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The pathogenesis of hepatitis C virus (HCV)-associ-
ated insulin resistance remains unclear. Therefore,
we investigated mechanisms for HCV-associated insu-
lin resistance. Homeostasis model assessment for in-
sulin resistance was increased in patients with HCV
infection. An increase in fasting insulin levels was
associated with the presence of serum HCV core, the
severity of hepatic fibrosis and a decrease in expres-
sion of insulin receptor substrate (IRS) 1 and IRS2,
central molecules of the insulin-signaling cascade, in
patients with HCV infection. Down-regulation of IRS1
and IRS2 was also seen in HCV core-transgenic mice
livers and HCV core-transfected human hepatoma
cells. Carbobenzoxy-1-leucyl-i-leucyl-i-leucinal, a po-
tent proteosomal proteolysis inhibitor, blocked
down-regulation of IRS1 and IRS2 in HCV core-trans-
fected hepatoma cells. In human hepatoma cells, HCV
core up-regulated suppressor of cytokine signaling
(SOCS) 3 and caused ubiquitination of IRS1 and IRS2.
HCV core-induced down-regulation of IRS1 and IRS2
was not seen in SOCS3~/~ mouse embryonic fibro-
blast cells. Furthermore, HCV core suppressed insu-
lin-induced phosphorylation of p85 subunit of phos-
phatidylinositol 3-kinase and Akt, activation of
6-phosphofructo-2-kinase, and glucose uptake. In
conclusion, HCV infection changes a subset of hepatic

molecules regulating glucose metabolism. A possible
mechanism is that HCV core-induced SOCS3 promotes
proteosomal degradation of IRS1 and IRS2 through
ubiquitination. (Am J Pathol 2004, 165:1499-1508)

Chronic liver diseases are associated with glucose intol-
erance called hepatogenous diabetes.” Glucose intoler-
ance impairs sustained response rate to anti-viral therapy
in patients with chronic hepatitis C virus (HCV) infection®
and is a risk factor for development of hepatocellular
carcinoma® as well as long-term survival in patients with
cirrhosis.* Several epidemiological studies have revealed
an association between HCV infection and type 2 diabe-
tes mellitus (DM) in cirrhotic patients.®>~ ' Case-cohort
analysis confirms an increased risk for type 2 DM in
cirrhotic patients with HCV infection.™* Cirrhotic patients
with HCV infection are twice as likely to have type 2 DM
than patients with hepatitis B virus (HBV) infection.®”2
Thus, epidemiological data show that HCV infection an-
tedates type 2 DM. It is, however, difficult to prove that
HCV itself triggers glucose intolerance in patients with
liver cirrhosis. Various factors such as reduced glucose
uptake,'® porto-systemic shunting,'® and impaired glu-
cagon metabolism'” are also involved in glucose metab-
olism in patients with liver cirrhosis. Although glucose
intolerance may occur even in the early stage of HCV
infection, changes in glucose metabolism in noncirrhotic
patients are not evident. To ascertain if HCV infection
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directly causes glucose intolerance, changes in glucose
metabolism in noncirrhotic patients with various hepato-
biliary disorders were investigated.

The liver plays a major role in regulation of glucose me-
tabolism because it is the main source of endogenous
glucose and the major site involved in insulin metabo-
lism."®'° Thus, hepatic factors may be involved in HCV-
associated glucose intolerance. However, the pathogenic
mechanisms for HCV-associated glucose intolerance re-
main unclear. Insulin exerts many biological effects through
insulin receptor substrate (IRS) 1 and IRS2. Disruption of
IRS1 results in insulin resistance, but not DM, because of
compensatory hyperinsulinemia.?®2" Disruption of IRS2 re-
sults in severe DM because of insulin resistance and dis-
turbance of insulin secretion.?? Thus, IRS1 and IRS2 are the
molecules that augment the specificity of the insulin-signal-
ing cascade and play a central role in insulin-mediated
glucose metabolism.

HCV chronically infects hepatocytes. HCV may escape
from the host immune response by suppressing cytokine
signaling. We recently showed that HCV core up-regu-
lates suppressor of cytokine signaling (SOCS) 3 expres-
sion.?® Although SOCS3 is known to be a negative reg-
ulator for cytokine signaling such as interleukin-6, growth
hormone, and interferon-«, the role of SOCS3 on HCV-
associated glucose intolerance has never been investi-
gated. The aims of this study were to investigate changes
in glucose metabolism in noncirrhotic patients with vari-
ous hepatobiliary disorders and the molecular mecha-
nisms for HCV-associated glucose intolerance.

