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BASIC-LIVER, PANCREAS, AND BILIARY TRACT

Hepatitis C Virus Infection and Diabetes: Direct involvement of
the Virus in the Development of Insulin Resistance

YOSHIZUMI SHINTANL* HAJIME FUJIE,* HIDEYUKI MIYOSHI* TAKEYA TSUTSUMI,*
KAZUHISA TSUKAMOTO,* SATOSHI KIMURA,* KYOJI MORIYA,* and KAZUHIKO KOIKE*

Departments of *Internal Medicine and tMetabolic Diseases, Graduate School of Medicine, University of Tokyo, Tokyo, Japan

See editorial on page 917.

Baclkground & Aims: Epidemiological studies have sug-
gested a linkage between type 2 diabetes and chronic
hepatitis C virus (HCV) infection. However, the presence
of additional factors such as obesity, aging, or cirrhosis
prevents the establishment of a definite relationship
between these 2 conditions. Methods: A mouse model
transgenic for the HCV core gene was used. Results: In
the glucose tolerance test, plasma glucose levels were
higher at all time points including in the fasting state in
the core gene transgenic mice than in control mice,
although the difference was not statistically significant.
In contrast, the transgenic mice exhibited a marked
insulin resistance as revealed by the insulin tolerance
test, as well as significantly higher basal serum insulin
levels. Feeding with a high-fat diet led to the develop-
ment of overt diabetes in the transgenic mice but not in
control mice. A high level of tumor necrosis factor-a,
which has been also observed in human chronic hepa-
titis C patients, was considered to be one of the bases of
insulin resistance in the transgenic mice, which acts by
disturbing tyrosine phosphorylation of insulin receptor
substrate-1. Moreover, administration of an anfi-tumor
necrosis factor-a antibody restored insulin sensitivity.
Conclusions: The ability of insulin to lower the plasma
glucose level in the HCV transgenic mice was impaired,
as observed in chronic hepatitis C patients. These results
provide a direct experimental evidence for the contribu-
tion of HCV in the development of insulin resistance in
human HCV infection, which finally leads to the devel-
opment of type 2 diabetes.

pproximately 200 million people are chronically

infected with hepatitis C virus (HCV) in the world.
Chronic HCV infection may lead to cirrhosis and hepa-
tocellular carcinoma, thereby being a worldwide problem
both in medical and socioeconomical aspects.!? In addi-
tion, chronic HCV infection is a multifaceted disease,
which is associated with numerous clinical manifesta-

tions, such as essential mixed cryoglobulinemia, porphy-
ria cutanea tarda, and membranoproliferative glomeru-
lonephritis.* Recent epidemiological studies have added
another clinical condition, type 2 diabetes, to a spectrum
of HCV-associated diseases.4~7 However, the establish-
ment of a definite causative relationship between HCV
infection and diabetes is hampered by the presence of
other factors such as obesity, aging, or liver injury in
patients with chronic HCV infection.

Type 2 diabetes is a complex, multisystem disease
with a pathophysiology that includes a defect in insulin
secretion, increased hepatic glucose production, and re-
sistance to the action of insulin, all of which contribute
to the development of overt hyperglycemia.®® Although
the precise mechanisms whereby these factors interact to
produce glucose intolerance and diabetes are uncertain, it
has been suggested that the final common pzithway re-
sponsible for the development of type 2 diabetes is the
failure of the pancreatic 3-cells to compensate for the
insulin resistance. Hyperinsulinemia in the fasting state
is observed relatively early in type 2 diabetes, burt it is
considered to be a secondary response that compensates
for the insulin resistance.®? Overt diabetes occurs over
time when pancreatic [-cells bearing the burden of
increased insulin secretion fail to compensate for the
insulin resistance.

In this study, to elucidate the role of HCV in a
possible association between diabetes and HCV infec-
tion, transgenic mice that carry the core gene of
HCV!10.1! were analyzed. We found that these mice de-
veloped insulin resistance. An addition of a high-calorie
diet led to the development of type 2 diabetes by dis-

Abbreviations used in this paper: EDL, extensor digitorum longus;
ELISA, enzyme-linked immunosorbent assay; FPG, fasting plasma glu-
cose; HCV, hepatitis C virus; IRS, insulin receptor substrate; JNK, c-Jun
N-terminal kinase; TNF-«, tumor necrosis factor-oe.
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rupting the balance between insulin resistance and se-
cretion.

Materials and Methods
Transgenic Mice

The production of HCV core gene transgenic mice has
been described previously.!! Briefly, the core gene from HCV
of genotype 1b, which is placed downstream of a transcrip-
tional regulatory region from the hepatitis B virus, was intro-
duced into C57BL/6 mouse embryos (Clea Japan, Tokyo,
Japan). The mice were cared for according to institutional
guidelines, fed an ordinary chow diet (Punabashi Farms, Fun-
abashi, Japan), and maintained in a specific pathogen-free
state. At an indicated time, the mice were fed a high-fat diet
(Oriental Yeast Co., Ltd., Tokyo, Japan) for up to 2 months.
Caloric content of food was 4.70 kcal/g for high-fat diet and
3.56 kcal/g for ordinary diet. The high-fat diet contains 18.5%
protein, 22.1% fat (4.7% vegetable fat and 17.4% animal far),
5.4% ash, 2.5% fiber, 6.5% moistute, and 45.0% carbohy-
drate, and the ordinary diet contains 22.4% protein, 5.7% fat,
6.6% ash, 3.1% fiber, 7.7% moisture, and 54.5% carbohy-
drate. Because there is a sex preference in the development of
liver lesion in the transgenic mice, we used only male mice
that were heterozygously transgenic for the core gene, and as
controls we used nontransgenic litter mates of the transgenic
mice. Transgenic mice carrying the HCV envelope genes under
the same regulatory region as that in the core gene transgenic
mice were also used as controls.!2 At least 5 mice were used in
each experiment and the data were subjected to statistical
analysis.

