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Abstract

Aims/hypothesis 1L-6 is a proinflammatory cytokine associ-
ated with the pathogenesis of hepatic diseases. Metformin is
an anti-diabetic drug used for the treatment of type 2 diabetes,
and orphan nuclear receptor small heterodimer partner (SHP,
also known as NROB2), a transcriptional co-repressor, plays
an important role in maintaining metabolic homeostasis. Here,
we demonstrate that metformin-mediated activation of AMP-
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activated protein kinase (AMPK) increases SHP protein pro-
duction and regulates IL-6-induced hepatic insulin resistance.
Methods We investigated metformin-mediated SHP produc-
tion improved insulin resistance through the regulation of an
IL-6-dependent pathway (involving signal transducer and
activator of transcription 3 [STAT3] and suppressor of cy-
tokine signalling 3 [SOCS3]) in both S%p knockdown and
Shp null mice.

Results 1L-6-induced STAT3 transactivation and SOCS3
production were significantly repressed by metformin, ade-
noviral constitutively active AMPK (Ad-CA-AMPK), and
adenoviral SHP (Ad-SHP), but not in S/ip knockdown, or with
the adenoviral dominant negative form of AMPK (Ad-DN-
AMPK). Chromatin immunoprecipitation (ChIP), co-
immunoprecipitation (Co-IP) and protein localisation studies
showed that SHP inhibits DNA binding of STAT3 on the
Socs3 gene promoter via interaction and colocalisation within
the nucleus. Upregulation of inflammatory genes and down-
regulation of hepatic insulin signalling by acute IL-6 treatment
were observed in wild-type mice but not in S/p null mice.
Finally, chronic IL-6 exposure caused hepatic insulin resis-
tance, leading to impaired insulin tolerance and elevated glu-
coneogenesis, and these phenomena were aggravated in Shp
null mice.

Conclusions/interpretation Our results demonstrate that
SHP upregulation by metformin may prevent hepatic disor-
ders by regulating the IL-6-dependent pathway, and that this
pathway can help to ameliorate the pathogenesis of
cytokine-mediated metabolic dysfunction.

Keywords AMP-activated protein kinase - Insulin
resistance - Insulin sensitivity - Interleukin-6 - Metformin -
Nr0b2 - Shp - Small heterodimer partner
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Abbreviations
Ad-CA-Ampk Adenoviral constitutively active Ampk
Ad-DN-Ampk  Adenoviral dominant negative Ampk

Ad-si Shp Adenoviral siRNA Sip

AMPK AMP-activated protein kinase

ChIP Chromatin immunoprecipitation

Co-IP Co-immunoprecipitation

DBD DNA binding domain

GST Glutathione S-transferase

HGF Hepatocyte growth factor

JAK2 Janus kinase 2

KRIBB Korea Research Institute of Bioscience
and Biotechnology

MOI Multiplicity of infection

SHP Small heterodimer partner

siRNA Small interfering RNA

SOCS3 Suppressor of cytokine signalling 3

STAT3 Signal transducer and activator of
transcription 3

WT Wild-type

Introduction

Proinflammatory cytokines, including IL-1, IL-6 and TNF-
«, are associated with insulin resistance and metabolic syn-
dromes, including obesity, type 2 diabetes and dyslipidae-
mia [1]. The proinflammatory cytokine IL-6 is a well-
known regulator of the acute phase reaction in response to
hepatotoxins such as alcohol and other pathophysiological
changes resulting from obesity-related insulin resistance [2].
IL-6 has been identified as a predictor or pathogenic marker
of hepatic diseases and also activates a family of proteins
known as suppressors of cytokine signalling 3 (SOCS3) via
the phosphorylation of Janus kinase 2 (JAK2) and signal
transducer and activator of transcription 3 (STAT3) [1, 3].
IL-6-induced SOCS3 protein production inhibits hepatic
insulin signalling via several mechanisms, including the
direct blockage of the insulin receptor and insulin receptor
substrate-1,2 (IRS-1,2) activation and degradation [3—6].
Several studies have shown that IL-6 administration
increases whole-body insulin sensitivity in rodent models,
and overexpression of human IL-6 promotes energy expen-
diture or systemic insulin sensitivity in a diet-induced obe-
sity mouse model [7, 8]. While these findings demonstrate a
positive role for IL-6 in insulin resistance, other groups have
shown that IL-6 causes a deterioration of insulin resistance,
leading to elevated blood glucose levels, hepatic glucose
production and impaired insulin tolerance under both in
vitro and in vivo conditions [9-11]. Therefore, the physio-
logical role of IL-6 in the aetiology of insulin resistance
remains controversial.

Metformin, a glucose-lowering agent, reduces hepatic
glucose production, hepatic triacylglycerol and NEFA levels
in obese mice, and also ameliorates hyperglycaemia [12,
13]. Metformin also increases insulin sensitivity via upre-
gulation of insulin signalling through insulin receptor and
IRS-1,2 phosphorylation [14]. We have recently shown that
metformin and fenofibrate inhibit hepatic gluconeogenic
genes and the fibrotic marker gene, plasminogen activator
inhibitor-1 (Pai-1, also known as Serpinel) via activation of
AMP-activated protein kinase (AMPK) in the liver [15, 16].
AMPK is a major intracellular energy sensor and a master
regulator of glucose and lipid homeostasis [13, 17]. AMPK
is activated by a variety of physiological processes, including
the intracellular AMP/ATP ratio, physiological stresses, and
the activity of certain pharmacological agents [17].

