in hyperphagia and obesity but MC4 receptor
antagonism does not induce obesity by regulating the
endogenous NPY-ergic system (12, 13). Blockade of the
MC4 receptor induced obesity with no apparent side-effects
suggesting that MC4 receptor blockade does not produce
hyperphagia by increased NPY release, because
hypothalamic NPY gene expression was markedly reduced,
suggesting that hyperphagia mainly resulted from loss of
the satiety signal driven by MC peptides. NPY infusion
produced hypogonadism and hyposomatotropism in the

face of markedly elevated plasma leptin levels and a
reduction in hypothalamic POMC (pro-opiomelanocortin)
synthesis, implying that NPY acts both by exacerbating
food intake through Y receptors and by reducing the satiety
signal driven by MC peptides.

POMC, the precursor of adrenocorticotrophin
hormone (ACTH), melanocortin stimulating hormone
(MSH), and beta-endorphin peptides, is expressed in the
pituitary, the arcuate nucleus of the hypothalamus and the
commissural nucleus of the solitary tract of the brain stem.
The melanocortin 3 receptor (MC3-R) was found in arcuate
nucleus neurons and in the brainstem. In contrast, MC4-R
was found in multiple sites in virtually every brain region,
including the cortex, thalamus, hypothalamus, brainstem,
and spinal cord. MC4-R mRNA is found in both
parvicellular and magnocellular neurons of the
paraventricular nucleus of the hypothalamus, suggesting
that it may have a role in the control of pituitary function.
MC4-R is also expressed in numerous cortical and
brainstem nuclei. Together, MC3-R and/or MC4-R mRNA
are found in every nucleus reported to bind MSH in the
adult rat brain and define neuronal circuitry known to be
involved in the control of autonomic functions (14). The
POMC-derived peptides are important regulators of food
intake and metabolic and autonomic responses.

Intracerebroventricular administration of alpha-
MSH and ACTH resulted in a significant increase in the
lumbar sympathetic nerve activity (LSNA) that was
accompanied by an increase in mean arterial pressure
(MAP), while the administration of beta-endorphin
decreased the LSNA and MAP. MC4 receptor antagonist
reverses the endorphin response and the opioid antagonist
attenuates the alpha-MSH response suggesting interactions
between MC4 and the opioid receptor mediated effects
(15). In addition, melanocortin system mediates the central
effects of leptin and promotes fat deposition via both food
intake-dependent and -independent mechanisms (16). The
hypothalamic melanocortin system increases sympathetic
nerve traffic to thermogenic brown adipose tissue (BAT)
and other tissues. Leptin increases renal sympathetic nerve
activity through activation of hypothalamic melanocortin
receptors, while sympathetic activation to thermogenic
brown adipose tissue by leptin is independent of the
melanocortin  system (17). Administration of the MC
receptor antagonist SHU9119 to rats for 11 days doubled
food and water intake and increased body weight (~ 14%)
and fat content (~ 90%), hepatic glycogen content (~ 40%),
and plasma levels of cholesterol (~ 48%), insulin (~ 259%),
glucagon (~ 80%), and leptin (~ 490%), whereas
spontaneous locomotor activity and body temperature were
reduced. Pair-feeding of third intracerebroventricular (i3vt)
administration SHU9119-treated animals to i3vt vehicle-
treated controls normalized plasma levels of insulin,
glucagon, and hepatic glycogen content, but only partially
reversed the elevations of plasma cholesterol and leptin and
body fat content and did not show reductions in body
temperature and locomotor activity induced by i3vt
SHU9119 and in fact, were more pronounced. In the MC
receptor antagonist treated animals obesity effects occurred
despite a lack of change in the expression of in
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neuropeptides: CART, POMC, and NPY in the arcuate and
of CRH in the paraventricular hypothalamus. These results
suggest that reduced activity of the CNS MC pathway
could produce all the manifestation of the metabolic
syndrome. Hyperleptinemia also produced elevation of
blood pressure and increased urinary catecholamine
excretion that was abolished by alpha,-adrenergic, beta-
adrenergic, or ganglionic blockers suggesting that leptin
stimulates sympathetic nervous system (18).

In normal animals leptin increases pro-
opiomelanocortin (POMC) expression and especially the
increase in alpha-MSH, whereas high fat diet induced
obese animals show a decreased sensitivity to alpha-MSH
that altered leptin resistance characteristic of obese animals
(19). The co-existence of hyperinsulinemia and
hyperleptinemia seen in obesity in which both insulin
resistance and leptin resistance are common suggests a
close interaction between insulin and leptin. Leptin
receptors are located on hypothalamic neurons that co-
express NPY or POMC and both these peptides are
implicated as mediators of the CNS action of leptin. Leptin
decreases or down regulates NPY expression and increases
POMC expression. Insulin also decreases NPY expression
and insulin insufficiency is associated with an increased
POMC. Since both leptin and insulin share and modulate
the same effector systems, it is likely that they interact with
cach other. When normal rats were pre-treated
intracerebroventricularly (ICV) with insulin for 3 days,
ICV leptin administration-induced increase in both lumbar
sympathetic nerve activity and mean arterial pressure were
completely attenuated. However, insulin treatment did not
affect the POMC peptide product alpha-MSH hormone
mediated sympathetic nervous and cardiovascular
responses.  These  results  suggest that CNS
hyperinsulinemia blocks leptin-induced increases in
sympathetic nervous and cardiovascular system activity and
hyperinsulinemia of obesity has a role in the obesity-
induced leptin resistance (20).