Glucose Tolerance Test

The mice were fasted for >>16 hours before the study.
D-Glucose (1g/kg body weight) was administered by intra-
peritoneally (IP) injection to conscious mice, Blood was drawn
at different time points from the orbital sinus, and plasma
glucose concentrations were measured by using an automatic
biochemical analyzer DRI-CHEM 3000V (Fuji Film, Tokyo,
Japan). The levels of serum insulin were determined by radio-
immunoassay (BIOTRAK; Amersham Pharmacia Biotech, Pis-
cataway, NJ) with rat insulin as a standard.

Insulin Tolerance Test

The mice were fed freely and then fasted during the
study period. Human insulin (1 U/kg body weight) (Humulin;
Novo Nordisk, Denmark) was administered by IP injection to
fasted conscious mice, and glucose concentrations were deter-
mined at the time points indicated. Values were normalized to
the baseline glucose concentration at the administration of
insulin.

Morphometric Analysis

Sections of the pancreas were prepared and evaluated
for morphometry after H&E staining or immunostaining. Rel-
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ative islet area and islet number were determined with an
image analyzer (QUE-2; Olympus Optical Co., Tokyo, Japan).

Enzyme-Linked Immunosorbent Assay

ELISA for mouse tumor necrosis factor (TNF)-a was
performed using a commercially available mouse TNF-a
ELISA kit (BioSource International, Camarillo, CA). Samples
were prepared as reported previously.!3 Briefly, the liver of
transgenic and control mice were lysed with a buffer contain-
ing 1% Tween 80, 10 mmol/L Tris-HCI {pH 7.4}, 1 mmol/L
EDTA, 0.05% sodium azide, 2 mmol/L PMSF, and the Pro-
tease Inhibitor Cocktail (Complete; Roche Molecular Bio-
chemicals, Indianapolis, IN) and homogenized on ice for 20
seconds. The homogenates were centrifuged at 11,000 X g for
10 minutes at 4° C, and the supernatants wete collected and
assayed. ELISA was performed in triplicate for each sample.
The concentrations of the cytokines in the liver were normal-
ized by determining the amount of total protein in each
sample using the BCA Protein Assay Kit (Pierce, Rockford,
IL).

Immunoprecipitation and Western Blotting

For immunoprecipitation studies, liver tissues were
homogenized in lysis buffer (10 mmol/L Tris-HCl at pH 7.5,
150 mmol/L NaCl, 10 mmol/L sodium pyrophosphate, 1.0
mmol/L B-glycerophosphate, 1.0 mmol/L sodium orchovana-
date {Na3;VO,], 50 mmol/L sodium fluoride [NaF}, the Pro-
tease Inhibitor Cocktail [Complete, Roche Molecular Bio-
chemicals], and 1.0% Triton X-100), and homogenates were
precipitated with an anti~insulin receptor substrate (IRS)-1 or
anti—IRS-2 rabbit polyclonal antibody (UBI, Lake Placid, NY)
and then with Sepharose 4B beads (Amersham Biosciences).
Resulting pellets were washed 3 times and then subjected to
Western blotting. Pellets were resuspended in Western sample
buffer (5% B-mercaptoethanol, 2% sodium dodecyl sulface,
62.5 mmol/L Tris-HCl, 1 mmol/L EDTA, 10% glycerol), and
then subjected to 2%-15% gradient sodium dodecyl sulfate/
PAGE (PAG Mini “DAIICHI” 2/15 (13W), Daiichi Diagnos-
tics, Tokyo, Japan), and electrotransferred to polyvinylidene
difluoride membranes (Immobilon-P, Millipore, Bedford,
MA). The filter was then reacted with antiphosphorylated
tyrosine (Santa Cruz Biotechnology Inc., Santa Cruz, CA),
antiphosphorylared serine (Cell Signaling Technology, Inc.,
Beverly, MA), anti—IRS-1 or anti~IRS-2 mouse monoclonal
antibody (BD Biosciences, Lexingron, KY), followed by im-
munostaining with secondary biotinylated IgG (Vector Labs,
Inc., Burlingame, CA) and visualization using an ECL kit
(Amersham Intl., Buckinghamshire, UK).1*

Hyperinsulinemic-Euglycemic Clamp

Mice underwent a hyperinsulinemic-euglycemic clamp
using D-{3-"H]glucose (NEN Life Science, Boston, MA) to
measure the rate of glucose appearance and hepatic glucose
production (HGP) as described previously.!> Three days after
jugular catheter placement, a hyperinsulinemic-euglycemic
clamp was conducted with a continuous infusion of human
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Figure 1. Altered glucose homeostasis in hepatitis C virus core gene
transgenic mice. (A) Body weight of 2-month-old mice (n = 10 in each
group). (B) Plasma glucose levels in fasting or fed mice (n = 10 in
each group). (C) Serum insulin levels in fasting or fed mice (n = 10 in
each group). The insulin level was significantly higher in the core gene
transgenic mice than in control mice. Values are mean * standard
error; ***P < 0.001; NS, statistically not significant; nTg, nontrans-
genic mice; Tg, transgenic mice.

insulin to raise serum insulin within a physiological range.
Blood samples were drawn at intervals for the immediate
measurement of blood glucose concentration, and 20% glucose
was infused at variable rates to maintain blood glucose at ca.
125 mg/dL. All infusions were done using microdialysis
pumps (KD Scientific Inc., Boston, MA). The rate of glucose
appearance (mg/kg per minute), which equals the rate of total
body glucose utilization during steady state, was calculated as
the ratio of the rate of infusion of {3-*H Jglucose and the steady
state plasma [*H-lglucose specific activity. HGP (mg/kg/min)
during clamps was determined by subtracting the glucose
infusion rate from the rate of glucose appearance.’