The small heterodimer partner (SHP, also known as
NROB2) is an atypical orphan nuclear receptor, which func-
tions as a transcriptional co-regulator by directly interacting
with other nuclear receptors and/or transcription factors [15,
18, 19]. SHP regulates the transcription of target genes
involved in a variety of metabolic pathways and plays a
pivotal role in the maintenance of metabolic homeostasis,
including glucose, lipid and bile acid metabolism [19]. Our
previous studies demonstrated that SHP production is in-
duced by pharmacological agents, such as AMPK activa-
tors, that suppress hepatic metabolic disorders [15, 16].
However, the effects of AMPK activators on SHP protein
production and their subsequent role in improving the proin-
flammatory cytokine-mediated dysfunctions of hepatic in-
sulin resistance have yet to be clearly elucidated.

The present study has identified the effect of acute and
chronic IL-6 treatment on hepatic insulin resistance and
demonstrated that the induction of SHP by metformin amel-
iorates hepatic insulin resistance via downregulation of the
IL-6-dependent pathway under both in vivo and in vitro
conditions. The results of our current study suggest that
the regulation of SHP by AMPK activators may provide a
novel pathway that can improve the pathological progres-
sion of hepatic disorders through cytokines, as well as a
potential therapeutic strategy for the prevention of cytokine-
mediated metabolic dysfunction.

Methods

Animal experiments C57BL/6J (WT) and congenic Shp null
mice (B6.129/Sv-Shp™') were used for the experiments as
previously described [16]. At the end of the specified treat-
ment/feeding periods, mice were killed with CO,, and the
liver tissues were collected. As for IL-6 and/or insulin
stimulation experiment, both WT and Sip null mice at
12 weeks of age (Korea Research Institute of Bioscience
and Biotechnology [KRIBB], Daejeon, Republic of Korea)
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were treated with oral metformin (200 mg/kg), and injected
intraperitoneally with recombinant human IL-6 (1 pg/kg)
after 6 h. The mice were then treated with insulin (1 U/kg)
1 h after the IL-6 injection. Finally, 20 min after insulin
treatment, the mice were killed and their liver tissues were
collected as described above. For chronic IL-6 treatment,
IL-6 was intraperitoneally injected into mice at a daily dose
of 2 ng/kg body weight. After 2 weeks of exposure, the
mice were killed, and liver tissues and blood samples were
collected as described above. Plasma glucose levels and
insulin concentrations were measured by Glucostix Accu-
Check (Roche Diagnostics, Mannheim, Germany) and
Mouse Insulin ELISA (ALPCO Diagnostics, Salem, NH,
USA), respectively, in accordance with the recommended
protocols. All animal studies and protocols were approved
and carried out by the Institutional Animal Use and Care
Committee (IAUCC) of KRIBB.

Metabolic variables Plasma glucose was measured using a
glucometer (Roche) in blood collected from the tail of mice
as previously described [15, 20]. For the insulin tolerance
test, mice fasted for 4 h were administered intraperitoneally
with insulin (0.5 U/kg), and glucose concentrations were
measured at 0, 15, 30, 60, 90 and 120 min. For the glucose
tolerance test, a single dose of 2.5 pg/kg glucose was
injected intraperitoneally after 14 h fasting. Blood glucose
was measured under the same conditions.

Materials and methods Information on the materials and
methods used in this study is shown in the electronic
supplementary material (ESM) Methods section.

Statistical analysis Data are expressed as means=SEM.
Analysis of variance was used to determine significant differ-
ences, via Student’s ¢ tests and/or ANOVA. Values of p<0.05
were considered to be statistically significant.

Results

Metformin inhibits IL-6-mediated STAT3 transactivation
through induction of an SHP-dependent pathway As
reported previously, several AMPK activators (metformin,
fenofibrate, hepatocyte growth factor [HGF] and sodium
arsenite [NaArs]) have a significant effect on the upregula-
tion of SHP production both in vivo and in vitro [15, 16, 21,
22]. Therefore, we tested whether the induction of SHP by
metformin regulates the inhibition of the IL-6-mediated
signalling pathway in primary hepatocytes. In primary rat
hepatocytes, IL-6-induced STAT3 phosphorylation at
Tyr705 was significantly repressed individually through
metformin-induced SHP protein production via the activa-
tion of AMPK and the adenoviral overexpression of Shp

@ Springer

(Ad-Shp) in a dose-dependent manner (Fig. 1a, b). To test
whether metformin or SHP regulates Star3 gene promoter
activity, we performed transient transfection assays using a
reporter gene containing multiple STAT3 binding sites
(m67-Luc). The promoter activity increased by IL-6 or
JAK2/STAT3 was reduced significantly by metformin and
SHP in a dose-dependent manner (Fig. lc, d). To confirm
that the induction of SHP by metformin regulates IL-6-
stimulated STAT3 transactivity, we evaluated the effect of
SHP on IL-6-induced SOCS3 protein production in primary
hepatocytes. Metformin significantly repressed IL-6-
induced STAT3 transactivation and SOCS3 abundance
through upregulation of SHP, whereas endogenous knock-
down of Shp with adenoviral siRNA Shp (Ad-si Shp) or
oligonucleotide siRNA Shp (si Shp) rescued the effect
(Fig. le, f). Overall, these results demonstrate that metfor-
min has an important effect on the downregulation of the IL-
6-mediated signal pathway via the induction of SHP
production.

