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Abstract: Hepatitis C virus infection, besides its substantial unfavorable impact on liver health, has several

other manifestations, from which we have focused on its associations with insulin resistance and diabetes

mellitus in an ir vitro setting in this review of the literature. Several epidemioclogic studies have already proven

the strong association between chromc HCV infection and development of diabetes mellitus. However, attempts
to clarifying molecular mechamsms for this association have not made up until recent years. We made a
comprehensive review of the literature but we only found € studies investigating HCV impact on insulin

signaling pathway in an in vitro era. We tried to review and compare the findings of these studies to show what
we already know on the issue and what we still need to know.
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INTRODUCTION

Hepatitis C Virus (HCV) 1s a member of the
Flaviviridae family and is the responsible agent in a
considerable number of acute and chronic hiver
diseases in human populations (NTH, 2002). Infection
with HCV 15 a common problem with an average
prevalence of 3% in the world (Alter, 1995; Khedmat et al.,
2009). Acute HCV infection remains in the host body and
becomes chronic in about 85% of cases (Micallef et al,
2006) leading to several HCV-associated complications.
HCV mduces several pathways which can ultimately
lead to I diabetes, fibrosis,
inflammation, apoptosis and  hepatocellular
carcinoma (Fartoux et al., 2005; Pekow et al., 2007,
Lau et al, 1998, Bieche et al., 2005; Khattab et ol

steatosis,  type

2010).
As mentioned, HCV infection is associated with
msulin  resistance and type 2 diabetes mellitus.

Mechanisms through which HCV induces impaired
glucose tolerance and type 11 diabetes are poorly
understood. Recently emerged evidence suggests that
the wvirus directly causes insulin resistance through
mterference with the msulin signaling pathway and
dysregulation of important factors playing major roles

in lipid metabolism (Negro, 2006; Mehta et al, 2000;
Asselah et al., 2006). Moreover, insulin resistance has
reportedly been associated with increased rates of
progression and  altered response to
pharmaceutical treatment (Romero-Gomez et al., 2005).
Some epidemioclogical studies including some of very

fibrosis

large populations have shown that type II diabetes is
significantly more prevalent in patients with HCV
infection (Caronia et al, 1999, Knobler et al., 2000).
However the number of studies investigating molecular
mechanisms leading to insulin resistance by HCV
infection 18 very limited and all of which have been
reported within the last decade. Despite a comprehensive
review of the publish reports, we only found six studies
surveying the impact of HCV on insulin resistance in an
in vitro setting (Aytug et al, 2003; Pazienza et al., 2007,
Christen et al, 2007, Kawaguchi et al, 2004,
Banerjee et al, 2008; Bernsmeier et al., 2008). In the
current study, we aimed to review these articles and to
present their findings one by one and finally to conclude
owr knowledge on the cellular and molecular mechanisms
of inducing insulin resistance and type II diabetes by
HCYV infection (Fig. 1). Insulin signaling pathway has been
very perfectly reviewed m a review article by Pessin and
Saltiel (2000).
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Fig. 1: Schematic view on a summarized description for mechanisms interveming in the msulin signaling pathway

HCV IMPATIRS IRS-1/PI3-KINASE SIGNALING

Aytug et al. (2003) took liver biopsy specimens from
42 HCV-infected and 10 non-infected subjects who had
other liver pathologies, matched by age and BMI and
exposed them to insulin and then examined the contents
for the upstream insulin signaling molecules by
inmunoprecipitation and Western blot analysis. Study
results demonstrated that HCV infection is associated
with a trend toward a 3-fold increase in Insulin Receptor
(IR) protemn levels. Analysis of insulin receptor
substrate-1 (IRS-1) content also showed a trend toward a
2.6-fold increase in TRS-1 protein in liver specimens
obtained from HCV-infected patients. Nevertheless, the
level of hepatic g-actin was comparable between the two
groups; suggesting that the elevated trend seen in IR
content was specific and not due to generalized
alterations in cellular protein levels.

Aytug et al (2003) also demonstrated a 3-fold
decrease in msulin-stimulated p85 PI3-kinase association
with TRS-1 in patients with HCV infection. As well, basal
TRS-1/p85 PI3-kinase association was decreased in HCV
mfected cells. Analysis of PI3-kinase enzymatic activity
mn IRS-1 immunoprecipitates also showed a 60% decrease
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in insulin stimulated PT3-kinase activity in liver tissue
harvested from HCV-infected subjects. Nevertheless,
cellular levels of the p85 regulatory subunit of P13-kinase
were comparable between HCV infected and non-infected
cells.

