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Abstract
Aim/hypothesis IL-6 induces insulin resistance by activating
signal transducer and activator of transcription 3 (STAT3)
and upregulating the transcription of its target gene SOCS3.
Here we examined whether the peroxisome proliferator-
activated receptor (PPAR)β/δ agonist GW501516 prevented
activation of the IL-6–STAT3–suppressor of cytokine signal-
ling 3 (SOCS3) pathway and insulin resistance in human
hepatic HepG2 cells.
Methods Studies were conducted with human HepG2 cells
and livers from mice null for Pparβ/δ (also known as Ppard)
and wild-type mice.
Results GW501516 prevented IL-6-dependent reduction in
insulin-stimulated v-akt murine thymoma viral oncogene
homologue 1 (AKT) phosphorylation and in IRS-1 and IRS-2
protein levels. In addition, treatment with this drug abolished

IL-6-induced STAT3 phosphorylation of Tyr705 and Ser727 and
prevented the increase in SOCS3 caused by this cytokine.
Moreover, GW501516 prevented IL-6-dependent induction
of extracellular-related kinase 1/2 (ERK1/2), a serine–threonine
protein kinase involved in serine STAT3 phosphorylation; the
livers of Pparβ/δ-null mice showed increased Tyr705- and
Ser727-STAT3 as well as phospho-ERK1/2 levels. Furthermore,
drug treatment prevented the IL-6-dependent reduction in
phosphorylated AMP-activated protein kinase (AMPK),
a kinase reported to inhibit STAT3 phosphorylation on Tyr705.
In agreement with the recovery in phospho-AMPK levels
observed following GW501516 treatment, this drug increased
the AMP/ATP ratio and decreased the ATP/ADP ratio.
Conclusions/interpretation Overall, our findings show that
the PPARβ/δ activator GW501516 prevents IL-6-induced
STAT3 activation by inhibiting ERK1/2 phosphorylation
and preventing the reduction in phospho-AMPK levels.
These effects of GW501516 may contribute to the prevention
of cytokine-induced insulin resistance in hepatic cells.
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Introduction

Insulin resistance and type 2 diabetes mellitus are closely
associated with low-grade chronic inflammation character-
ised by abnormal production of pro-inflammatory cytokines,
such as TNF-α [1], IL-1β [2] and IL-6 [3, 4]. Of these
cytokines, IL-6 shows a strong association with obesity in
both rodent and human models. Depletion of IL-6 improves
insulin action in a mouse model of obesity [5], whereas in
humans, elevated plasma IL-6 levels correlate positively
with obesity and insulin resistance and predict the develop-
ment of type 2 diabetes mellitus [6–8]. In addition, adminis-
tration of IL-6 to healthy individuals induces a rise in blood
glucose [9]. In vitro, IL-6 has been shown to induce insulin
resistance in hepatic cells [10, 11]. Although the contribution
of IL-6 to the development of insulin resistance in adipose
tissue and skeletal muscle is still being debated, it is generally
accepted that, at least in liver, IL-6 causes insulin resistance
[12, 13].

IL-6 signals through a transmembrane receptor complex
containing the common signal transducing receptor gly-
coprotein GP130, which activates Janus tyrosine kinases
(JAK1, JAK2, TYK2), with subsequent Tyr705 phosphoryla-
tion of signal transducer and activator of transcription 3
(STAT3) [14]. Phosphorylated STAT3 dimerises and trans-
locates to the nucleus, where it regulates the transcription of
target genes through binding to specific DNA-responsive
elements [15]. In addition to activation by Tyr705 phosphory-
lation, STAT3 also requires phosphorylation at Ser727 to
achieve maximal transcriptional activity [16, 17]. Protein
kinases involved in STAT3 serine phosphorylation include
protein kinase C, Jun N-terminal kinase, extracellular signal-
related kinase (ERK), the mitogen-activated protein kinase
p38 and mammalian target of rapamycin (mTOR) [18].