AMPK inhibits IL-6-mediated Socs3 mRNA expression via
the induction of Shp To determine whether AMPK-
mediated expression of Shp is involved in the regulation of
Socs3 mRNA expression, we assessed the effects of AMPK
and SHP using northern blot analysis. We demonstrated
previously that AMPK induces Shp mRNA expression un-
der both in vivo and in vitro conditions but not with the
dominant negative form of Ampk (DN-Ampk) [15, 16, 21, 22].
As expected, overexpression of Ampk using an adenoviral
constitutively active form of Ampk (Ad-CA-Ampk) signifi-
cantly increased Shp mRNA expression in primary hepato-
cytes (Fig. 2a), whereas overexpression using Ad-DN-Ampk
did not (Fig. 2¢). IL-6-stimulated Socs3 mRNA levels were
reduced markedly by Ad-CA-Ampk or Ad-Shp in a dose-
dependent manner (Fig. 2a, b). Metformin decreased the in-
duction of Socs3 mRNA levels by IL-6, whereas Ad-DN-
Ampk and Ad-si Shp reversed the metformin-mediated inhibi-
tion of IL-6-induced Socs3 mRNA levels relative to controls
(Fig. 2c, d). Overall, these results demonstrate that IL-6-
mediated Socs3 mRNA expression is suppressed by the
AMPK-SHP-dependent pathway.

Metformin inhibits IL-6-mediated STAT3 occupancy on the
Socs3 gene promoter through induction of SHP To confirm
whether metformin, AMPK and SHP regulate the transcrip-
tional activity of Socs3, we performed transient transfection
assays using a reporter harbouring the Socs3 gene promoter
in HepG?2 cells. The increase in Socs3 promoter activity by
IL-6 was markedly repressed by metformin, CA-Ampk and
Shp in a dose-dependent manner but not by DN-Ampk
(Fig. 3a) or Shp knockdown (Fig. 3b). Overall, these results
demonstrate that IL-6-induced Socs3 promoter activity is
repressed by the AMPK—SHP pathway. Previous reports



Diabetologia (2012) 55:1482-1494

1485

a
IL-6 (20 ng/ml) - + + -
Met (2 mmol/l) - - + +
P-AMPK - -
AMPK |wn w =
SHP - —
P-STAT3
C
10
2 *
s 8
& 6
ke]
S 4 T
= t
2
0
IL-6 (20 ng/ml) — - — + + + + +
Met (mmol/l) 2 052
SHP (100 ng) 2 12
e
IL-6 (20 ng/ml) -+ + + - 4+ o+ o+
Met (mmol/l) - - 052 _ 052
Ad-Scram (60 MOl) + + + + - - -
Ad-si Shp (BOMOI) - - — - + + + +
SHP | __" |
P-STATS [ wm v we|[— = = wm]

STAT3 |- -— -—l |\-'—‘ -l

socss |

b
IL-6 (20 ng/ml) -
Ad-SHP (MOI) -

SHP

+ o+ o+
- 30 60

P-STAT3
STAT3

B-Actin

Fold activity

0
TEL-JAK2 -
STAT3 -
Met (mmol/l)
SHP (100 ng) 2 12

I+
|
|

+ 1
+ o+
+ o+
+ o+
+ +

N
ol
o
N+ o+

Fold activity

w

0
IL-6(20ng/ml) — + + + — + + + — + + +

BActin ] (a——

Fig. 1 Metformin inhibits IL-6-induced STAT3 transactivation in rat
primary hepatocytes. a, b Rat primary hepatocytes were cultured under
serum-free conditions for 24 h. After 12 h of pretreatment with met-
formin (Met, a), the cells were treated with IL-6 for 30 min at the
indicated dose (20 ng/ml). Rat primary hepatocytes were infected with
Ad-Shp (b) at a multiplicity of infection (MOI) of 30 or 60 for 36 h.
After 36 h of infection, the cells were treated with IL-6 (20 ng/ml).
Whole cell extracts (40 pg/lane) were assessed by western blot analysis
with the indicated antibodies and then normalised to an internal control
(-actin and/or total forms [non-phosphorylated proteins]). ¢, d HepG2
cells were transiently cotransfected with the m67-Luc reporter gene and
Shp or Tel-Jak2 (100 ng) or Stat3 (100 ng) or in combination, and
treated for 1 h with IL-6 (20 ng/ml) in cells either non-pretreated or
pretreated with metformin for 12 h. Luciferase activity was normalised
to -galactosidase activity to correct for variations in transfection
efficiency. "p<0.05 compared with untreated control, Tp<0.05 com-
pared with IL-6-treated or 7el-Jak2 and Stat3 cotransfected cells. e Rat

suggest that the =72 and —64 bp proximal STAT consensus
element (TTCCAGGAA) is essential for cytokine- and
growth hormone-induced SOCS3 transactivation [23, 24].
As expected, our results demonstrated that IL-6-activated

Met (mmol/l) 0.52 052 052
si Scram + 4+ + +
si Shp + 4+ + +

primary hepatocytes were infected with 60 MOI of GFP-tagged Ad-si
Shp for 36 h. After infection with Ad-si Shp, the cells were treated with
IL-6 (20 ng/ml) for 30 min after 12 h of metformin pretreatment.
Whole cell extracts (40 pg/lane) were isolated and analysed by immu-
noblotting with the indicated antibodies and then normalised to an
internal control (f3-actin/total form [non-phosphorylated protein]).
f HepG2 cells were transfected with the oligonucleotide siRNA Shp
(si Shp) and control si Scram. After 36 h of transfection, the cells were
transiently transfected with the m67-Luc reporter gene and subsequent-
ly treated with IL-6 (20 ng/ml) in the presence or absence of metformin
for 12 h. Luciferase activity was normalised to 3-galactosidase activity
to correct for transfection efficiency. All data are representative of at
least three independent experiments. Data are expressed as fold acti-
vations relative to the controls (+SEM). “p<0.05 compared with un-
treated controls, 7p<0.05 compared with IL-6-treated cells, p<0.005
compared with IL-6- and Met-treated cells

Socs3 gene promoter activity was inhibited by either met-
formin or SHP in a dose-dependent manner, whereas this
activity was completely lost in mutant STAT-binding sites
(Fig. 3¢). These observations indicate that the STAT-binding
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Fig. 2 IL-6 mediated induction of Socs3 mRNA expression is re-
pressed by the AMPK—SHP pathway in hepatocytes. a, b Rat primary
hepatocytes were infected with Ad-CA-Ampk and Shp for 36 h, then
exposed for 1 h to IL-6 (20 ng/ml). The total RNA (30 pg/lane) was
isolated from the hepatocytes and used for northern blot analysis. Shp
and Socs3 mRNA levels were normalised to glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) mRNA expression. ¢, d Rat

site required for the IL-6 response is located within the
region between —72 and —64 bp on the Socs3 gene promoter.