Analysis of Akt activation status using phospho-Akt
antibody showed severely blunted Akt phosphorylation
in HCV-mfected subjects. Using phosphorylation-specific
MAPK antibodie, MAPK phosphorylation was shown
to be increased by 3-fold in HCV-infected patients
both in the basal state as well as m msulin-treated
liver preparations. Insulin also increased MAPK
phosphorylation in preparations from non-HCV-infected
subjects by 2-fold.

Thus, HCV mfection 1s accompanied by elevated IR
and IR3-1 contents but normal levels of p&5 subumit of
PI3-kinase.

DOWNREGULATION OF IRS1 BY THE HCV CORE
PROTEIN IN SPECIFIC VIRUS GENOTYPES

Pazienza et al (2007) examined the in vitro
interactions between the HCV core protein of genotypes
3a and 1b with the insulin-signaling pathway. They
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measured the expression levels of TRS-1, TRS-2 and other
factors involved in the insulin signal pathway in human
hepatoma cell line (Huh-7) transiently expressing the HCV
core protein of genotypes 3a or 1b. They found both HCV
core proteins 1b and 3a inhibit insulin induced
phosphorylation of Akt. They also tested whether
treatment with a PPARY agomst, rosiglitazone, could
reverse the dowmregulation of IRS3-1 as well as the
inhibition of Akt phosphorylation associated with
genotype 3a. After administering rosiglitazone, in cells
transfected with the core protem 3a, both IRS-1 and
msulin stimulated-Akt phosphorylation levels increased,
however cells transfected with the core protein lb
represented no such reaction.

SOCS-1 and SOCS-3 mRNA levels were unchanged
following transfection with both core protens.
Nevertheless, SOCS-7 mRNA levels were significantly
higher in cells expressing the core protein 3a no
significant change has been observed in core protein 1b
transfected cells. Investigating the role of SOCS-7 inIRS-1
downregulation in genotype 3a-transfected cells, it has
been confirmed using 2 different siRNAs. Both siRNAs
reduced SOCS-7 expression by 36 and 50%, respectively,
SOCS-7 downregulation resulted in a recovery up to 80%
of the total TRS-1 protein level. A parallel increase of Akt
phosphorylation was also observed when SOCS-7 was
knocked down by siRNA.

Inhibition of proteasomal activity by MG132 was
associated with an increase inRS-1 protein levels in cells
transfected with any of the two core proteins. mTOR
activity was increased in cells expressing the core protein
1b, as recently shown while it was not modified m cells
transfected with 3a. The expression levels of mTOR
protein remained unchanged.

PROTEIN PHOSPHATASE 2A UP
REGULATION BY HCV
Christen et al (2007) employed human
osteosarcoma-derived, tetracycline-regulated cell lines
TUHCV-57.3 which can express the entire HCV polyprotein
upon induction. As well human hepatoma cells Huh-7
were also used. Total RNA was 1solated from cells
using a Perfect RNA Eukaryotic Mim Kit. RNA was
produced using Moloney murine leukemia virus reverse
transcriptase. Thapsigargin or funicamycin was used for
inducing ER stress and to decrease cytosolic calcium

levels, cells were treated with BACT .-AM.

The expression of HCV proteins in UHCV57.3 cells
induced the up-regulation of the ER chaperon BiP and
the splicing of XBP-1 mRNA, demonstrating the
activation of an ER stress response m these cells. HCV
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protein expression also induced the expression of PP2Ac.
ER stress and PP2Ac¢ induction were specific for HCV
protein expression, because neither was found in the
control cells UT A6 and UGFP which have no HCV DNA.
Treatment of untransfected Huh7 cells for &8 hours with
thapsigargin, an inhibitor of the ER Ca-ATPase, induced
a classical ER stress response, documented by an
up-regulation of BiP, a phosphorylation of P-elF2¢ and
splicing of the XBP1 mRNA. PP2Ac was also strongly
up-regulated both at the protein and mRNA level.

