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Brief communication
Knockout of STAT3 in skeletal muscle does not
prevent high-fat diet-induced insulin resistance
Amanda T. White 1,2, Samuel A. LaBarge 1, Carrie E. McCurdy 3, Simon Schenk 1,2,*
ABSTRACT

Objective: Increased signal transducer and activator of transcription 3 (STAT3) signaling has been implicated in the development of skeletal
muscle insulin resistance, though its contribution, in vivo, remains to be fully defined. Therefore, the aim of this study was to determine whether
knockout of skeletal muscle STAT3 would prevent high-fat diet (HFD)-induced insulin resistance.
Methods: We used Cre-LoxP methodology to generate mice with muscle-specific knockout (KO) of STAT3 (mKO). Beginning at 10 weeks of age,
mKO mice and their wildtype/floxed (WT) littermates either continued consuming a low fat, control diet (CON; 10% of calories from fat) or were
switched to a HFD (60% of calories from fat) for 20 days. We measured body composition, energy expenditure, oral glucose tolerance and in vivo
insulin action using hyperinsulinemic-euglycemic clamps. We also measured insulin sensitivity in isolated soleus and extensor digitorum longus
muscles using the 2-deoxy-glucose (2DOG) uptake technique.
Results: STAT3 protein expression was reducedw75e100% in muscle from mKO vs. WT mice. Fat mass and body fat percentage did not differ
between WT and mKO mice on CON and were increased equally by HFD. There were also no genotype differences in energy expenditure or whole-
body fat oxidation. As determined, in vivo (hyperinsulinemic-euglycemic clamps) and ex vivo (2DOG uptake), skeletal muscle insulin sensitivity did
not differ between CON-fed mice, and was impaired similarly by HFD.
Conclusions: These results demonstrate that STAT3 activation does not underlie the development of HFD-induced skeletal muscle insulin
resistance.

� 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Insulin resistance is a common metabolic defect in obesity that is
implicated in the pathogenesis of type 2 diabetes [1,2]. Mechanisti-
cally, various cytokines secreted from obese adipose tissue, such as
leptin, adiponectin, tumor necrosis factor a (TNFa) and interleukin 6
(IL-6) have been shown to modulate peripheral insulin action [1,2].
Cytokine-mediated crosstalk with peripheral tissues occurs through
janus kinase (JAK)-signal transducer and activator of transcription
(STAT), particularly STAT3, signaling [3e6]. Specifically, interaction of
cytokines with a membrane receptor leads to activation of JAK, which
then phosphorylates cytosolic STAT3 at a key tyrosine residue (Y705)
required for STAT3 dimerization and nuclear translocation [4e6].
Nuclear STAT3 affects the transcription of various target genes,
including suppressor of cytokine signaling 3 (SOCS3) [5,6]. This is
important as SOCS3 can negatively regulate insulin signaling through
interactions with the insulin receptor (IR) and IR substrate (IRS)
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proteins, and, as a result, elevated STAT3 signaling has been impli-
cated in obesity-induced insulin resistance [3e6].
Skeletal muscle is an important tissue for post-prandial systemic
glucose disposal [7], and interventions that prevent or reverse skeletal
muscle insulin resistance in the face of obesity hold promise for the
prevention and/or treatment of type 2 diabetes (T2D). Supporting a role
for STAT3 in the pathogenesis of skeletal muscle insulin resistance in
obesity and T2D, phosphorylated (p)-STAT3 is increased in skeletal
muscle from patients with impaired glucose tolerance (IGT) or T2D [8,9].
Moreover, prolonged palmitate treatment of L6 myotubes in vitro (which
mimics the high fatty acid levels observed in obesity) led to constitutive
STAT3 activation, increased SOCS3 protein abundance and impaired
insulin-stimulated Akt signaling [9]. Importantly, STAT3 knockdown
attenuated these palmitate-induced impairments in insulin signaling [9],
as well as insulin resistance caused by chronic treatment of human
skeletal muscle myoblasts (HSMM) with IL-6 [8]. In fact, STAT3
silencing in L6 myotubes not only prevented palmitate-mediated insulin
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Brief communication
resistance but also enhanced insulin-stimulated glycogen synthesis in
both control- and palmitate-treated cells [9]. Similarly, mice with
knockout (KO) of SOCS3 in skeletal muscle are refractory to HFD-
induced insulin resistance [10]. Taken together, these studies identify
increased STAT3 activation as a possible underlying mechanism of
skeletal muscle insulin resistance in obesity and highlight the potential
of STAT3 inhibition for the treatment of insulin resistance and type 2
diabetes. Notably, however, to date mechanistic studies have only been
performed in muscle cells, in vitro, so whether these findings translate
in vivo remains to be elucidated. Thus, to address the role of STAT3 in
modulating skeletal muscle insulin action, we used Cre-LoxP method-
ology in this study to generate mice with muscle-specific KO of STAT3
(mKO). Our goal was to determine whether knocking out STAT3 would
enhance skeletal muscle insulin sensitivity and whether it would protect
against HFD-induced insulin resistance.