Glucose Uptake by Skeletal Muscle

The extensor digitorum longus (EDL) or soleus muscle
was excised from 2-month-old mice and exposed to insulin at
the indicated concentrations. 2-Deoxyglucose uptake was de-
termined as described previously.!6

Treatment With Anti-TNF-o Antibody

To suppress TNF-a., a dose of 200 pg/mouse of neu-
tralizing hamster monoclonal antibody (TN3-19.12, Santa
Cruz Biotechnology Inc.) was administered by IP injection on
days 1 and 4, and plasma glucose and insulin levels were
determined at day 5.17

Statistical Analysis

The results are expressed as means * standard error.
The significance of the difference in means was determined by
Student ¢ test or Mann—Whitney U test whenever appropriate.
P < 0.05 was considered significant.

Results

Hyperinsulinemia and Insulin Resistance in
Transgenic Mice

At the age between 1 and 12 months, there was
no significant difference in body weight between the core

GASTROENTEROLOGY Vol. 126, No. 3

gene transgenic mice and control mice. Figure 1A shows
body weight of 2-month-old mice. Fasting plasma glu-
cose (FPG) levels were slightly elevated in the core gene
transgenic mice compared with control mice, but the
difference was not significant (P = 0.79, Figure 1B). In
contrast, there was a marked increase in the level of
serum insulin in the core gene transgenic mice than
control mice (P < 0.001, Figure 1C). Hyperinsulinemia
was observed in the core gene transgenic mice as early as
1 month old. These findings suggest that decreased
responsiveness to the hormone may have resulted in
compensatory hyperinsulinemia. Administration of glu-
cose to 2-month-old core gene transgenic mice revealed
mild glucose intolerance compared with control mice of
the same age, but the difference was not statistically
significant at any time points measured (Figure 2A).
HCV envelope gene transgenic mice of the same age, in
which the envelope genes were expressed under the same
transcriptional regulatory region as the core gene trans-
genic mice, did not manifest hyperinsulinemia or ele-
vated FPG levels, indicating that not the transcriptional
regulatory region used but the expressed gene itself is
essential in this phenotype.

The insulin tolerance test conducted at the age of 2
months revealed that the reduction in plasma glucose
concentration after IP insulin injection was impaired in
the core gene transgenic mice, displaying higher plasma
glucose levels than those in control mice at all time
points measured (Figure 2B). At 40 and 60 mfnutes, the
difference was statistically significant between transgenic
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Figure 2. Insulin resistance in the core gene transgenic mice. (A)
Glucose tolerance test (n = 5 in each group). Animals were fasted
overnight (>>16 hours). D-Glucose (1 g/kg body weight) was adminis-
tered by IP injection to conscious mice, and plasma glucose levels
were determined at the time points indicated. (B) Insulin tolerance
test (n = 5 in each group). Human insulin (1 U/kg body weight) was
administered by IP injection to fasted conscious mice and glucose
concentrations were determined. Values were normalized to the base-
line glucose concentration at the time of insulin administration. Val-
ues are mean * standard error; *P < 0.05; NS, statistically not
significant; nTg, nontransgenic mice; Tg, transgenic mice.
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Figure 3. Analysis of pancreatic islet mass in the core gene trans-
genic and control mice. (A and B) Morphology of representative islets
(H&E staining) from normal control mice (A) or the core gene trans-
genic mice (B). (C) Relative islet area, expressed as a percentage of
the total stained pancreatic section, for control mice (nTg) and the
core gene transgenic mice (Tg) (n = 10 in each group). Values are
mean * standard error; *P < 0.05.

and control mice (39.6 * 1.3 vs. 24.4 = 1.1 and 43.7 *+
2.1 vs. 264 = 2.3, P < 0.05). These data are consistent
with a defect in the actions of insulin on glucose disposal
and/or production in the core gene transgenic mice.

Morphology of Pancreatic Islet Cells

Because a critical factor contributing to whether
insulin resistance progresses to diabetes is the capacity of
the pancreatic (-cells to respond to increased demands
for insulin secretion, we evaluated the morphology of
pancreatic islet cells by histologic examination. In the
pancreas of HCV core gene transgenic mice, an approx-
imately 3-fold increase in islet mass was observed (Figure
3, P < 0.05), which is consistent with B-cell compen-
sation to insulin resistance. There was no infiltration of
inflammatory cells within or surrounding the islets.

Feeding Transgenic Mice a High-Fat Diet
Leads to Overt Diabetes

Thus, an insulin resistance is present but no ap-
parent glucose intolerance (overt diabetes) in the HCV
core gene transgenic mice. This is probably because of
the genetic background of C57BL/6 mice, which has
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been shown to maintain either normal or mildly elevated
glucose levels despite insulin resistance.!® To determine
whether a high-fat diet exacerbates the prediabetic phe-
notype, 2-month-old HCV core gene transgenic mice
were fed a high-fat diet for up to 8 weeks. Both the
transgenic and control mice showed a similar increase
(about 30%) in body weight (Figure 4A). After 8 weeks
on this diet, 100% (10 out of 10) of the transgenic mice
exhibited casual (fed) plasma glucose levels >250 mg/
dL, whereas none of the 10 control mice fed the same diet
exhibited levels >250 mg/dL (325.0 £ 66.6 vs. 179.0 *
17.4 mg/dL, P < 0.01, Figure 4B). Insulin levels were
significantly higher in the core gene transgenic mice than
in control mice both at fasting and fed state (Figure 4C,
P < 0.01 and P < 0.001). In control mice, serum insulin
levels in high-fat diet state were significantly higher than
those in normal diet state at fed state (Figures 1C and
4C, P < 0.01). Although FPG levels were not signifi-
cantly different between the transgenic and control mice,
these results indicate that feeding a high-fat dier leads to
the development of overt diabetes in a mouse model for
HCYV infection. Body weight gain, particularly with high
levels of lipid, may trigger the process leading to overt
diabetes in an insulin resistance model mouse with com-
pensatory hyperplasia of islet cells.