For demonstrating pharmacological mduction of ER
stress could induce PP2Ac expression independent of
HCYV protein expression, investigators cultured UHCV57.3
cells in tetracycline-supplemented medium for repressing
the expression of viral proteins and then thapsigargin
was used for the next 8 h. The treatment activated the ER
stress response pathways (BiP, XBP1 mRNA splicing)
and caused a strong induction of PP2Ac. The same
PP2Ac induction was observed in the parental cell line
UTA6. HCV protemn expression in UHCV57.3 cells
significantly reduced the Ca, content in the ER.

A canonical CREB binding site sequence was
found in the promoter site of the PP2Ac. CREB was
phosphorylated (activated) in UHCV57.3 cells that were
induced to express viral proteins and thereby had an
activated ER stress response but not in control UTA6 or
UGFP cells. Moreover, CREB was found to be necessary
for PP2Ac up-regulation, because pretreatment of cells
with a CREB-specific siRNA prevented the HCV protein
induced PP2Ac overexpression. The phosphorylation of
CREB mresponse to HCV protein expressionin UHCV57 .3
was prevented by treatment of the cells with the
Ca-chelator BAPT.. In accordance with a direct role of
CREB m the up-regulation of PP2Ac, CaCl, treatment of
Huh?7 cells also induced an overexpression of PP2Ac.

HCV AND IRS 1 AND 2 DOWN REGULATION

Kawaguchi et af. (2004) mmvestigated changes 1n
glucose metabolism m noncirrhotic patients with various
hepatobiliary disorders and the molecular mechanisms for
HCV-associated glucose intolerance. The effects of HCV
core on IRS1, IRS2, SOCS3 and imsulin receptor
expression were examined in HepG2 and Huh7 cells
prepared by transient transfection with Myc tagged HCV
core and HLF cells with stable transfection of Myc-tagged
HCV core.

HCV core dose dependently decreased IRS1 and IRS2
expression in HepG2 cells. In contrast, SOCS3 expression
was dose dependently increased by transient transfection
with Myc-tagged HCV core in HepG2 cells. No changes in
insulin receptor expression and STATS were detected.
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The treatment with MG132 (a proteosomal proteolysis
mhibitor) caused an increase in expression levels of
TRS1 and TRS2. To investigate the involvement of
ubiquitination in downregulation of IRS1 and IRS2 in
HepG2 cells transfected with HCV core, whole-cell extracts
were inmunoprecipitated with anti-IRS1 or anti-IRS2
antibodies immunoblotted  with  anti-ubiquitin
monoclonal antibodies. HCV core caused an accumulation
of ubiquitin-conjugated IRS1 and IRS2.

Authors also examined the relationship between
SOCS3 and regulation of IRS1 and IRS2 by using
SOCS3-/-MEF cells. HCV core down-regulated TRS1 and
IRS32 in SOCS3+/H4 MEF cells. On the other hand, HCV
core did not cause downregulation of IRS1 and IRS2 in
SOCS3-/-MEF cells.

HLF cells with stable transfection of HCV core were
treated with 100 ng mL.™" insulin from 0 to 60 min and
phosphorylation of p&5 subumt of PI3K and Akt were
examind. Insulin-induced phosphorylation of p85 subunit
of PI3K and Akt was observed in HLF cells transfected
with empty vector. However, HCV core decreased
phosphorylation of p85 subunit of PI3K and Akt at the
base line and mhibited insulin mduced phosphorylation
of p&5 subumit of PI3K and Akt.

and

UPREGULATION OF SERINE PHOSPHORYLATION
OF IRS-1 AND IMPAIRMENT OF THE
DOWNSTREAM AKT/PROTEIN KINASE B
SIGNALING PATHWAY BY HCV CORE PROTEIN

Banerjee et al. (2008) employed transfected HepG2
and Huh-7 cells with HCV core or HCV1-2962 plasmid
DNA and immortalized human hepatocytes generated
by stable transfection of an HCV core (genotype la)
genomic region mto primary hepatocytes, in their
study. Cells were treated with or without TNF-¢ and TL-6.
Huh-7 in the i
phosphorylation level of TRS-1 upon treatment with
TNF-¢. On the other hand, IRS-1 Ser”” phosphorylation
was also increased in IL-6-treated Huh-7 cells compared
to the basal level. HCV core or HCV polyprotein
expression also led to an increase in  Ser’”
phosphorylation of TRS-1 in Huh-7 cells. However,
treatment with TNF-¢ or IL-6 did not significantly
enhance the phosphorylation status of TRS-1 at Ser’'? site
i Huh-7 cells stably transfected with HCV core or
full-length gencmic region. A higher level of Ser’”
phosphorylated TRS-1 in virus-infected Huh-7 cells was
also detected compared to that in control Huh-7 cells
using Western blot analysis.