In accordance with this experiment, we investigated
whether the increase in SHP by AMPK in primary rat
hepatocytes repressed the DNA binding activity of STAT3
on the Socs3 gene promoter using chromatin immunopre-
cipitation (ChIP) assays. As expected, endogenous STAT3
directly bound to the proximal (—215/-33) site following IL-6
treatment, and this activity was completely eliminated by
either Ad-SHP or Ad-CA-AMPK. However, Ad-DN-AMPK
restored the STAT3 binding activity in the proximal Socs3
gene promoter following IL-6 and metformin treatment, as
indicated by the transient transfection assay. Moreover, the
non-specific distal region (—1,698/—1,485) of the SocS3 gene
promoter was unable to recruit this protein under all condi-
tions (ESM Fig. 1). We performed the ChIP assay with anti-
STAT3 antibody in primary hepatocytes to further confirm the
inhibition of DNA binding activity of endogenous STAT3
protein on the Socs3 gene promoter by SHP. Endogenous
STAT3 was directly bound to the proximal region following
IL-6 treatment, and this activity was completely eliminated
when the cells were treated with metformin. However, Ad-si
Shp treatment returned the protein complex to the proximal
promoter following IL-6 and metformin treatment, in compar-
ison with the control Ad-Scram (Fig. 3d, left). Moreover, the
non-specific distal region of the Socs3 gene promoter was
unable to recruit this protein under all conditions (Fig. 3d,
right). Neither endogenous SHP nor control IgG bound to the
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primary hepatocytes were infected with Ad-DN-Ampk, Ad-Scram and
Ad-si Shp for 36 h, and then treated with either IL-6 (20 ng/ml) for 1 h
or with various concentrations of metformin for 12 h. Total RNA
(30 pg/lane) was extracted from hepatocytes and used for northern
blot analysis. Shp and Socs3 mRNA levels were normalised to an
internal control (Gapdh)

Socs3 gene promoter under both proximal and distal condi-
tions (Fig. 3d, bottom). Collectively, these results demonstrate
that the AMPK-mediated induction of SHP reduces 1L-6-
stimulated Socs3 transcriptional activity via the repression of
DNA binding activity of STAT3 on the Socs3 gene promoter.

SHP physically interacts and colocalises with STAT3 To
confirm the endogenous interaction between SHP and
STAT3, a co-immunoprecipitation (Co-IP) assay was con-
ducted using AML-12 cells. Endogenous SHP and STAT3
proteins strongly interacted with each other as a result of
both IL-6 and metformin treatment compared with controls
or IL-6 alone (Fig. 4a). We also assessed the endogenous
interaction of these two proteins in mouse liver samples
using anti-phospho-STAT3 and STAT3 (non-phospho-
STAT3) antibodies under the indicated conditions. As antic-
ipated, these two proteins strongly interacted with each
other after combination treatment in comparison with the
controls or IL-6 alone (Fig. 4b, ¢). Moreover, we performed
in vivo glutathione S-transferase (GST)-pull down assays by
cotransfecting mammalian expression vectors encoding either
Gst (also known as Mgstl) alone or Gst-Shp together with
Flag-Stat3 into HepG2 cells. GST-SHP strongly interacted
with Flag-STAT3 but not with the control GST alone (ESM
Fig. 2a), which was consistent with the results of the Co-IP
assay. Next, we used domain mapping to define the interaction
site. Flag-STAT3 proteins interacted with GST-SHP, whereas
this protein interaction was not observed for the STAT3
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Fig. 3 Induction of SHP by metformin inhibits IL-6-mediated Socs3
transcriptional activity. a HepG2 cells were transiently cotransfected
with the Socs3-Luc reporter gene and CA-Ampk, DN-Ampk or Shp and
subsequently treated with IL-6 in the presence of metformin for 12 h
under the conditions shown. Luciferase activity was normalised to
[3-galactosidase activity to correct for variations in transfection effi-
ciency. "p<0.05, Tp<0.05 and *p<0.05 compared with untreated con-
trol, IL-6-treated cells and IL-6- and metformin (Met)-treated cells,
respectively. b HepG2 cells were transfected with si Shp and control si
Scram. After 36 h of transfection, the cells were cotransfected with the
indicated reporter gene and then treated with IL-6 and metformin.
Luciferase activity was normalised to (3-galactosidase activity to cor-
rect for transfection efficiency. The results shown are representative of
at least three independent experiments. All data are indicated as fold
activations relative to the control (tSEM). "p<0.05, /p<0.005 and *p<
0.05 compared with untreated control, IL-6-treated cells, and IL-6- and
Met-treated cells, respectively. ¢ Schematic diagrams of WT and mu-
tant Socs3 promoter constructs from —72 to —64 bp as indicated

protein in which the DNA binding domain (DBD) had been
deleted (ESM Fig. 2b). Overall, these results indicate that SHP
interacts directly with STAT3 under both in vitro and in vivo
conditions, and that the DBD of STAT3 is essential for the
interaction with SHP.

