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Background: Patients with insulin resistance respond poorly to interferon therapy.
Results: Induction of insulin resistance increased protein-tyrosine phosphatase (PTP) activity and provoked interferon resis-
tance. PTP inhibition enhanced the interferon response in these experiments.
Conclusion: Resistance to interferon associated with insulin resistance can be ascribed to an increase in PTP activity.
Significance: PTP inhibition enhances the interferon response in these experimental models.

Insulin resistance is a risk factor for non-response to interfer-
on/ribavirin therapy in patients with chronic hepatitis C. The
aim of this study was to determine the role played by protein-
tyrosine phosphatases (PTPs) in the absence of interferon-�
(IFN�) response associated with insulin resistance.We induced
insulin resistance by silencing IRS-2 or by treating HepG2 cells
with tumor necrosis factor-� (TNF�) and analyzed insulin
response by evaluatingAkt phosphorylation and IFN� response
by measuring Stat-1 tyrosine phosphorylation and 2�,5�-oligo-
adenylate synthase and myxovirus resistance gene expression.
The response to IFN� was also measured in insulin-resistant
obese mice (high fat diet and ob/obmice) untreated and treated
with metformin. Silencing IRS-2 mRNA induces insulin resist-
ance and inhibits IFN� response. Likewise, TNF� suppresses
insulin and IFN� response. Treatment of cells with pervanadate
and knocking down PTP-1B restores insulin and IFN�
response. Both silencing IRS-2 and TNF� treatment increase
PTP and PTP-1B activity. Metformin inhibits PTP and im-
proves IFN� response in insulin-resistant cells. Insulin-resis-
tant ob/ob mice have increased PTP-1B gene expression and
activity in the liver and do not respond to IFN� administration.
Treatment with metformin improves this response. In HepG2
cells, insulin resistance provokes IFN� resistance, which is asso-
ciated with an increased PTP-1B activity in the liver. Inhibition
of PTP-1B activity with pervanadate and metformin or knock-
ing down PTP-1B reestablishes IFN� response. Likewise, met-
formin decreases PTP-1B activity and improves response to
IFN� in insulin-resistant obese mice. The use of PTP-1B inhib-
itors may improve the response to IFN�/ribavirin therapy.

The current standard treatment for chronic hepatitis C is the
combined pegylated IFN� plus ribavirin therapy. However, this
treatment achieves a sustained virological response in less than
50% of patients infected with type 1 genotype of hepatitis C
virus (1). Several host factors have been found to be associated
with a reduced rate of sustained virological response to this
therapy; many of them are associated with insulin resistance
(2). Mechanisms involved in this resistance to IFN� therapy in
patients with insulin resistance are not well known.
Binding of insulin to its receptor is followed by tyrosine phos-

phorylation of its own receptor and insulin receptor substrates
IRS-1 and IRS-2, among others. Activation of these substrates is
followed by activation of downstream targets such as Akt/PKB,
which is involved in almost all actions of insulin (3). Suppressor
of cytokine signaling (SOCS)2 proteins, protein phosphatase 2A
(PP2A), and protein-tyrosine phosphatases (PTPs) can nega-
tively modulate insulin signals. SOCS proteins decrease insulin
sensitivity by binding to the insulin receptor and reducing its
ability to phosphorylate IRS proteins (4). PP2A, whose expres-
sion is increased in liver biopsies from patients with chronic
hepatitis C, inhibits insulin signaling by dephosphorylating
Akt/PKB (5). PTPs constitute a large family of phosphatases
that can attenuate insulin, growth factors, and cytokine signal-
ing by dephosphorylating tyrosine residues located in the tyro-
sine kinase domain of the corresponding receptors and other
components of their signaling pathways (6). Thus, PTP-1B
dephosphorylates tyrosine residues involved in recruiting and
activating insulin signaling molecules (7). Levels of PTP-1B are
increased in patients and animal models with insulin resistance
(8), whereas absence of PTP-1B is associated with insulin
hypersensitivity in mice (9).* This study was supported in part by Grants from the “Fundación Mutua
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IFN� exerts its effects by binding to cell surface receptors,
which triggers the recruitment and activation of Janus-tyrosine
kinases (JAK) by autophosphorylation. Signal transducer and
activator of transcription-1 (Stat1) is then recruited to high
affinity binding sites on phosphorylated JAK, leading to its acti-
vation (10). Phosphorylated Stat1 binds Stat2 to form a het-
erodimer, which translocates to the nucleuswhere it recognizes
specific DNA sequences in promoter regions of target genes,
including 2�5� oligoadenylate synthase (2�5�OAS) and myxovi-
rus-resistance (Mx) genes, leading to induction of an antiviral
state (11). This signal can be negatively regulated mainly by the
SOCS proteins, protein inhibitor of activated Stat1 (PIAS1),
PP2A, and some PTPs that interact with JAK and TYK (12).
SOCS proteins have been found to be significantly elevated in
patients with chronic hepatitis C non-responders to antiviral
therapy (13). PIAS1 prevents binding of unmethylated Stat1 to
the promoter of target genes (14). PP2A inhibits Stat1 methyl-
ation by protein arginine methyl transferase 1, increases
unmethylated Stat1-PIAS1 association, and consequently re-
duces the binding of Stat1 to IFN�-stimulated gene promoters
(15). In liver biopsies from patients with chronic hepatitis C,
PP2A expression was found to be increased (5, 15), which may
interfere with IFN� signaling via Stat1 hypomethylation,
increased Stat1-PIAS1 association, and reduced binding of
Stat1 to target genes. PTP can also dephosphorylate tyrosine
residues located in some components of IFN� signaling path-
way, including JAK family of tyrosine kinase and Stat factors (6,
16). Thus, overactivation of PTP, particularly PTP-1B, is a pos-
siblemechanismof blocking both insulin and IFN� signaling, as
PTP-1B can suppress not only insulin signaling but also signal
transduction of IFNs, leptin, and other factors (17). As far as we
know, no information is available on the PTP activity in situa-
tions of IFN� resistance, including hepatitis C virus-infected
patients resistant to insulin and IFN� therapy.