cells extubited an mcrease Ser
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Banerjee et al. (2008) also found a significant
inhibition of the IRS-1 Ser’” phesphorylation in Huh-7
core cells in the presence of A JNK inhibitor (SP600125).
After incubating HCV core expressing Huh-7 cells with a
PI-3K inhibitor (1. Y294002), authors observed an inhibition
of IRS-1 Ser’” in Huh-7 core expressing cells in the
presenice of LY294002. Putting together, their results
demonstrated that both JTNK and PI3-K inhibitors reduce
HCV core-mediated upregulation of phospho-IR3-1.

To investigate Ser'” and Thr'™ phosphorylation
status of Akt, Banerjee et al. (2008) infected Huh-7 cells
with HCV. The results suggested that Ser'™
phosphorylation of Akt 13 increased m HCV
JFH1-infected Huh-7 hepatocytes, whereas the Thr'™
phosphorylation level was not significantly altered after
infection with HCV.

Full activation of Akt by insulin appears to require
phosphoerylation of Thr'™ and Ser*”. Results of the study
by Banerjee et al. (2008). mdicated that HCV mfection
significantly the  Thr™
phosphorylation status of Akt in human hepatocytes, as
it does with pSer*”.

does  not modulate

In HepG2 cells expressing or not-expressing HCV
core protein, Ser’” phosphorylation of Akt was increased
after insulin treatment. Treatment of insulin and TNF-¢
together did not significantly alter Ser*” phosphorylation
status. On the other hand, Thr'™ phosphorylation of Akt
was mduced by mnsulin in HepG2 control cells and was
inhibited by TNF-t. Nevertheless, msulin-induced Thr'™
phosphorylation was not altered i HepG2 cells
expressing HCV core protein. The present observations
suggested that HCV core protein-induced

resistance may occur via the downregulation of Thr'™

insulin

phosphorylation of Akt which may serve as a signature
molecule m HCV coremediated msulin resistance.

Glucose uptake was substantially reduced by over a
5 fold rate in Huh-7 cells stably transfected with HCV
core, FL, or infected with HCV genotype 2a compared to
its basal level in the control cell line. Interestingly,
exogenous usage of msulin or TNF-¢ did not alter
glucose uptake in Huh-7 cells expressing HCV protein.

Hepatocytes expressing HCV core protein were
treated with a INK inhibitor (SP600125) and the mhibition
of glucose uptake by insulin-stimulated hepatocytes was
significantly relieved by using the INK inlubitor.
However, using a PI-3K inhibitor (1.Y294002) did not
impair glucose uptake, as was expected due to its
mechanism of action. Our findings suggest that
insulin-induced glucose uptake is impaired in human
hepatocytes expressing HCV core protein.



Pak. J. Biol. Sci., 17 (3): 601-607, 2014

OVER-EXPRESSION OF PROTEIN PHOSPHATASE
2A BY HCV INFECTION

Bernsmeier et al. (2008) examined the possibility of
PP2A over-expression association with insulin resistance.
So, insulin signaling pathway was studies mn cell lines that
allow the regulated over-expression of HCV proteins and
of the PP2A catalytic subunit (PP2Ac). Their study
showed that insulin-induced tyrosine phosphorylation of
IRS-1 and IR S-1 association with PI3K was normal in cells
expressing HCV proteins while serine phosphorylation of
Akt and GSK3b were impaired. To test if PP2A could
dephosphorylate Akt/PKB in vitro authors added various
amounts of purified PP2A to cell extracts of insulin
stimulated Huh?7 cells and they observed Akt/PKB
dephosphorylation. Pretreatment of the cells with an
inhibitor of PP2A (okadaic acid), resulted in Akt/PKB
phosphorylation on serine 473 and threonine 308. On the
other hand, when cells were pre-incubated with the PI3K
inhibitor {(wortmannin), neither threonine 308 nor serine
473 phosphorylation of Akt/PKB was mduced by okadaic
acid.