2. METHODS

2.1. Animals
The mKO mice were generated by crossing mice with loxP sites
flanking exon 22 of the STAT3 gene [11,12] (kindly provided by Dr.
Michael Karin, UC San Diego, and used with permission of Dr. Shizuo
Akira, Osaka University) with mice expressing Cre recombinase under
the control of the muscle creatine kinase (MCK) promoter. In this
model, an essential acetylation (K685) and phosphorylation site (Y705),
which are necessary for STAT3 activation, are deleted [11e13]. The
control/wildtype (WT) mice for all studies were floxed, Cre-negative
littermates, and all studies were conducted in male mice. Major
endpoint measurements, including ex vivo insulin-stimulated 2-
deoxyglucose glucose (2DOG) uptake, hyperinsulinemic-euglycemic
(HYP-EUG) clamps, oral glucose tolerance tests (OGTT), were per-
formed in fasted (4e6 h), 13 week old mice between 1230 and
1500 h. All tissues and blood were excised from fasted, anesthetized
mice undergoing assessment of 2DOG uptake. These tissues were
immediately rinsed in saline, and frozen in liquid nitrogen. All exper-
iments were approved by and conducted in accordance with the An-
imal Care Program at the University of California, San Diego.

2.2. Diet
At 10 weeks of age, mice were randomized to either continue control
(10% calories from fat) diet (CON) or were switched to a high-fat diet
(HFD; 60% calories from fat. Cat#D12492, Research Diets, New
Brunswick, NJ) for 20 days. Importantly, previous studies have
demonstrated that this duration (or less) of HFD increases fat mass and
causes systemic and adipose tissue inflammation and/or impaired
whole body and skeletal muscle insulin sensitivity [14e17]. To confirm
that our model resulted in systemic (n ¼ 4e8/group) and adipose
tissue (n ¼ 4/group) inflammation, in a preliminary experiment, we
placed WT mice on CON or HFD for 5 days or 3 weeks. After just 5
days, plasma IL-6 was increased w8-fold (CON: 1.1 � 0.1, HFD:
9.1 � 2.3 pg/mL, P < 0.05, n ¼ 4e8/group), and after 3 weeks
adhesion G protein-coupled receptor E1 (Adgre1; referred to as F4/80)
and Cd68 gene expression were increased in HFD vs. CON by 42% and
64%, respectively (F4/80 d CON: 1.00 � 0.09, HFD: 1.64 � 0.23,
P < 0.05; Cd68 d CON: 1.00 � 0.08, HFD: 1.42 � 0.09, P < 0.05).
Together this verifies that our model results in both systemic and
adipose tissue inflammation.

2.3. Single myofiber isolation
Excised tibialis anterior was placed in 0.9% saline and cleaned of
visible fascia, tendon, and fat using a Leica EZ4 dissection microscope
570 MOLECULAR METABOLISM 4 (2015) 569e575 � 2015 The Authors. Published by Elsevier GmbH. T
(Leica Microsystems, Germany). Individual myofibers were mechani-
cally separated using forceps, and approximately 25 myofibers were
placed directly into 1X Laemmli sample buffer (LSB), boiled for 5 min at
100 �C, and frozen at �80 �C for immunoblotting analysis.

2.4. 2DOG uptake
Basal and insulin-stimulated (0.36 nmol/L) 2DOG uptake was
measured in isolated, paired soleus and extensor digitorum longus
(EDL) muscles as previously described [18e20].