Insulin Resistance in the Core Gene
Transgenic Mice Is Chiefly Caused by
Hepatic Insulin Resistance

We then investigated the mechanism of insulin
resistance in the core gene transgenic mice. There was no
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Figure 4. Body weight and glucose homeostasis after a high-fat diet.
Control and transgenic mice were fed a high-fat diet for 8 weeks:
thereafter, body weight and blood parameters were determined. (A)
Body weight at the end of the high-fat diet (n = 10 in each group). (B)
Plasma glucose levels determined in a fasting or fed state (n = 10 in
each group). (C) Serum insulin levels in a fasting or fed state (n = 10
in each group). Values are mean * standard error; NS, statistically
not significant; **P < 0.01: ***P < 0.001; nTg, nontransgenic mice;
Tg, transgenic mice.
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significant difference in body weight between the trans-
genic and control mice as already shown in Figure 1A.
After the age of 3 months, the core gene transgenic mice
developed hepatic steatosis, which is known to be one of
the causes of insulin resistance in humans.!® However, in
1-month-old mouse livers that were used in the analysis
of insulin resistance, no hepatic steatosis was noted. No
difference was observed in the levels of free facty acids in
the sera berween the transgenic and control mice (0.56 *
0.33 vs. 0.50 £ 0.21 mmol/L, n = 7 in each group, P =
0.65).

Then, we explored the role of the liver in patho-
genesis of insulin resistance in the core gene trans-
genic mice. To directly measure HGP, the hyperinsu-
linemic-euglycemic clamp technique was conducted as
described in Materials and Methods. The core gene
transgenic mice showed a normal or slightly lower rate
of HGP during the basal period as compared with
control mice (Figure 5A). Although insulin infusion
during the clamp suppressed HGP by 60% in the
control mice, insulin induced lictle effect on HGP of
the core gene mice (Figure 5A). This is consistent with
the notion that insulin resistance in the core gene
transgenic mice is chiefly depending on the shortage of
insulin action on the liver.

To study the involvement of muscles in the develop-
ment of insulin. resistance in the core gene transgenic
mice, we then examined whether or not insulin-stimu-
lated glucose uptake is impaired in the skeletal muscles.
The extensor digitorum longus muscle (EDL) from
2-month-old core gene transgenic and control mice were
excised and exposed to insulin at the intermediate (0.30
nmol/L) and maximal (10.0 nmol/L) concentrations.
There was no significant difference in 2-deoxyglucose
uptake in the EDL muscle between the core gene trans-
genic mice and control mice at either insulin concentra-
tion (Figure 5B, at 0.30 nmol/L, P = 0.23 and at 10.0
nmol/L, P = 0.76). As another representative muscle
that differs from EDL in metabolic properties, the soleus
muscle was examined in the same manner as EDL. 2-De-
oxyglucose uptake by the soleus muscle was not signif-
icantly different between the core gene transgenic and
control mice (Figure 5C, at 0.30 nmol/L, P = 0.49 and
at 10.0 nmol/L, P = 0.49). Thus, in the core gene
transgenic mice, contribution of the peripheral skeletal
muscle in the development of insulin resistance is neg-
ligible. This is in agreement with the observation that
the core protein was exclusively present in the liver as
detected by Western blotting,?® which was confirmed by
a sensitive enzyme immunoassay (Tsutsumi T. et al.,
unpublished data, December 2002).2!
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Figure 5. Characterization of glucose metabolism in the core gene
transgenic mice. (A) Hyperinsulinemic-eugiycemic clamp. Hepatic glu-
cose production was calculated using hyperinsulinemic-euglycemic
clamp. There was a failure of insulin to suppress hepatic glucose
production in the core gene transgenic mice (n = 5 in each group). (B
and C) Glucose uptake by the muscle after insulin stimulation. The
extensor digitorum longus muscle (A) or soleus muscle (B) of
2-month-old mice were excised and exposed to insufin at intermediate
(0.30 nmol/L) and maximal (10.0 nmol/L) concentrations. 2-Deoxy-
glucose uptake was determined as described in the Materials and
Methods section {(n = 8 in each group). Values are mean * standard
error; NS, statistically not significant; nTg, nontransgenic mice; Tg,
transgenic mice.

Elevated TNF-a Level and Altered Tyrosine
Phosphorylation of Insulin Receptor
Substrate-1 in the Liver and Insulin
Resistance

We have noted an increase in TNF-a levels in the
liver of HCV core gene transgenic mice,!> which has also
been documented in the sera of human hepatitis C pa-
tients.?2-2% On the other hand, TNF-a has been shown to
induce insulin resistance in experimental animals and
cultured cells.26-29 Therefore, we next determined the
protein expression level of TNF-a by ELISA in the liver
of these mice that wete used in the current study. The
TNF-« levels in the liver of 2-month-old transgenic
mice were 702.2 * 283.3 pg/mg protein and 313.5 *
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113.6 pg/mg protein in that of 2-month-old control
mice (n = 10 in each group, P < 0.001). Thus, the levels
of TNF-a exhibited a more than 2-fold increase in the
HCV core gene transgenic mice compared with the
control mice, which may be associated with insulin re-
sistance.