The aim of this study was to determine the role played by
PTP, particularly PTP-1B, in the suppression of IFN� signaling
associated with insulin resistance induced by silencing IRS-2 or
by treating HepG2 cells with TNF�.

EXPERIMENTAL PROCEDURES

InVitroExperiments—Weinduced insulinresistance inhepa-
tocellular carcinoma cell line (HepG2) (AmericanTypeCulture
Collection) using two different methods; (a) by silencing IRS-2
with appropriated siRNA and (b) by treating cells with 20 ng/ml
TNF� for 18 h. In control and insulin-resistant cells, we meas-
ured response to 100 nM insulin or 250 units/ml IFN� in the
presence or absence of 10 �g/ml metformin (Sigma) or 0.1 mM

pervanadate. Pervanadate was prepared by mixing equal vol-
umes of freshly prepared 0.1 M H2O2 and 0.1 M Na3VO4
(Sigma). The mixture was incubated for 10 min before use.
Some experiments were performed using protein-tyrosine
phosphatase 1B-deficient neonatal hepatocytes obtained as
described elsewhere (18). Likewise, in some experiments we
used IRS-2-deficient hepatocytes (19). IFN� response was eval-
uated by quantifying Stat-1 tyrosine phosphorylation and 2�,5�-
oligoadenylate synthase 1A (2�5�OAS) (20) and myxovirus-re-
sistant (Mx) gene expression. In RT-PCR experiments, each
experimental condition was repeated five times. Insulin re-

sponse was evaluated by measuring tyrosine and serine phos-
phorylation of IRS-2 or Akt/PKB, respectively.We used 100 nM
insulin to ensure that cells were insulin-resistant.
In Vivo Experiments—Sixty male mice, 6 weeks old, (Charles

River Laboratories España, SA. Santa Perpetua de la Mogada.
Spain) were distributed in 12 groups; group I included 5
C57BL/6J (wild-type) mice treated with 50 �l of 0.8% saline
intraperitoneally for 12 weeks. Group II was formed by five
C57BL/6J mice treated subcutaneously with 2 �g/kg/week
pegylated IFN�-2a (PegasysTM, Roche Farma, SA, Madrid,
Spain) for 12 weeks subcutaneously. Group III was composed
by five wild-type mice treated intraperitoneally with IFN� and
24mg/kg/daymetformin intraperitoneally for 12 weeks. Group
IV was composed with five wild-type mice treated with met-
formin for the same period of time. Groups V, VI, VII, and VIII
were formed by C57BL/6J ob/obmice, five animals each group,
treated as groups I, II, III, and IV, respectively. Groups IX, X, XI,
and XII were formed by C57BL/6J mice fed with a high fat diet
for 5 months (Harlan Laboratories, Models, SL., San Feliu de
Codinas, Spain), 5 mice each group, and treated as groups I, II,
III, IV, respectively. All procedures were carried out in accord-
ancewith the SpanishGuide for theCare andUse of Laboratory
Animals. In the liver of these animals, we measured (a) insulin
resistance by detecting serine phosphorylation of Akt 15 min
after injecting 0.5 units/kg insulin intraperitoneal, (b) PTP-1B
activity, (c) PTP-1B, 2�5�OAS, andMx gene expression, and (d)
TNF� concentration.
Protein-tyrosine Phosphatase Assay—PTP activity was mea-

sured using a commercially available assay following the man-
ufacturer’s instructions (Promega, Madison, WI) and employ-
ing the tyrosine-phosphorylated peptide DADEpYLIPQQG as
substrate (21). Activity of protein-tyrosine phosphatase-1B
(PTP-1B) was measured using a colorimetric assay kits (Calbi-
ochem) according to the manufacturer’s protocol.
Immunoprecipitation—The immunoprecipitation assays

were performed as previously described (22). Cellular proteins
were immunoprecipitated with appropriated polyclonal anti-
bodies bound to agarose beads (anti-Jak1, anti-Stat-1, anti-
IRS-1, and anti-IRS-2) (Santa Cruz Biotechnology, Santa Cruz,
CA). Immune complexes were recognized using specific anti-
bodies (JAK1, Stat-1 (Santa Cruz), PTP-1B (Millipore Ibérica
Madrid, Spain). Signals were detected using the ECL Prime
Western blotting detection reagent (Amersham Biosciences).
Western Blot Analysis—Whole cellular protein extracts were

prepared from HepG2 cells cultured until confluence as previ-
ously described (23).
RNA Interference—IRS-1 and IRS-2-specific siRNA and non-

specific control RNAused as a negative control were purchased
from Santa Cruz Biotechnology. For the transfection experi-
ments we followed the procedure described elsewhere (24).
Real-time Quantitative Polymerase Chain Reaction (PCR)—