Materials and Methods

Materials

All reagents were purchased from Wako Pure Chemical
Industries (Osaka, Japan) unless otherwise indicated.
Affinity-purified polyclonal rabbit anti-SOCS3 antibody
was generated against synthetic peptide SKFPAAGMSR-
PLDTSLRL (Immuno-Biological Laboratories, Gunma,
Japan).

Patients

A total of 357 patients with chronic hepatitis C (n = 158),
chronic hepatitis B (n = 54), autoimmune hepatitis (AIH)
(n = 36), fatty liver (n = 40), primary biliary cirrhosis
(PBC) (n = 49), or histologically normal livers (CON; n =
20) were studied retrospectively during the period from
January 1997 to August 2003 at Kurume University Hos-
pital. All of the patients were untreated and hospitalized
for diagnostic liver biopsy. All of the diagnoses were
based on clinical, serological, and histological evidence.
Domestic data were collected at the time of liver biopsy
including age, sex, and alcohol use. Body mass index
(BMI) was calculated as body weight in kg divided by the
square of height in meters (kg/m?). Some liver diseases
such as AlH and PBC show gender differences, and it is
also possible that HCV infection affects BMI. Therefore,
age, sex, BMI, and biochemical parameters were not

matched among the groups to reduce selection bias.
Patients with other causes of liver disease, in particular
those known to be involved in the pathogenesis of dia-
betes such as hemochromatosis or alcoholic liver dis-
ease (on the basis of histology or a history of excessive
alcohol consumption) were excluded, as were those who
had been taking corticosteroids or with a history of, or
evidence of, pancreatitis or a pancreatic tumor. The
study protocol was approved by the institutional review
board, and informed consent for participation in the study
was obtained from each subject. None of the patients
was institutionalized.

Laboratory Determinations

Venous blood samples were taken in the morning after a
12-hour overnight fast. Plasma glucose levels were mea-
sured by a glucose oxidase method. Serum insulin levels
were measured by using a sandwich enzyme immunoas-
say kit (Eiken Chemical, Tokyo, Japan). B-Cell function
and insulin resistance were calculated on the basis of
fasting levels of plasma glucose and insulin, according to
the homeostasis model assessment (HOMA) method.?*
The formulas for the HOMA model are as follows: B-cell
function (HOMA-B) = fasting insulin (uU/ml) X 360/(fast-
ing glucose (mg/dl) — 63); insulin resistance (HOMA-
IR) = fasting glucose (mg/dl) X fasting insulin (uwU/ml)/
405.

Determination of HCV Genotype and
Measurement of HCV Core

HCV genotype was determined by polymerase chain
reaction with type-specific primers and HCV genotypes
were classified according to classification system of Sim-
monds and colleagues.?® Unselected serum samples
(n = 58) were assayed for HCV core by using a newly
developed HCV core antigen enzyme-linked immunosor-
bent assay test system (Ortho-Clinical Diagnostics K.K.,
Tokyo, Japan) as previously described.?® This assay has
high stability and reproducibility under all conditions and
the detection limit is 44 fmol/L.

Histological Data

For each patient, a liver biopsy specimen was fixed in
10% formalin buffer and stained with hematoxylin and
eosin. Liver biopsy specimens were evaluated by a sin-
gle experienced pathologist who was unaware of the
patients’ clinical and laboratory data. The specimens
were scored according to the METAVIR scoring system,
which is suited for evaluation of chronic hepatitis C.2”
Activity was graded according to the intensity of necro-
inflammatory lesions: 0 , no activity; 1, mild activity; 2,
moderate activity; and 3, severe activity. The stage of
fibrosis was scored as follows: 0, no fibrosis; 1, portal
fibrosis without septa; 2, portal fibrosis with few septa; 3,
portal fibrosis with many septa; and 4, cirrhosis.



Immunohistochemistry

Paraffin-embedded liver sections from patients with HCV
infection were deparaffinized and subjected to immuno-
histochemical staining using a Vectastain ABC kit (Vector
Laboratories, Burlingame, CA) with an anti-human IRS1
polyclonal antibody (Santa Cruz Biotechnology, Santa
Cruz, CA) or an anti-human IRS2 polyclonal antibody
(Santa Cruz Biotechnology), and developed with 3,3'-
diaminobenzidine. The primary antibodies for IRS1 and
IRS2 were used at a 1:100 dilution. The specificity of IRS1
and IRS2 staining was confirmed by immunization using
an excess amount of the N-terminal peptide of IRS1 and
IRS2.

