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Circulating	resistin	stimulates	endogenous	glucose	production	(GP).	Here,	we	report	that	bi-directional	chang-
es	in	hypothalamic	resistin	action	have	dramatic	effects	on	GP	and	proinflammatory	cytokine	expression	in	
the	liver.	The	infusion	of	either	resistin	or	an	active	cysteine	mutant	in	the	third	cerebral	ventricle	(icv)	or	in	
the	mediobasal	hypothalamus	stimulated	GP	independent	of	changes	in	circulating	levels	of	glucoregulatory	
hormones.	Conversely,	central	antagonism	of	resistin	action	markedly	diminished	the	ability	of	circulating	
resistin	to	enhance	GP.	We	also	report	that	centrally	mediated	mechanisms	partially	control	resistin-induced	
expression	of	TNF-α,	IL-6,	and	SOCS-3	in	the	liver.	These	results	unveil	what	we	believe	to	be	a	novel	site	of	
action	of	resistin	on	GP	and	inflammation	and	suggest	that	hypothalamic	resistin	action	can	contribute	to	
hyperglycemia	in	type	2	diabetes	mellitus.

Introduction
The increased incidence of type 2 diabetes mellitus is closely cor-
related with the increased prevalence of obesity. The figures from 
the latest National Health and Nutrition Examination Survey 
(NHANES) show that two-thirds of the adult US population can 
be classified as overweight or obese, and most alarmingly the prev-
alence of obesity among children continues to rise (1, 2). Thus, it 
is becoming of even greater importance to better understand the 
elusive etiology and progression from obesity to type 2 diabetes 
mellitus (3, 4). Although some evidence, such as increased circu-
lating free fatty acids (5) and decreased adiponectin (6, 7), link the 
metabolic milieu that accompanies increased adiposity to insu-
lin resistance, the role of adipose tissue as both an inflammatory 
mediator and endocrine organ has recently increased in interest 
(8–10). Of the described adipose-derived factors, also known as 
adipokines, resistin seems to assert its effects on both inflamma-
tory and insulin signaling pathways (11).

Resistin, also known as found in inflammatory zone 3 (FIZZ3) 
and adipocyte-specific secretory factor, is a recently discov-
ered adipokine that belongs to a family of small, cysteine-rich 
secreted proteins (12–14). While resistin is secreted solely from 
adipose tissue in rodents, it is mainly derived from monocytes 
and macrophage in humans (15, 16). We have previously shown 
in rodents that the plasma resistin concentration is increased 
after high-fat feeding and that this increase is the primary cause 
of hepatic insulin resistance (17). Additional animal studies 
have highlighted the ability of resistin to induce hepatic insu-
lin resistance after both acute and chronic administration (12,  
18–20). Human studies have since linked resistin to increased 

central adiposity (21), insulin resistance (22), atherosclerosis, 
and inflammation (23, 24). The fact that human resistin is pro-
duced by monocytes and macrophages provides greater affir-
mation of the immune system’s involvement in resistin’s role in 
metabolic diseases (25). It is widely accepted that inflammation 
leads to insulin resistance (26), and the important roles of TNF-α  
(27, 28), SOCS-3 (29, 30), STAT3 (31), and inhibitor of NF-κB 
(IκB) kinase (IKK) (32) as signaling mediators of hepatic glu-
cose homeostasis in this inflammation/insulin resistance axis 
have been reported (9).

Recently, it has been shown that resistin mRNA and protein are 
both present in mouse hypothalamus (33, 34) and that resistin 
activates a certain subset of hypothalamic neurons in vitro (35). 
With work from our laboratory as well as by others highlighting 
the importance of the brain-liver circuit in controlling hepatic 
glucose homeostasis in response to hypothalamically initiated 
hormonal (i.e., insulin and leptin) (36–38) and nutritional (i.e., 
FFA and glucose) signals (39–41), resistin also seemed a likely can-
didate to act via hypothalamic pathways. Since the effects are at 
least in part mediated via interactions with receptors within the 
CNS, it is postulated herein that resistin regulates glucose fluxes 
and signaling in the liver both directly via hepatic effects and indi-
rectly through a central (hypothalamic) site of action (Figure 1A). 
In this study, we investigated whether the brain also plays a role 
in mediating the diabetogenic effects of physiological hyperresis-
tinemia and identify potential mechanisms by which resistin mod-
ulates hepatic glucose fluxes. To determine whether an increase 
in resistin made available to the CNS would modulate peripheral 
insulin action, we made use of the hyperinsulinemic-euglycemic 
clamp combined with icv and mediobasal hypothalamus (MBH) 
infusions of recombinant resistin. Furthermore, MBH adminis-
tration of a specific anti-mouse resistin antibody (Rs Ab) was uti-
lized to assess what contribution central resistin action made to 
the effect of circulating resistin on whole-body glucose homeosta-
sis. Lastly, we aimed to further investigate the complex relation-
ship between inflammation and insulin resistance in mediating 
resistin’s effects on glucose fluxes. The adipose-derived hormone 
resistin rapidly stimulates glucose production (GP) and induces 
hepatic insulin resistance in rodents (17–20).
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Results
To test our hypothesis, we first examined whether a primary 
increase in the central or hypothalamic availability of resistin 
per se is sufficient to stimulate GP and generate hepatic insulin 
resistance. We next examined the systemic effects of hypothalamic 
resistin action by inducing a physiological increase in the circu-
lating levels of resistin while selectively negating resistin’s central 
effects through the infusion of a specific anti-resistin Ab.