6. INSULIN AND BRAIN

It is evident from the preceding discussion that
hypothalamus regulates many, if not all, actions of insulin.
Several other studies do suggest that the actions of insulin
on specific areas of brain are critical to the secretion of
insulin by pancreatic beta cells and the development of
peripheral insulin resistance. In a study (21) performed to
known whether genetically obese Zucker rats present
changes in brain glucose utilization and/or insulin binding
when compared to their lean counterparts, it was noted that
glucose utilization in the whole brain was significantly
lower in obese than in lean Zucker rats. It was noted that in
obese rats, local cerebral glucose utilization (LCGU) was
significantly decreased in the external plexiform layer (-
37%, p < 0.05), in the lateral hypothalamus (-23%, p <
0.05), and in the basolateral amygdaloid nucleus (-30%, p <
0.05) whereas no difference in specific insulin binding was
found in any of the areas studied. These results suggest that
glucose utilization is defective in hyperinsulinemic rats that
may have relevance to the regulation of body weight and
food intake in obesity. In contrast, insulin binding in the

arcuate (ARC), dorsomedial (DN), and ventromedial
(VMN) hypothalamic nuclei of3-4 month old lean (Fa/Fa)
and genetically obese (fa/fa) Zucker rats a 15% increase in
the total specific binding of '*I-insulin in the ARC of the
obese genotype and a much less increase in insulin binding
in the DMN was noted (22). It was reported that the ARC
insulin binding site was 33% higher in the lean rats than in
the obese rats, indicating an increased affinity for insulin
suggesting that hyperphagia and obesity of the obese (fa/fa)
Zucker rat genotype may be associated with increased
insulin binding in the arcuate nucleus.

In this context, it is important to note that
administration of  intracerebroventricular  insulin
significantly  suppressed fasting induced increased
expression of pre-pro-NPY mRNA in the arcuate nucleus,
immunoreactive NPY concentrations in the paraventricular
nucleus of Long-Evans and Wistar rats without affecting
plasma glucose or insulin levels. These results indicated
that insulin acts locally on hypothalamus to suppress NPY
production and thus, regulates feeding behavior (23, 24).
On the other hand, central insulin administration of insulin
to obese Zucker rats after food privation showed that
insulin suppresses the expression of NPY in the ARC of
fasted lean but not obese Zucker rats. Thus, regulation of
hypothalamic NPY gene expression could be one of the
main actions of insulin that accounts for its anorexiant
effect, and a defect in this action may contribute to obesity.
These results coupled with the observation that a 2- to 3-
fold increase in pre-pro-NPY mRNA levels in the arcuate
nucleus of the hypothalamus of obese animals occurred
compared to lean. A 72 hour food deprivation lead to a 2-
fold increase in pre-pro-NPY mRNA content in the lean
animals, whereas obese animals showed no such increase
after food deprivation (25). These data support the idea that
hypothalamic NPY is involved in regulating feeding
behavior and weight gain, and that disturbed regulation of
hypothalamic NPY expression, possibly due to insulin,
plays a role in the etiology of obesity. Thus, there exists a
feedback regulation between NPY and insulin in the brain:
by acting on the hypothalamic arcuate nucleus in the brain,
insulin suppresses food intake, whereas neuropeptide Y
(NPY) has the opposite effect. Fasting increases NPY gene
expression in the hypothalamic arcuate nucleus (ARC) and
also lowers circulating insulin levels, whereas after feeding
NPY levels are decreased whereas insulin levels increase in
the arcuate nucleus to inhibit food intake and induce
satiety. This positive and negative feedback regulation
between NPY and insulin in the hypothalamic arcuate
nucleus is defective or lost in obesity. Furthermore, the
expression of pre-pro-NPY mRNA remains significantly
elevated in obese animals even during fasting compared to
control lean animals despite normal and/or lower plasma
insulin levels indicating a mismatch between insulin and
NPY levels and their actions.

The role of insulin and its receptors (IRs) in the
brain in the pathogenesis of insulin resistance, obesity and
the metabolic syndrome is evident from the observation
that mice with a neuron-specific disruption of the IR gene
(NIRKO mice), especially female mice, showed increased
food intake, and both male and female mice developed diet-
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sensitive obesity with increases in body fat and plasma
leptin levels, mild insulin resistance, hyperinsulinemia,
enhanced plasma insulin levels, and hypertriglyceridemia
with normal brain development and neuronal survival.
NIRKO mice also showed impaired spermatogenesis and
ovarian follicle maturation because of hypothalamic
dysregulation of luteinizing hormone (26). In contrast to
this, mice with fat-specific disruption of the insulin
receptor gene (FIRKO mice) have low fat mass, loss of the
normal relationship between plasma leptin and body
weight, and are protected against age-related and
hypothalamic lesion-induced obesity, and obesity-related
glucose intolerance. FIRKO mice exhibited polarization of
adipocytes into populations of large and small cells, which
differ in expression of fatty acid synthase, C/EBP alpha,
and SREBP-1. These results imply that insulin signaling in
adipocytes is critical for development of obesity and its
associated metabolic abnormalities (27).

In addition, selective decreases in insulin receptor
expression in the medial portion of the arcuate nucleus
(decreased by approximately 80% as compared to rats
treated with a control) exhibited rapid onset of hyperphagia
and increased fat mass, and hyperinsulinemia (28). Thus,
insulin receptors in the hypothalamic arcuate nucleus have
a distinct physiological role in the control of food intake,
fat mass, hepatic action of insulin, and development of
insulin resistance. Insulin-induced tyrosine phosphorylation
of the insulin receptor and SRC homology adaptor protein
(SHC), and the association of SHC/growth factor receptor
binding protein-2 (GRB2) decreased significantly from day
1 to week 60 of life in the forebrain cortex and cerebellum.
With ageing, the expression of SH protein tyrosine
phosphatase-2 (SHP2), a tyrosine phosphatase involved in
insulin signal transduction and regulation of the insulin
signal, decreased significantly in both the forebrain cortex
and the cerebellum of rats (29). Thus, insulin-signaling
pathway is dysfunctional in the aged brain that may explain
as to why development of insulin resistance and type 2
diabetes mellitus is common with advancing age.