Immunoblotting

Immunoblotting was performed as previously de-
scribed®®2° using antibodies against the following: IRS1,
IRS2, insulin receptor (Chemicon, Temecula, CA),
SOCS-3, Myc (Santa Cruz Biotechnology), phospho-(Tyr)
p85 subunit of phosphatidylinositol 3-kinase (PI3K; Cell
Signaling Technologies, Beverly, MA), phospho-(Ser
473)-Akt (Cell Signaling Technologies), signal transducer
and activation of transcription (STAT) 5 (Santa Cruz Bio-
technology), or ubiquitin (Santa Cruz Biotechnology).
Equal amounts of protein (40 ug) from liver homogenates
or cell extracts were subjected to sodium dodecy! sul-
fate-polyacrylamide gel electrophoresis on a 7.5% acryl-
amide gel. The resolved proteins were transferred elec-
trophoretically onto polyvinylidene difluoride membranes
(Amersham Int., Buckinghamshire, UK). The membranes
were incubated with the primary antibodies indicated in
each figure, and were subsequently incubated by the
secondary antibodies: a horseradish peroxidase-conju-
gated goat anti-mouse IgG (Amersham Int.) and a horse-
radish peroxidase-conjugated goat anti-rabbit IgG (Am-
ersham Int.). The membranes were then incubated with
chemiluminescence reagents (ECL kit; Amersham Int.)
and immediately exposed on radiograph film. In the ex-
periment for ubiquitination of IRS1 and IRS2 (Figure 4, b
and c), cell extracts were immunoprecipitated with anti-
IRS1 or anti-IRS2 antibodies and then immunoblotted
with anti-ubiquitin antibody as previously described.?®

Core and HCV cDNA

The HCV core region (573 nucleotides) was amplified by
reverse transcriptase- polymerase chain reaction, using
HCV RNA as a template extracted from the serum of a
patient with HCV (genotype Ib) infection. The nucleotide
sequence is 98% identical and the amino acid sequence
is 100% identical to those of HCV strain MD7-1.%° The
HCV core region was subcloned into expression vector
pcDNAS3 with the NH,-terminal Myc tag. Expression of all
HCV proteins, including the core, envelope proteins
(E1and E2), and nonstructural proteins (NS1, NS2, NS3,
NS4A, NS4B, NS5A, and NS5B) were confirmed by im-
munoblotting in our previous study.?®
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HCV Core-Transgenic Mice

The transgenic mouse was generated using a construct
carrying the HCV core cDNA (genotype 1b) fused to the
promoter of the HBV X gene.?® Transgenic mice were
developed using conventional methods (C57BL/6 X
DBA/2). F1 mice were used to obtain fertilized eggs and
those founder mice were mated with C57BL/6 mice for
more than five generations. The expression of HCV core
was expressed in various tissues including brain, heart,
lung, kidney, thymus, and liver. All animal experiments
were conducted in accordance with the National Insti-
tutes of Health Guidelines for the Care and Use of Lab-
oratory Animals and were approved by the University of
Kurume Institutional Animal Care and Use Committee.

Cells and Transfection

HepG2 cells derived from a human hepatoblastoma and
retaining many of the differentiated features of mature
hepatocytes,®' Huh 7 and HLF cells derived from hepa-
tocellular carcinomas,®? and primary mouse embryonic
fibroblast (MEF) cells from heterozygous (SOCS3~/7)
SOCS3 knockout mice and from wild-type (SOCS3*/*)
mice were cultured in Dulbecco’s modified Eagle’s me-
dium supplemented with 100 U/ml penicillin, 100 pg/ml
streptomycin, and 10% dialyzed fetal bovine serum (Life
Technologies, Gaithersburg, MD). The expression vector
carrying the HCV core region was transfected using syn-
thetic liposomes (Lipofectamine 2000; Life Technologies)
in Opti-MEM | (Life Technologies) as previously de-
scribed.®334 Cell extracts for each experiment were pre-
pared 24 hours after transfection. In some experiments,
10 wmol/L of carbobenzoxy-L-leucyl-L-leucyl-L-leucinal
(MG132; Peptide Institute, Osaka, Japan), a proteosomal
proteolysis inhibitor, was mixed with cDNA of Myc-
tagged HCV core and incubated for 1 hour. To examine
the effects of HCV core on insulin signaling, stable trans-
fectants of HCV core in the HLF were used.