Suppression of tyrosine phosphorylation of IRS-1 and
-2 is one of the mechanisms by which a high level of
TNF-a causes insulin resistance.??-3! We, therefore, ex-
amined the suppression of tyrosine phosphorylation of
IRS-1 in response to insulin action in the core gene
transgenic mice. Twenty minutes after the administra-
tion of human insulin (1 U/kg body weight), when the
plasma glucose levels decreased (Figure 2B), IRS-1 in the
liver of control mice exhibited a marked phosphorylation
of its tyrosine. In contrast, phosphorylation level of ty-
rosine in IRS-1 in the liver of core gene transgenic mice
manifested apparently no increase compared with the
basal level after the administration of insulin (Figure 6).
In contrast, there was no difference in the time course of
tyrosine phosphorylation of IRS-2 between the core gene
transgenic and control mice (data not shown). These
results indicate that a suppression of tyrosine phosphor-
ylation of IRS-1, that is, a suppression of the insulin
action in the liver, is at least one of the mechanisms of
insulin resistance in HCV transgenic mice, whereas path-
ways other than IRS-1 may also be involved.

nTg Tg
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Figure 6. Phosphorylation of tyrosine in IRS-1 in response to insulin
stimulation. Liver tissues from control mice and core gene transgenic
mice with or without anti-TNF-« antibody treatment were analyzed
before and 20 and 40 minutes after insulin administration. The
samples were subjected to immunoprecipitation with anti-IRS-1 anti-
body and subsequently immunoblotted with antibodies as indicated.
Experiments were performed in triplicate, and a representative picture
is shown. (A) immunobiot with antiphosphotyrosine antibody. There
was no augmentation of phosphorylation of tyrosine in IRS-1 after
insulin stimulation in the core gene transgenic mice, whereas tyrosine
phosphorylation was markedly enhanced in control mice. Insulin-
stimulated tyrosine phosphorylation was restored 40 minutes after
anti-TNF-a. antibody treatment. (B) Immunoblotting with anti-IRS-1
antibody as a control of IRS-1 load. nTg, nontransgenic mice; Tg,
transgenic mice; anti-PY, antiphosphotyrosine antibody; anti-PS, an-
tiphosphoserine antibody. IP, immunoprecipitation.
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Figure 7. Serum insulin fevels and insulin tolerance test after anti-
TNF-a antibody treatment. (A) Serum insulin levels were determined in
the fasting state with or without anti-TNF-o antibody treatment as
described in the Materials and Methods section. Insulin levels de-
creased significantly after anti-TNF-a antibody treatment in the core
gene transgenic mice (n = 5 in each group). (B) Insulin tolerance test
(n = 5 in each group). Human insulin was administered by IP injection
to fasted conscious mice and glucose concentrations were deter-
mined 24 hours after the second administration of anti-TNF-a anti-
body. As control, mice were injected with hamster igG instead of
anti-TNF-a. antibody. Values were normalized to the baseline glucose
concentration at the time of insulin administration. Values are
mean * standard error; *P < 0.05 when compared with Tg control;
nTg, nontransgenic mice; Tg, transgenic mice.

The c-Jun N-terminal kinase (JNK) pathway has been
shown to mediate the inhibitory effect of TNF-a on
insulin action through the phosphorylation of serine in
IRS-1.323% Because an activation of the JNK pathway
was observed in the liver of core gene transgenic mice,'
phosphorylation of serine residues in IRS-1 was exam-
ined using antiphosphorylated serine monoclonal anti-
bodies (Ser®®” and Ser®!?). However, there was no differ-
ence in the time course of serine phosphorylation after
insulin stimulation between the core gene transgenic and
control mice (data not shown).

Blockade of TNF-o¢ Action Restores Insulin
Sensitivity

Then the anti-TINF-« antibody was administered
to block the in vivo activity of TNF-a in mice as
described in the Materials and Methods section.!”
Twenty-four hours after the second administration of the
anti—-TINF-o antibody (200 mg/mouse), serum insulin
levels in transgenic mice became significancly lower than
the baseline (Figure 7A, 230.8 + 70.7 vs. 153.6 = 17.4
pmol/L, P < 0.05). Serum insulin levels in control mice
also decreased, but there was no significant difference
from the baseline (123.3 * 36.1 vs. 112.0 = 39.7
pmol/L, P = 0.25). Levels of FPG also decreased, but the
difference from the baseline was not statistically signif-
icant. The insulin tolerance test conducted 24 hours after
the second administration of anti-TNF-a antibody is
shown in Figure 7B. As expected from serum insulin
levels, anti-TNF-« antibody treatment restored the sen-
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sitivity of the core gene transgenic mice to insulin ac-
tivity. At this time point, phosphorylation of tyrosine in
IRS-1 in the liver of transgenic mice in response to
insulin action was restored to a similar level to that in
control mice (Figure 6A, 40 minutes after insulin ad-
ministration). These results strongly support the notion
that the increased level of TNF-a is one of the bases for
insulin resistance in the HCV core gene transgenic mice.