Central administration of recombinant resistin induces hepatic insulin 
resistance. To investigate the central effects of resistin indepen-
dent of its pleiotropic systemic actions, we examined whether the 
central administration of recombinant resistin acutely regulates 
hepatic insulin action. To this end, 3 groups of conscious rats 
received icv infusions of recombinant mouse resistin, a biologi-
cally active cysteine mutant of resistin (cys), or vehicle (Figure 1B 

and Supplemental Table 1; supplemental material available online 
with this article; doi:10.1172/JCI30440DS1). The cys used in these 
studies has been shown to potently stimulate fluxes in liver glucose 
(42). The icv infusion of resistin or cys moderately increased the 
plasma glucose and insulin levels (Supplemental Table 1). Insu-
lin action was assessed by a combination of icv infusions using 
the hyperinsulinemic-euglycemic clamp technique (Figure 1B). As 
expected, in the presence of the approximately 3-fold increase in 
the circulating insulin levels (using the clamp technique; Supple-
mental Table 1), glucose had to be infused in order to maintain 
euglycemia in icv vehicle–infused animals (15.6 ± 0.4 mg/kg/min). 
By contrast, following icv infusions of resistin or cys, glucose was 
infused at a much lower rate of approximately 10 mg/kg/min in 
order to prevent hypoglycemia (Figure 1C). It should be noted that 
the plasma insulin and glucagon concentrations (data not shown) 
were similar in the 3 groups (Supplemental Table 1). Thus, cen-
tral administration of resistin diminished hepatic insulin action  
on glucose homeostasis.

We next examined the potential mechanism(s) by which icv 
resistin impaired whole-body insulin action. We assessed glu-
cose kinetics by tracer dilution methodology in order to estab-
lish whether the decreased rate of glucose infusion induced by icv 
resistin or cys was due to either a decrease in glucose uptake or a 
stimulation of endogenous GP. The rates of glucose utilization 
(Figure 1D) were not significantly affected by either icv resistin 
(19.6 ± 0.5 mg/kg/min) or cys (20.4 ± 1.0 mg/kg/min) compared 
with vehicle (19.8 ± 0.3 mg/kg/min). Conversely, icv resistin and 
cys markedly increased the rate of GP and therefore impaired the 
suppressive effect of circulating hyperinsulinemia on the rate of 
GP (Figure 1, E and F). icv vehicle infusion was associated with a 
marked (~75%) decline in the rate of GP from basal levels (Figure 
1F). However, icv resistin and cys lead to a modest (~40%) decline 
in the rate of hepatic GP compared with basal rates (Figure 1F). 
These changes in glucose output occurred in the presence of simi-
lar plasma insulin levels (~75 μU/ml; Supplemental Table 1) and 

Figure 1
Central administration of recombinant resistin induces hepatic insulin 
resistance in rats. (A) Mechanisms of resistin action on hepatic GP. 
Increased circulating levels of resistin lead to impaired hepatic insulin 
action, though whether this is mediated in part via pathways initiated 
in the hypothalamus is unknown. Here we investigate this “indirect” 
pathway; arrows interrupted by double bars indicate our attempt to 
block pathway using Rs Ab. (B) Experimental design for hyperinsu-
linemic-euglycemic clamp studies. Resistin infusion studies lasted 
360 minutes. Recombinant mouse resistin or aCSF was infused into 
Sprague-Dawley rats via icv (300 ng total; 8 ng/μl at 5 μl/h) or IH (16 ng  
total; 8 ng/μl at 0.33 μl/h) cannulae. At 120 minutes, rats received a 
primed-constant infusion of [3H-3]glucose (0.4 μCi/min). Hyperinsulin-
emic-euglycemic pancreatic/insulin clamp was initiated at 240 minutes, 
with a constant infusion of insulin (3 mU/kg/min) and somatostatin  
(3 μg/kg/min); infusion of 10% glucose solution was periodically adjust-
ed to maintain steady plasma glucose concentration. SRIF, somatosta-
tin. (C) Glucose infusion rates necessary to maintain euglycemia in the 
presence of hyperinsulinemia (3 mU/kg/min) were significantly lower 
in resistin-treated groups compared with vehicle. (D) Rates of glucose 
uptake were unaffected by central infusion of resistin. (E) Rates of 
endogenous GP for resistin-infused animals were nearly 2-fold greater 
than those of vehicle. (F) Percentage suppression of endogenous GP 
induced by insulin infusion (3 mU/kg/min), a clear readout of whole-
body insulin sensitivity, was reduced 50% in resistin-treated groups 
compared with vehicle. *P < 0.05 compared with vehicle (Veh.).
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completely accounted for the effect of icv resistin or cys on whole-
body glucose metabolism. Thus, a primary increase in central 
resistin action can stimulate GP in the presence of physiological 
levels of circulating insulin.