To elucidate the correlation between STAT3 phosphory-
lation or nuclear translocation and the increase in SHP
stimulated by metformin, we separated the cytosolic and
nuclear protein fractions after exposure of hepatocytes to
IL-6 and metformin under the indicated conditions [25]. The
level of STAT3 phosphorylation or translocation induced by
IL-6 increased significantly in the nucleus, but its effects
were repressed in the nuclear fraction, owing to the higher
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Fold activity
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(upper). HepG2 cells were cotransfected with the WT (black bars)
and mutant (mt, white bars) forms of the Socs3 reporter and Shp
(lower). After 36 h of transfection, the cells were treated with IL-6
(20 ng/mL) and the indicated doses of metformin. Luciferase activity
was normalised to (3-galactosidase activity to correct for transfection
efficiency. All data represent the means of three independent experi-
ments. All data are shown as fold activations relative to the control
(SEM). “p<0.05, 7p<0.05 compared with untreated control and IL-6-
treated cells, respectively. d ChIP assay: rat primary hepatocytes were
infected for 36 h with Ad-si Shp and Ad-Scram, and then treated for
30 min with IL-6 and for 12 h with metformin at the indicated
concentrations. Input represents 10% of purified DNA in each sample.
Cell extracts were immunoprecipitated with anti-STAT3 (non-phos-
phorylated STAT3) and anti-SHP antibodies, and purified DNA sam-
ples were employed for PCR with primers binding to the specific
proximal (left) and non-specific distal (right) regions on the Socs3
gene promoter. All data are representative of at least three independent
experiments

induction of SHP by metformin relative to the cytosolic
fraction (Fig. 4d). These results suggest that the increase in
SHP by metformin is indicative of a potent regulator of IL-
6-stimulated STAT3 phosphorylation or translocation. To
determine the subcellular localisation of SHP and STAT3,
confocal microscopic analysis was performed after trans-
fecting pEGFP-Shp and pcDNA3/Flag-Stat3, with or with-
out IL-6, into hepatocytes. As expected, STAT3 was
detected predominantly in the nucleus with IL-6 and was
distributed in whole cells without IL-6, whereas the GFP-
SHP protein was localised mainly in the nucleus, which is
consistent with the results of the fractionation analysis.
Furthermore, the merged image shows that these proteins
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Fig. 4 Direct interaction between SHP and STAT3. a AML-12 cells
were treated for 30 min with IL-6 and for 12 h with metformin at the
indicated concentrations. Protein extractions from hepatocytes were
immunoprecipitated (IP) using phospho-STAT3 antibody then blotted
with SHP antibody. Levels of phospho-STAT3, STAT3 and SHP from
10% of lysates were analysed by western blotting (WB) with specific
antibodies. b, ¢ WT mice were injected with IL-6 (1 pg/kg body
weight) for 1 h and metformin (200 mg/kg body weight) for 6 h at
the concentrations shown. Co-IP assays with liver extracts (n=4)
showed a functional association between SHP and STAT3. Tissue
extracts were immunoprecipitated with either phospho-STAT3 or
STAT3 (non-phosphorylated STAT3) antibody, and blotted with SHP
antibody. Levels of phospho-STAT3, STAT3 and SHP from 10% of

were colocalised within the nucleus upon IL-6 treatment
(Fig. 4e). Collectively, these results clearly demonstrate that
SHP physically interacts with STAT3 in the nucleus.

Metformin-induced SHP protein production improves hepatic
insulin receptor signalling Several studies have demonstrat-
ed that IL-6 and SOCS3 induce hepatic insulin resistance
via the inhibition of hepatic insulin receptor signalling [3—6,
26, 27]. To determine the correlation between the IL-6-
induced inhibition of hepatic insulin receptor signalling
and the increase in SHP following metformin treatment,
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input were analysed by immunoblotting. d AML-12 cells were treated
with IL-6 (20 ng/mL) for 30 min in the presence of metformin for 12 h.
Cytosolic and nuclear protein fractions were extracted as described in
the Methods section, and the protein fractions were analysed by SDS-
PAGE. The protein fractions from hepatocytes were used for western
blot analysis using the indicated antibodies and the purities of the
protein fractions were verified by the cytosolic marker (3-tubulin and
the nuclear marker, lamin A/C. All data are representative of at least
three independent experiments. e Subcellular localisation of SHP and
STAT3. HepG2 cells were transiently transfected with pEGFP-Shp and
pcDNA3/Flag-Stat3, then treated for 30 min with IL-6 (20 ng/ml). The
merged image depicts the colocalisation of SHP and STAT3. TO-PRO-3
is specific nuclear dye

we assessed the role of SHP in the IL-6-mediated suppres-
sion of IRS-1 and AKT activity in primary hepatocytes.
Insulin-dependent AKT phosphorylation was markedly
inhibited by IL-6-induced STAT3 phosphorylation and
SOCS3 protein production, and this activity was reversed
by the induction of SHP via metformin or Ad-Shp (Fig. Sa,
b). Interestingly, IL-6-mediated SOCS3 protein production
significantly repressed insulin-stimulated IRS-1 and AKT
phosphorylation, and the activation of insulin-signalling-
related genes was restored by the inhibition of SOCS3 via
metformin-induced SHP protein production, but not in Shp
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Fig. 5 Metformin improves IL-6-mediated dysfunction of hepatic
insulin receptor signalling by SHP. a, b Rat primary hepatocytes were
treated for 12 h with metformin and infected for 36 h with Ad-Shp,
then exposed to insulin for 20 min and IL-6 for 1 h at the indicated
concentrations. Whole cell extracts were isolated and analysed using
western blot analysis with various antibodies. The protein levels were
normalised to an internal control ((3-actin and/or non-phosphorylated

knockdown (knocked down with Ad-siRNA Shp; Fig. 5c).
Overall, these results indicate that the induction of SHP by
metformin improves hepatic insulin signalling by inhibiting
the IL-6-mediated signalling pathway.