Assay for 6-Phosphofructo-2-Kinase (EC
2.7.1.1; Fru 6-P,2-Kinase)

The activity of Fru 6-P,2-kinase was assayed by measur-
ing formation of fructose 2,6-bisphosphate as described
previously.®®

Statistical Analysis

All data are expressed as mean = SD. Differences be-
tween two groups were analyzed using the Mann-Whit-
ney U-test. Statistical comparisons among multiple
groups were performed by analysis of variance followed
by Scheffé’s post hoc test using StatView Power PC
version for Macintosh (version 5.1; SAS Institute, Cary,
NC). P values <0.05 were considered significant.
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Table 1. Characteristics of All Patients
Control CH-C CH-B AlH Fatty liver PBC

Number 20 158 54 36 40 49
Age (yr) 52 + 10 53+ 8 42+ 9 50 + 11 44 = 7 51+8
Sex

Female 12 (60.0%) 63 (39.9%) 29 (53.7%) 31(86.1%) 23 (57.5%) 41 (83.7%)

Male 8 (40.0%) 95 (60.1%) 25 (46.3%) 5(13.9%) 17 (42.5%) 8 (16.3%)
Body mass index (kg/m?) 22.3*19 228 20 220+ 15 222+ 1.8 23.2 =30 225 *+18
Aspartate aminotransferase (U/I) 25 + 16 70 + 29 86 + 57 71+ 39 35 + 37 23+ 12
Alanine aminotransaminase (U/l) 28 + 18 77 + 36 94 + 56 85 = 50 43 + 33 33+ 13
Albumin (g/dl) 3.8+0.3 3.8+0.3 3.7+03 3.7+04 40+04 3.7+03
Total bilirubin (mg/dl) 0.6 0.2 0.7 0.2 06 *+03 1.0+£0.8 0.6 £0.2 0.7 =0.3

Note. Data are expressed as mean * SD or number of patients. All patients were Japanese. All the diagnoses are based on clinical, serological,

and histological evidences.

CH-C, chronic hepatitis C; CH-B, chronic hepatitis B; AlH, autoimmune hepatitis; PBC, primary biliary cirrhosis.

Results

Characteristics of All Patients

We enrolled 337 patients with noncirrhotic chronic hepa-
tobiliary diseases and 20 controls (histologically normal
liver). Clinical and laboratory data for these patients are
summarized in Table 1. All patients were Japanese. Pa-
tients with HBV infection and fatty liver were younger than
the other groups and females constituted more than 80%
of the group of patients with AIH and PBC. Serum aspar-
tate aminotransferase and alanine aminotransferase lev-
els were increased in all of the groups except for controls.
There was no significant difference in BMI among all of
the groups. Serum albumin levels and bilirubin levels
were normal in all of the groups.

Changes in Glucose Metabolism in Patients with
Various Chronic Liver Diseases

Fasting glucose levels were within normal range in all of
the groups and showed no significant differences among
the groups. However, fasting insulin levels were ~1.5
times higher in patients with HCV infection compared to
the other groups (Figure 1, a and b). B-Cell function and
insulin resistance were evaluated by HOMA-B and
HOMA-IR, respectively. HOMA-B levels were increased
in patients with HCV infection compared to controls (Fig-
ure 1c). HOMA-IR levels were significantly higher in pa-
tients with HCV infection compared to the other groups
(Figure 1d).

The Involvement of Virological Factors in
HCV-Associated Hyperinsulinemia

All serum samples from patients with HCV infection
were HCV-RNA-positive. HCV genotypes were classi-
fied according to the classification system of Sim-
monds and colleagues.?®> Genotype 1a and 3 were not
found in any sample. Three samples were excluded in
this analysis because of mixed HCV genotypes or un-
determined HCV genotype. There was no significant
difference in fasting insulin levels among different HCV

genotypes (Figure 2a). On the other hand, in patients
with >44 fmol/L of HCV core, fasting insulin levels were
significantly elevated compared to patients with unde-
tectable levels (<44 fmol/L) of HCV core (Figure 2b).

