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T
he upregulation of plasma inflammatory bio-
markers in individuals with metabolic syndrome
implies that activation of the innate immune re-
sponse contributes to the pathogenesis of type 2

diabetes (1). Today, a large array of studies has demon-
strated that activation of inflammatory pathways underlies
obesity-associated insulin resistance at the liver and fat
(2–4). However, little is known regarding whether obesity
induces inflammation in the brain thereby disrupting the
ability of insulin to control glucose homeostasis.

Hotamisligil et al. (5) first established a link between
obesity and the increased production of inflammatory
molecules by demonstrating that tumor necrosis factor-a
(TNF-a), a proinflammatory cytokine, is overexpressed in
the adipose tissue of obese mice. This finding was con-
firmed in humans with obesity and insulin resistance (6,7).
TNF-a induces peripheral insulin resistance in rodents (8,9)
and alters insulin sensitivity and glucose homeostasis in
humans (10,11). In fact, subjects with chronic inflammatory
disease who are treated with TNF inhibitor show a 60%
reduction in diabetes rates (12). Downstream of the in-
flammatory process lies the inhibitor of kB kinase (IKK-b)
complex and its target, nuclear factor-kB (NF-kB), a tran-
scription factor that regulates the expression of inflammatory
genes (2–4) and mediates peripheral insulin resistance as-
sociated with overnutrition (2–4). In parallel, the c-Jun
amino-terminal kinase (JNK), which can be activated in
response to TNF-a or other stressors, is also implicated in
insulin resistance of diabetic mice (2–4).

NF-kB–mediated gene expression is regulated in part
through the Toll-like receptors (TLRs), which serve to ac-
tivate proinflammatory signaling cascades upon recognition
of pathogen-associated molecular patterns (2–4). Of these,
TLR4 mediates fatty acid–induced peripheral insulin resis-
tance (13), thereby highlighting its importance in inflam-
mation and metabolic dysfunction. In parallel, overnutrition
induces endoplasmic reticulum (ER) stress followed by
a triggering of the compensatory unfolded protein response
(UPR) (2–4). Chronic activation of ER stress in the liver
triggers proinflammatory signals and induces insulin resis-
tance, while UPR activates JNK and NF-kB to impair insulin
action (2–4).

Although much remains to be explored, these findings
collectively highlight a crucial role of ER stress and inflam-
mation in liver and fat to impair insulin signaling and dys-
regulate glucose homeostasis in obesity and diabetes. The
key question that remains to be addressed is whether
overnutrition/obesity induces ER stress and inflammation in
the central nervous system to disrupt the ability of insulin to
control glucose homeostasis. If this is the case, do any of
the key players that are highlighted above play a role in this
dysregulation?

In fact, high-fat feeding induces ER stress and UPR as
well as the IKK-b/NF-kB proinflammatory pathway in the
hypothalamus of rodents (14,15). The activation of hypo-
thalamic ER stress and inflammation impair the ability of
central insulin and leptin to inhibit appetite. TNF-a induces
ER stress in the hypothalamus (16), while fatty acids
activate hypothalamic TLR4 to impair the anorectic effect
of central leptin (17). In fact, hypothalamic leptin’s ability
to inhibit food intake is restored in mice with neuronal-
specific knockout of the TLR adaptor protein MyD88 (18),
while anti-inflammatory cytokines such as interleukin
(IL)-10 reduce hypothalamic inflammation and mediate the
ability of exercise to improve the anorectic control of
central insulin and leptin in diet-induced obese rats (19).
Although mounting evidence indicates that high-fat feeding
induces hypothalamic ER stress and inflammation, the
metabolic consequence has been limited to the dysregula-
tion of food intake.