The role of brain in insulin resistance is further
supported by the observation that intracerebroventricular
insulin infusion reduced food intake in lean rats to a greater
extent than that observed in obese rats, and pre-treatment
with PI3-kinase inhibitors prevented insulin-induced
anorexia. Insulin-stimulated phosphorylation of IR, IRS-
1/2, the associations of PI 3-kinase to IRS-1/2 and
phosphorylation of Akt in hypothalamus were decreased in
obese rats compared to lean rats. In contrast, insulin
stimulated the phosphorylation of MAP kinase equally in
lean and obese rats. These results provide support for the
hypothesis that the anti-obesity actions of insulin are
mediated by the PI3-kinase pathway, and that impaired
insulin signaling in hypothalamus plays a role in the
development of obesity in obese Zucker rats that have
insulin-resistance (30).

It was reported that ex vivo, insulin-stimulated
tyrosine phosphorylation of insulin receptor beta subunits
(IR-beta) in the aorta and microvessels of obese rats was
significantly decreased compared with lean rats, although

the protein levels of IR-beta in the 2 groups were equal.
Insulin-induced tyrosine phosphorylation of insulin
receptor substrates 1 and 2 (IRS-1 and IRS-2) and their
protein levels were decreased in the aorta of obese rats
compared with lean rats. The association of p85 subunit to
the IRS proteins and the IRS-associated PI 3-kinase
activities stimulated by insulin in the aorta of obese rats
were significantly decreased compared with the lean rats.
Insulin-stimulated serine phosphorylation of Akt, a
downstream kinase of PI 3-kinase pathway, was also
reduced significantly in isolated microvessels from obese
rats compared with the lean rats. In euglycaemic clamp
studies, insulin infusion greatly increased tyrosine
phosphorylation of IR-beta- and IRS-2-associated PI 3-
kinase activity in the aorta of lean rats, but only slight
increase or no change were observed in obese rats. In
contrast, insulin stimulated tyrosine phosphorylation of
MAP kinase (ERK-1/2) equally in isolated microvessels of
lean and obese rats, although basal tyrosine
phosphorylation of ERK-1/2 was higher in the obese rats.
These data suggested that a selective resistance to PI 3-
kinase (but not to MAP kinase pathway) occurs in the
vascular tissues of obese Zucker rats (31). Thus, insulin
mediated PI3-kinase pathway is defective both in the
hypothalamus and vascular tissue in obesity.

Since chronic hyperinsulinemic rats showed
insulin resistance and reduced levels of glycogen content in
liver and muscle; impairment of the insulin-induced
IR/IRSs/PI3K/Akt pathway in liver and muscle that
parallels increases in IRS1/2 serine phosphorylation,
IR/PTP1B association and mTOR activity; an increase in
IRS-1/2 protein levels, tyrosine phosphorylation and
IRSs/PI3K association, and an increase in basal Akt serine
phosphorylation in white adipose tissue that were reversed
by rapamycin treatment in the liver, muscle and white
adipose tissue provides further evidence that defective
tissue-selective insulin action contributes to the insulin
resistance observed in obesity (32). Thus, defects in
insulin-stimulated phosphorylation of IR, IRS-1/2, the
associations of PI 3-kinase to IRS-1/2 and phosphorylation
of Akt is a generalized phenomena in most of the insulin
target tissues (muscle, liver, brain and vascular tissues) in
obesity that may be responsible for insulin resistance
though the degree of resistance and which tissue is the first
to develop resistance is debatable. It is likely that adipose
tissue shows the maximum insulin resistance (adipose >
liver > muscle > hypothalamus) and the first tissue to
develop insulin resistance could be the hypothalamic
neurons (the sequence could be as follows: first
hypothalamic neurons followed by muscle, then the liver
and lastly the adipose tissue).

7. INSULIN AND BRAIN MONOAMINES

Fasting, hypoglycemia and streptozotocin-
induced diabetes have been shown to influence brain
tryptophan and serotonin metabolism (33-35). In the
genetically obese yellow (Ay/a) mice at the age of 6 weeks
when there was no difference in body weight between
black (a/a) and yellow (Ay/a) mice, the norepinephrine
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(NE), dopamine (DA) and their main metabolites (MHPG,
DOPAC = 3, 4-dihydroxyphenylacetic acid) contents were
significantly reduced in yellow (Ay/a) mice. Reduction of
5-hydroxytryptamine (5-HT) level and an increasing 5-
HIAA/5-HT ratio was noted. At the age of 12 weeks, when
a significant increase in body weight in the yellow (Ay/a)
mice was present, both NE and DA contents were increased
in the hypothalamus of the obese mouse, whereas MHPG
level was lower than in the lean mouse, resulting in an
increase of MHPG/NE ratio. These results suggested that a
reduction in hypothalamic NE and DA metabolism might
be involved in the development of overweight gain in the
yellow (Ay/a) mouse (36). Similar changes in the
hypothalamic DA and NE contents, viz. they were
significantly reduced, and the DOPAC/DA ratio was
significantly increased in the hypothalamus of obese rats
(37).

It was reported that serum norepinephrine and
epinephrine increased following injection of insulin, and
food intake rose after a delay of 30-60 min. Norepinephrine
rose in both the ventromedial and lateral hypothalamus. 3-
Methoxy-4-hydroxy-phenylglycol (MHPG) and 3, 4-
dihydroxyphenylacetic acid (DOPAC) increased in the
lateral but not the ventromedial hypothalamus. Serotonin
was unchanged following the injection of insulin, but its
metabolite, 5-hydroxy-3-indole acetic acid (5-HIAA), fell
gradually in both ventromedial and lateral hypothalamic
areas. Animals that had recovered from the hypoglycemia
during the 6 h after insulin injection, but had not been
allowed to eat, the concentration of norepinephrine,
serotonin, MHPG and 5-HIAA were all increased in the
lateral hypothalamus with no change in DOPAC. All
monoamines and their metabolites fell to or toward normal
within 30-60 minutes after the initiation of food intake (38).
These data support the proposal that hypoglycemia
increases turnover of norepinephrine and serotonin.
Furthermore, streptozotocin-diabetic rats possess a reduced
striatal dopamine metabolism that is counteracted by
insulin administration (39). A blunted VMN serotonergic
activity was noted in genetically obese Zucker rats
implying a significant role for serotonin in the development
of obesity (40).