These potent metabolic effects of resistin could be mediated 
by its action anywhere within the CNS. To gain insight into the 
anatomical localization of these effects, we next infused a 20-fold 
lower dose of resistin bilaterally within the MBH. MBH infusion 
of resistin entirely reproduced the effects of icv resistin on glucose 

infusion and GP (Figure 1, C–F). Thus, increased MBH availability 
of resistin is sufficient to increase GP.

GP represents the net contribution of glucosyl units derived 
from gluconeogenesis and glycogenolysis. However, a portion 
of glucose entering the liver via the direct phosphorylation of 
glucose is also a substrate for dephosphorylation via glucose-
6-phosphatase (G6Pase) creating a futile cycle, termed “glucose 
cycling”. In order to further delineate the mechanisms by which 
central administration of resistin modulates glucose homeosta-
sis, we estimated the in vivo flux of glucose through G6Pase and 
the contribution of gluconeogenesis and glycogenolysis relative 
to glucose output. icv resistin, icv cys, and MBH resistin markedly 
increased the glucose flux through G6Pase (Figure 2A) and glu-
cose cycling (Figure 2B) in parallel with their effects on GP (Figure 
1E). Importantly, the increase in GP was largely accounted for by 
a marked induction of glycogenolysis, while the rate of gluconeo-
genesis was only modestly increased (Figure 2, C and D). Real-
time PCR analyses revealed that icv resistin, icv cys, and MBH 
resistin did not alter the hepatic mRNA levels for the rate-limiting 
enzymes for gluconeogenesis, G6Pase, and phosphoenolpyruvate 
(PEP) carboxykinase (PEPCK) (Figure 2E) On the other hand, both 
icv and MBH each resistin moderately decreased the hepatic levels 
of phosphorylated AMP-activated protein kinase α (p-AMPKα) as 
analyzed by immunoblot (Figure 2F). Thus, direct enhancement 
of resistin action within the third cerebral ventricle or MBH per 
se was sufficient to recapitulate the action of systemic resistin on 
the in vivo fluxes through G6Pase, rates of glycogenolysis, and on 
the hepatic phosphorylation of AMPK.

As it is now widely accepted that increases in adiposity lead to 
an increased physiological inflammatory milieu, we examined the 
effect of central resistin on the expression of key inflammatory 
regulators in the liver (43–46). Strikingly, as determined by quan-
titative real-time RT-PCR, central resistin administration leads to 
an approximately 3- to 4-fold increase in the hepatic expression 
of SOCS-3 and TNF-α mRNA and an even greater increase in the 
expression of IL-6 at the end of the clamps (Figure 3A). However, 
resistin infusion did not alter the expression of IKK-β or the other 
hepatic gluco- and lipo-regulatory genes, PPARγ coactivator 1α 
(PGC-1α), fatty acid synthase (FAS), acetyl-CoA carboxylase 1 
(ACC1), and steroyl-CoA decarboxylase 1 (SCD1) (Figure 3A). Mir-
roring the changes in gene expression and hepatic insulin action 
on glucose fluxes, immunoblot analysis revealed that hepatic 
SOCS-3 protein levels were similarly elevated. Phosphorylated 
glycogen synthase kinase 3β (p-GSK3β) was decreased, and the 
phosphorylation state of IκB-α, a downstream target of IKK-β, 
was unchanged following central resistin administration (Figure 
3, B and C). Finally, hepatic levels of STAT3 protein were dramati-

Figure 2
Central resistin increased hepatic glucoses fluxes predominantly via 
glycogenolytic pathways. (A and B) icv or IH infusion of resistin (black 
bars) resulted in 2- to 3-fold increases in hepatic flux through G6Pase 
(A) and glucose cycling (B) compared with vehicle (white bars). (C and 
D) Increased hepatic glucose fluxes were mainly accounted for by an 
increased rate of glycogenolysis (D) rather than gluconeogenesis (C). 
(E) Quantitative real-time RT-PCR revealed that central resistin had 
no effect on the hepatic expression of the key gluconeogenic enzymes 
PEPCK and G6Pase. (F) Decreased levels of p-AMPKα were appar-
ent in the livers of resistin-treated animals as analyzed by immunoblot. 
*P < 0.05 compared with vehicle.
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cally lower in animals infused with resistin either icv or in the 
MBH (Figure 3, B and C).

These gain-of-function experiments suggest that modulation 
of resistin action within the MBH is sufficient to markedly affect 
liver glucose homeostasis and selective inflammatory markers. 
However, the physiological role of hypothalamic resistin in the 
regulation of GP cannot be determined by these gain-of-function 
studies and thus requires loss-of-function experiments in the pres-
ence of physiological increases in the circulating resistin levels.