PCR was performed on a Light Cycle 1.0 (Roche Applied Sci-
ence) in 20 �l with 50 ng of cDNA, 0.5 �M primers, 2 �l of
FastStart DNAMaster SYBR Green I (Roche Applied Science).
Data from the real-time, quantitative PCR were analyzed fol-
lowing the method as described elsewhere (24). Sequences of
primers used in these experiments are shown in the supple-
mental table.
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Hepatic concentrations of TNF� were measured using high
sensitivity enzyme-linked immunosorbent assays according to
the manufacturer’s instructions (Mouse TNF ELISA. BLK
Diagnostics, Badalona, Spain).
Statistical Analyses—Quantitative data are presented as the

mean� S.D. Each in vitro experimental conditionwas repeated
three to four times. Statistical analysis was based on Student’s t
test for comparison of two groups. A p value less than 0.05 was
used to determine statistical significance.

RESULTS

Insulin Resistance Induced by Silencing IRS-2 mRNA Inhib-
ited IFN� Response—To assess whether insulin resistance was
involved in the absence of response to IFN�, we induced insulin
resistance by silencing IRS-2 gene expression using an appro-
priated siRNA in HepG2 cells. IRS-2 gene expression was
decreased by about 80% in cells with silenced gene (Fig. 1A). As
expected (19), silencing IRS-2 provoked insulin resistance as
indicated by the absence of Akt serine-phosphorylation after
insulin treatment (Fig. 1B).
Using Stat-1 tyrosine phosphorylation as a marker for the

IFN� signaling pathway activation, Fig. 1C shows that IFN� did
not provoke any tyrosine phosphorylation of Stat-1 in cells with
silenced IRS-2 insulin-resistant. Similar results were obtained
when IFN� response was evaluated by measuring 2�5�OAS or
Mx gene expression (Fig. 1, D and E).
As PTPs reduce tyrosine phosphorylation of some proteins,

we investigated the role played by these phosphatases in this
IFN� resistance by pretreating cells with 0.1 mM pervanadate,
an unspecific tyrosine phosphatase inhibitor. Fig. 1C shows that
inhibitionofPTPs increasedbasal levels of tyrosine-phosphory-
lated Stat-1 and restored the response to IFN� in these insulin-
resistant cells. Likewise, 2�5�OAS and Mx gene expression
increased significantly after IFN� addition in insulin-resistant
cells pretreated with pervanadate (Fig. 1, D and E). Similarly,
these cells recovered insulin response (Fig. 1B).
TNF� Induced Insulin and IFN�Resistance, andThese Effects

Were Abrogated by Pervanadate—Treatment of HepG2 cells
with 100 nM insulin resulted in a prompt serine phosphoryla-
tion of Akt that was particularly marked at 15 min (Fig. 2A).
Treatment of cells with 20 ng/ml TNF� for 18 h provoked insu-
lin resistance as indicated by the absence of additional Akt
phosphorylation over the control level after insulin addition.
As insulin-induced activation of Akt is mediated by tyrosine

phosphorylation of IRS-1 and IRS-2, we also analyzed the effect
of 20 ng/ml TNF� for 18 h on insulin-induced tyrosine phos-
phorylation of these insulin substrates. Fig. 2B shows that 100
nM insulin induced tyrosine phosphorylation of IRS-2 that was
particularlymarked at 15min. As expected, insulin did not have
any effect on serine phosphorylation of IRS-2 at the same times.
Treatment of cells with TNF� had no effects on tyrosine phos-
phorylation of IRS-2 but resulted in a striking increase in serine
phosphorylation of this substrate. Finally, pretreatment of cells
with TNF� phosphorylated IRS-2 at serine and prevented the
effect of insulin on tyrosine phosphorylation of IRS-2. Similar
results were obtainedwhen phosphorylation at serine and tyro-
sine of IRS-1 was studied after treatment of cells with insulin,
TNF�, or both (Fig. 2C).