Histological Parameters and Fasting Insulin
Levels
Liver specimens were evaluated according to the

METAVIR system.?” There was no significant differ-
ence in fasting insulin levels among different activities
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Figure 1. Fasting glucose and insulin levels, B-cell function, and insulin
resistance in patients with various chronic liver diseases. Fasting plasma
glucose (a) and fasting serum insulin (b) were measured. HOMA-f3 (¢) and
HOMA-IR (d) were calculated (see Materials and Methods). Values were
expressed as mean * SD. The comparisons between the groups were made
using analysis of variance with Scheffé’s post hoc test. N.S., not significant.
*, P < 0.05. CON, histologically normal livers as controls (1 = 20); HCV,
chronic hepatitis C virus infection (72 = 158); HBV, chronic hepatitis B virus
infection (72 = 54); AIH, autoimmune hepatitis (72 = 36); FL, fatty liver (n =
40); PBC, primary biliary cirrhosis (12 = 49).
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Figure 2. The involvement of virological factors in HCV-associated hyperin-
sulinemia. a: HCV genotypes and fasting insulin levels. Three cases that
showed mixed or undetermined HCV genotypes were excluded. Values were
expressed as mean = SD. The comparisons between the groups were made
using analysis of variance with Scheffé’s post hoc test. N.S., not significant. bz
HCV core and fasting insulin levels. Values were expressed as mean * SD.
The comparison between the two groups was made using the Mann-Whitney
Urtest. *, P < 0.05.

(Figure 3a). Although no significant difference was
seen in fasting insulin levels between FO and F1, fast-
ing insulin levels were significantly increased in F2
compared to those of FO and F1. Fasting insulin levels
in F3 were elevated more than those of FO, F1, and F2
(Figure 3b). A similar relationship was also found be-
tween HOMA-IR levels and the degree of hepatic fibro-
sis (data not shown).
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Figure 3. Histological parameters and fasting insulin levels in patients with
HCV infection. The liver specimens were evaluated according to the META-
VIR system (see Materials and Methods). a: Activity and fasting insulin levels.
b: Fibrosis and fasting insulin levels. Values were expressed as mean £ SD.
The comparisons between groups were made using analysis of variance with
Scheffé’s post hoc test. N.S., not significant. *, P < 0.05.

Protein Expression Levels of IRST and IRS2 in
the Liver from Patients with HCV Infection and
HCV Core-Tg Mice

The protein expression levels of IRS1 and IRS2 in liver
samples from controls and patients with HCV infection
were examined by immunostaining and immunoblotting.
In control livers, immunostaining demonstrated that peri-
portal hepatocytes, rather than perivenular hepatocytes,
highly expressed both IRS1 and IRS2, showing lobular
heterogeneity of IRS1 and IRS2 expression (Figure 4a).
Decreased IRS1 and IRS2 expression levels along with
progression of hepatic fibrosis were seen in periportal
hepatocytes. Immunoblotting showed that IRS1 and IRS2
expression levels decreased with the progression of he-
patic fibrosis in livers from patients with HCV infection
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Figure 4. Protein expression levels of IRS1 and IRS2 in livers from patients
with HCV infection and HCV core-transgenic (Tg) mice. a: Immunostaining
for IRS1 and IRS2. IRS1 (top column) and IRS2 (bottom column) staining
of liver sections from control (left column), F1 (middle column), and F3
(right column). Expression of IRS1 and IRS2 were visualized by 3,3'-
diaminobenzidine (brown). Arrow indicates portal vein. b: Immunoblotting
for IRS1 and IRS2. Proteins (40 ug) in liver extracts from control and patients
with HCV infection were immunoblotted with anti-IRS1 antibodies (top
column) or anti-IRS2 antibodies (bottom column). c: Hepatic IRS1 and
IRS2 expression in HCV core-Tg mice. Non-Tg littermates and HCV core
Tg-mice livers (8 weeks old) were subjected to immunoblotting for IRS1,
IRS2, insulin receptor, and STAT5 (as a reference protein). These experi-
ments were repeated three times and representative immunoblotting and
immunostaining images are shown. Original magnifications, X400.

(Figure 4b), confirming results of immunostaining. We
developed HCV core-Tg mice in which the HCV core
protein is expressed ubiquitously. The HCV core-Tg
mouse is an informative animal model for studying the
pathogenesis of HCV infection.®¢27 In two independent
HCV core-Tg mice, decreased expression of hepatic
IRS1 and IRS2, but not of insulin receptor, were also
demonstrated compared to two independent wild-type
littermates (Figure 4c).