Even in alloxan-induced diabetic animal model,
an increase in noradrenaline level in the anterior and the
medial-basal hypothalamus and a concomitant rise in
dopamine content in the hypothalamus, a fall in serotonin
level in all the parts of hypothalamus in prediabetic animals
have been reported, suggesting that there are significant
alterations in the hypothalamic monoamines. It was
reported (41) that the contents of 5-hydroxyindoleacetic
acid and homovanillic acid, in the whole brain gradually
decreased with the duration of diabetes, an increase of
norepinephrine content and dopamine contents were found
in the hypothalamus. It was noted that diabetic patients had
an increase in the content of serotonin in the medial and
lateral hypothalamus, increased dopamine in the medial
hypothalamus, putamen, and medial and lateral pallidus,
increased norepinephrine in the lateral pallidus and
decreased in the nucleus accumbens and claustrum. These
studies performed in human brain post mortem confirmed

that the changes in the brain monoamines are similar both
in diabetic rats and diabetic patients.

In normal male Wistar rats during the cephalic
phase of insulin secretion, there were increased levels of
norepinephrine, its metabolite dihydroxyphenylethylene
glycol (DHPQG), and serotonin in the lateral hypothalamus
and serotonin, its metabolite 5-hydroxyindoleacetic acid,
and the dopamine metabolite DOPAC were all higher in the
VMH (ventromedial hypothalamus) despite the fact there
was no change in the plasma glucose levels both in the
control and test group though experimental animals had
significantly higher serum insulin levels than did the
control animals. Serotonin levels in the LH and DOPAC
levels in the VMH were closely associated with serum
insulin. Thus, changes in the monoamines in specific areas
of the hypothalamus are associated with the cephalic phase
insulin release (42, 43). These results support the proposal
that hypothalamic monoamines control the release of
insulin from the pancreatic beta cells.

The observation that infusion of norepinephrine
(25 nmol/hour) and serotonin (2.5 nmol/hour) into the
VMH of normal hamsters for 5 weeks produced a 2-6 fold
increase in glucose-induced insulin release suggested that
an increase of noradrenaline and serotonin content in the
VMH can induce dysregulation of islet insulin release in
response to glucose and neurotransmitters (44). In addition,
hyperinsulinemic and insulin-resistant animals showed
elevated levels of noradrenaline and serotonin in VMH
(45), indicating that an endogenous increase in these
hypothalamic monoamines may contribute to islet
dysfunction, which is one of the characteristics of type 2
diabetes.

Since insulin and insulin receptors are present in
the mammalian brain, it reasonable to assume that an
interaction between monoamines and insulin in the brain
could exist. One of the main functions of insulin is to
regulate glucose homeostasis. Hence, it is likely that insulin
and insulin receptors present in the brain modulate glucose
metabolism not only in the brain but also in the peripheral
tissues. Since noradrenaline, serotonin and dopamine levels
in the hypothalamus are altered in obesity and diabetes
mellitus, it is likely that insulin may have an effect on these
monoamines.

Intracerebroventricularly (ICV) administered
insulin in doses which induced minimal hypoglycemia,
dopamine in midbrain-diencephalon and caudate nucleus
(CN), noradrenaline and serotonin in midbrain and pons-
medulla (PM), were more in the hyperglycaemic rats as
compared to their euglycaemic counterparts, whereas those
of acetylcholine were lower in these three areas. Insulin
induced a decrease in rat brain dopamine and noradrenaline
levels, which was more marked in the hyperglycaemic
animals; and an insignificant increase in brain serotonin
concentration. Insulin induced marked increase in rat brain
acetylcholine levels, which was accentuated in
hyperglycaemic animals. These studies suggested that an
interaction exists between brain insulin receptors and brain
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monoamines, and acetylcholine in euglycaemic and
hyperglycaemic states (46) and that insulin brings about
some of its actions by modulating the levels of various
monoamines in the brain. These results suggest that
dynamic changes occur in various hypothalamic nuclei
especially in the VMH and in the paraventricular nucleus
(PVN) monoamines in association with plasma glucose and
insulin levels that correspond to fasting and feeding.

Both in the genetically obese Zucker and normal
rats, serotonin, 5-HIAA and dopamine increased at the
beginning of spontaneous meals while DOPAC decreased
except that these changes were much more dramatic in the
obese rats suggesting that they need more "signal" for the
feeling of satiety at the VMH-PVN level (47). Glucoprivic
feeding or satiety are induced in normal rats by intravenous
infusions of insulin or insulin + glucose respectively, while
the Zucker rat are resistant to these treatments. The
monoaminergic changes brought about by these infusions
(insulin and insulin + glucose) were similar in obese and
normal rats (namely a decrease in serotonin and dopamine
and an increase in 5-HIAA and DOPAC). But the
occurrence of meals, in the obese, showed monoaminergic
changes resembling those related to spontaneous feeding.
At the beginning of meals presented for the first time,
VMH-PVN immunoreactive insulin increased earlier and
with a smaller magnitude in the obese. When the rats were
accustomed to scheduled meals, a similar anticipatory
increase in immunoreactive insulin was found in both obese
and lean rats. These results suggest that brain insulin is not
just a satiety signal. In addition, in response to an
intravenous insulin infusion, immunoreactive insulin in the
brain increased twice as much in obese rats despite lower
basal levels. This indicates that the larger response of the
obese Zucker rat, known to be insulin resistant, reflects the
inefficiency of the peptide in reducing feeding and body
weight in the Zucker rats. In other words, there is a
mismatch between the changes in the insulin levels in the
brain and the corresponding changes in the monoamines in
VMH and PVN during fasting and after feeding. Thus,
there is an increase in the production of insulin from the
pancreatic beta cells and simultaneously there is also an
increase in the levels of insulin in the brain. These changes
in the plasma and brain levels of insulin stimulate the
production and release of monoamines in VMH and PVN.
Once the feeding is over and the plasma glucose levels
achieve normal range (compared to the fasting levels) the
plasma and brain insulin levels also fall and this would
trigger the return of monoamines to normal. Though both in
the lean and obese similar changes were found in the levels
of insulin and monoamines, the responses seen in the obese
were comparatively defective, emphasizing the fact that
obese rats and probably diabetic animals (and humans)
have what is called as “Reward deficiency syndrome”.
Thus, the changes in the monoamines noted in the
hypothalamus are insufficient to trigger the feeling of
satiety and hence, they continue to consume food despite
the fact that plasma insulin and glucose levels are normal or
even higher. In other words, the responses of the
monoamines in the hypothalamus are inadequate both to
the feeding and given plasma and brain insulin levels. This
resistance to insulin is reflected in inappropriate response

seen in the monoamines. Hence, these obese animals (and
humans) need supraphysioloical increases in plasma
glucose, insulin and monoamines to signal the satiety
feeling. In addition, the mismatch between plasma and
brain insulin and hypothalamic monoamines suggests that
the cross-talk between these two systems is defective in the
obese.