The mechanism by which IL-6 induces insulin resistance
in liver involves the activation of STAT3 and subsequent
induction of suppressor of cytokine signalling 3 (SOCS3)
[5, 19, 20], a negative regulator of cytokine signalling [21].
Several cytokines and hormones associated with insulin
resistance induce the production of SOCS proteins,
which inhibit insulin signalling through several distinct
mechanisms, including directly interfering with insulin
receptor activation, blocking IRS activation and inducing
IRS degradation [22]. In liver, overexpression of Socs3
causes insulin resistance, whereas antisense suppression
of Socs3 in obese diabetic mice (db/db) ameliorates
insulin resistance [23].

Peroxisome proliferator-activated receptors (PPARs) are
members of the nuclear receptor superfamily of ligand-
inducible transcription factors that form heterodimers with
retinoid X receptors (RXRs) and bind to consensus DNA
sites [24]. In addition, PPARs may suppress inflammation
through diverse mechanisms, such as reducing release of

inflammatory factors or stabilisation of repressive complexes
at inflammatory gene promoters [25]. Of the three PPAR
isotypes found in mammals, PPARα (also known as
NR1C1) and PPARγ (NR1C3) [26] are the targets for hypo-
lipidaemic (fibrates) and glucose-lowering (thiazolidine-
diones) drugs, respectively. Finally, activation of the third
isotype, PPARβ/δ (NR1C2) enhances fatty acid catabo-
lism in adipose tissue and skeletal muscle and, therefore, this
isotype has been proposed as a potential treatment for insulin
resistance [27]. Recently, it was reported that agonist-activated
PPARβ/δ interferes with IL-6-mediated acute phase reaction
in the liver by inhibiting the transcriptional activity of STAT3
[28], although the exact molecular mechanism involved
remains unknown. Of note, a recent study demonstrated that
AMP-activated protein kinase (AMPK) regulates IL-6 signal-
ling in HepG2 cells by inhibiting STAT3 [29] and it has also
been shown that the PPARβ/δ activator GW501516 can in-
crease the activity of AMPK [30].

Given the prominent role of the STAT3–SOCS3 pathway
in IL-6-mediated insulin resistance in hepatocytes, we
explored whether PPARβ/δ activation by GW501516 pre-
vents IL-6-mediated insulin resistance in human hepatic cells
and the mechanisms involved. PPARβ/δ activation by
GW501516 prevented IL-6-mediated induction of SOCS3
mRNA levels and STAT3 phosphorylation at Tyr705 and
Ser727 in HepG2 cells. Consistent with the role of PPARβ/δ
in blocking IL-6-induced STAT3 activity, STAT3 phosphory-
lation at Tyr705 and Ser727 was higher in liver from Pparβ/δ-
null mice than in wild-type mice. In agreement with the
inhibition of the STAT3–SOCS3 pathway caused by
GW501516, this drug prevented the reduction in insulin-
stimulated v-akt murine thymoma viral oncogene homologue
1 (AKT) phosphorylation and in IRS-1 and IRS-2 protein
levels. GW501516 prevented the increase in ERK1/2 phos-
phorylation caused by IL-6 exposure, suggesting that this
mechanism contributes to its effects on STAT3 phos-
phorylation at Ser727. Our findings also show that GW501516
prevents the reduction in phospho-AMPK levels observed in
IL-6-exposed cells by increasing the AMP/ATP ratio.
This mechanism could explain the reduction in STAT3 phos-
phorylation on Tyr705 observed following GW501516 treat-
ment. Overall, on the basis of our findings, we suggest that
PPARβ/δ activation can ameliorate insulin resistance in
hepatic cells by preventing IL-6-induced activation of
the STAT3–SOCS3 pathway through ERK1/2 inhibition
and by restoring phospho-AMPK levels.