In these TNF�-treated cells resistant to insulin, we studied
the effects of IFN� on tyrosine phosphorylation of Stat-1 and
gene expression of 2�5�OAS and Mx. For this purpose, HepG2
cells were cultured in the absence or presence of 20 ng/ml
TNF� for 18 h followed by the exposition to 250 IU/ml IFN� for
3–90 min. As Fig. 2D shows, IFN� markedly stimulated tyro-
sine phosphorylation of Stat-1, particularly at 60 min. By con-

FIGURE 1. Silencing IRS-2 inhibits the response of cultured hepatocytes
to insulin and IFN�. A, in HepG2 cells, IRS-2 protein expression was silenced,
and RT-PCR was performed for IRS-2 (IRS-2 cDNA) and GAPDH (GAPDH cDNA)
transcripts. Decreased IRS-2 protein expression was examined by Western
blot. B, control (siRNA Control) and insulin-resistant cells (siRNA IRS-2) were
treated with 100 nM insulin for 15 min in the absence or presence of 0.1 mM

pervanadate (PV). Whole cellular proteins were analyzed by Western blot
using specific antibodies against Akt or serine-phosphorylated Akt (pAkt).
Control, untreated cells. C, control and insulin-resistant cells were treated
with 250 units/ml IFN� for 60 min in the absence or presence of 0.1 mM

pervanadate. Cellular proteins were immunoprecipitated (IP) with anti-
Stat-1 antibody, and total and tyrosine phosphorylated Stat-1 levels were
analyzed by Western blot (WB). D and E, 2�5�OAS (D) and Mx (E) gene
expression was measured by quantitative RT-PCR using endogenous GAPDH
as reference. Control cells and cells with silenced IRS-2 were treated with IFN�
in the presence or absence of 0.1 mM pervanadate. These blots are represen-
tative of experiments that were repeated three times. ***, p � 0.001; NS, not
significant.
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trast, this effect of IFN� was totally absent in cells pretreated
with TNF�. Likewise, pretreatment of cells with TNF� abro-
gated the IFN�-induced gene expression of 2�5�OAS and Mx
(Fig. 2, E and F).

In cells pretreated with TNF�, the addition of pervanadate
increased markedly basal tyrosine phosphorylation of Stat-1
(Fig. 3A) and recovered the response of cells to IFN� (Figs. 2, E
and F, and 3A), suggesting that PTPs were involved in the
TNF�-induced resistance to IFN�. Similarly, pervanadate
recovered response to insulin in cells previously treated with
TNF� (Fig. 3B).
To analyze whether PTP-1B was implicated in the IFN�

resistance associated with the insulin resistance, we induced
insulin resistance by incubating PTP-1B-deficient hepatocytes
and their counterpart wild-type cells with 20 nM TNF� for 18 h
andmeasured the response of these cells to 100 nM insulin or to
250 units/ml IFN�. As Fig. 3, C and D, show, response to both

FIGURE 2. TNF� induces insulin and IFN� resistance in HepG2 cells. A, effects
of 100 nM insulin on Akt phosphorylation (p-Akt) in the absence or presence of 20
ng/ml TNF� for 18 h are shown. The blot is representative of one experiment that
was repeated four times with similar results. B, shown is the effect of insulin on
tyrosine (pY-IRS-2) and serine (pSer-IRS-2) phosphorylation of IRS-2 in the
absence or presence of TNF�. Blots are representative of one experiment that
was repeated four times with similar results. IP, immunoprecipitation. WB, West-
ern blot. C, shown are the effects of insulin on tyrosine and serine phosphoryla-
tion of IRS-1 in the absence or presence of TNF�. Experimental conditions and
procedures were identical to those described for IRS-2. D, shown are the effects of
IFN� on tyrosine phosphorylation of Stat-1 (pY-Stat-1) in HepG2 cells in the
absence or presence of TNF�. U, units. E and F, shown are the effects of IFN� on
2�5�OAS (E) and Mx (F) gene expression in the presence or absence of TNF� or
pervanadate (PV). ***, p � 0.001; NS, not significant.

FIGURE 3. Inhibition or absence of PTP1B restored the response to
IFN� in cells treated with TNF�. A, HepG2 cells were exposed to 250
units/ml IFN� for 60 min, 20 ng/ml TNF� for 18 h, or both in the absence or
presence of 0.1 mM pervanadate added to the cells 60 min before treat-
ment with IFN�. Cellular proteins were immunoprecipitated (IP) as indi-
cated in Fig. 1C, and tyrosine-phosphorylated Stat-1 was analyzed (pY-
Stat1) by Western blot (WB). B, HepG2 cells were exposed to 100 nM insulin
(Ins) for 15 min, 20 ng/ml TNF� for 18 h, or both in the absence or presence
of 0.1 mM pervanadate added to the cells before insulin. Cellular proteins
were immunoprecipitated with anti-IRS-2 antibody analyzed by Western
blot using specific antibody against IRS-2 and antiphosphotyrosine. pY-
IRS-2, IRS-2 tyrosine-phosphorylated. C, neonatal PTP-1B-deficient hepa-
tocytes (KO PTP1B) and their counterpart wild-type cells were cultured (WT
PTP1B) in the presence or absence of 20 ng/ml TNF� for 18 h and treated
with 100 nM insulin for 15 min. Total and serine phosphorylated Akt was
analyzed by Western blot. D, total and tyrosine-phosphorylated Stat-1
were measured in neonatal wild-type and PTP-1B-deficient hepatocytes
cultured in the conditions described in panel C and treated with 250
units/ml IFN� instead of insulin. E and F, neonatal PTP-1B-deficient hepa-
tocytes were treated as indicated in panel D. 2�5� OAS (E) and Mx (F) gene
expression were measured by quantitative RT-PCR using endogenous
GAPDH as reference. ***, p � 0.001; NS, not significant.
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insulin and IFN� was absent in wild-type hepatocytes exposed
to TNF� but was normal in hepatocytes with PTP-1B knocked
down and treated with TNF�. In these PTP-1B-deficient hepa-
tocytes pretreated with TNF�, 2�5�OAS and Mx gene expres-
sion increased significantly after treatment with IFN� (Fig. 3, E
and F).
Silencing IRS-2 and Treatment of Cells with TNF� Increased