Antagonism of hypothalamic resistin action. Is the action of resistin 
within the hypothalamus required for the effect of circulating 
hyperresistinemia on GP? To address this question, we developed 
an experimental strategy aimed at antagonizing the central action 
of resistin in the presence of systemic elevations in plasma resistin 
concentrations. We reasoned that if hypothalamic resistin action 
is required for stimulation of GP by hyperresistinemia, negating 
the MBH effects of resistin should diminish the ability of resis-
tin to enhance GP in the presence of a physiological elevation in 
the plasma resistin levels. To this end, we used Rs Abs to selec-
tively impede the action of the infused recombinant mouse resis-
tin within the MBH (Figure 4A). A subset of i.v. resistin–infused 
animals also received a MBH infusion of a control anti-human 
resistin Ab (Con Ab), with which mouse resistin fails to maintain 
antigenicity. This group served as a control for nonspecific effects 
that central infusion of Ab may have had on GP. We performed 
pancreatic-hyperinsulinemic clamp studies (Figure 4A) designed 
to increase the plasma insulin concentrations by approximately 
3-fold above basal levels. Such an increase is normally associated 
with a significant stimulation of peripheral glucose disposal and 
a marked decrease in GP and therefore allows one to examine the 
effects of insulin on both the liver and peripheral tissues. The rate 
of glucose utilization during the clamp studies was not signifi-
cantly affected by peripheral (i.v.) infusion of resistin regardless of 
the MBH administration of resistin antibodies (Figure 4B). How-

ever, the inhibition of GP during the insulin clamp studies was 
improved by the MBH administration of Rs Ab but not Con Ab 
(Figure 4C). Thus, antagonism of MBH resistin action diminishes 
the stimulatory effect of systemic resistin on hepatic GP in the 
presence of physiological hyperinsulinemia.

Similarly, MBH infusion of Rs Ab attenuated the marked eleva-
tions in glucose flux through G6Pase and total glucose cycling 
that were induced by peripheral resistin infusion (Figure 5, A and 
B). Again these changes in hepatic glucose fluxes were accounted 
for mainly by changes in the glycogenolysis, although the periph-
eral infusion of resistin in the Con Ab cohort also led to a modest 
yet nonsignificant increase in gluconeogenesis (Figure 5, C and 
D). That a hypothalamus-mediated effect of resistin on hepatic 
glucose fluxes predominantly occurs via glycogenolytic pathways 
(Figure 2D) is reinforced by the attenuation of this effect upon 
central blockade of resistin action (Figure 5D). In contrast to the 
absence of a centrally mediated effect of resistin on the hepatic 
expression of key glucoregulatory genes, the approximately 3- to 
4-fold increase in G6Pase expression brought about by peripheral 
(i.v.) resistin infusion appeared to be a direct result of resistin in 
the liver, as there was no attenuation by MBH Rs Ab (Figure 5E). 
Hepatic PEPCK mRNA expression remained unchanged. In accor-
dance with the changes in GP, MBH Rs Ab attenuated the decrease 
in p-AMPKα associated with i.v. resistin infusion (Figure 5F).

Strikingly, hepatic gene expression analysis revealed that the 
increases in IL-6 and TNF-α mRNAs following resistin infu-
sion were entirely due to centrally mediated effects of resistin, as 
MBH Rs Ab completely blocked the induction of these transcripts 
despite the ongoing peripheral hyperresistinemia (Figure 6A). The 
elevation of liver SOCS-3 expression, however, appears to be medi-
ated both directly and indirectly, as intrahypothalamic (IH) Rs Ab 
was unable to decrease the elevations in mRNA or protein levels 
in the presence of i.v. resistin infusion (Figure 6, A–C). Resistin 
failed to demonstrate any direct or central action on the regula-

Figure 3
Real-time RT-PCR and Western immunoblot analysis of hepatic inflammation and insulin signaling. (A) icv resistin administration (black bars) 
increased hepatic gene expression of proinflammatory mediators SOCS-3, IL-6, and TNF-α compared with vehicle-treated animals (white bars) 
but had no change on IKK-β, FAS, ACC1, SCD1, and PPARγ. (B and C) Significant decreases in total Stat3 protein and p-GSK3β were detected 
in the livers following central resistin administration (black bars), with a reciprocal but converse elevation in SOCS-3 when compared with controls 
(white bars). The levels of p–IκB-α remained unchanged (C). *P < 0.05 compared with vehicle.
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tion of hepatic IKK-β, PGC-1α, FAS, ACC1, and SCD1 (Figure 
6A). Blockade of central resistin action produced no alteration of 
GSK3β phosphorylation or total STAT3 levels, despite the increase 
in hepatic insulin action, thus suggesting potential effects regu-
lated by both direct and indirect centrally mediated resistin action 
on these parameters (Figure 6, B and C).