2.5. In vivo IL-6 injection
In anaesthetized WT and mKO mice, one gastrocnemius (GA) was
dissected and the inferior vena cava was exposed. Mice were then
injected with 55 mg/kg of IL-6 (rM-IL-6, Cat#200e02, Shenandoah
Biotechnology), in order to activate STAT3. At 10 min after the IL-6
injection, the contralateral GA was dissected. Immediately after
dissection, the GA muscles were rinsed in saline, blotted dry and
frozen in liquid nitrogen for subsequent analysis.

2.6. Immunoblotting
Tissues were homogenized and immunoblotting was performed by
SDS-PAGE, as described previously [18e20]. The following anti-
bodies were used: STAT3 (Cat# 9132) and phosphorylated STAT3
(pSTAT3: Cat# 9138) from Cell Signaling Technology; glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; 10R-G109a) from Fitzgerald
Industries and actin (sc-10731) from Santa Cruz Biotechnology.
Nuclear and cytosolic fractions were isolated using a commercially
available kit (78835: NE-PER; Thermo Scientific) with the addition of
the COMPLETE protease inhibitor mixture (11697498001; Roche
Applied Science).

2.7. Oral glucose tolerance test (OGTT)
After 15e17 days on diet, 4 h-fasted mice were orally gavaged with
5 g/kg dextrose. Blood glucose concentration was measured by tail
vein at 0, 20, 40, 60, 80 and 120 min after gavage.

2.8. Hyperinsulinemic-euglycemic (HYP-EUG) clamps
Studies were conducted in chronically cannulated, conscious, fasted
(6 h) mice as previously described [18]. During the clamp, insulin
(Humulin R, Eli Lilly and Company) was infused at a rate of 4 mU/kg/
min. [3-3H] D-glucose (5 Ci/h; PerkinElmer) was co-infused for
calculation of hepatic glucose production (HGP) and glucose disposal.
The insulin-stimulated glucose disposal rate (IS-GDR; glucose disposal
during clamp minus basal glucose disposal) was used as an index of
skeletal muscle insulin sensitivity. Blood glucose concentration was
clamped at 125 mg/dL.

2.9. Energy expenditure and body composition
Energy expenditure (EE), respiratory exchange ratio (RER), and spon-
taneous activity were measured by the CLAMS system, and body
composition was assessed by magnetic resonance imaging, as
described previously [19,20]. All measurements were madew18 days
after the start of dietary intervention.

2.10. Plasma hormone concentrations
Leptin, IL-6 and resistin were assessed using the Milliplex mouse
adipokine assay (Millipore, Billerica, MA), and insulin was measured by
ELISA (Alpco Diagnostics). For this analysis, whole blood was collected
from the inferior vena cava of fasted, anesthetized mice, placed in a
tube with EDTA, and centrifuged at 5,000 g at 4 �C for 5 min. The
plasma was frozen at �80 �C for subsequent analysis.
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: mKO mice have decreased STAT3 protein expression in skeletal muscle: (A)
PCR on genomic DNA from skeletal muscle (gastrocnemius [GA], soleus [SOL] and
extensor digitorum longus [EDL]), adipose tissue (AT) and liver of WT and mKO (mKO)
mice. Primers target a region within exon 20 of the STAT3 gene (Lane #1), which is
present in all tissues (black arrow), or a region that spans exons 20e22 (Lane #2) and
thus only prime when the floxed region is deleted (green arrow, note: band only in
skeletal muscle from mKO mice). (B) Total STAT3 protein abundance measured in
whole-cell lysates (WCL) of SOL, EDL and liver from WT and mKO mice. (C) Total STAT3
protein abundance in myofibers isolated from the tibialis anterior. (D) Activation of
STAT3, as measured by pSTAT3, in WCL from gastrocnemius from mice before (�) and
10 min after (þ) intravenous injection with IL-6 (55 mg/kg). (E) Total STAT3 protein
abundance in nuclear (nuc) and cytosolic (cyto) fractions of GA muscle.
2.11. PCR and qPCR
To validate excision of exon 22 in the mKO, genomic DNA was isolated
from skeletal muscle (soleus, EDL and gastrocnemius [GA]), epidid-
ymal adipose tissue and liver. A standard PCR protocol was then used
on a Bio-Rad MyCycler thermal cycler and products were run on a 2%
agarose gel and visualized. The primers used have been described by
others [11]. qPCR analysis was conducted, using Gapdh as a house-
keeping gene, as previously described [18e20]. Primers used were:
Cd68 50-ACCGCTTATAGCCCAAGGAACAGA-30 and 30-AAGTGC-
TACTGTGGATGTCGGTGT-5’; Adgre1 (adhesion G protein-coupled re-
ceptor E1; referred to as F4/80) 50-CTCAAGGACACGAGGTTGCT-30 and
30-AGTGACAGACGAGTTGGCAG-5’.