PTPActivity—Because these results suggested that PTPsmight
be involved in the IFN� resistance associated with insulin
resistance, we also investigated the impact of silencing IRS-2 on
the PTP activity. Fig. 4A illustrates that PTP activity was mark-
edly increased in cells with silenced IRS-2. IFN� treatment did
not affect PTP activity in control cells and in insulin-resistant
cells. Likewise, our study confirmed that pervanadate, at the
doses used in these experiments, reduced PTP activity under
the control levels and prevented its increase after silencing
IRS-2.
Because it is well established that metformin increases insu-

lin sensitivity (25) and it has been reported that this drug
improves response to IFN� therapy in some chronic hepatitis C
patients (26), we wanted to know whether metformin had any
effect on the PTP activity in cells with silenced IRS-2. As Fig. 4A
shows, 10�g/mlmetformin, like pervanadate, decreased signif-
icantly PTP activity in these cells and avoided the increase
caused by silencing IRS-2. This effect was time- and dose-de-
pendent (Fig. 4B).

As PTP-1B has been involved in the inhibition of insulin
signaling (9), we wanted to know whether silencing IRS-2
modified the activity of this particular PTP. Fig. 4C shows
that PTP-1B activity was significantly enhanced in cells with
silenced IRS-2 and that 0.1 mM pervanadate or 10 �g/ml
metformin prevented this increase. Treatment of cells with
IFN� did not modify PTP-1B activity either in control or
insulin-resistant cells. This effect of silencing IRS-2 on
PTP-1B activity was associated with a marked increase in
PTP-1B protein expression, but this increase was not abro-
gated by treating cells with pervanadate or metformin (Fig.
4C).
As previous data suggested that PTPs are also implicated

in the TNF�-induced inhibition of IFN� signaling, we mea-
sured the effects of TNF� and IFN� on PTP activity. As
shown in Fig. 4D, IFN� did not modify PTP activity in
HepG2 cells, but TNF� increased this activity 4-fold. Pre-
treatment of cells with pervanadate or metformin at the dose
used in previous experiments reduced PTP activity under
control levels. Effects of TNF�, IFN�, pervanadate, and met-
formin on PTP-1B activity were similar to those observed on
PTP activity (Fig. 4E).
TNF� Induced Physical Interaction of PTP-1B with JAK1 and

Stat-1—As dephosphorylation of JAK1 and Stat-1 by PTP-1B
requires the association of this phosphatase to its substrates, we
wanted to examine whether TNF� promoted a physical inter-
action of PTP-1B with JAK1 and Stat-1. Therefore, we immu-
noprecipitated JAK1 and analyzed the presence of PTP-1B and
Stat-1 in the immunoprecipitates. Fig. 4F shows that JAK1
coimmunoprecipitated with PTP-1B and Stat-1 in control cells
and that TNF� enhanced the physical interaction between
these proteins. Likewise, immunoprecipitation of Stat-1 was

FIGURE 4. Silencing IRS-2 and treatment of cells with TNF� increase PTP
activity in HepG2 cells. A, PTP activity was measured in HepG2 cells with or
without silenced IRS-2 treated with 250 units/ml IFN� for 60 min in the
absence or presence of 0.1 mM pervanadate (PV) or 10 �g/ml metformin (MTF)
added to the cells 60 or 30 min, respectively, before IFN�. ***, p � 0.001 as
compared with not silenced control cells. NS, not significant. B, shown is a
time- and dose-dependent effect of metformin on PTP activity. *, p � 0.05; **,
p � 0.01; ***, p � 0.001; NS, not significant. C, PTP-1B enzyme activity was
measured in HepG2 cells in the same experimental conditions as indicated in
panel A. Proteins were extracted, and PTP-1B and �-actin were analyzed by
Western blot. **, p � 0.01; ***, p � 0.001 as compared with not silenced control
cells. NS, not significant. D, PTP activity was measured in cells treated with 20
ng/ml TNF� for 18 h, 250 units/ml IFN� for 60 min, or both in the absence or
presence of 0.1 mM pervanadate or 10 �g/ml metformin. **, p � 0.01; ***, p �
0.001 as compared with cells untreated with pervanadate or metformin. NS, not
significant. E, PTP1B activity was measured under the same conditions indicated
in panel D. F, HepG2 cells were treated with TNF� in the absence and presence of
pervanadate or metformin. After treatment, proteins were immunoprecipitated
(IP) using a specific antibody either against JAK1 or Stat-1. Immunoprecipitated
proteins were analyzed by Western blot (WB) using specific antibodies against
JAK1, Stat-1, or PTP1B. Blots are representative of three separate experiments.
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associated with the coimmunoprecipitation of PTP-1B and
JAK1 (Fig. 4F). Treatment of cells with pervanadate or met-
formin did not prevent the formation of this JAK1-PTP-1B-
Stat-1 complex (Fig. 4F).
Metformin Restored Sensitivity to IFN� and Insulin in Insu-