Methods

Materials The PPARβ/δ ligand GW501516 was obtained
from Biomol Research Labs (Plymouth Meeting, PA, USA).
Other chemicals were from Sigma (St Louis, MO, USA).
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Cell culture The HepG2 cells (hepatocellular carcinoma,
American Type Culture Collection, Manassas, VA, USA)
were maintained in DMEM (Lonza, Barcelona, Spain) with
4.5 g/l glucose and L-glutamine, supplemented with 10%
(vol./vol.) FBS (Invitrogen, San Diego, CA, USA),
penicillin-streptomycin (Invitrogen) and non-essential
amino acids. Cell density was adjusted to 2×105 cells/ml
and 1 ml of the cell suspension was added per well to 12 well
cell culture plates (Nunc, Roskilde, Denmark). HepG2 cells
were then incubated with 10 μmol/l GW501516 and IL-6
(20 ng/ml) for the times indicated. After incubation, RNA
and total and nuclear proteins were extracted as described
below. Inhibitors were added 30 min prior to incubation with
IL-6.

Animals The generation of Pparβ/δ-null mice was as
described previously [31]. Six male Pparβ/δ-null mice
and six of their control male wild-type mice were used.
In agreement with the guidelines specified by the veterinary
office of Lausanne (Switzerland), the mice were housed under
standard light–dark cycle (12 h light/dark cycle) and
temperature (21±1°C) conditions, and fed with Provimi
Kliba (Kaiseraugst, Switzerland) 3436 chow. Mice were
killed at 5 to 6 months of age in accordance with the
principles and guidelines established by the University
of Lausanne. Liver tissue was rapidly removed, frozen
in liquid nitrogen and stored at −80°C.

Measurements of mRNA Levels of mRNAwere assessed by
RT-PCR as previously described [32]. Total RNAwas isolated
using the Ultraspec reagent (Biotecx, Houston, TX, USA).
The total RNA isolated by this method is non-degraded and
free of protein and DNA contamination. The sequences of the
sense and antisense primers used for amplification were:
Socs3 5′-TTTTCGCTGCAGAGTGACCCC-3′ and 5′-TGG
AGGAGAGAGGTCGGCTCA-3′; and 18S 5′-ATGACTTC
CAAGCTGGCCGTG-3′ and 5′-GCGCAGTGTGGTCCA
CTCTCA-3′. Amplification of each gene yielded a single
band of the expected size (Socs3: 250 bp and 18S: 333 bp).
Preliminary experiments were carried out with various
amounts of cDNA to determine non-saturating conditions
for PCR amplification for all the genes studied. Then, under
these conditions, relative quantification of mRNA was
assessed by the RT-PCR method described previously [33].
Radioactive bands were quantified by video-densitometric
scanning (Vilbert Lourmat Imaging, Marne-la-Vallée,
France). The results for the expression of specific mRNAs
are always presented relative to the expression of the control
gene (18S).

Isolation of nuclear extracts Nuclear extracts were isolated
as previously described [34]. Cells were scraped into 1.5 ml
cold phosphate-buffered saline, pelleted for 10 s and re-

suspended in 400 μl of cold buffer A (10 mmol/l HEPES
pH 7.9 at 4°C, 1.5 mmol/l MgCl2, 10 mmol/l KCl,
0.5 mmol/l dithiothreitol [DTT], 0.2 mmol/l phenylme-
thylsulfonyl fluoride [PMSF] and 5 μg/ml aprotinin) by
flicking the tube. Cells were allowed to swell on ice for
10 min, and tubes were then vortexed for 10 s. Samples
were centrifuged for 10 s and the supernatant fraction
was discarded. Pellets were re-suspended in 50 μl cold
buffer C (20 mmol/l HEPES-KOH pH 7.9 at 4°C, 25%
glycerol [wt/vol.], 420 mmol/l NaCl, 1.5 mmol/l MgCl2,
0.2 mmol/l EDTA, 0.5 mmol/l DTT, 0.2 mmol/l PMSF,
5 μg/ml aprotinin and 2 μg/ml leupeptin) and incubated
on ice for 20 min for high-salt extraction. Cellular debris was
removed by centrifugation for 2 min at 4°C and the
supernatant fraction (containing DNA-binding proteins) was
stored at −80°C. Nuclear extract concentration was deter-
mined by the Bradford method.