2.12. Statistics
Statistical analyses were performed using SPSS, with significance set at
p < 0.05. Data were analyzed by two or three-way ANOVA with
repeated measures when necessary, followed by Tukey’s post-hoc
analysis. For HGP and the 2DOG uptake, main effects were diet, ge-
notype, and treatment (basal vs. insulin). Once a significant effect for
treatment was found, data were separated and a two-way ANOVA within
basal and within insulin/clamp was performed. For EE data, a three-way
ANOVA was performed for the main effects diet, genotype, and time
(light vs. dark). Where there was a significant effect of time, data were
analyzed by two-way ANOVA within light and within dark. STAT3 protein
abundance, plasma hormone concentrations, OGTT AUC, GIR, IS-GDR,
percent suppression of HGP and blood glucose during the final
30 min of the HYP-EUG clamp were analyzed by two-way ANOVA fol-
lowed by Tukey’s post-hoc analysis, where applicable. For the OGTT, a
two-way ANOVA (diet and genotype) was used to compare blood
glucose levels within each time point, followed by Tukey’s post-hoc
analysis. For non-diet-based comparisons between WT and mKO
mice (e.g., STAT3 abundance, pSTAT3, gene expression), an unpaired t-
test was used. All data are expressed as mean � SEM.

3. RESULTS

3.1. Mouse model
Measurements in genomic DNA demonstrate that exon 22 of the STAT3
gene was efficiently deleted in various skeletal muscles of mKO vs. WT
mice, but this deletion did not occur in liver or epididymal fat (Figure 1A).
These genomic DNA data are complimented by muscle-specific
knockdown (w75%) of STAT3 protein in whole-cell lysate from mKO
vs. WT mice (Figure 1B). One issue with assessing STAT3 abundance in
whole muscle is that there are a number of different cell types, other
than mature myofibers, that make up skeletal muscle. Accordingly, to
confirm STAT3 was knocked out in mature myofibers, we measured
STAT3 in isolated myofibers, which demonstrated essentially w100%
knockdown of STAT3 (Figure 1C). In addition, to verify functional KO of
STAT3 in mKO mice, we measured in vivo activation of STAT3 in
response to IL-6. Importantly, while IL-6 stimulation increased pSTAT3
in WT mice byw6-fold, in mKO mice there was no induction of pSTAT3
(Figure 1D). Complementing the single fiber studies, there was w90%
knockdown of total STAT3 protein in the cytosolic and nuclear fractions,
with no effect of diet in these fractions (Figure 1D). Altogether, these
data validate that STAT3 signaling was significantly reduced in mKO vs.
WT muscle and supports the use of the mKO mouse to study the role of
STAT3 in the regulation of muscle insulin action with HFD feeding.

3.2. Body mass and energy expenditure
Fat mass and percent body fat were significantly increased after 20
days of HFD feeding in both WT and mKO mice, although there was no
MOLECULAR METABOLISM 4 (2015) 569e575 � 2015 The Authors. Published by Elsevier GmbH. This is an
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effect on total body weight (Figure 2AeB). In line with these data,
epididymal fat pad mass was significantly higher in HFD-fed mice, but
there was no effect of diet or genotype on gastrocnemius or tibialis
anterior muscle mass, liver mass, or heart mass (Table 1). Caloric
intake was increased for both WT and mKO mice on HFD, largely
resulting from increased feeding during the light phase (Figure 2C).
Spontaneous activity, as measured by all beam breaks on the x-axis (x-
total), was increased during the dark phase as compared with the light
phase but was not significantly affected by genotype or diet
(Figure 2D). _VO2 was higher during the dark vs. the light phase but was
unaffected by diet or genotype (Figure 2E). RER was decreased equally
by HFD, as compared with CON, in both WT and mKO mice (Figure 2F).