Metformin-induced SHP protein production regulates
inflammatory genes and insulin receptor signalling by acute
IL-6 treatment in the liver As demonstrated previously,
metformin has a significant effect on the downregulation
of IL-6-mediated STAT3 transactivation and SOCS3 protein
production via the induction of SHP in primary hepatocytes
(Figs 1, 2 and 5). To confirm whether IL-6-stimulated in-
flammatory genes are altered by metformin-induced SHP
production, we administered IL-6 and metformin to both
WT and Shp null mice. As anticipated, metformin-induced
SHP protein production via AMPK activation in WT mice,
and the increase in STAT3 phosphorylation and SOCS3
content by IL-6 was markedly repressed by metformin-
induced SHP protein production in WT mice (Fig. 6a).
However, metformin had no repressive effects on the IL-6-
mediated pathway in Shp null mice relative to WT mice
(Fig. 6a). Under the same conditions, the induction of SHP
by metformin markedly decreased IL-6-induced inflamma-
tory genes (Saal, Socs3, 1l-6 [also known as //6] and Tnf-«
[also known as Tnf]) and fibrotic marker gene (Pai-1) ex-
pression in wild-type mice but not in Shp null mice
(Fig. 6b—g). Interestingly, Shp null mice displayed elevated
basal mRNA levels of all genes involved in inflammation
relative to WT mice (Fig. 6b—g). Overall, these results
demonstrate that upregulation of inflammatory genes by
acute IL-6 exposure was repressed by metformin-induced
SHP protein production via AMPK activation in vivo.
Moreover, to determine the role of SHP on hepatic insulin

P-AKT [o 88 =

e I
AKT [ s e | [ = o |

B-Actin |m-||.-—-|

proteins). ¢ Rat primary hepatocytes were infected with 60 MOI of Ad-
si Shp and Ad-Scram for 36 h. After infection, the cells were treated
with a combination of insulin, IL-6 and metformin. Whole cell extracts
were isolated and analysed by immunoblotting with the indicated
antibodies, then normalised to an internal control (3-actin and/or
non-phosphorylated forms). All data are representative of at least three
independent experiments

receptor signalling in vivo, we injected insulin, IL-6 and
metformin into WT and S#p null mice. Insulin-dependent
phosphorylation of the insulin receptor, IRS-1 and AKT was
repressed by IL-6-induced SOCS3, and metformin-
stimulated SHP protein production significantly reversed
IL-6-mediated inhibition of hepatic insulin receptor signal-
ling in WT mice but not in Shp null mice (Fig. 6h—m).
Overall, these results indicate that the induction of SHP by
metformin improves inflammation and hepatic insulin recep-
tor signalling by regulating an acute IL-6-mediated signal
pathway under in vivo conditions.

SHP ameliorates hepatic insulin resistance caused by
chronic IL-6 treatment Previous studies have shown that
chronic IL-6 treatment causes hepatic insulin resistance as
a result of elevated gluconeogenic genes, hepatic glucose
production and impaired insulin sensitivity under both in
vivo and in vitro conditions [9—11, 26, 27]. Based on these
findings, we hypothesised that chronic IL-6 exposure
increases hepatic glucose output and expression of gluco-
neogenic genes in primary hepatocytes. To test this hypoth-
esis, we first elucidated the critical role of SHP in the IL-6-
mediated glucose production and expression of gluconeo-
genic regulators in primary hepatocytes. The expression of
glucose 6-phosphatase (G6pase, also known as G6pc) and
phosphoenolpyruvate carboxykinase (Pepck) mRNA in-
creased significantly with chronic IL-6 exposure and de-
creased in response to metformin in control (Ad-Scram),
but not in Shp knockdown (Fig. 7a—c). As expected, the
increase in glucose production by IL-6 was markedly re-
duced by metformin treatment relative to the control (Ad-
Scram), but not in Shp knockdown (Fig. 7d). Taken togeth-
er, these results strongly suggest that the stimulatory effect
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Fig. 6 Metformin-induced SHP regulates hepatic insulin action and
inflammation genes by acute treatment of IL-6 in the liver. a—g WT
(black bars) and Shp null (white bars) mice were injected with 1L-6
(1 pg/kg body weight) for 1 h and metformin (200 mg/kg body weight)
for 6 h at the concentrations shown. Tissues were extracted from liver
tissues in the indicated groups, and then assessed using western blot
analysis and RT-PCR with various antibodies and primers, respective-
ly. The protein levels were normalised to total antibodies and/or
[-actin levels. Inflammation markers were normalised to an internal
control (3-actin). All mice were separated into experimental groups
(n=4 mice per group). "p<0.05, 'p<0.05 and ¥p<0.05 compared with
untreated WT mice, IL-6-treated WT mice and IL-6- and Met-treated

of chronic IL-6 on hepatic gluconeogenesis is altered by
SHP.