Taken together, these data indicate that the presence
of the HCV core protein in the liver, at a level similar to
that in human chronic hepatitis C patients,?! confers
insulin resistance to the mice by affecting the liver, by
disturbing the insulin-induced suppression of hepatic
glucose production.?4:3

Discussion

Since Allison et al.? reported an association be-
tween HCV infection and diabetes, evidence has been
accumulating connecting these 2 conditions. In such
studies, HCV infection has a significantly stronger asso-
ciation with diabetes than hepatitis B viral infection.4~7
The variables other than HCV infection that are associ-
ated with diabetes are cirrhosis, male sex,’ and aging.¢ In
addition to these clinic-based, case-control studies,
Mehta et al.7 have reported the result of investigation at
population level. In this cross-sectional national survey,
persons 40 years or older with HCV infection were more
than 3 times more likely to have type 2 diabetes than
those without HCV infection. Thus, the association of
HCV infection with diabetes has become closer as shown
by epidemiological studies. However, there are some
difficulties in establishing a definite relationship between
HCYV infection and diabetes on the basis of epidemio-
logical studies; in patients, there are other numerous
factors perturbing the verification of the definite rela-
tionship, such as obesity, aging, or particularly advanced
liver injuries. Moreover, the biological mechanism un-
derlying diabetes or insulin resistance in HCV infection
is unknown. In vitro or cultured cell studies have a very
limited utility for the study of insulin resistance or
diabetes because insulin resistance is a condition that
involves multiple organs, such as the skeletal muscles
and liver. Thus, the use of good experimental animal
model systems may be useful both in establishing a
definite relationship between diabetes and HCV infec-
tion and in elucidating the role of HCV in the develop-
ment of insulin resistance.

In the current study, the HCV core gene transgenic
mice exhibited insulin resistance as early as 1-month old,
despite an apparent absence of glucose intolerance.

GASTROENTEROLOGY Vol. 126, No. 3

Development of insulin resistance without any liver
injury!'®!! or excessive body weight gain, as shown in the
current study, clearly indicates that infection of HCV per
se is a cause of the development of insulin resistance.
Although only the core protein is expressed in these mice
instead of HCV replication in humans, the fact that the
intrahepatic core protein levels are similar between the
core gene transgenic mice and chronic hepatitis C pa-
tients2® warrants extrapolating the result into hepatitis C
patients. Certainly, dispersion in the intrahepatic core
protein levels in human chronic hepatitis C patients
compared with the constant amount of the core protein

- must be taken into account. The occurrence of insulin

resistance in the core gene transgenic mice as early as
1-month old also excluded the possibility that aging is a
cause of insulin resistance. Nonetheless, aging could be
an aggravating factor for insulin resistance. Thus, the
current analysis shows a definite causal relationship be-
tween HCV infection and the development of insulin
resistance.

Our earlier studies have shown the development of
hepatic steatosis in these HCV core gene transgenic mice
after the age of 3 months.'! However, insulin resistance
invariably preceded the occurrence of hepatic steatosis,
indicating that insulin resistance is not a consequence of
hepatic steatosis in these mice. Certainly, it is possible
that insulin resistance in the core gene transgenic mice
may be affected or aggravated after the occurrence of
hepatic steatosis. On the other hand, insulin”resistance
may be one of the factors that cause hepatic steatosis,'?
whereas the impairment of very-low-density lipoprotein
(VLDL) secretion from the liver and hypo-f-oxidation of
fatty acids are considered to be the bases of development
of hepatic steatosis in the core gene transgenic mice.?!3¢

The general mechanism underlying insulin resistance
is not precisely understood and is considered to be mul-
tifactorial 893738 Chiefly, it involves glucose consump-
tion by the skeletal muscle and glucose production in the
liver. Our current analysis revealed a failure of insulin in
the suppression of HPG in the liver and an absence of
suppression of glucose uptake by the muscles in the core
gene transgenic mice. Combined, these results indicate
the insulin resistance in the core gene transgenic mice is
chiefly due to hepatic insulin resistance. An elevated
intrahepatic TNF-a level plays one of the roles in caus-
ing insulin resistance through suppressing insulin-in-
duced tyrosine phosphorylation of IRS-1. It should be
noted that TNF-a levels are invariably elevated in the
sera of patients with HCV infection.?? Moreover, resto-
ration of insulin sensitivity after anti-TNF-a antibody
administration strongly supports the notion that TNF-a
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is, at least in this animal model, a major factor for the
development of insulin resistance in HCV infection.
Taken together, insulin resistance in the core gene trans-
genic mice mainly depends on suppression of the inhib-
itory effect of insulin on hepatic glucose production. This
is consistent with the observation that the core protein is
present only in the liver but absent in the skeletal muscle
of the core gene transgenic mice (Tsutsumi T., unpub-
lished data, December 2002).2! Impairment in other
undetermined pathways may also be responsible for the
development of insulin resistance in HCV infection.

Insulin resistance alone does not always lead to the
development of overt diabetes in humans or murine
models. Particularly, in the models with the C57/BL6
strain,'8 hyperplasia of the islets of Langerhans in the
pancreas compensates for insulin resistance by secreting
higher amounts of insulin. Along with a gain in body
weight by being fed a high-calorie diet, the core gene
transgenic mice but no control mice developed overt
diabetes, showing that obesity is a risk factor for diabetes
as observed in patients or as shown in animal models for
diabetes unrelated to HCV infection.37-38 This observa-
tion would suggest that HCV infection confers insulin
resistance and additional factors such as obesity, aging, or
possibly inflammation may contribute to the complete
development of overt diabetes. The effect of high-fat diet
on control C57BL/6 mice may be milder in the current
study compared with a previous study.?® However, there
was a substantial increase in FPG levels in high-fac-diet-
fed control mice compared with normal-diet-fed control
mice (Figures 1B and 4B). In addition, at fed-state,
serum insulin levels in high-fat-diet-fed control mice
were significantly increased compared with those in nor-
mal-diet-fed control mice (Figures 1B and 4B). It is
unclear why plasma glucose levels were not very high at
fed-state in control mice, but one possible explanation is
the lower calorie content in the current study than those
in the previous report: 4.70 keal/g for our high-fat diet
vs. 5.55 kcal/g for high-calorie diet in the previous
study. A shorter duration of high-fac diet than the pre-
vious study (2 months vs. 6 months) may be another
possible explanation.?® Such a mild elevation in plasma
glucose levels in high-fat-diet-fed C57BL/6 mice as the
one observed in our study has also been described in
previous studies.©