3.3. Plasma hormone concentrations and oral glucose tolerance
HFD increased plasma leptin and resistin concentrations were
increased by w2e3 fold and w70e130%, respectively, with no
difference between genotypes (Table 2). While fasting blood glucose
concentrations were not different between groups (Figure 3A), HFD
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 571
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Figure 2: HFD feeding increases body fat and decreases respiratory exchange ratio (RER) in WT and mKO mice. WT and mKO mice were fed a CON or HFD for 20 d. (A) Body mass,
lean mass, fat mass, and (B) percent body fat, as measured by MRI. n ¼ 14e23/group. *, p < 0.05 vs. CON. (CeF) Food intake, energy expenditure, and spontaneous activity
measurements were made using the CLAMS system over 3 consecutive days and averages for the light and dark cycles on days 2 and 3 are presented. (C) Cumulative food intake.
(D) Total (x-total) activity was measured as all beam breaks on the horizontal axis. (E) _VO2 and (F) RER were measured by indirect calorimetry. n ¼ 6/group. *, p < 0.05 vs. CON.
Data reported as mean � SEM.

Brief communication
feeding did cause fasting hyperinsulinemia (Table 2). Blood glucose
concentrations during an OGTT were significantly higher in HFD-vs.
CON-fed mice, but there was no effect of genotype (Figure 3A).
Accordingly, the area under the curve for the OGTT wasw30% higher
in HFD-fed vs. CON-fed mice (WT-CON: 23032 � 789, WT-HFD:
28187 � 786, mKO-CON: 21528 � 814, mKO-HFD:
27442 � 1144 mg min/dL, p < 0.05, n ¼ 6e10/group).

3.4. HYP-EUG clamps
In support of the OGTT data, the glucose infusion rate (GIR) during a
HYP-EUG clamp was impaired w40% in HFD-vs. control-fed mice.
(Figure 3C). This impairment was due to reduced liver and skeletal
muscle insulin sensitivity. Thus, HGP during the clamp was higher in
HFD mice (Figure 3D), resulting in a 35e45% lower percentage
suppression of hepatic glucose production during the clamp
(Figure 3E). In addition, while skeletal muscle insulin sensitivity, as
measured by the IS-GDR, was reduced by w40% in WT-HFD mice,
this reduction was not prevented in mKO mice. Average blood glucose
concentration during the final 30 min of the clamp was not different
between groups (WT-CON: 124 � 2, WT-HFD: 128 � 2, mKO-CON:
127 � 1, mKO-HFD: 125 � 1 mg/dL, P > 0.05).

3.5. Skeletal muscle insulin sensitivity
Basal and insulin 2DOG uptake was decreased similarly by HFD as
compared to CON in both WT and mKO mice in soleus (Figure 4A) and
Table 1 e Tissue mass (mg).

WT-CON WT-HFD mKO-CON mKO-HFD

Gastrocnemius 120 � 3 123 � 3 123 � 3 122 � 4
Tibialis anterior 43 � 1 45 � 1 45 � 1 45 � 1
Epididymal fat 327 � 25 527 � 41* 288 � 17 621 � 51*
Liver 1,192 � 37 1,011 � 32 1,170 � 57 1,066 � 30
Heart 122 � 3 132 � 4 126 � 3 136 � 4

Tissues were weighed to the nearest mg. n ¼ 19e24/group. *, p < 0.05 vs. control
(CON) diet.
Data reported as mean � SEM.
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EDL muscles (Figure 4B). Similar to in vivo findings from the HYP-EUG
clamp, insulin-stimulated 2DOG uptake (i.e., insulin 2DOG e basal
2DOG) in soleus and EDL muscles did not differ between WT and mKO
mice on CON diet (Figure 4C). Moreover, insulin-stimulated 2DOG
uptake was significantly decreased by HFD as compared to CON, but
there was no effect of STAT3 knockout on this impairment (Figure 4C).