Antibodies and immunoblotting Antibodies against total and
phospho-AMPK(Thr172), total and phospho-Akt (Ser473),
phospho-ERK1/2 (Thr202/Tyr204) and phospho-STAT3
(Tyr705 and Ser727) were purchased from Cell Signaling
(Danvers, MA, USA). Antibody against total STAT3 was
purchased from Santa Cruz (Santa Cruz, CA, USA).

To obtain total protein, cells and livers were homoge-
nised in RIPA buffer (Sigma) with protease and phos-
phatase inhibitors (0.2 mmol/l PMSF, 1 mmol/l sodium
orthovanadate, 5.4 μg/ml aprotinin). The homogenate was
centrifuged at 16,700g for 30 min at 4°C. Protein concentra-
tion was measured by the Bradford method.

Proteins from whole-cell lysates and nuclear extracts
were separated by SDS-PAGE, then transferred to immobilon
polyvinylidene diflouride membranes (Millipore, Bedford,
MA, USA) and blotted with various antibodies (as specified
in ‘Results’). Detection was achieved using the EZ-ECL
chemiluminescence kit (Amersham, Piscataway, NJ, USA).
The size of detected proteins was estimated using protein
molecular mass standards (Invitrogen).

HPLC measurement of ATP, ADP and AMP Adenine
nucleotides were separated by HPLC using an X-Bridge
column (Waters, Milford, MA, USA) with a 3.5 μm
outer diameter (100×4.6 cm). Elution was performed
with 0.1 mmol/l potassium dihydrogen phosphate, pH
6, containing 4 mmol/l tetrabutylammonium hydrogen
sulfate and 15% (vol./vol.) methanol. The conditions
were as follows: 20 μl sample injection, column at room
temperature, flow rate of 0.6 ml/min and UV monitoring
at 260 nm.

Statistical analyses Data are presented as mean±SD of five
separate experiments. Significant differences were estab-
lished by one-way ANOVA, using the GraphPad InStat
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program (GraphPad Software V2.03) (GraphPad Software,
San Diego, CA, USA). When significant variations were
found, the Tukey–Kramer multiple comparisons test
was applied. Differences were considered significant at
p<0.05.

Results

PPARβ/δ activation prevents the reduction in insulin-
stimulated AKT phosphorylation and IRS degradation
caused by IL-6 It has been previously reported that IL-6
induces insulin resistance in human hepatocarcinoma
HepG2 cells [10;11], a frequently used in vitro system for
studying the effects of insulin on hepatic cells. Cells
exposed to IL-6 stimulation significantly dampened their
response to insulin, as measured by AKT phosphorylation
(Fig. 1a). Interestingly, when cells were pre-incubated with
IL-6 in the presence of 10 μmol/l GW501516, a selective
ligand for PPARβ/δ with a 1000-fold higher affinity
toward PPARβ/δ than PPARα and PPARγ [35], the
inhibitory effect of this cytokine on insulin-stimulated
AKT phosphorylation was prevented. Drug treatment in
the absence of insulin did not affect the phosphorylation
status of AKT (data not shown).

In addition, as IL-6-induced insulin resistance in hepatic
cells has been attributed to SOCS3 [11] and this protein
inhibits insulin signalling by proteasomal-mediated degra-
dation of IRS-1 and IRS-2 [36], we also examined their
protein levels. As shown in Fig. 1b, IRS-1 and IRS-2 protein
levels were reduced following IL-6 exposure, but these

effects were abolished in the presence of GW501516. Thus,
GW501516 treatment offered protection against the effects
of IL-6 on insulin signalling.