The Effect of HCV Core on IRS1, IRS2, SOCS3,
and Insulin Receptor Expression

The effects of HCV core on IRS1, IRS2, SOCS3, and
insulin 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. Expression of Myc-tagged
HCV core was confirmed by immunoblotting for Myc in
both cells. HCV core dose dependently decreased IRS1
and IRS2 expression in HepG2 cells (Figure 5a). In con-
trast, SOCS3 expression was dose dependently in-
creased by transient transfection with Myc-tagged HCV
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Figure 5. The effect of HCV core on insulin signaling molecules. a: The
effect of HCV core on IRS1, IRS2, SOCS3, and insulin receptor expression.
Myc-tagged HCV core was transiently expressed in HepG2 cells. Twenty-four
hours after transfection the cell extracts were immunoblotted with the indi-
cated antibodies. MG132 (10 umol/L) was added with cDNA of Myc-tagged
HCV core and incubated for 1 hour. STATS was used as a reference protein.
b and c: The identification of ubiquitinated IRS1 and IRS2. Whole-cell
extracts (40 pg of crude extract) were subjected to immunoprecipitation with
IRS1 or IRS2 and followed by immunoblotting using anti-ubiquitin monoclo-
nal antibody. d: The effect of HCV core on IRS1 and IRS2 expression in
SOCS3~/~ MEF cells. Twenty-four hours after transfection of HCV core, MEF
cell extracts were immunoblotted with anti-IRS1 antibodies or anti-IRS2
antibodies. Representative immunoblotting images from three separate ex-
periments are shown.

core in HepG2 cells. No changes in insulin receptor
expression and STAT5 (used as a reference protein)
were seen in HepG2 cells transfected with Myc-tagged
HCV-core (Figure 5a). We also analyzed the effects of a
proteosomal proteolysis inhibitor, MG132. The treatment
with MG132 caused an increase in expression levels of
IRS1 and IRS2 (Figure 5a). Similar results were obtained
in Huh7 cells with transient transfection of HCV core and
HLF cells with stable transfection of HCV core (data not
shown).

Role of Ubiquitination in the Regulation of IRS1
and IRS2 Expression

To investigate the involvement of ubiquitination in down-
regulation of IRS1 and IRS2 in HepG2 cells transfected
with HCV core, whole-cell extracts were immunoprecipi-
tated with anti-IRS1 or anti-IRS2 antibodies and immuno-
blotted with anti-ubiquitin monoclonal antibodies. HCV



core caused an accumulation of ubiquitin-conjugated
IRS1 (Figure 5b) and IRS2 (Figure 5c). Expression of
Myc-tagged HCV core was confirmed by immunoblotting
for Myc (Figure 5, b and c).

Role of SOCSS3 in the Regulation of IRST and
IRS2 Expression

Because SOCS3 ™/~ mice display embryonic lethality, we
examined the association between SOCS3 and regula-
tion of IRS1 and IRS2 by using SOCS3~/~ MEF cells. HCV
core down-regulated IRS1 and IRS2 in SOCS3*/* MEF
cells. On the other hand, HCV core did not cause down-
regulation of IRS1 and IRS2 in SOCS3~/~ MEF cells
(Figure 5d).

The Effects of HCV Core on Insulin Signaling

HLF cells with stable transfection of HCV core were
treated with insulin (100 ng/ml) from O minutes to 60
minutes and phosphorylation of p85 subunit of PI3K and
Akt were determined. Insulin-induced phosphorylation of
p85 subunit of PISK and Akt was observed in HLF cells
transfected with empty vector. On the other hand, HCV
core decreased phosphorylation of p85 subunit of PISK
and Akt at the base line (0 minutes) and inhibited insulin-
induced phosphorylation of p85 subunit of PISK and Akt
(Figure 6a). STAT5 protein (reference protein) levels were
unchanged by insulin stimulation. Insulin activated Fru
6-P, 2-kinase, a downstream of Akt signal and one of the
potent regulators of glycolysis, and decreased medium
glucose levels (Figure 6, b and c¢). HCV core suppresses
insulin-induced activation of Fru 6-P, 2-kinase and de-
creases in medium glucose levels (Figure 6, b and c).

Discussion

In this study, we showed that more severe insulin resis-
tance was present in noncirrhotic patients with HCV in-
fection than in patients with other hepatobiliary diseases.
Insulin resistance was associated with the presence of
serum HCV core, the severity of hepatic fibrosis and
decreased expression of hepatic IRS1 and IRS2 in pa-
tients with HCV infection. HCV core down-regulated the
expression of IRS1 and IRS2 in human hepatoma cell
lines as well as in whole animals. These findings suggest
that HCV causes changes in specific hepatic molecules
regulating glucose metabolism and results in severe in-
sulin resistance. A possible mechanism is that HCV core-
induced SOCS3 promotes proteosomal degradation of
IRS1 and IRS2 through ubiquitination.