4. DISCUSSION

STAT3 has been proposed to be a regulator of insulin resistance in
obese and insulin-resistant states largely due to the fact that it is
activated by adipocytokines, such as IL-6 and leptin, which are
increased by nutrient overload and inflammation, [3e6]. Herein, we
generated mice with muscle-specific knockout of STAT3 in order to
investigate the mechanistic role of STAT3 in the pathophysiology of
skeletal muscle insulin resistance in vivo. Interestingly, our results
demonstrate that knockout of STAT3 does not enhance skeletal muscle
insulin sensitivity in CON-fed mice, nor does it prevent HFD-induced
impairments in glucose tolerance or insulin sensitivity.
Constitutive STAT3 activation has been implicated in the etiology of
skeletal muscle insulin resistance. Phosphorylated STAT3 (pSTAT3),
which is a marker of its activation, is increased in skeletal muscle from
patients with impaired glucose tolerance and T2D as compared to
healthy controls [8,9]. In mice, IL-6 infusion impairs activation of insulin
signaling and skeletal muscle glucose uptake during a HYP-EUG clamp
[21]. In L6 myotubes, palmitate treatment, which is used to mimic the
high fatty acid levels common to obesity and T2D, increases STAT3
activation and reduces insulin-stimulated Akt activation and glycogen
Table 2 e Plasma concentrations (pg/mL).

WT-CON WT-HFD mKO-CON mKO-HFD

Leptin 1351 � 436 4182 � 1003* 938 � 164 3974 � 699*
Resistin 2003 � 94 3380 � 254* 1481 � 223 3382 � 427*
Insulin 496 � 128 1,094 � 122* 672 � 112 1,159 � 142*

n ¼ 4e11/group. *, p < 0.05 vs. control (CON) diet. Data reported as mean � SEM.
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Figure 3: HFD-induced impairments in glucose tolerance or in vivo insulin action are similar in mKO and WT mice. WT and mKO mice were fed a CON or HFD for 20 days. (A) Blood
glucose concentrations and (B) area under the curve (AUC) during an oral glucose tolerance test (OGTT; 5 g/kg). n ¼ 6e15/group. *, p < 0.05 vs. CON. (C) Glucose infusion rate
(GIR), (D) hepatic glucose production (HGP; basal and insulin-stimulated [clamp]), (E) percent suppression of HGP, and (F) insulin-stimulated glucose disposal rate (IS-GDR) during a
HYP-EUG clamp. n ¼ 7e10/group. *, p < 0.05 vs. CON. Data reported as mean � SEM.
synthesis [9]. This effect is STAT3-dependent, as siRNA against STAT3
attenuated these changes [9]. Similarly, in human skeletal muscle
myoblasts, impaired Akt signaling and insulin-stimulated glucose up-
take resulting from IL-6 treatment is reversed by STAT3 siRNA treat-
ment [8]. Interestingly, STAT3 knockdown in control-treated L6
myotubes [9], but not in cultured human muscle myotubes [8], also
improved insulin-mediated Akt activation and glycogen synthesis. While
these studies suggest a causative role for STAT3 in skeletal muscle
insulin resistance, this perspective is not universal. For example, STAT3
activation by IL-6 treatment did not reduce insulin stimulation of Akt-
AS160 in human skeletal muscle strips [22] or insulin signaling or
GLUT4 translocation and glucose uptake in L6 myotubes [23]. In fact,
treatment of C2C12 myotubes with a selective alpha-7 nicotinic receptor
agonist, PNU-282987, increases insulin-stimulated glucose uptake in a
STAT3-dependent manner [24]. Moreover, reduced IL-6-induced acti-
vation of STAT3 in skeletal muscle cells from T2D subjects is thought to
contribute to impaired insulin sensitivity in these patients, rather than
cause their insulin resistance [25]. From these studies it is clear that
there is debate as to whether STAT3 plays a causative role in skeletal
muscle insulin resistance, which in the present study we sought to
clarify by studying the mKO mouse. From our results it can be concluded
that STAT3 is not a significant contributor to skeletal muscle insulin
sensitivity in CON-fed mice, and that it does not contribute to the
pathogenesis of insulin resistance caused by 3 weeks of HFD feeding.
Figure 4: STAT3 knockout in muscle does not protect against HFD-induced impairments
days. Basal and insulin (60 mU/mL) 2-deoxyglucose (2DOG) uptake in paired (A) soleus an
basal 2DOG uptake) in isolated soleus and EDL muscles. n ¼ 6e15/group. *, p < 0.05