Thus, there are some very specific changes in the
monoaminergic innervations of the central nervous system
both in obesity and type 2 diabetes mellitus (48). The
monoaminergic innervations of the central nervous system
are characterized by long and short projecting neurons. It
was reported that the long serotoninergic axons innervating
the spinal cord and the cerebral cortex were unaffected in
diabetic animals and that the noradrenergic innervations of
the cortex was normal as well. The serotonin content was
higher (almost twice as high) in the hypothalamus with no
change in 5-HIAA levels, suggesting supernumerary
innervation that is accompanied by a reduced release. In
pons medulla oblongata, serotonin and dopamine and the
metabolites 5-HIAA and DOPAC were significantly
reduced, whereas noradrenaline was markedly increased. In
the hippocampus, there was a reduction of serotonin
content. The distal projections of serotonin were normal
accompanied by hyperinnervation of the hypothalamus but
the shorter collaterals were lost in the pons medulla
oblongata. In the hypothalamus and in the striatum of
diabetic rats, there were significant higher levels of
substance P and met-enkephalin, respectively. The
abundance of proenkephalin A mRNA is also increased in
the striatum. Conversely, in the lumbar cord of diabetic
animals, the levels of substance P and met-enkephalin were
significantly reduced. These alterations suggest that there is
retrograde degeneration of the peripheral sensory input. It
has been suggested that these alterations are due to
lack/deficiency of insulin, which could have triggered these
monoaminergic alterations in the diabetic brain. These
changes in the monoaminergic nerves coupled with the
observation that there are some very specific interactions
between insulin and hypothalamic monoamines indicates
that insulin secretion, action and insulin responses to
hunger and food function as a closely knit unit. In addition,
similar if not identical changes were reported in diabetic
neuronal dystrophy of the gut: noradrenergic sympathetic
axons hyperinnervate the duodenum of diabetic rats,
whereas noradrenaline levels were significantly reduced in
the jejunum. Enteric neurotransmitter dopamine levels were
elevated in the duodenum. Substance P and met-enkephalin
content were remarkably reduced throughout the small
intestine, whereas vasoactive intestinal polypeptide levels
(VIP) were significantly increased in the duodenum,
whereas the intrinsic serotoninergic innervation of the gut
was not affected (49). These results indicate that the
changes of gut innervations observed in experimental
diabetes are consistent with increased content and also
likely with hyperinnervation by the neuronal systems
involved in smooth muscle relaxation and decreased
content and with denervation by those systems with smooth
muscle contraction properties that would explain the
gastrointestinal dysfunctions seen in diabetes mellitus.
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It is possible that subtle changes in the
sympathetic and parasympathetic nervous systems and
monoamines could alter intestinal function in such a way
that it would affect the secretion of the digestive juices,
process of digestion and absorption of the nutrients that
could ultimately influence the initiation, development and
maintenance of obesity and its consequences such as type 2
diabetes mellitus and the metabolic syndrome. Since,
intestinal microbiota plays a significant role in obesity (50),
the gut bacterial quality and quantity depends on the diet
ingested, intestinal epithelial cells and gut associated
lymphocytes and their responses to the intestinal
microbiota. It is possible that gut associated lymphocytes
could secrete soluble factors (this may include cytokines,
monoamines and other known and unknown factors) that
can alter the growth pattern of intestinal microbiota. It is
likely that the production of such soluble factors depends
on the gut innervations. Since insulin has the ability to alter
the production of dopamine, serotonin and noradrenaline
and other monoamines and peptides, it is reasonable to
propose that even in obesity and insulin resistance there
could occur changes in the sympathetic and
parasympathetic innervations of the gut and their respective
secretory products.

There is evidence to suggest that central neuronal
activity has a regulatory role in cytochrome c¢ oxidase
function. When central neural activity was measured
relative to cytochrome oxidase activity in VMN (that
regulates  thermogenesis  regulation),  parvocellular
paraventricular nucleus (PVN, that regulates feeding), and
the magnocellular PVN (that controls the secretion of
vasopressin and oxytocin) it was noted that cytochrome
oxidase activity was significantly lower in the VMN and
parvocellular PVN but not in the magnocellular PVN in the
obese (fa/fa) rats compared to the lean rat. Determination of
corresponding differences in levels or release of
hypothalamic monoamines at rest and after exposure to 2
hours of 9°C, it was observed that the concentrations of: 5-
hydroxyindoleacetic acid (SHIAA; metabolite of serotonin,
SHT) in the VMN; 3-methoxy-4-hydroxyphenylglycol
(MHPG; metabolite of norepinephrine, NE) and NE +
MHPG (index of total NE) in the preoptic area; and 3,4-
dihydroxyphenylacetic acid (DOPAC; metabolite of
dopamine, DA) in the PVN were lower in the obese
compared to the lean. Exposure to cold resulted in elevation
in the VMN of concentrations of MHPG and MHPG + NE
in both lean and obese rats; elevated concentrations of SHT,
SHIAA, and SHT + SHIAA in obese rats, with no
significant changes in these variables in lean animals;
decreased ratio of SHIAA/SHT in obese rats and increased
ratio in leans. In the preoptic region, cold exposure led to
increased concentrations of MHPG, NE + MHPG, 5HT,
and SHT + 5HIAA in obese but not lean rats. In the PVN,
SHT concentrations were increased in cold-exposed obese
but not lean rats. These results clearly suggest that the
neuronal activity in the obese are different from that of lean
both at rest and during cold exposure and indicates that
hypothalamic monoamines play a significant role in the
regulation of thermogenesis on exposure to cold and
temperatures (51). Since energy expenditure especially,
non-basal energy expenditure is a permissible factor for