In conclusion, the HCV core protein induces insulin
resistance in transgenic mice without gain in body
weight at young age. These results indicate a direct
involvement of HCV per se in the pathogenesis of dia-
betes in patients with HCV infection and provide a
molecular basis for insulin resistance in such a condition.
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Metabolic aspects of hepatitis C viral infection: steatohepatitis

resembling but distinct from NASH
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Although the target of hepatitis C virus (HCV) infec-
tion is the liver, it has become progressively more evi-
dent that HCV can induce diseases in numerous organs.
Recently, much attention has been drawn to metabolic
disorders in HCV infection. Initially, hepatic steatosis
and disturbances in lipid metabolism were found to be
characteristic of HCV infection, and, subsequently, a
correlation was noted between HCV infection and dia-
betes. It is now evident that HCV, by itself, can induce
insulin resistance by way of disturbing the intracellular
signaling pathway of insulin by the function of HCV
core protein. Insulin resistance, caused by HCV infec-
tion, evolves to type 2 diabetes when superimposed on a
high-fat diet and obesity. The fact that HCV infection
induces insulin resistance by the virus itself may influ-
ence the progression of chronic hepatitis and open up
novel therapeutic approaches. When hepatitis C is com-
pared with nonalcoholic steatohepatitis (NASH), there
are a number of similarities and several differences.
From the metabolic aspect, hepatitis C resembles
NASH in numerous features, such as the presence of
steatosis, serum dyslipidemia, and oxidative stress in
the liver, suggesting that hepatitis C is a steatchepatitis.
In contrast, there are noticeable differences between
hepatitis C and NASH, in that HCV modulates cellular
gene expression and intracellular signal transduction,
including the activation of mitogen-activated protein
(MAP) kinase and transcription factor activator protein
(AP)-1, while such details have not been noted for
NASH. This difference may explain the markedly
higher incidence of HCC development in chronic hepa-
titis C compared with that in NASH. HCV infection
needs to be viewed not only as a liver disease but also as
a metabolic disease, and this viewpoint could open up a
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novel way to the molecular understanding of the patho-
genesis of hepatitis C, as a virus-associated steatohe-
patitis (VASH).

Key words: diabetes, hepatitis C virus, insulin resis-
tance, steatohepatitis, hepatocarcinogenesis, lipid
metabolism

Introduction

Approximately 1.8 million people in Japan and 200 mil-
lion people in the world are chronically infected with
hepatitis C virus (HCV). Chronic HCV infection may
lead to cirrhosis and hepatocellular carcinoma (HCC),
thereby being a worldwide problem, both.from the
medical and socioeconomic aspects.! In addition,
chronic HCV infection is a multifaceted disease, which
is associated with numerous clinical manifestations,
such as type II mixed cryoglobulinemia, porphyria
cutanea tarda, and membranoproliferative glomerulo-
nephritis (Table 1).2 Furthermore, strong associations of
HCYV infection with Sjogren’s syndrome and lichen pla-
nus have been noted, which have been validated in an
animal model.?

Steatosis and HCV infection

In addition, recently, there have been increasing lines of
evidence to indicate metabolic disturbances in HCV
infection, which would influence the pathogenesis of
chronic hepatitis C. The discovery of HCV in 1989 en-
abled a comparison between chronic hepatitis C and
other types of chronic hepatitis, resulting in repeated
reports that steatosis was significantly associated with
chronic hepatitis C4 Steatosis in HCV infection is
reproduced in animal models® and cultured cells,’
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strengthening the idea of a pathologic role of HCV in
steatosis. Furthermore, patients infected with HCV
have abnormalities in serum lipids, such as hypocholes-
terolemia or abnormal levels of apolipoproteins in
serum;*’ these abnormalities are corrected in sustained
virological responders to antiviral treatment.’ Thus, the
association shown between HCV infection and distur-
bances in lipid metabolism has become increasingly
stronger both in patients and in experimental systems,
including animals. Further, patients with chronic hepa-
titis C accompanied by severe steatosis develop hepatic
fibrosis more rapidly than those without steatosis.'
Thus, abnormal lipid metabolism in HCV infection
could be deeply involved in the pathogenesis of hepati-
tis C.

Diabetes may also be a manifestation of
HCYV infection

Another metabolic aspect of HCV infection is type 2
diabetes. In 1994, Allison et al.!! reported an epidemio-

Table 1. Hepatitis C as a multifaceted disease

Hepatitis, cirrhosis and, eventually, HCC
Mixed cryoglobulinemia

MPGN

Sjogren’s syndrome

Lichen planus

B-cell lymphoma

Disturbance in lipid metabolism
Diabetes or insulin resistance

HCV core gene

ENH 8%

i pBEPBgIN |

HCC

core protein in the liver
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logical link between diabetes and HCV infection, but in
a cirrhotic cohort. This report made little impact, how-
ever, in view of the well-known impaired glucose toler-
ance in advanced chronic liver disease. Several reports
followed along this line, from the same group and oth-
ers. The trend to accept a positive association between
diabetes and HCV infection seems to have been trig-
gered by a population-based study in the United
States,'? in which a solid association was found between
them. The association between diabetes and HCV in-
fection, however, is confounded by factors such as the
development of cirrhosis, obesity, and older age, which
are common in patients with hepatitis C; these factors
could make it difficult to prove this association to be
real. Hence, there is a need to evaluate the association,
using experimental systems.