Discussion
The glucoregulatory role of several adipokines such as leptin, 
adiponectin, and resistin is now well supported by genetic and 
physiological evidence (47). Specifically, bidirectional changes in 
the circulating levels of resistin induce robust changes in glucose 
homeostasis in rodents (12, 17–20, 48). However, the observation 
that, in humans, circulating resistin is mostly derived from mac-
rophages rather than adipocytes has suggested a divergence of 
physiological functions of this hormone in different species (16). 
In this regard, it has also been postulated that resistin constitutes 
an important link between innate immunity and glucose metabo-
lism. This study extends our understanding of resistin physiology 
in 2 important ways. First is the discovery that resistin exerts its 
potent metabolic actions on the liver partly via its action within 
the hypothalamus. Second is the recognition that resistin exerts a 
proinflammatory influence on the liver through both peripheral 
and central mechanisms.

Resistin primarily exerts its glucoregulatory effect by stimulat-
ing hepatic glucose output (17–20). Our study confirms this, as 
we now show that an i.v. infusion of resistin (30 μg) during the 
course of a 6-hour hyperinsulinemic-euglycemic clamp induces 
marked hepatic insulin resistance, with the effect being mainly 
accounted for by a failure of insulin to suppress basal levels of gly-
cogenolysis. This elevation in peripheral resistin also recapitulated 
prior reports of the ability of resistin to reduce the phosphoryla-
tion state of both the fuel-sensing enzyme AMPK and GSK3β, an 
important downstream target of the insulin signaling cascade, in 
the liver (12, 17, 19). While the effect of resistin on insulin sensi-
tivity in humans has been much debated (21, 49–52), it should be 
quite clear that elevation of circulating resistin in rodents, either 
acutely, such as in the current model, or chronically, such as in 
transgenic mice (20), following adenoviral-mediated overexpres-

sion (48), or following diet-induced obesity (17), leads to marked 
decreases in hepatic insulin sensitivity.

The systemic infusion of resistin also resulted in the elevation 
of mRNA levels of several key inflammatory mediators (SOCS-3, 
TNF-α, and IL-6) in the liver. Consistent with these findings, resis-
tin-infused animals also exhibited elevations in SOCS-3 protein 
and a dramatic decrease in hepatic STAT3. As a result, one could 
view resistin as a potent mediator of both proinflammatory and 
insulin resistance pathways (44).

The CNS plays a major role in the regulation of whole-body 
physiology. In this regard, recent evidence suggests that nutri-
tional and hormonal signals originating in the brain, especially 
within the hypothalamus, control glucose fluxes in insulin-sensi-
tive organs (53). In particular, hormones that circulate in relation 
to body adiposity, such as leptin and insulin, exert some of their 
gluco-regulatory actions through the activation of hypothalamic 
receptors. Based on these previous observations, we postulated 
that the adipose-derived hormone resistin also exerts some of its 
metabolic actions through a central (hypothalamic) site of action. 
To this end, we first investigated whether a primary increase in 
hypothalamic resistin per se could regulate hepatic glucose flux-
es. Indeed, infusion of recombinant mouse resistin directly into 
the third cerebral ventricle or within the MBH of conscious rats 
was sufficient to recapitulate the systemic effects of resistin not 
only on hepatic GP but also on inflammatory mediators. This 
effect was verified using an additional preparation of resistin, cys, 
which exists only as a trimer but has previously been shown to 
retain full biological activity (42). Of interest, the central admin-
istration of resistin markedly and selectively impaired the inhibi-
tory action of insulin on hepatic glycogenolysis but failed to alter 
the hepatic expression of the key gluconeogenic enzymes PEPCK 
and G6Pase. This argues against a resistin-mediated antagonism 
of insulin action at the level of the hypothalamus, as intact cen-
tral insulin action has been shown to be required for an insulin-
induced decrease in the rate of hepatic gluconeogenesis, an effect 
clearly retained in these experiments (54). Thus, it is plausible 
that the hypothalamus-mediated effect of resistin on hepatic glu-
cose flux impairs the direct (but not the hypothalamic) effects 
of insulin action on liver glucose fluxes. Hypothalamic resistin 

Figure 4
The effects of increased levels of circulating plasma resistin are attenuated in animals treated with IH anti-resistin antibodies. (A) Experimental 
design for hyperinsulinemic-euglycemic clamp studies. IH infusion of Con Ab or Rs Ab (0.33 μl bolus followed 0.5 μl/h infusion) was initiated at 
0 minutes and continued throughout the 360-minute course of study. Resistin (30 μg total dose) was infused i.v. at a constant rate starting at 60 
minutes. The remainder of the study was completed as described in Figure 1. (B) Rates of glucose uptake during the insulin clamp studies were 
unaffected in all groups. (C) The rate of endogenous GP for i.v. resistin–infused animals also receiving an IH infusion of Con Ab was greatly 
increased compared with controls but was attenuated in animals receiving the IH infusion of Rs Ab. (D) Changes in the percentage suppression 
of endogenous GP in animals receiving i.v. resistin and IH Ab infusions. *P < 0.05 compared with vehicle; #P < 0.05 compared with Con Ab.
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administration also recapitulated the effect of peripheral resistin 
on hepatic p-AMPK levels and completely mirrored the effects 
of its systemic administration on the hepatic gene expression of 
SOCS-3, TNF-α, and IL-6.