obesity, these results imply that by influencing the
monoamine oxidase activity hypothalamic monoamines
play significant role in the pathobiology of obesity and its
association with insulin resistance. Since insulin has a
modulatory influence on the secretion and action of
hypothalamic monoamines and vice versa, and as the
concentrations of hypothalamic monoamines are closely
related to the activity of cytochrome oxidase activity, it is
reasonable to propose that there is a close interaction
among hypothalamic monoamines, insulin secretion and
action and insulin resistance seen in obesity. Thus, it is
likely that insulin resistance could very well be a disease of
the brain.

8. ACKNOWLEDGEMENTS

Dr. U N Das is in receipt of Ramalingaswami
fellowship of the Department of Biotechnology, India
during the tenure of this study. This work was supported
by CONICET, Agencia Cordoba Ciencia and SECYT-UNC
(Argentina). A Post-Doc CONICET fellowship supported
the work of Gaston Repossi.

9. REFERENCES

1. F. Rohner-Jeanrenaud, E. Ionescu, B. Jeanrenaud : The
origins and role of efferent vagal nuclei in
hyperinsulinemia in hypothalamic and genetically obese
rodents. J Auton Nerv Syst 9, 173-184 (1983)

2. F. Rohner-Jeanrenaud, A. C. Hochstrasser, B.
Jeanrenaud: Hyperinsulinemia of preobese and obese fa/fa
rats is partly vagus nerve mediated. A4m J Physiol 244,
E317-E322 (1983)

3. F. Rohner-Jeanrenaud, B. Jeanrenaud: A role for the
vagus nerve in the etiology and maintenance of the
hyperinsulinemia of genetically obese fa/fa rats. Int J Obes
9 Suppl 1, 71-75 (1985)

4.H.C. Lee, D. L. Curry,J. S. Stern: Direct effect of CNS
on insulin hypersecretion in obese Zucker rats: involvement
of vagus nerve. Am J Physiol 256(3 Pt 1), E439-
E444(1989)

5. H. C. Lee, D. L. Curry, J. S. Stern: Tonic sympathetic
nervous system inhibition of insulin secretion is diminished
in obese Zucker rats. Obes Res 1, 371-376 (1993)

6. J. M. Fletcher, N. McKenzie: The parasympathetic
nervous system and glucocorticoid-mediated
hyperinsulinaemia in the genetically obese (fa/fa) Zucker
rat. J Endocrinol 118, 87-92 (1988)

7. M. Stubbs, D. A. York: Central glucocorticoid
regulation of parasympathetic drive to pancreatic B-cells in
the obese fa/fa rat. Int J Obes 15, 547-553 (1991)

8. F. Rohner-Jeanrenaud, B. Jeanrenaud: Beneficial effect
of intravenous bolus of corticotropin-releasing factor on
glucose intolerance of genetically obese (fa/fa) rats.
Diabetes 41, 493-498 (1992)



Is insulin resistance a disorder of the brain?

9. B. Jeanrenaud: Central nervous system and peripheral
abnormalities: clues to the understanding of obesity and
NIDDM. Diabetologia 37 Suppl 2, S170-S178 (1994)

10. N. Zarievski, I. Cusin, R. Vettor, F. Rohner-Jeanrenaud,
B. Jeanrenaud: Intracerebroventricular administration of
neuropeptide Y to normal rats has divergent effects on
glucose utilization by adipose tissue and skeletal muscle.
Diabetes 43, 764-769 (1994)

11. A. Sainsbury, I. Cusin, P. Doyle, F. Rohner-Jeanrenaud,
B. Jeanrenaud: Intracerebroventricular administration of
neuropeptide Y to normal rats increases obese gene
expression in white adipose tissue. Diabetologia 39, 353-
356 (1996)

12. K. Baran, E. Preston, D. Wilks, G. J. Cooney, E. W.
Kraegen, A. Sainsbury: Chronic central melanocortin-4
receptor antagonism and central neuropeptide-Y infusion in
rats  produce increased adiposity by divergent pathways.
Diabetes 51,152-158 (2002)

13. P.D. Raposinho, E. Castillo, V. d’Alleves, P. Broqua, F.
P. Pralong, M. L. Aubert: Chronic blockade of the
melanocortin 4 receptor subtype leads to obesity
independently of neuropeptide Y action, with no adverse
effects on the gonadotropic and somatotropic axes.
Endocrinology 141, 4419-4427 (2000)

14. K. G. Mountjoy, M. T. Mortrud, M. J. Low, R. B.
Simerly, R. D. Cone: Localization of the melanocortin-4
receptor (MC4-R) in neuroendocrine and autonomic control
circuits in the brain. Mol Endocrinol 8, 1298-1308 (1994)

15. J. C. Dunba, H. Lu: Proopiomelanocortin (POMC)
products in the central regulation of sympathetic and
cardiovascular dynamics: studies on melanocortin and
opioid interactions. Peptides 21, 211-217 (2000)

16. J. C. Dunba, H. Lu: Leptin-induced increase in
sympathetic nervous and cardiovascular tone is mediated
by proopiomelanocortin (POMC) products. Brain Res Bull
50, 215-221 (1999)

17. W. G. Haynes, D. A. Morgan,A. Djalali, W. L. Sivitz,
A. L. Mark: Interactions between the melanocortin system
and leptin in control of sympathetic nerve traffic.
Hypertension 33(1 Pt 2), 542-547 (1999)