lin-resistantHepatocytes—Becausemetformin inhibits PTP-1B
activity, we investigated whether metformin was able to
improve IFN� response in cells with silenced IRS-2 or treated
with TNF�. Fig. 5 shows that the addition of 10 �g/ml met-
formin to the cells with silenced IRS-2 restored the response to
IFN� as shown by the increase in tyrosine phosphorylation of
Stat-1 (Fig. 5A) and in 2�5�OAS and Mx gene expression (Fig.
5B). Similarly,metformin restored the sensitivity to insulin (Fig.
5C). Likewise, metformin annulled the suppressor effects of
TNF� on IFN�-induced tyrosine phosphorylation of Stat-1
(Fig. 5D) and gene expression of 2�5�OAS and Mx. (Fig. 2E).
Insulin-resistant Obese Mice Did Not Respond to IFN� and

Had Increased PTP-1B Activity and Gene Expression—Because
obesity is associated with IFN� resistance (27) and TNF�
levels are elevated in the liver of ob/ob mice (28) and in mice
fed with a high fat diet (Fig. 6), we studied the response to 2
�g/kg/week pegylated IFN�2a in wild-type mice and in two
different groups of obese mice, genetic ob/ob mice and mice
fed with a high fat diet. As shown in Fig. 6A, hepatic levels of
TNF� were significantly increased in both groups of obese
mice, and administration of IFN� or 24 mg/kg/day met-
formin intraperitoneal for 12 weeks did not modify these
levels. In addition, we confirmed that obese mice, particularly
ob/ob mice, were insulin-resistant, as indicated by the absence
of additional Akt phosphorylation in the liver 15 min after
intraperitoneal administration of 0.5 units/kg insulin (Fig. 6B).
Fig. 6, C and D, show that, compared with control mice, both
obese groups of mice had decreased levels of 2�5�OAS and Mx
gene expression and that this expression did not increase in
obesemice receiving IFN�. PTP-1B gene expressionwas signif-
icantly elevated in both groups of untreated obese mice and in
those treated with IFN�, metformin, or both (Fig. 6E). PTP-1B
activity was also significantly increased in obesemice, but treat-
ment with metformin decreased these levels to those in wild-
type mice (Fig. 6F) and restored the response to IFN� (Fig. 6, C
and D).

DISCUSSION

Our study shows that hepatic insulin resistance induced by
silencing IRS-2 mRNA (Fig. 1B) resulted in resistance to IFN�,
as shown by the absence of tyrosine phosphorylation of Stat-1
(Fig. 1C) and the lack of induction of 2�,5�OAS and Mx gene
expression (Fig. 1,D and E). This absence of Stat-1 phosphory-
lation and activation can be ascribed either to a reduced phos-
phorylation by a diminished tyrosine kinase activity or to an
increased tyrosine dephosphorylation by an enhanced activity
of PTPs. These phosphatases provoke tyrosine dephosphory-

FIGURE 5. Metformin prevents IFN� and insulin resistance induced by
silencing IRS-2 or TNF� treatment. A, control cells and cells with silenced
IRS-2 protein expression were treated with 250 units/ml IFN� for 30 min in the
absence or presence of 10 �g/ml metformin (MTF). After treatment, cellular
proteins were analyzed as described in Fig. 1C. The blot is representative of
one experiment that was repeated three times. Control, untreated cells. IP,
immunoprecipitation; WB, Western blot. B, control cells and cells with
silenced IRS-2 were treated with 250 units/ml IFN� in the presence or absence
of 10 �g/ml metformin. 2�,5�-Oligoadenylate synthase-1a and Mx gene
expression was measured by quantitative RT-PCR using endogenous GAPDH
as reference. These blots are representative of experiments that were
repeated three times. C, cells with silenced IRS-2 were treated with 100 nM

insulin for 15 min in the absence or presence of 10 �g/ml metformin. After
treatment, cellular proteins were analyzed as described in Fig. 1B. Shown is a
representative blot of an experiment that was repeated twice. D, HepG2 cells
were exposed to 250 units/ml IFN� for 60 min, 20 ng/ml TNF� for 18 h, or both
in the absence or presence of 10 �g/ml metformin added to the cells 30 min

before the addition of IFN�. After treatment, cellular proteins were extracted
and immunoprecipitated as indicated in Fig. 1C. Blots are representative of
one experiment that was repeated three times with similar results. pY-Stat-1,
Stat-1-phosphorylated at tyrosine. E, shown are the effects of IFN� on 2�,5�
oligoadenyl synthase and Mx gene expression in the presence or absence of
TNF� or metformin. ***, p � 0.001; NS, not significant.
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lation of insulin receptors and substrates and consequently are
able to interrupt their signal resulting in insulin resistance (6,
29). Thus, whereas increased PTP-1B activity is associated with
an insulin-resistant state (8), PTP-1B deficiency is linked to
insulin hypersensitivity (7, 9).
The present study offers data indicating that these PTPs are

also involved in the loss of IFN� response associated with insu-
lin resistance. Thus, inhibition of PTPs with pervanadate, a
commonly used general PTP inhibitor, resulted in the recovery
of response to IFN� in cells with silenced IRS-2, resistant to
insulin (Fig. 1).
Chronic hepatitis C patients, particularly non-responders to