The physiological relevance of this effect of central resistin on 
hepatic GP, which we believe to be novel, is clearly illustrated by 
the use of blocking antibodies against resistin at the level of the 
MBH in the presence of elevated circulating resistin levels follow-
ing i.v. resistin infusion. It should be pointed out, however, that 
our loss-of-function central blockade experiments should be con-
sidered a minimal estimate of the central effect of resistin. There 
are several reasons for this. First, the efficiency of blockade pro-
vided by the Ab infusions remains undetermined. It is likely that 
the IH Ab infusion failed to completely block resistin signaling 
within the MBH. Second, other areas of the CNS could possibly 
play a role in the central effects of resistin. We have shown that 
the icv administration of resistin causes robust effects in terms of 

regulating hepatic glucose fluxes as well as altering proinflamma-
tory gene expression profiles, but other brain regions with direct 
connections to the ventricular system may also mediate the actions 
of resistin. The Ab infusions were only directed into the MBH such 
that resistin signaling could have been activated in other areas 
within the CNS. Therefore, the results from our loss-of-function 
Ab blockade studies must be interpreted as providing an estimate 
of the minimal contribution of hypothalamic resistin to the physi-
ological effects of circulating resistin.

The infusion of Rs Ab but not Con Ab into the MBH reduced 
the effect of resistin on the rate of hepatic GP by approximately 
50%. This blunting was not only apparent in the calculated rates 
of GP but was also mirrored by the parallel changes in hepatic glu-
cose fluxes, including the rate of glycogenolysis. As such, resistin 
appeared to modulate hepatic insulin sensitivity through both 
direct action on the liver and through hypothalamus-mediated 
mechanisms that account for at least 50% of the effect of resistin on 
hepatic glucose fluxes. Central blockade of resistin signaling within 
the MBH also almost completely abolished the hepatic proinflam-
matory response. On the other hand, MBH blockade of resistin 
action failed to restore hepatic AMPK phosphorylation. Therefore, 
it is likely that resistin regulates hepatic AMPK activity through 
redundant peripheral and central mechanisms. Importantly, the 
central administration of resistin or of Rs Ab failed to alter the 
hepatic expression of G6Pase. These results indicate that the abil-
ity of resistin to increase G6Pase mRNA expression is independent 
of its MBH effects. In agreement with prior reports, we show that 
SOCS-3 gene expression and protein levels are increased follow-
ing resistin treatment (55). However, a central blockade of resistin 
action in the MBH was unable to counter the increases of hepatic 
SOCS-3 message levels induced by peripheral i.v. resistin adminis-
tration despite the increase in hepatic insulin action. Thus, while 
resistin appears to have an impact on hepatic SOCS-3 mRNA and 
protein levels both indirectly via the MBH and directly on the liver 
itself, these elevations in SOCS-3 may be disconnected from the 
acute effects of central resistin on hepatic insulin sensitivity. While 
it is well known that the SOCS proteins SOCS-1 and SOCS-3 are 
implicated in hepatic insulin resistance (30), it remains to be estab-
lished whether the elevations of SOCS-3 that are seen after central 
and peripheral resistin administration are necessary and required 
for mediating the effects of resistin on hepatic insulin sensitivity.

We propose that this hypothalamus-mediated effect of resistin 
on promoting an increased inflammatory milieu may prove to be 

Figure 5
Central blockade of resistin after peripheral (i.v.) resistin infusion 
attenuates increases in hepatic glucose fluxes. (A and B) IH adminis-
tration of Rs Ab decreased hepatic flux through G6Pase (A) and glu-
cose cycling (B) in animals receiving a constant i.v. infusion of resistin, 
compared with animals receiving Con Ab, although it failed to com-
pletely normalize these to vehicle-treated levels. (C and D) Alterations 
of hepatic glucose fluxes in these animals were mirrored by concomi-
tant changes in glycogenolysis (D) but not gluconeogenesis (C). (E) 
Peripheral (i.v.) infusion of resistin increased the hepatic expression 
of G6Pase message levels, which were not attenuated by central Rs 
Ab administration as assayed by real-time RT-PCR. Parallel changes 
in PEPCK expression levels were absent. (F) Depressed levels of 
p-AMPKα and subsequent, albeit minor, attenuation of this effect by 
central Rs Ab were apparent in the livers of i.v. resistin–treated ani-
mals compared with vehicle as analyzed by immunoblot. *P < 0.05 
compared with vehicle; #P < 0.05 compared with Con Ab.
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crucial in the effects of resistin in human pathophysiology. The 
growing evidence of a role for resistin in innate immunity pro-
vides a common basis for understanding the hypothetical func-
tion of this hormone in rodents and in humans independent of 
its point of origin (in adipocytes and monocytes/macrophages, 
respectively). It is entirely plausible that the contribution of resis-
tin within the CNS to promoting and maintaining an inflam-
matory environment, which over time leads to decreased insulin 
sensitivity, could become relevance in humans and be regarded as 
major factor in the development of insulin resistance, atheroscle-
rosis, and hyperlipidemia associated with the metabolic syndrome 
in adults with increased adiposity.