Finally, we evaluated the physiological effect of chronic
IL-6 exposure on glucose homeostasis and insulin sensitiv-
ity in WT and Ship null mice. The expression of Pepck,
Gopase and Socs3 mRNA was significantly elevated by
IL-6 treatment in the liver of WT and Ship null mice
(Fig. 7e—i). However, chronic IL-6 treatment had no effect
on peroxisome proliferator-activated receptor (PPAR)y
coactivator-1o (Pgc-1a, also known as Ppargcla) mRNA
expression in the liver of WT and SAp null mice (Fig. 7e—i).
Consistent with a previous report [26], chronic IL-6
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WT mice, respectively. h—-m WT (black bars) and Sip null (white bars)
mice were injected with insulin (1 U/kg body weight) for 20 min, IL-6
(1 pg/kg body weight) for 1 h, and metformin (200 mg/kg body
weight) for 6 h. Tissues were obtained from liver tissues in the indi-
cated groups, then analysed by western blot analysis with various
antibodies. i-m In the blots obtained in (h), protein production was
normalised to total antibody and/or 3-actin levels. All mice were
separated into experimental groups (n=4 mice per group). p<0.05,
p<0.05, p<0.05 and $p<0.05 compared with untreated WT mice,
insulin-injected WT mice, IL-6- and insulin-injected WT mice, and IL-6-,
insulin-, and Met-injected WT mice

exposure significantly decreased glucokinase (Gk) mRNA
expression in WT mice, and this phenomenon was not
observed in Shp null mice (Fig. 7e—i). Elevated glucose
tolerance and impaired insulin tolerance signify insulin sen-
sitivity. Blood glucose levels were significantly elevated by
IL-6 treatment in SAp null mice, but not in WT mice (Fig. 7j, k).
After chronic IL-6 treatment, Sip null mice had markedly
impaired insulin sensitivity relative to controls (Fig. 71, m),
whereas glucose tolerance was not different in WT and Shp
null mice (data not shown). Chronic IL-6 treatment also signif-
icantly increased blood glucose and insulin levels under fasting
and feeding conditions in S%p null mice compared with WT
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Fig. 7 Chronic treatment of IL-6-mediated hepatic insulin resistance is
altered by SHP. a—c Rat primary hepatocytes were infected with Ad-
Scram (black bars) and Ad-si S/p (white bars) for 36 h and then treated
with either IL-6 (20 ng/ml) for 1 h or 24 h in the absence or presence of
metformin for 12 h at the concentrations shown. Total RNA was
extracted from hepatocytes and used for RT-PCR. Shp, G6pase and
Pepck mRNA levels were normalised to an internal control (3-actin).
*p<0.05 and Tp<0.05 compared with untreated control or acute and
chronic IL-6 treated cells, respectively. d Under the same conditions,
measurement of glucose output was performed using glucose-free
media supplemented with the gluconeogenic substrates sodium lactate
(20 mmol/l) and sodium pyruvate (1 mmol/l), as described in the ESM
Methods. “p<0.05 and 'p<0.05 compared with untreated control or
acute and chronic IL-6 treated cells, respectively. e—i Chronic exposure
by intraperitoneally injecting IL-6 into WT and SAp null mice at a daily
dose of 2 ng/kg body weight. After 2 weeks of exposure, the mice were
killed and liver tissues or blood samples were collected. Tissues were
extracted from liver tissues in the indicated groups, and then assessed
using RT-PCR (e-i), feeding blood glucose levels (j,k), and insulin

mice (data not shown). Overall, these findings strongly suggest
that SHP plays a critical role in the improvement in IL-6-
induced insulin resistance.

Discussion

In this study, we have demonstrated that metformin-induced
SHP protein production ameliorates hepatic insulin resis-
tance by regulating the STAT3-dependent pathway, gluco-
neogenesis and insulin sensitivity under both in vitro and in
vivo conditions. However, these effects of metformin were
blocked by Shp knockdown in primary hepatocytes and in
the liver of Shp null mice. Following the results of this

0 30 60 90 120
Time (min)

30 60 90 120
Time (min)

tolerance test (1,m). e-i Total RNA was isolated for RT-PCR analysis
from WT (black bars) and S/p null (white bars) mice. Socs3, Pepck,
G6pase, Pgc-1ce and Gk mRNA levels were normalised to an internal
control with (3-actin. All mice were separated into experimental groups
(n=3-5 mice per group). p<0.05 and 'p<0.05 compared with un-
treated WT mice or IL-6 treated WT mice, respectively. j,k Blood
glucose concentrations in WT (j) and Shp null (k) fed mice were
measured 2 weeks after administration of saline solution (control, black
bars) or IL-6 (white bars) as described above. All mice were separated
into experimental groups (n=3 mice per group). p<0.05 compared
with Shp null mice. Lm WT (1) and S/p null (m) mice were injected for
10 days with saline solution (control, circles) or IL-6 (squares). Mice
were then fasted for 4 h before an insulin tolerance test. Insulin was
administered intraperitoneally at a dose of 0.5 U/kg body weight.
Blood glucose concentrations were measured from the tail vein at the
indicated time periods. All mice were separated into experimental
groups (n=4-5 mice per group). p<0.05 compared with untreated
Shp null mice

study, we propose that the metformin~AMPK—-SHP pathway
may prevent hepatic metabolic disorders related to insulin
resistance by improving insulin sensitivity and glucose ho-
meostasis, and inhibiting the cytokine-mediated signal
pathway.

The role of IL-6 remains controversial and involves dual
functions in cytokine-associated insulin resistance [3—8].
Recent reports have suggested that IL-6 has a positive effect
on insulin signalling in individual tissues [8, 28]. However,
most previous reports have demonstrated that cytokine-
mediated insulin resistance in the liver ensues from STAT3
activation and the induction of SOCS3, and the subsequent
inhibition of insulin signalling [3—6, 26, 27]. Therefore, the
correlation between the AMPK—-SHP network and the
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dysregulation of hepatic insulin receptor signalling by
proinflammatory cytokines has yet to be fully elucidated.
In this study, we observed that the IL-6-induced inhibition
of hepatic insulin receptor signalling is mediated by an
AMPK-SHP-dependent pathway under both in vitro and
in vivo conditions. Indeed, our results demonstrate that the
improvement of hepatic insulin receptor signalling was medi-
ated by the AMPK—SHP pathway by suppressing cytokine-
mediated genes in primary hepatocytes and IL-6 and/or insu-
lin stimulation experiments (Figs 5 and 6). These results lead
us to speculate that the AMPK activators that upregulate SHP
protein production may provide beneficial effects on hepatic
insulin resistance by regulating the insulin signalling pathway
via the IL-6-STAT3-SOCS3 pathway.