PPARβ/δ activation inhibits IL-6-induced SOCS3 expression
in HepG2 cells We then examined the effect of PPARβ/δ
activation on the mRNA levels of the STAT3-target gene
SOCS3. HepG2 cells exposed to IL-6 showed increased
SOCS3 mRNA levels (2.7-fold induction, p<0.01), whereas
in cells co-incubated with IL-6 plus GW501516, this induc-
tion was abolished (p<0.001 vs IL-6-stimulated cells;
Fig. 2a). Dimerisation, nuclear translocation and increase in
transcriptional activity of STAT3 require its phosphorylation
on Tyr705. In agreement with this, IL-6 exposure increased
STAT3 phosphorylation on Tyr705, and GW501516 treatment
reduced STAT3 phosphorylation on Tyr705 (Fig. 2b). In addi-
tion, STAT3 phosphorylation on Ser727 is required for its
maximal activation [16;17]. As expected, IL-6 stimulation
enhanced STAT3 phosphorylation on Ser727, whereas it was
prevented in the presence of GW501516 (Fig. 2b). As IL-6
activates ERK1/2 [37], which has been reported to be a kinase
for STAT3 phosphorylation on Ser727 [18], and we have
previously reported that GW501516 prevents IL-6-induced
ERK1/2 activation in adipocytes [38], we evaluated the effect
of this PPARβ/δ agonist on the activation of this kinase.
IL-6 exposure increased ERK1/2 phosphorylation, whereas in
the presence of GW501516, phospho-ERK1/2 levels were
strongly suppressed (Fig. 3a). To confirm that in our condi-
tions IL-6-induced ERK1/2 phosphorylation was involved in
STAT3 phosphorylation on Ser727, we took advantage of
U0126, a potent and specific ERK1/2 inhibitor, which binds

Fig. 1 PPARβ/δ activation
antagonises IL-6 action and
protects against its effects on in-
sulin signalling. HepG2 cells were
stimulated with 100 nmol/l
insulin for 3 min, with or
without pretreatment with either
10 μmol/l GW501516 for 18 h or
20 ng/ml IL-6 for 10 min. Cell
lysates were subjected to western
blot analysis for phospho-AKT
(Ser473) and total AKT (a), IRS-1
(b, c) and IRS-2 (b, d). Values are
means±SD of five independent
experiments. ***p<0.001 vs
control cells without insulin
stimulation; †††p<0.001 vs control
cells stimulated with insulin. CT,
control; INS, insulin
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to mitogen-activated protein kinase (MAPK)–ERK 1/2,
(MEK1/2), thereby inhibiting its catalytic activity as well as
phosphorylation of ERK1/2. Similarly to GW501516, U0126
prevented IL-6-induced STAT3 phosphorylation on Ser727

(Fig. 3b). In addition, U0126 prevented the increase in SOCS3
mRNA levels caused by IL-6 (Fig. 3c). These findings con-
firm that IL-6-induced ERK1/2 phosphorylation contributes
to STAT3 phosphorylation on Ser727, leading to increased
expression of its target gene SOCS3.

Increased levels of phospho-STAT3 (Ser727) and phospho-
ERK1/2 in the liver of the Pparβ/δ-null mouse To clearly
demonstrate the involvement of PPARδ in the regulation of
STAT3 phosphorylation we used the Pparβ/δ-null mouse.
Livers of these mice showed a significant increase in STAT3
Ser727 and Tyr705 phosphorylation compared with wild-type
mice (Fig. 4a). In agreement with this, the phosphorylation
status of ERK1/2 was increased in Pparβ/δ-null mice
(Fig. 4b). These findings demonstrate that PPARβ/δ
regulates ERK1/2 and STAT3 phosphorylation in vivo.