Although fasting glucose levels were similar among all
of the groups, fasting insulin and HOMA-IR levels, a
indicator of insulin resistance, were significantly in-
creased in patients with HCV infection compared to the
other hepatobiliary disorders. B-Cell function evaluated
by HOMA-B was also increased in patients with HCV
infection compared to controls. These findings indicate
that HCV infection induced insulin resistance and fasting
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Figure 6. The effects of HCV-core on insulin signaling. HLF cells with
transfection of empty vector or Myc-HCV core were incubated in the pres-
ence of insulin (100 ng/ml) for 60 minutes. a: The effect of HCV-core on
insulin-induced phosphorylation of p85 subunit of phosphatidylinositol 3-ki-
nase (PI3K) and Akt. Whole-cell lysates were subjected to immunoblotting
for phospho-p85 subunit of PI3K and phospho-Akt. STATS was used as
reference protein. Representative immunoblotting images from three sepa-
rate experiments are shown. b: The effect of HCV-core on insulin-induced
activation of Fru 6-P, 2-kinase. Sixty minutes after insulin stimulation, Fru 6-P,
2-kinase activity in whole-cell lysates was assayed. Values were expressed as
mean * SD. The comparison between the two groups was made using the
Mann-Whitney U-test. *, P < 0.05. ¢: The effect of HCV-core on insulin-
induced activation of glucose uptake. Glucose levels in culture medium were
measured at 0, 30, and 60 minutes after insulin stimulation. Values were
expressed as mean * SD. The comparisons between groups were made
using analysis of variance with Scheffé’s post hoc test. N.S., not significant.
* P <0.05.

glucose levels were compensated by hyperinsulinemia.
Mangia and colleagues®® reported no association be-
tween HCV infection and DM in noncirrhotic patients and
that the prevalence of DM in noncirrhotic patients is com-
parable to the expected prevalence in the general pop-
ulation. These results are not in accord with our results
and this discrepancy may be explained by different eval-
uation methods for glucose intolerance. They evaluated
glucose intolerance by fasting glucose levels and only
patients who had >126 mg/dl of glucose levels were
considered as abnormal glucose metabolizers. Because
fasting glucose levels are compensated by hyperinsulin-
emia (Figure 1, a and b), cryptic changes in glucose
metabolism can be evaluated by measuring fasting insu-
lin or HOMA-IR levels.®* In our own study, we provide
convincing evidence that more severe insulin resistance
is present in noncirrhotic patients with HCV infection than
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in patients with other hepatobiliary disorders. Unique
mechanisms may underlie HCV-associated severe insu-
lin resistance.

HCV genotype 2a is specifically linked with extrahe-
patic manifestations such as cryoglobulinemia and be-
nign monoclonal gammopathy.>>4° Mason and col-
leagues® also reported an association between genotype
2a and DM, whereas no association was found between
fasting insulin levels and HCV genotypes in our study.
The limited number of patients may prevent drawing def-
inite conclusions in both studies. HCV core can modulate
cell signaling.2® Therefore, we investigated the relation-
ship between HCV core and fasting insulin levels. In
patients with undetectable levels of HCV core, fasting
insulin levels were within the normal range. In contrast, in
patients with detectable levels of HCV core, fasting insu-
lin levels were increased. Thus, HCV core seems to play
a crucial role in HCV-associated insulin resistance.

Then, we examined an association between histologi-
cal parameters and insulin resistance. Although no sig-
nificant association was found between activity and insu-
lin resistance, serum insulin levels and HOMA-IR levels
were significantly increased with the severity of hepatic
fibrosis. These data are in good agreement with recent
report by Hui and colleagues.’® HOMA-IR is indepen-
dently associated with an increased rate of fibrosis pro-
gression.’™4" Insulin stimulates hepatic stellate cells to
proliferate and secrete extracellular matrix.*? Thus, it ap-
pears that insulin resistance contributes to fibrotic pro-
gression in patients with HCV infection. To innovate ther-
apies for prevention of fibrotic progression, it is important
to investigate the molecular mechanisms for HCV-in-
duced insulin resistance.

IRS1 and IRS2 act as important mediators of insulin
action and down-regulation of hepatic IRS1 and IRS2
results in an increase in hepatic insulin resistance.
Knockout of the IRS1 gene induces insulin resistance and
subsequent compensatory hyperinsulinemia.® Knockout
of the IRS2 gene causes severe diabetes as a conse-
quence of insulin resistance and disturbance of insulin
secretion.?®? We showed that decrease in expression of
IRS1 and IRS2 was associated with the progression of
hepatic fibrosis. Down-regulation of IRS1 and IRS2 was
also seen in livers from HCV core-Tg mice. These data
suggest that down-regulation of IRS1 and IRS2 is respon-
sible for compensatory hyperinsulinemia and progres-
sion of hepatic fibrosis.