Indeed, several previous studies have demonstrated that
chronic IL-6 exposure elevates hepatic glucose production
by inducing gluconeogenic genes in primary hepatocytes as
well as increasing blood glucose levels in rodents and
humans [9-11, 29, 30]. The physiological function of IL-6
in metabolic disorders is contradictory and incompletely
resolved. These findings have caused us to evaluate the
physiological effect of chronic IL-6 exposure on hepatic
insulin resistance in WT and Shp null mice to identify the
role of SHP in IL-6-mediated failure of glucose homeosta-
sis. Our results strongly suggest that chronic IL-6 treatment
causes insulin resistance, leading to elevated expression of
gluconeogenic regulators, glucose production and blood
glucose level, and impaired insulin tolerance, consistent
with previous results [9-11, 29, 30]. Moreover, chronic IL-6
treatment markedly impaired insulin sensitivity in Skp null
mice (Fig. 7). Therefore, SHP plays a critical role in improv-
ing IL-6-induced insulin resistance. However, we cannot ex-
clude the possibility that IL-6 may depend on other regulatory
processes such as the actions of insulin and glucagon, glyco-
genolysis, and the involvement of other regulatory hormones
and insulin-response tissues.

Two signalling pathways are activated during IL-6 sig-
nalling and action: first, the JAK2/STAT3 pathway and
second, the Src homology 2-containing tyrosine phosphatase
(SHP-2)/ ERK/MAPK pathway. The IL-6-induced activation
of the JAK/STAT pathway in both immune and non-immune-
associated cell types leads to elevated SOCS3 production
[3, 31]. IL-6 rapidly increases AMPK activity in skeletal
muscle and adipose tissue, under both in vivo and in vitro
conditions [32, 33]. However, our study demonstrated that IL-
6 treatment did not result in any significant increase in AMPK
phosphorylation in vitro or in vivo (Figs 1 and 6). This finding
suggests that IL-6 and AMPK activation are not positively
correlated in the liver, which is consistent with the findings of
a previous report [34].

Previous studies from our group have shown that metfor-
min, HGF and NaArs repress the expression of hepatic
gluconeogenic regulators via the AMPK—SHP pathway
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[15, 21, 22]. In the present study, we demonstrated that
AMPK-mediated induction of SHP improves insulin recep-
tor signalling by repressing IL-6-mediated STAT3 transacti-
vation and SOCS3 levels and attenuating the cytokine-
mediated signalling pathway in both a rodent model and in
primary hepatocytes (Figs 1, 2, 5 and 6). Accordingly,
activators of AMPK, including HGF, NaArs and several
natural products, may prove quite advantageous, because
of the induction of SHP through the AMPK-dependent
pathway and improving hepatic insulin receptor signalling
by suppressing the cytokine-mediated pathway.

Recent reports have demonstrated that the AMPK acti-
vators, 5-aminoimidazole-4-carboxamide ribonucleotide
(AICAR), metformin and adiponectin, repress the IL-6-
mediated inflammatory response by downregulating STAT3
phosphorylation in HepG2 cells, although the molecular
mechanisms underlying this phenomenon have yet to be
elucidated in detail [34, 35]. The findings of our study
strongly suggest a novel mechanism between the induction
of SHP production by AMPK activators and IL-6-induced
STATS3 transactivation by regulating a direct interaction and
blocking DNA binding. However, we cannot clarify
metformin-mediated inhibition of STAT3 phosphorylation
because SHP could interact with both phospho-STAT3 and
STAT3 (non-phospho-STAT3) (Fig. 4a—c). Therefore, we
suggest that the decrease in phospho-STAT3 levels may be
due to increased interaction of SHP and non-phospho-
STAT3. On the other hand, we are currently unable to
dismiss the possibility that another molecular pathway exists
between the IL-6-induced STAT3-SOCS3 pathway and
AMPK-mediated SHP protein production in the liver; it will
be a matter for future studies to elucidate the underlying
mechanisms of these phenomena in detail. Finally, our find-
ings indicate that IL-6 is a major stimulus leading to insulin
resistance, whereas the increase of SHP by metformin
improves hepatic insulin resistance by regulating the IL-6—
STAT3-SOCS3 network (Fig. 8).

Met IL-6

\ v

AMPK JAK
SHP —] STAT3
\
SOCSs3
4

Insulin signalling
(IRS-1 and AKT)

Insulin resistance

Fig. 8 IL-6 is a major stimulus leading to insulin resistance. Metfor-
min, a known activator of SHP via the AMPK pathway, directly
represses the IL-6-induced STAT3-SOCS3 pathway and improves
hepatic insulin resistance via an IL-6-dependent pathway
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In conclusion, our results suggest that upregulation of
SHP by metformin represents a novel pathway in relation
to hepatic metabolic disorders and may be an important
mediator of improved cytokine-induced insulin resistance
in the liver. Moreover, we speculate that the metformin—
AMPK-SHP pathway may ameliorate the pathogenesis of
cytokine-mediated metabolic dysfunction. Therefore, as we
described in the novel schematic model shown in Fig. &,
inhibition of STAT3 by SHP may provide new insights into
the beneficial effects of cytokine-induced insulin resistance
and may also help in the development of novel therapeutic
agents for treating insulin resistance in the future.
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