Pparβ/δ activation inhibits IL-6-induced AMPK downregu-
lation in HepG2 cells The involvement of ERK1/2 inhibi-
tion in the effects of GW501516 does not provide an
explanation for the reduction of Tyr705-STAT3 phosphory-
lation following treatment with this PPARβ/δ activator.
Therefore, we explored the effects of IL-6 and GW501516
on AMPK; activation of this kinase prevents IL-6-induced

STAT3 activation in HepG2 cells by inhibiting STAT3
phosphorylation on Tyr705 [29], suggesting that this kinase
is a potential pharmacological target for inhibition of the
deleterious effects of IL-6 in liver cells. AMPK can be
activated by several kinases and by allosteric binding of
AMP to the regulatory γ subunit [39]. Interestingly, it has
been reported that GW501516 increases the AMP/ATP ratio
both in vitro [30] and in vivo [40]. Thus, we first examined
the effects of IL-6 and its co-incubation with GW501516 on
AMPK phosphorylation.

IL-6 stimulation reduced phospho-AMPK levels com-
pared with control cells, but this reduction was blocked by
the presence of GW501516 (Fig. 5a). Next we measured
adenine nucleotide concentrations by HPLC in HepG2 cells
to determine the cellular ATP/ADP and AMP/ATP ratios.
Cells exposed to IL-6 did not show significant changes. In
contrast, GW501516 significantly increased the AMP/ATP
ratio (Fig. 5b) and decreased the ATP/ADP ratio (Fig. 5c).
Finally, as inhibitory crosstalk between AMPK and ERK1/2
has been reported [41] and AMPK inhibition increases
ERK1/2 phosphorylation in liver [42], we evaluated whether
AMPK activation by GW501516 contributed to the reduction
in ERK1/2 phosphorylation by using the AMPK inhibitor
compound C. As shown in Fig. 5d, in the presence of com-
pound C the inhibitory effect of GW501516 on ERK1/2
phosphorylation was partially reversed, suggesting that, at
least in part, AMPK activation by this drug contributes to its
effects on ERK1/2.

Fig. 2 The PPARβ/δ agonist GW501516 prevents IL-6-induced
SOCS3 expression and STAT3 phosphorylation in HepG2 cells. a
Analysis of the mRNA levels of SOCS3 in human hepatic cells
untreated or treated with 10 μmol/l GW501516 for 18 h prior to
stimulation with 20 ng/ml IL-6 for 24 h. Total RNA was isolated
and analysed by RT-PCR. A representative autoradiogram and the
quantification normalised to 18S mRNA levels are shown. Data
are the means±SD of five independent experiments. b Total cell

(Tyr705-STAT3; b, c) or nuclear (Ser727-STAT3; b, d) extracts
were subjected to western blot analysis with phospho-STAT3
(Tyr705 and Ser727) or total STAT3 antibodies. HepG2 cells were
untreated or treated with 10 μmol/l GW501516 for 18 h prior to
stimulation with 20 ng/ml IL-6 for either 10 min (Ser727-STAT3)
or 2.5 h (Tyr705-STAT3). Bars are the means±SD of five inde-
pendent experiments. ***p<0.001 vs control; †††p<0.001 vs IL-6-
stimulated cells. AU, arbitrary units; CT, control
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Discussion

Chronic production of pro-inflammatory cytokines, which is
associated with obesity in both human and rodent models, is
considered a major link between obesity and insulin resistance
[43]. In contrast to adipose-derived TNF-α, which may act
locally in autocrine and paracrine manners, adipose-derived

IL-6 can enter the circulation and play a systemic role in
modulating insulin actions [44]. IL-6 acts primarily by
activating STAT3 and upregulating the transcription of
its target gene SOCS3, which causes insulin resistance
by interfering with insulin receptors and/or IRS-1 [45]. Our
findings demonstrate that GW501516 confers protection
against the effects of IL-6 on insulin signalling in hepatic
cells, as demonstrated by its effects on insulin-stimulated
AKT phosphorylation and on IRS-1 and IRS-2 protein levels.
These effects of GW501516 are consistent with the capacity
of this drug to prevent IL-6-induced SOCS3 expression in
HepG2 cells, suggesting that drug treatment prevents IL-6-
induced STAT3 activation. Activation of STAT3 depends on
its phosphorylation status and, in fact, GW501516 prevented
the increase induced by IL-6 in STAT3 phosphorylation at
Tyr705 and on Ser727 phosphorylation. The effect of
GW501516 on Tyr705 and Ser727 phosphorylation seems to
depend on PPARβ/δ as in the livers of Pparβ/δ-null mice we
observed an increase in the phosphorylation levels of Tyr705-
and Ser727-STAT3.