Methods
Recombinant resistin. Recombinant resistin was purified as previously 
described by Rajala et al. (18), with some modifications. In brief, the entire 
open reading frame of resistin was cloned into pFM1, which contains an 
internal ribosome entry site followed by the open reading frame of GFP, 
as previously described. Stably transfected HEK 293 T cells were FACS 
sorted for high levels of GFP expression and therefore high resistin expres-
sion. After sorting 5 times for enrichment, we established a line of cells 
capable of producing milligram quantities of recombinant protein per liter 
of media. Serum-free media was used to collect the secreted protein from 
confluent cells for 2 days. The media was then harvested, spun down to 
remove cells, and 20 mM Bis-Tris pH 6.0 used to adjust the pH to 6.0. The 
media was then filtered with a 0.22-mm filter and precipitated with 40% 
ammonium sulfate. Precipitated material was brought up in loading buf-
fer (20 mM Bis-Tris, 25 mM NaCl, pH 6.0) and run over a HiPrep 26/10 
Desalting column (GE Healthcare) to equilibrate the protein in loading 
buffer. Protein was then loaded onto a Hitrap SP HP ion exchange col-
umn (GE Healthcare), and a gradient elution was performed to 1 M NaCl.  

A single peak was apparent that was eluted between 350 and 450 mM NaCl. 
This eluate was then concentrated by centrifugation using an Amicon Ultra 
with a MW cut-off of 30 kDa (Millipore), and the resulting concentrate was 
loaded onto a HiPrep 26/10 Desalting column (GE Healthcare) to equili-
brate the protein in 1× PBS. The major peak off the ion exchange column 
contained at least 98% pure recombinant protein as judged by a Coomassie 
Blue–stained SDS-PAGE gel analysis (Invitrogen).

Animals. We housed 10-week-old male Sprague Dawley rats (Charles 
River Laboratories) in individual cages in a temperature- and light-con-
trolled (12-hour light/12-hour dark cycle) facility. Animals were stereotaxi-
cally fit with indwelling icv (coordinates from bregma: A/P +0.2 mm, D/V 
–9.0 mm) or IH (coordinates from bregma: A/P –3.3 mm, D/V –10.5 mm) 
cannulae (Plastics One Inc.) 2 weeks prior to hyperinsulinemic-euglycemic 
clamp study, followed 1 week later by intracarotid arterial and intrajugular 
venous catheterization for i.v. infusion and blood sampling, respectively. 
Animals were allowed to recover for 5 days following the final surgery.

Hyperinsulinemic-euglycemic clamp studies. For in vivo studies, rats were food 
restricted (20 g) on the night prior to experimentation. At 0 minutes, either 
an icv or IH infusion of artificial cerebrospinal fluid (aCSF) or resistin 
(wild-type or cys), or the IH infusion of resistin Ab was initiated, depend-
ing on the study. For animals that received IH anti-resistin antibodies, an 
i.v. infusion of resistin was started at 60 minutes and run continuously 
until the end of the study. A primed-continuous infusion of [3H-3]-glucose 
(New England Nuclear; 40 μCi bolus; 0.4 μCi/min) was initiated at 120 
minutes and was maintained throughout the study to assess glucose kinet-
ics. Samples for the determination of [3H]-glucose specific activity were 
obtained at 10-minute intervals. A hyperinsulinemic-euglycemic clamp 
was performed during the final 2 hours (240–360 min) of the study. In 
brief, a continuous infusion of insulin (3 mU/kg/min) and somatostatin 
(3 μg/kg/min) was administered, and a variable infusion of a 25% glucose 
solution was started and periodically adjusted to clamp and maintain the 

Figure 6
The increased expression of inflammatory genes in the liver following peripheral (i.v.) resistin infusion is ameliorated by central Rs Ab. (A) The 
increase in hepatic gene expression of key inflammatory mediators TNF-α and IL-6 in animals receiving a peripheral resistin infusion (30 μg 
total over 5 h) with central (IH) Con Ab (black bar) compared with vehicle-infused animals (white bars) was attenuated in animals receiving the 
same peripheral resistin infusion (30 μg total over 5 h) but with IH Rs Ab treatment (gray bars), blockade of central resistin signaling was unable 
to repress SOCS-3 expression. No change on IKK-β, FAS, ACCα, SCD1, or PPARγ gene expression was noticed following peripheral resistin 
infusion in either group. (B and C) Parallel to changes in hepatic gene expression, SOCS-3 protein levels as analyzed by Western blot were 
elevated following i.v. resistin infusion, with no amelioration of this effect by central Rs Ab. The decrease of hepatic STAT3 protein and p-GSK3β 
levels also remained unaffected by central resistin blockade. No changes in p–IκB-α were detected following peripheral resistin administration 
in either cohort (black and gray bars) compared with vehicle (white bars). *P < 0.05 compared with vehicle; #P < 0.05 compared with Con Ab.
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plasma glucose concentration at approximately 8 mM. Ten minutes before 
the end of the infusion studies, [U-14C]-lactate (New England Nuclear; 20 
μCi bolus; 1.0 μCi/min) was administered to determine the contribution 
of gluconeogenesis to the pool of hepatic glucose-6-phosphate. At the end 
of the infusion experiments, rats were anesthetized, animal tissues were 
freeze-clamped in situ with aluminum tongs that had been precooled in 
liquid nitrogen immediately upon sacrifice, and tissues were flash frozen 
in liquid nitrogen before storing at –80°C.