18. T. Adage, A. J. Scheurink, S. F. de Boer, K. de Vries,
J. P. Konsman, F. Kuipers, R. A. Adan, D. G. Baskin, M.
W. Schwartz, G. van Dijk: Hypothalamic, metabolic, and
behavioral responses to pharmacological inhibition of CNS
melanocortin signaling in rats. J Neurosci 21, 3639-3645
(2001)

19. H. Lu, A. Buison, K. C. Jen, J. C. Dunbar: Leptin
resistance in obesity is characterized by decreased
sensitivity to proopiomelanocortin products. Peptides 21,
1479-1485 (2000)

10

20. J. C. Dunbar, H. Lu: Chronic intracerebroventricular
insulin attenuates the leptin-mediated but not alpha
melanocyte stimulating hormone increase in sympathetic
and cardiovascular responses. Rain Res Bull 52, 123-126
(2000)

21. P. Marfaing-Jallat, C. Levacher, Y. Calando, L. Picon,
L . Penicaud: Glucose utilization and insulin binding in
discrete brain areas of obese rats. Physiol Behav 52, 713-
716 (1992)

22. B. J. Wilcox, E. S. Corp, D. M. Dorsa, D. P. Figlewicz,
M. R. Greenwood, S. C. Woods, D. G. Baskin: Insulin
binding in the hypothalamus of lean and genetically obese
Zucker rats. Peptides 10, 1159-1164 (1989)

23. M. W. Schwartz, A. J. Sipols, J. L. Marks, G.
Sanacora, J. D. White, A. Scheurink, S. E. Kahn, D. G.
Baskin, S. C. Woods, D. P. Figlewicz, D. Jr. Porte:
Inhibition of hypothalamic neuropeptide Y gene expression
by insulin. Endocrinology 130, 3608-3616 (1992)

24. M. W. Schwartz, J. L. Marks, A. J. Sipols, D. G.
Baskin, S. C. Woods, S. E. Kahn, D. Jr. Porte: Central
insulin administration reduces neuropeptide Y mRNA
expression in the arcuate nucleus of food-deprived lean
(Fa/Fa) but not obese (fa/fa) Zucker rats. Endocrinology
128, 2645-2647 (1991)

25. G. Sanacora, M. Kershaw, J. A. Finkelstein, J. D.
White: Increased  hypothalamic  content  of
preproneuropeptide 'Y messenger ribonucleic acid in
genetically obese Zucker rats and its regulation by food
deprivation. Endocrinology 127, 730-737 (1990)

26. J. C. Bruning, D. Gautam, D. J. Burks, J. Gillette, M.
Schubert, P. C. Orban, R. Klein R W. Krone, D. Muller-
Wieland, C. R. Kahn: Role of brain insulin receptor in
control of body weight and reproduction. Science 289,
2122-2125 (2000)

27. M. Bluher, M. D. Michael, O. D. Peroni, K. Ueki, N.
Carter, B. B. Kahn, C. R. Kahn: Adipose tissue selective
insulin receptor knockout protects against obesity and
obesity-related glucose intolerance. Dev Cell 3, 25-38
(2002)

28. S. Obici, Z. Feng, G. Karkania, D. G. Baskin, L.
Rossetti: Decreasing hypothalamic insulin receptors causes
hyperphagia and insulin resistance in rats. Nat Neurosci 5,
566-572 (2002)

29. M. L. Fernandes, M. J. Saad, L. A. Velloso: Effects of
age on elements of insulin-signaling pathway in central
nervous system of rats. Endocrine 16, 227-234 (2001)

30. J. B. Carvalheira, E. B. Ribeiro, E. P. Araujo, R. B.
Guimaraes, N. M. Telles, M. Torsoni, J. A. Gontijo, L. A.
Velloso, M. J. Saad: Selective impairment of insulin
signalling in the hypothalamus of obese Zucker rats.
Diabetologia 46, 1629-1640 (2003)



Is insulin resistance a disorder of the brain?

31. Z. Y. Jiang, Y. W. Lin, A. Clemont, E. P. Feener, K.
D. Hein, M. Igarashi, T. Yamauchi, M. F. White, G. L.
King: Characterization of selective resistance to insulin
signaling in the vasculature of obese Zucker (fa/fa) rats. J
Clin Invest 104, 447-457 (1999)

32. M. Ueno, J. B. Carvalheira, R. C. Jambascia, R. M.
Bezerra, M. E. Amaral, E. M. Carneiro , F. Folli, K. G.
Franchini, M. J. Saad: Regulation of insulin signalling by
hyperinsulinaemia: role of IRS-1/2 serine phosphorylation
and the mTOR/p70 S6K pathway. Diabetologia 48, 506-
518 (2005)

33. L. D. Fuenmayor: The effect of fasting on the
metabolism of 5-hydroxytryptamine and dopamine in the
brain of the mouse. J Neurochem 33, 481-485 (1979)

34. C. D. Agardh, A. Carlsson, M. Linqvist, B. K. Siesjo:
The effect of pronounced hypoglycemia on monoamine
metabolism in rat brain. Diabetes 28, 804-809 (1979)

35. R. G. MacKenzie, M. E. Trulson: Effects of insulin and
streptozotocin-induced diabetes on brain tryptophan and
serotonin metabolism in rats. J Neurochem 30, 205-211
(1978)

36. H. Shimizu, Y. Uehara, M. Negishi, Y. Shimomura,
M. Takahashi, A. Fukatsu, S. Takahashi, Y. Tanaka, K.
Kashima, 1. Kobayashi: Altered monoamine metabolism in
the hypothalamus of the genetically obese yellow (Ay/a)
mouse. Exp Clin Endocrinol 99, 45-48 (1992)

37. H. Shimizu, Y. Shimomura, M. Takahashi, Y. Uchara,
A. Fukatsu, N. Sato: Altered ambulatory activity and
related brain monoamine metabolism in genetically obese
Zucker rats. Exp Clin Endocrinol 97, 39-44 (1991)

38. H. Shimizu, G. A. Bray: Effects of insulin on
hypothalamic monoamine metabolism. Brain Res 510, 251-
258 (1990)

39. R. P. Kwok, A. V. Juorio: Concentration of striatal
tyramine and dopamine metabolism in diabetic rats and
effect of insulin administration. Neuroendocrinology 43,
590-596 (1986)