An increase of serine 473 phosphorylation of
Akt/PKB was also evident in cells where PP2Ac
expression was reduced using a siRNA silencing vector.
These findings support a model m which PP2A 1s
necessary for the dephosphorylation and inactivation
of AKU/PKB, thereby counteracting a
phosphorylation through background activity levels
of PI3K. The « subunit of AMPK (AMPKa) was
found to be constitutively phosphorylated on threomne
172 in Huh7 cells. This phosphorylation was enhanced
when cells were treated for 2 h with okadaic acid.
Furthermore, siRNA silencing of PP2Ac¢ increased the
phosphorylation on threonine 172, Similar to Akt
AMPK to be continuously phosphorylated
by upstream kinases and then dephosphorylated by
PP2A either directly or indirectly. A role of PP2A in
AMPK dephosphorylation is supported by the finding
that addition of purified PP2A to whole cell extracts
of Huh7 cells leads to a dephosphorylation of
pThr'”AMFPKa.

constitutive

SCems

DISCUSSION

Based on the findings of the reviewed articles,
different studies had quite antonym findings regarding
impact of HCV infection on TR and TRS-1 content as well
as its phosphorylation. In this section, we try to conclude
the confirmatory and/or contradictory findings of different
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studies reviewed in the current review article on different
effects of HCV mfection on msulin signaling pathway
components.

According to Kawaguchi et al. (2004), HCV infection
downregulates TRS-1 and TRS-2 but has no impact on TR
expression. However, Aytug et al. (2003) have shown
upregulation of IR and IRS-1 comtents m infected
hepatocytes. On the other hand, phosphorylation levels
of IRS-1 has been reportedly decreased by Pazienza et al.
(2007) but normal in insulin-induced HCV transfected cells
by Bernsmeter et al. (2008).

Avytug et al (2003) found normal levels of p&5
subunit of PI3 Kinase in HCV infected cells and
Kawaguchi et af. (2004) reported dowmnregulation of
phosphorylation of the p85 subyunit of PI3K in HCV
transfected cells. Association of p85-PI3K to IRS-1 was
decreased in the study by Aytug et al. (2003) but normal
after insulin treatment in the study by Bemsmeier et al.
(2008).

Akt phosphorylation in HCV infected cells was
reported to be severely blunted by Aytug et @l (2003);
Pazienza et al. (2007), Kawaguchi et al (2004) and
Bemsmeier et af. (2008). Banerjee et al. (2008) suggested
that insulin cannot upregulate Thr'™® phosphorylation of
Akt in HCV infected cells and it’s the potential mechanism
of insulin resistance induced by HCV.

Pazienza et al. (2007) reported that PPARY agonist
reversed IRS-1 and Akt phosphorylation downregulation
in core protein 3a transfected cells. SOCS-7 (but not other
SOCS) was also significantly higher in the mentioned cells
and 1its role in dowmregulation of IRS-1 content and
phosphorylation of Akt was confirmed using 2 siRNAs.
On the other hand, Kawaguchi et al. (2004) reported an
upregulation of SOCS-3 in HCV infected cells and they
found that HCV have no mmpact on IRS-1 and IRS-2 when
cells are SOCS-3 negative and vice versa.

According to a study by Christen et of. (2007), HCV
protein expression can cause ER stress response and
PP2Ac over expression. They found a CREB sequence in
the promoter site of the PP2Ac which was phosphorylated
in HCV transfected cells and non phosphorylated in the
control cells; using siIRNA and Ca-chelator, authors
showed that downregulation of CREB results in PP2Ac
downregulation while use of CaCl, induces PP2Ac
overexpression. Bermsmeler et al (2008) found that
purified PP2A dephosphorylates Akt while both siRNA
and PP2A inhibitor promote Akt phosphorylation on both
sites. These data support a model where PP2A is
necessary for the constant dephosphorylation and
inactivation of Akt and msulin resistance as the result.
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Banerjee et al. (2008) found that PT3-K inhibitor does
not impair glucose uptake while INK inhibitor relieves
glucose uptake mnlubition induced by HCV. They
concluded that INK pathway 1s the main rout of insulin
resistance in HCV infection. Bemsmeier ef al. (2008) found
that HCV impairs GSK3 phosphorylation.

CONCLUSION

In conclusion, this review showed that findings of
different studies on the impact of HCV mfection on IR or
its substrates are quite contradictory and is subjected for
future investigation. Overwhelming data confirms severe
blunting of Akt phosphorylation in HCV infected cells.
INK pathway 1s suggested as the main rout of
msulin resistance m HCV infection. On the other hand,
SOCS-3 is also suggested as a key component of this
process but there still a need for further studies is felt for
confirmation.
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