IFN/ribavirin therapy, frequently have elevated levels of TNF�
(30), a cytokine that can induce insulin resistance (31). More-
over, this cytokine is also elevated in patients with obesity, liver
steatosis, and other conditions associated with insulin resis-
tance and poor response to IFN/ribavirin therapy (31). There-
fore, we wanted to know whether TNF� induces resistance to
insulin and IFN� in HepG2 cells. In the present study, we con-
firm that TNF� induced insulin resistance in these cells (Fig.
2A) and that this effect was associated with serine phosphory-
lation of IRS-1 and IRS-2 (Fig. 2,B andC). Our study shows that

these insulin-resistant TNF�-treated cells were also resistant to
IFN� (Fig. 2, D and F).

The molecular mechanisms by which TNF� inhibits IFN�
effects are likely not unique. SOCS proteins have been impli-
cated in the resistance to IFN� therapy in some patients with
chronic hepatitis C (13). SOCS proteins, particularly SOCS3
(32), inhibit the interaction of insulin and cytokine receptors,
including IFN� receptors, with signaling proteins (4, 32) and
consequently are able to suppress insulin and IFN� effects (4,
33). However, recently, Franceschini et al. (34) showed that
silencing SCOC3 did not restore IFN� signaling. The role of
these proteins in the resistance to IFN� is supported by the fact
that patients with chronic hepatitis C non-responder to antivi-
ral therapy have increased expression of SOCS3 (13). Indeed,
our data do not exclude that SCOS3 may act as an inhibitor of
IFN� signaling in chronic hepatitis C resistant to antiviral ther-
apy. However, our study indicates that an increased PTP activ-
ity is also implicated in the TNF�-induced suppression of IFN�
and insulin signaling. As already mentioned, PTPs are able to
interrupt signal transduction of both insulin and IFN�. The role
of these phosphatases in the TNF�-induced suppression of
insulin and IFN� signaling is supported by the fact that inhibi-
tion of PTP activity by pervanadate (Fig. 2) or knocking down of
PTP-1B rescued the response to IFN� and insulin in TNF�-
treated cells (Fig. 3).
Our study also demonstrates that insulin resistance pro-

voked by silencing IRS-2 mRNA or by incubating cells with
TNF� increased PTP and PTP-1B activity 2–4-fold (Fig. 4).
Themechanismof this stimulation can be ascribed to the inhib-
itory effect of insulin on PTP activity. Indeed, PTP-1B is a sub-
strate for Akt, and serine phosphorylation of PTP-1B by Akt
negativelymodulates its phosphatase activity (35). In fact, it has
been shown that PTP-1B expression is elevated in the liver of
IRS-2-deficient mice (36). Moreover, our study shows that
TNF� increased the physical interaction of PTP-1B with JAK1
and Stat1 (Fig. 4F). Association of PTP-1B with JAK is needed
for JAK being dephosphorylated by PTP-1B. Although some
controversy does exist concerning interaction of these mole-
cules (37), some studies have clearly demonstrated that PTP-1B
binds JAK1 (38). Even though very little information is available
on the effect of TNF� onPTP activity, a number of authors have
demonstrated that TNF� induces PTP-1B gene expression in
several experimental conditions (39, 40). These enhanced
PTP-1B protein expression may favor its association with JAK.
Our experiments also show that pervanadate, although inhib-
ited PTP-1B activity, did not avoid coimmunoprecipitation of
PTP-1B with JAK1 and Stat-1 (Fig. 5). Persistence of a physical
interaction between these factors despite the loss of activity can
be ascribed to the fact that pervanadate inhibits PTP-1B activity
by oxidizing its catalytic cysteine (41).
Our results open the possibility of increasing the response

rate of chronic hepatitis C patients to the combined therapy
with IFN�/ribavirin through the use of PTP inhibitors. In this
respect, our study demonstrates that administration of met-
formin, an oral antihyperglycemic agent used in the treatment
of type 2 diabetes, to insulin-resistant cells or cells treated with
TNF� restored both insulin and IFN� response (Figs. 1, 2, 3,
and 5). Exact mechanisms of metformin action are not fully