Several kinases can phosphorylate STAT3 at Ser727,
including ERK1/2 [18]. In agreement with a role for
ERK1/2 in STAT3-Ser727 phosphorylation following IL-
6 stimulation, we report that this cytokine increased
phospho-ERK1/2 levels and that the ERK1/2 inhibitor
U0126 reduced the levels of Ser727-STAT3 phosphory-
lation in IL-6-exposed cells. In addition, this inhibitor
prevented the increase in SOCS3 mRNA levels caused
by IL-6, suggesting that ERK1/2 inhibition is sufficient
to prevent the activation of the STAT3–SOCS3 pathway.
Interestingly, GW501516 completely abolished the increase in
phospho-ERK1/2 levels caused by IL-6, suggesting that inhi-
bition of this kinase was responsible for the reduction in
Ser727-STAT3 phosphorylation in cells co-incubated with IL-
6 plus GW501516. In agreement with the inhibition of STAT3
phosphorylation on Ser727, the reduction in ERK1/2 phos-
phorylation caused by GW501516 treatment also seems to
be PPARβ/δ-dependent, as the livers of Pparβ/δ-null mice
showed increased phospho-protein levels of this kinase.
Although in a previous study performed in adipocytes we
observed that GW501516 reduced the interaction between
STAT3 and heat shock protein 90 (HSP90) [38], which is
required for STAT3 activation, in HepG2 we did not observe
significant changes in the association between these two pro-
teins (data not shown), suggesting that this mechanism does
not play an important role in this cell type.

The findings of this study provide an additional mechanism
by which GW501516 can inhibit IL-6-mediated activation of
STAT3 in human liver cells. This mechanism involves
AMPK, a kinase reported to regulate IL-6 signalling in HepG2
cells by inhibiting STAT3 [29]. The authors of this study
showed that AMPK agonists reduce the IL-6-stimulated
expression of inflammatory markers and SOCS3 in HepG2

Fig. 3 PPARβ/δ activation inhibits IL-6-induced ERK1/2 phosphoryla-
tion. HepG2 cells were pretreated with or without 10 μmol/l U0126 or
10 μmol/l GW501516 prior to stimulation with 20 ng/ml IL-6 for 2.5 h.
Cell lysates were subjected to western blot analysis for phospho-ERK1/2
(Thr202/Tyr204) (a) or phospho-STAT3 (Ser727) (b). c Analysis of the
mRNA levels of SOCS3 in HepG2 cells untreated or treated with
10 μmol/l GW501516 for 18 h prior to stimulation with 20 ng/ml IL-6
for 24 h. Total RNAwas isolated and analysed by RT-PCR. A represen-
tative autoradiogram and the quantification normalised to 18S mRNA
levels are shown. Data are the means±SD of five independent experi-
ments. *p<0.05, **p<0.01 and ***p<0.001 vs control; †p<0.05, ††p<
0.01 and †††p<0.001 vs IL-6-stimulated cells. AU, arbitrary units; CT,
control
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cells by preventing STAT3 phosphorylation at Tyr705. These
data are consistent with reports showing that activation of
AMPK is an attractive strategy for the treatment of insulin
resistance and type 2 diabetes [46], and suggest that down-
regulation of AMPK would promote the STAT3–SOCS3
pathway contributing to insulin resistance. However, when
Nerstedt et al. [29] studied the effects of IL-6 on phospho-
AMPK, no changes were observed. In contrast, here we report
that cells exposed to IL-6 showed a reduction in AMPK
phosphorylation. The discrepancy between these studies can
be attributed to differences in the concentration of IL-6 used.
In our study we exposed cells to 20 ng/ml IL-6 compared with
the 10 ng/ml used by Nerstedt et al. [29].