Analytical procedures. Plasma glucose was measured by glucose oxidase 
(Glucose 2 Analyzer; Beckman Coulter). Under steady-state conditions 
for plasma glucose concentration, the rate of glucose disappearance (Rd) 
equals the rate of glucose appearance (Ra). Ra was determined from the 
ratio of the infusion rate for [3H]glucose (disintegrations per minute) and 
the specific activity of plasma [3H]glucose (disintegrations per minute 
per milligram glucose) under steady-state conditions. The rate of GP was 
therefore obtained from the difference between Ra and the rate of glucose 
infusion. The hepatic [14C]PEP and [3H/14C]UDP-glucose–specific activi-
ties (UDP-glucose, uridine diphospho–glucose) were measured by HPLC, 
and the rates of PEP gluconeogenesis were calculated. The percentage of 
the hepatic glucose-6-phosphate pool directly derived from plasma glucose 
(direct pathway) was calculated as the ratio of liver [3H]UDP-glucose and 
plasma [3H-3]glucose–specific activities. Gluconeogenesis was estimated 
from the specific activities of 14C-labeled hepatic UDP-glucose (assumed 
to reflect the specific activity of hepatic glucose-6-phosphate), and hepatic 
PEP following the infusion of [U-14C]lactate and [3H-3]glucose using the 
following formula: GNG = TGO × [14C]UDP-glucose SA/[14C]PEP SA × 2 
(GNG, gluconeogenesis; SA, specific activity; TGO, total glucose output).

RNA extraction and quantitative real-time RT-PCR. Total liver RNA was 
obtained from frozen tissue (approximately 85–100 mg) using TRIzol 
reagent (Invitrogen) according to the manufacturer’s instructions. Follow-
ing treatment with DNase I (Invitrogen), purified RNA was used as tem-
plate for first-strand cDNA synthesis using SuperScript III (Invitrogen). 
Quantitative real-time RT-PCR was run using LC-Fast Start DNA SYBR 
Green I chemistry (Roche Diagnostics) on a LightCycler 2.0 platform 
(Roche Diagnostics). Forward and reverse primer pairs were as listed in 
Supplemental Table 3.

Western blot analyses. Liver tissues were homogenized in 20 mM Mops,  
2 mM EGTA, 5 mM EDTA, 30 mM sodium fluoride, 40 mM β-glycerophos-
phate, 10 mM sodium pyrophosphate, 2 mM orthovanadate, 0.5% NP-40, 
Complete phosphatase inhibitor cocktail (Roche). Protein concentration 
was measured with a BCA protein quantification kit (Pierce Biotechnol-
ogy). Protein extracts were run on either Criterion XL 4%–12% (Bio-Rad) or 
4%–12% Bis-Tris NuPAGE (Invitrogen) gels and were blotted onto Immobi-
lon FL PVDF (Millipore). Immunoblots were blocked at room tempera-
ture for 1 hour in Odyssey LI-COR Blocking Buffer (LI-COR Biosciences) 
and incubated in primary Abs against p-AMPKα, AMPKα, p-Akt473, Akt,  
p-GSK3β, p–STAT3-705 (Cell Signaling Technology), SOCS-3, STAT3, IκB-α,  
p–IκB-α (Santa Cruz Biotechnology Inc.) and GAPDH (Research Diagnos-
tics Inc.) in 1:1 blocking buffer/Tris-buffered saline Tween 20 (TBST) over-

night at 4°C. Following 3 consecutive 5-minute washes in TBST (0.1%), 
blots were incubated with Alexa Fluor 680–conjugated donkey anti-goat 
IgG, Alexa Fluor 680–conjugated anti-mouse IgG (Invitrogen), or IR Dye 
800–conjugated goat anti-rabbit IgG (Rockland Immunochemicals) for  
1 hour at room temperature in blocking buffer containing 0.1% TBST and 
0.1% SDS. After 2 washes in TBST and a final wash in TBS, the blots were 
scanned using the Odyssey Infrared Imaging System (LI-COR Biosciences) 
(LI-COR Biosciences) and quantified using Odyssey 2.0 software based on 
direct fluorescence measurement.

Statistics. All values are presented as the mean ± SEM. Comparisons 
among groups were made using ANOVA followed by unpaired, nonpara-
metric 2-tailed Student’s t test. Differences were considered statistically 
significant at P < 0.05. The study protocol was reviewed and approved by 
the Institutional Animal Care and Use Committee of the Albert Einstein 
College of Medicine.
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