40. V. H. Routh, J. S. Stern, B. A. Horwitz: Serotonergic
activity is depressed in the ventromedial hypothalamic
nucleus of 12-day-old obese Zucker rats. Am J Physiol
267(3 Pt 2), R712-R719 (1994)

41. Z. Lackovic, M. Salkovic, M. Relia<. Effect of long-
lasting diabetes mellitus on rat and human brain
monoamines. J Neurochem 54, 143-147 (1990)

42. L. 1. Holmes, L. H. Storlien, G. A. Smythe:
Hypothalamic monoamines associated with the cephalic
phase insulin response. Am J Physiol 256(2 Pt 1), E236-
E241 (1989)

43. L. 1. Holmes, G. A. Smythe, L. H. Storlien:
Monoaminergic activity at the level of the hypothalamus

11

and striatum: relationship to anticipated feeding and
pancreatic insulin responses. Brain Res 496, 204-210
(1989)

44.Y. Liang, S. Luo, A. H. Cincotta: Long-term infusion of
norepinephrine plus serotonin into the ventromedial
hypothalamus impairs pancreatic islet function. Metabolism
48, 1287-1289 (1999)

45. S. Luo, J. Luo, A. H. Cincotta: Chronic ventromedial
hypothalamic infusion of norepinephrine and serotonin

promotes insulin resistance and glucose intolerance.
Neuroendocrinology 70, 460-465 (1999)
46. S. K. Bhattacharya, M. Saraswati: Effect of

intracerebroventricularly administered insulin on brain
monoamines and acetylcholine in euglycaemic and alloxan-
induced hyperglycaemic rats. Ind J Exp Biol 29, 1095-1100
(1991)

47. M. Orosco, K. Gerozissis, C. Rouch, M. J. Meile, S.
Nicolaidis: Hypothalamic monoamines and insulin in
relation to feeding in the genetically obese Zucker rat as
revealed by microdialysis Obes Res 3 Suppl 5, 6555-665S
(1995)

48. A. M. Di Giulio, B. Tenconi, R. La Croix, P.
Mantegazza, M. P. Abbracchio, F. Cattabeni, A. Gorio:
Denervation and hyperinnervation in the nervous system of
diabetic animals and diabetic encephalopathy. J Neurosci
Res 24, 362-368 (1989)

49. A. M. Di Giulio, B. Tenconi, R. La Croix, P.
Mantegazza, F. Cattabeni, A. Gorio: Denervation and
hyperinnervation in the nervous system of diabetic animals.
I. The autonomic neuronal dystrophy of the gut. J Neurosci
Res 24, 355-361 (1989)

50. P. J. Turnbaugh, M. Hamady, T. Yatsunenko, B. I.
Cantarel, A. Duncan, R. E. Ley, M. L. Sogin, W. J. Jones,
B. A. Roe, J. P. Affourtit, M. Egholm, B. Henrissat, A. C.
Heath, R. Knight, J. I. Gordon: A core gut microbiome in
obese and lean twins. Nature 457, 480-484 (2009)

51. V. H. Routh, D. M. Murakami, J. S. Stern, C. A.
Fuller, B. A. Horwitz: Neuronal activity in hypothalamic
nuclei of obese and lean Zucker rats. Int J Obes 14, 879-
891 (1990)

Abbreviations: CHD: coronary heart disease, VMH:
ventromedial hypothalamus, CNS: central nervous system,
HPA: hypothalamo-pituitary-adrenal, ~oCRF: ovine
corticotropin-releasing factor, OGTTs: oral glucose
tolerance tests, GLUT-4: glucose transporter 4, NPY:
neuropeptide 'Y, MC: melanocortin, POMC: pro-
opiomelanocortin, ACTH: adrenocorticotrophin hormone,
MSH: melanocortin  stimulating hormone, MC3-R:
melanocortin 3 receptor, MC4-R: melanocortin 4 receptor,
LSNA: lumbar sympathetic nerve activity, MAP: mean
arterial pressure, BAT: brown adipose tissue, i3vt: third
intracerebroventricular, ICV: intracerebroventricularly,
LCGU: local cerebral glucose utilization, ARC: arcuate



Is insulin resistance a disorder of the brain?

hypothalamic nucleus, DN: dorsomedial hypothalamic
nucleus, VMN: ventromedial hypothalamic nucleus, Irs:
insulin receptors, NIRKO mice: neuron-specific disruption
of the IR gene mice, FIRKO mice: mice with fat-specific
disruption of the insulin receptor gene, SHC: homology
adaptor protein, GRB2: growth factor receptor binding
protein-2, SHP2: SH protein tyrosine phosphatase-2, IR-
beta : insulin receptor beta subunits, IRS-1: insulin receptor
substrate 1, IRS-2: insulin receptor substrate 2, NE:
norepinephrine, DA: dopamine, MHPG: 3-Methoxy-4-
hydroxy-phenylglycol,  5-HT: 5-hydroxytryptamine,
DOPAC: 3, 4-dihydroxyphenylacetic acid, 5-HIAA: 5-
hydroxy-3-indole acetic acid, DHPG:
dihydroxyphenylethylene glycol, CN: caudate nucleus, PM:
pons-medulla, PVN: paraventricular nucleus, VIP:
vasoactive intestinal polypeptide

Key Words: Insulin Resistance, Hypothalamo-Pituitary-
Adrenal Pathway, Parasympathetic, Sympathetic,
Neuropeptide Y, leptin, GLUT-4, Melanocortin, Brain
Monoamines, Obese rat (fa/fa), Zucker rat, Insulin
Receptor, Melanocortin, Norepinephrine, Dopamine,
Review

Send correspondence to: Undurti N Das, Jawaharlal
Nehru Technological University, Kakinada-533 003, India,
Tel: 001-216-231-5548, Fax: 001-928-833-0316, E-mail:
undurti@hotmail.com

http://www.bioscience.org/current/vol16.htm

12