In this issue of Diabetes, Milanski et al. (20) have linked
hypothalamic inflammation to a disruption of the brain-liver
axis that controls glucose homeostasis in obese rodents
through well-designed and executed experiments. The
authors first confirm that consumption of a high-fat diet
increased hypothalamic expression of the inflammatory
cytokines TNF-a and IL-1b in rats, then demonstrate that
pretreatment with central anti-TLR4 antibody or an anti–
TNF-amonoclonal antibody significantly reduced expression
of these cytokines and inhibited NF-kB in the hypothalamus.
Neutralization of hypothalamic TLR4 or TNF-a in obese
rats improved glucose tolerance (as assessed by intra-
peritoneal glucose tolerance test), and this was associated
with improved hepatic insulin signal transduction (insulin
receptor substrate → Akt → FoxO1). Next, the authors
reproduced earlier findings that TLR4 and TNF-a receptor
1 knockout mice were protected against diet-induced in-
sulin resistance. This was further confirmed by the fact
that both TLR4 and TNF-a receptor 1 knockout mice
were protected from hypothalamic fatty acid–induced
hepatic insulin resistance, suggesting that hypothalamic
events may represent an important portion of the total
body phenotype of TLR4 and TNF-a receptor 1 knockout
mice.

To assess whether changes in hepatic insulin signaling
are responsible for the improved glucose tolerance, the
authors performed a pyruvate tolerance test, a hyper-
insulinemic-euglycemic clamp, and assessed changes
in hepatic gluconeogenic gene expression (PEPCK and
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glucose-6-phosphatase [G6Pase]) in obese rats with hypotha-
lamic inflammatory neutralization. Inhibition of hypothalamic
inflammation reduced pyruvate-induced gluconeogenesis and
normalized insulin-mediated suppression of glucose produc-
tion and hepatic PEPCK and G6Pase gene expression in
obese rats. In addition, both vagotomy and pharmacological
inhibition of muscarinic receptors reversed the metabolic
benefits resulting from hypothalamic anti-inflammation, in-
dicating a brain-liver neural axis is required to restore hepatic
insulin sensitivity.

Although pharmacological inhibition of hypothalamic
TLR4—but not TNF-a—led to a substantial weight loss in
obese rats, inhibition of hypothalamic TLR4 and TNF-a both
restored the ability of insulin to inhibit glucose production
through the brain-liver axis, suggesting that enhancement of
hepatic insulin sensitivity was not secondary to weight loss.
Neutralization of hypothalamic TLR4 or TNF-a in obese rats
also reduced hepatic steatosis, which could have led to an
enhancement in hepatic insulin sensitivity. However, despite
the fatty liver phenotype of LDL receptor knockout mice,
inhibition of hypothalamic inflammation in LDL receptor
knockout mice fed a high-fat diet showed improved hepatic
insulin signal transduction. Thus, these data collectively
suggest that independent of changes in body weight and he-
patic lipid accumulation, inhibition of diet-induced hypotha-
lamic inflammation restores the ability of insulin to stimulate
hepatic signal transduction and suppress glucose production
in obese rodents.

Of note, insulin triggers signaling cascades and activates
ATP-sensitive potassium (KATP) channels in the hypothalamus
to inhibit glucose production (21), while central leptin

similarly enhances insulin-mediated inhibition of glucose
production in normal rats (22). Thus, it remains to be as-
sessed whether inhibition of hypothalamic inflammation
restores the central ability of insulin and/or leptin signaling
to activate a brain-liver circuit to inhibit glucose production
in obese rodents. In addition, it would be important to inves-
tigate the mechanistic links between hypothalamic TLR4 or
TNF-a signaling and central insulin/leptin resistance, and
to further assess whether hypothalamic activation of ER
stress, UPR, JNK, and/or NF-kB impair central insulin/
leptin signaling to dysregulate glucose production (Fig. 1).

Lastly, obesity is not only associated with hypothalamic
inflammation and gliosis in rodents but also induces gliosis
in the hypothalamus of humans (23). Given that intranasal
insulin delivery lowers plasma glucose levels in humans
(24,25) while activation of KATP channels in the brain of
humans is implicated to lower glucose production (26),
a possibility remains that obesity induces insulin resis-
tance in the brain and consequently dysregulates glucose
homeostasis in humans as in rodents.
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FIG. 1. Working hypothesis. Overnutrition induces ER stress and inflammation in the hypothalamus and activates downstream signaling effectors
and processes such as IKK/NF-kB, JNK, and UPR to impair insulin and/or leptin signal transduction to activate KATP channels and inhibit hepatic
glucose production. FFA, free fatty acid; PI3K, phosphatidylinostiol 3-kinase.
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