MOLECULAR METABOLISM 4 (2015) 569e575 � 2015 The Authors. Published by Elsevier GmbH. This is an
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Increased body weight, fat mass, and percent body fat have been
observed in mice with constitutive activation of STAT3 in POMC neu-
rons along with increased food intake [26], suggesting that modulation
of STAT3 activity may alter whole body energy metabolism. However,
the effects of STAT3 modulation in neurons may reflect the central role
of STAT3 (e.g., in leptin signaling [27]), and peripheral STAT3 may play
a separate role in energy homeostasis. For example, aP2-driven
knockout of STAT3 in adipose tissue did not alter food intake or en-
ergy expenditure, but increased body weight and adiposity in this
model were noted and thought to be due to impairments in leptin
signaling [28]. In the present study, we observed no differences in
body weight, fat mass, percent body fat, or food intake in mKO vs. WT
mice on CON, and HFD increased these parameters equally for both
genotypes with no overall increase in body weight. Considering the
emerging role of STAT3 in mitochondrial bioenergetics [29e32], we
thought it possible that modulation of STAT3 in skeletal muscle could
impact whole body energy metabolism. However, we did not observe
any effects of muscle-specific STAT3 knockout on _VO2 or RER, sug-
gesting that skeletal muscle STAT3 is not a major regulator of whole
body energy homeostasis.
Despite the potential of STAT3 inhibition to ameliorate insulin resis-
tance in cell models [8,9,33], STAT3 has been implicated as a positive
mediator of glucose homeostasis through inhibition of gluconeogenic
genes in the liver [24,34e36]. For example, STAT3 knockout in the
in skeletal muscle insulin sensitivity. WT and mKO mice were fed a CON or HFD for 20
d (B) EDL muscles. (C) Insulin-stimulated 2DOGU (calculated as insulin 2DOG uptake e
vs. CON. Data reported as mean � SEM.

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 573

http://creativecommons.org/licenses/by-nc-nd/4.�0/
http://www.molecularmetabolism.com


Brief communication
liver increases blood glucose and plasma insulin concentrations and
impairs glucose tolerance [24,34,35]. Similarly, combined knockout of
STAT3 in the hypothalamus and pancreatic b cells increases body
weight, plasma glucose and insulin concentrations, and impairs
glucose tolerance [37]. In contrast, we found no effect of STAT3 on
blood glucose concentration, glucose tolerance or body weight. Taken
together, these results suggest that the role of STAT3 in the modulation
of whole-body glucose homeostasis is tissue-specific, and that skel-
etal muscle STAT3 is not an important contributor.
A possible limitation of our study is that our HFD feeding protocol was
for 3 weeks and may not have been sufficient to induce overt
inflammation. However, we found that up to 3 weeks HFD increased %
body fat, epididymal fat mass, adipose tissue (i.e., F4/80 and Cd68)
and systemic markers of inflammation (i.e., resistin, IL-6). This is in
line with previous studies that found that as little as 3 days [14,16,17]
of HFD, and certainly 1e3 weeks, increases pro-inflammatory
macrophage infiltration of epididymal fat as measured by flow
cytometry and gene expression analysis [14,38]. However, in a recent
study, gene expression markers of inflammation were not increased
after 3 weeks of HFD despite impairments in muscle insulin action
[15]. Furthermore, the w33e50% impairment of skeletal muscle
insulin sensitivity that we observed is comparable to previous studies
using a 3 week HFD model [14,15]. Thus, overall, we are confident that
our model appropriately addresses the contribution of skeletal muscle
STAT3 to HFD- and inflammation-induced insulin resistance.

5. CONCLUSION

In conclusion, we investigated whether muscle-specific knockout of
STAT3 enhances insulin sensitivity, whole body energy homeostasis,
or glucose tolerance. As inhibition of STAT3 activity has been observed
to reverse the detrimental effects of palmitate and cytokines on insulin
signaling, we employed a HFD mouse model to determine whether
muscle-specific STAT3 knockout prevents HFD-induced insulin resis-
tance. Overall, we found that knockout of STAT3 in skeletal muscle
does not improve sensitivity in CON-fed mice or ameliorate the detri-
mental effects of HFD feeding on insulin sensitivity, glucose tolerance,
or body composition. Thus, inhibition of skeletal muscle STAT3 does
not appear to be a promising approach for modulating skeletal muscle
insulin action.
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