FIGURE 6. Obese mice are resistant to insulin and IFN�. Treatment of ob/ob
mice with metformin (MTF) decreased PTP-1B activity and restored insulin
and IFN� sensitivity. C57BL/6J, ob/ob mice, and mice fed with a high fat diet
(HFD) were treated with IFN�2a, metformin, or both as indicated under
“Experimental Procedures.” A, shown are concentrations of TNF� in liver tis-
sue of the 12 groups of mice. B, shown is total Akt and serine phosphorylated
Akt (pAkt) in the liver before (basal) and 15 min after injecting 0.5 units/Kg
insulin intraperitoneally. C, shown is 2�,5�OAS gene expression. D, shown is
Mx gene expression. E, shown is PTP-1B gene expression. F, shown is PTP-1B
activity. *, p�0.05; ***, p � 0.001 as compared with control mice. NS, not
significant.
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understood. Metformin reduces gluconeogenesis, hepatic glu-
cose output, increases glucose uptake in muscle, insulin bind-
ing to its receptor, and activity of the AMP-activated protein
kinase (42). Because metformin increases tyrosine phosphory-
lation of insulin receptor (43), it has been suggested that met-
formin stimulates its tyrosine kinase activity (44). However,
metformin might also increase this phosphorylation by reduc-
ing PTP activity. In our study we clearly show that metformin
decreased PTP and PTP-1B activity and prevented the increase
in PTP activity that followed silencing IRS-2 synthesis or TNF�
treatment (Fig. 4).
Because ob/ob mice and mice fed with a high fat diet are

insulin-resistant (45) (Fig. 6), we used these two animal models
to study the response to IFN� and the effects of metformin.We
found that obese mice have increased hepatic levels of PTP-1B
activity and that it was associated with an absence of response
of 2�5�OAS and Mx gene expression to IFN� administration.
Our study also shows that treatment of obese mice with met-
formin decreased PTP-1B activity and restored the response of
2�5�OAS andMx gene expression to IFN� (Fig. 6). Overexpres-
sion of PTP-1B has been found in mice with diet-induced obe-
sity and in ob/ob mice (45). In this study we also show that this
inhibitory effect of metformin on PTP-1B is exerted, like per-
vanadate, without avoiding physical interactions of this phos-
phatase with its substrates (Fig. 4). These results are consistent
with those reported by Holland et al. (46) showing that met-
formin inhibits PTPs. Therefore, metformin may favor IFN�
signaling by attenuating PTP activity. These results allow us to
speculate that metformin, like other PTP inhibitors, might
increase the efficacy of IFN�/ribavirin therapy in patients with
chronic hepatitis C and insulin resistance. Although little infor-
mation is available on this subject, a pilot study showed that
metformin improved response to this therapy, particularly in
women (26). The use of metformin in these patients with mild
liver dysfunction has been considered to be safe (47). Met-
formin-associated lactic acidosis is mostly reported in patients
with liver cirrhosis, many of them actively using alcohol (48).
Nevertheless, more studies are mandatory to establish the real
value ofmetformin as adjuvant treatment in chronic hepatitis C
and its safety.
Limitations of this study arise from the fact that it has been

performed in cellular and animal models of insulin resistance,
and although all experiments indicate that resistance to IFN� is
closely associated with an increased activity and gene expres-
sion of PTP-1B, these results do not allow assurance that this is
the cause of the poor response to IFN�/ribavirin therapy in
patients with chronic hepatitis C and insulin resistance. Other
factors, in addition to PTPs, may also interfere with IFN� sig-
naling, some of them acting downstream of Stat1 activation.
This is the case of PP2A and PIAS1 (14). It is well documented
that hepatitis C virus proteins induce PP2A expression (15),
which in turn inhibits protein arginine methyl transferase 1
and, consequently, results in hypomethylation of Stat1.
Hypomethylated Stat1 binds to PIAS1, which prevents Stat1
from binding target gene promoters and IFN� from exerting its
antiviral effects. Interestingly, it has been shown that PP2A is
inactivated by tyrosine phosphorylation and that PTP1B can
dephosphorylate PP2A (49). Therefore, we can hypothesize

that PTP1B inhibition might also inactivate PP2A and thereby
block the anti-IFN� effects of hepatitis C virus. Therefore, it is
mandatory to demonstrate that insulin-resistant patients with
chronic hepatitis C nonresponders to IFN�/ribavirin therapy
have increased PTP-1B activity and gene expression in the liver
and that inhibition of this phosphatase improves the response
to antiviral therapy. Current research is actually being focused
in this direction. As shown above, metformin inhibits PTP
activity and improves antiviral response in these patients; nev-
ertheless, other PTP inhibitors might also be considered.
PTP-1B is a promising therapeutic target in themanagement of
type 2 diabetes, and many research groups are interested in the
development of potent and specific inhibitors for this enzyme
that might benefit not only diabetes patients but also patients
with chronic hepatitis C, insulin resistance, and poor response
to IFN� therapy.
In conclusion, our study shows that insulin resistance in-

duced by silencing IRS-2 gene expression or TNF� treatment
provokes IFN� resistance and that this effect is associated with
an enhanced PTP-1B activity. The role of PTP-1B in the IFN�
hyposensitivity associated with insulin resistance is supported
by the fact that inhibition of PTP-1B activity with pervanadate,
metformin, or RNA interference rescues the response to insulin
and IFN�. Thus, use of PTP inhibitors such as metformin may
improve the response of chronic hepatitis C patients to com-
bined therapy with IFN�/ribavirin.
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