The effects of HCV core on the expression of IRS1 and
IRS2 were investigated by simplified in vitro experiments.
HCV is a positive-strand RNA virus consisting of a puta-
tive structure (core, E1, E2/p7) and at least six nonstruc-
tural proteins (NS2, NS3, NS4A, NS5A, NS5B). HCV core
is implicated in cellular transformation.®” In this study,
HCV core decreased expression of IRS1 and IRS2 in
human hepatoma cell lines. These in vitro findings add
weight to the results of our human studies.

One of the negative modulation mechanisms of IRS1
and IRS2 is proteosomal degradation.*® On the other
hand, we previously reported that HCV core induced
SOCS3 in mouse fibroblast NIH 3T3 cells.?® In the current
study, HCV core-induced SOCS3 was also validated in

HepG2 cells as well as Huh7 cells and HLF cells. The
SOCS family of proteins has similar structural character-
istics referred to collectively as a “SOCS box,” a unique
NH,-terminal domain of variable length, a central Src-
homology 2 domain, and a COOH-terminal, with this
structural resemblance reflecting functional similarities
among SOCS proteins. The SOCS box acts as an adaptor
to facilitate the ubiquitination of signaling proteins and
their subsequent targeting to the proteosome by com-
plexing with Elongins B and C.**** These facts and our
findings led to the assumption that HCV core-induced
SOCS8 promoted proteosomal degradation of IRS1 and
IRS2 through ubiquitination. To test this hypothesis, HCV
core-transfected cells were incubated with MG132, a
potent proteosomal proteolysis inhibitor. MG 132 blocked
HCV core-induced decrease of IRS1 and IRS2 in HepG2.
Ubiquitination of IRS1 and IRS2 was increased by trans-
fection of HCV core. Moreover, HCV core did not cause
down-regulation of IRS1 and IRS2 in SOCS3~/~ MEF
cells. All of these data support our hypothesis. Transient
overexpression of SOCS3 in mouse liver induces fasting
hyperglycemia, and fasting hyperinsulinemia. These
changes are returned to normal as SOCS3 expression
subsided.*® Thus, studies in whole animals lend added
credence to our hypothesis that HCV core-induced
SOCS3 promotes proteosomal degradation of IRS1 and
IRS2 through ubiquitination.

To verify the biological significance of these studies on
IRS1 and IRS2, the effects of HCV core on insulin signal-
ing were examined. Insulin phosphorylates the p85 sub-
unit of PIBK and Akt, which are downstream components
of IRS in liver.*® Akt activates Fru 6-P,2-kinase, one of the
key enzymes of glycolysis, and glucose uptake.*® HCV
core inhibited insulin-induced phosphorylation of p85
subunit of PIBK and Akt, activation of Fru 6-P,2-kinase,
and glucose uptake. Thus, HCV core-transfected HLF
cells were resistant to insulin stimulation compared with
empty vector-transfected HLF cells, suggesting biologi-
cal significance of HCV core-induced down-regulation of
IRS1 and IRS2.

Recently, Aytug and colleagues®” studied changes in
the upstream insulin-signaling molecules in the liver
specimens obtained from patients with chronic HCV in-
fection and showed impairments of insulin-stimulated
PI3K activity and Akt phosphorylation, which were in
good agreements with our findings. However, our data for
IRS1 differed from those reported by Aytug and col-
leagues.*” They showed increased IRS1 expression with
reduction in tyrosine phosphorylation. Although the rea-
son for this discrepancy remains unclear, one possibility
is that their HCV-infected patients show higher BMI val-
ues than those of ours. Obesity is a well-recognized risk
factor for the development of insulin resistance. Adipo-
cytes secrete a large number of factors with diverse
functions. Tumor necrosis factor-a and free fatty acids
are secreted by adipocytes and are known to impair
insulin signaling by reducing IRS1 tyrosine phosphoryla-
tion.*®49 Increased IRS1 expression may be for an ad-
aptation to reduction of IRS1 tyrosine phosphorylation.
Moreover, leptin, which is also secreted by adipocytes, is
involved in the development of HCV-associated insulin



resistance.®® Thus, there may exist several molecular
mechanisms for HCV-associated insulin resistance.

In conclusion, more severe insulin resistance was

present in noncirrhotic patients with HCV infection than in
patients with other hepatobiliary diseases. We uncovered
a unique mechanism of HCV-associated insulin resistance.
HCV core-induced SOCS3 may promote proteosomal deg-
radation of IRS1 and IRS2 through ubiquitination.
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