In agreement with our findings, a previous study reported
a reduction in AMPK and IRS-1 protein levels in heart from
mice treated with IL-6 [47]. The authors of this study also
reported that the potential mechanism by which IL-6 can
reduce AMPK levels might involve increased protein–pro-
tein interaction between SOCS3 and AMPK, leading to
ubiquitin-mediated degradation of AMPK, as reported for
IRS-1 [47]. However, in our conditions we did not observe a
significant reduction in the protein content of total AMPK,
suggesting that additional mechanisms were involved. Of
note, GW501516 treatment prevented the reduction in
phospho-AMPK levels caused by IL-6 stimulation. As we
observed an increase in the AMP/ATP ratio in cells incubated
with GW501516, the recovery in phospho-AMPK levels
induced by GW501516 could be the result of a modification
of the cellular energy status. This effect of GW501516 on the
AMP/ATP ratio has previously been reported in human
skeletal muscle cells [30] and in liver [40], and it has been
considered the result of a specific inhibition of one or more
complexes of the respiratory chain, an effect of the ATP
synthase system, or mitochondrial uncoupling [30]. These
changes would reduce the yield of ATP synthesis by the
mitochondria, leading to AMPK activation. Interestingly, as
inhibitory crosstalk between ERK1/2 and AMPK has been
reported [41], the activation of AMPK byGW501516 can also
contribute to the reduction in phospho-ERK1/2 levels. In fact,

Fig. 4 The Pparβ/δ-null mouse
shows enhanced STAT3 and
ERK1/2 phosphorylation in liver.
Cellular extracts from wild-type
or Pparβ/δ-null mouse liver were
analysed by western blot with
phospho-STAT3 (Ser727 and
Tyr705) (a) and phospho-ERK1/2
(Thr202/Tyr204) (b) antibodies, as
indicated. Bars are themeans±SD
of five independent experiments.
*p<0.05 and ***p<0.001 vs
wild-type animals. KO,
Pparβ/δ-null; WT, wild-type

Fig. 5 The PPARβ/δ agonist GW501516 prevents the reduction in
phospho-AMPK protein levels caused by IL-6. a Analysis of phospho-
AMPK(Thr172) and total AMPK by immunoblotting of total protein
extracts from HepG2 cells pretreated with or without 10 μmol/
l GW501516 prior to stimulation with 20 ng/ml IL-6 for 2.5 h. AMP/
ATP (b) and ATP/ADP (c) ratios in HepG2 cells pretreated with or
without 10 μmol/l GW501516 prior to stimulation with 20 ng/ml IL-6
for 2.5 h. d Analysis of phospho-ERK1/2 (Thr202/Tyr204) and total
ERK1/2 by immunoblotting of total protein extracts from HepG2 cells
pretreated with or without 10μmol/l GW501516 prior to stimulation with
20 ng/ml IL-6 for 2.5 h in the presence or absence of 10μmol/l compound
C. Bars are the means±SD of five independent experiments. *p<0.05,
**p<0.01 and ***p<0.001 vs control; ††p<0.01 and †††p<0.001 vs IL-6-
stimulated cells; ‡p<0.05 vs IL-6 plus GW501516-stimulated cells. cC,
compound C; CT, control
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our findings demonstrate that the effect of GW501516 on
ERK1/2 phosphorylation is partially reversed in the presence
of the AMPK inhibitor compound C.

In summary, on the basis of our findings, we propose that
activation of PPARβ/δ prevents IL-6-induced STAT3 acti-
vation and SOCS3 upregulation, and thereby contributes to
the prevention of the cytokine-mediated development of
insulin resistance in hepatic cells.
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