HCYV infection induces insulin resistance in vivo

We used mice transgenic for the HCV core gene®!? to
assess the association between HCV infection and dia-
betes. These mice carry the core gene of genotype 1b
HCV, and express HCV core protein of an expected
size in the liver, in levels comparable to those in patients
with chronic hepatitis C (Fig. 1). They develop HCC
late in life.”? These transgenic mice were maintained and
fed together with their normal littermates, and the glu-
cose metabolism was studied." Although the core gene
transgenic mice did not develop overt diabetes, they
had markedly elevated serum levels of insulin. Plasma
glucose levels were somewhat higher in transgenic mice
than in their normal control littermates, but there was

Transgenic
mouse

l Fig. 1. Mouse model of hepatitis C
virus (HCV)-induced liver pathogen-

123456 7HMN esis. HCV core gene transgenic mice
s T i carry the core gene, alone, of geno-
L ™4 type 1b HCV and express the core
protein of an expected size in the
- 18 liver, at levels comparable to those in
‘\i ﬁ]‘ 9 human patients with chronic hepati-

T e Human tis C. The mice eventually develop
hepatocellular carcinoma (HCC) late
in life. ENH, enhancer; Pro, pro-
moter; A(n), polyadenylation signal
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- Fig. 2A-E. Altered glucose homeostasis

in HCV core gene transgenic mice. A
Body weights of 2-month-old mice. B
Plasma glucose levels in fasting and fed
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mice. € Serum insulin levels in fasting
and fed mice. The insulin level was signifi-
cantly higher in the core gene transgenic
mice than in control mice. D Glucose
tolerance test. Animals were fasted over-
night. p-Glucose (1 g/kg body weight) was
administered by i.p. injection to conscious
mice, and plasma glucose levels were de-
termined at the time points indicated. E
Insulin tolerance test. Human insulin (1 U/
kg body weight) was administered by i.p.
injection to fasted conscious mice, and
glucose concentrations were determined.
Values were normalized to the baseline
glucose concentration at the time of insu-
lin administration. Values are means *
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Table 2. Types of insulin resistance

time (min)

SE, *P < 0.05; ***P < 0.001, NS, statisti-
cally not significant; nTg, nontransgenic
mice; Tg, transgenic mice

40 60

Peripheral insulin resistance
the muscles)

Central insulin resistance

A shortage of insulin action in the muscle (deficit in the insulin-induced glucose uptake into

A shortage of insulin action in the liver (deficit in the insulin-induced suppression of

glucose production in the liver)

no significant difference between them (Fig. 2B).
In contrast, serum insulin levels were significantly
higher in transgenic than in normal control mice in
both the fasting and fed conditions (Fig. 2C). Because
such a combination of normal glucose levels and
hyperinsulinemia points to insulin resistance, we con-
ducted tests to determine glucose levels and insulin re-
sistance. The core gene transgenic mice exhibited
glucose levels a little higher than those of their normal
littermates, but without any significant differences be-
tween them (Fig. 2D). In the insulin resistance tests,
glucose levels were significantly higher in the transgenic
than in the normal control mice, both 40 and 60min
after injection with insulin (Fig. 2E). These results indi-
cate the presence of insulin resistance in the core gene
transgenic mice. Because only the HCV core gene had
been incorporated into these transgenic mice, the core
protein of HCV would be able to induce insulin resis-
tance in vivo.

By what mechanism, then, would the insulin resis-
tance observed in this animal model arise? Insulin
resistance is considered to involve two factors: central
and peripheral insulin resistances (Table 2).”* The
hyperinsulinemic-euglycemic clamp method was em-
ployed for differentiating between these factors. In this
method, hepatic glucose production (HGP) is calcu-
lated on the basis of the amount of glucose required for
keeping plasma glucose levels within a certain range at
serum insulin levels higher than physiological ones. In
the normal control mice, HPG was suppressed by 60%
by the administration of insulin, in contrast to findings
in the core gene transgenic mice, in which there was
only marginal suppression of HGP by insulin. These
results indicate a hepatic (central) origin of insulin resis-
tance in the transgenic mice. For further confirmation of
this, uptake of glucose into the muscle was determined.
There was no difference in this uptake in response to
the administration of insulin between the transgenic
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and normal control mice. The insulin resistance in mice
transgenic for the HCV core gene, therefore, is central
and hepatic.

The mechanism underlying insulin resistance in
HCYV infection

Next, we evaluated how insulin resistance emerged in
our mouse model. For this purpose, liver homogenate
was immunoblotted with anti-phosphotyrosine and
anti-phosphoserine antibodies after insulin receptor
substrate (IRS)-1 and IRS-2 had been immunoprecipi-
tated. Tyrosines in IRS-1 were weakly phosphorylated
in both the normal and transgenic mice before they
received insulin, with no differences between them. Af-
ter the administration of insulin, however, the phospho-
rylation of tyrosines in IRS-1 increased in the normal,
but not in the transgenic mice. The obtained results
suggested a disturbance in tyrosine phosphorylation as
one of the factors for insulin resistance in the liver.
There were no differences in the phosphorylation of
serines in IRS-1 or tyrosines in IRS-2 between the
transgenic and normal control mice. Overall, these re-
sults provided experimental evidence for the develop-
ment of insulin resistance induced by the presence of
HCV in the liver, which would disturb the transduction
of insulin signaling in hepatocytes (Fig. 3). There re-
mains a possibility that the HCV core protein could
directly prohibit the phosphorylation of tyrosines. Al-
ternatively, this protein may inhibit tyrosine phosphory-
lation via certain cytokines.

In our extensive search for the expression of
cytokines in the liver of the HCV core gene trans-
genic mice, only tumor necrosis factor (TNF)-a and

Insulin e
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interleukin (IL)-1f3 levels were found to be increased.'®
For the purpose of evaluating the role of TNF-q in
insulin resistance in transgenic mice, therefore, serum
insulin was determined and an insulin resistance test
was performed in them after they had received anti-
TNF-a intraperitoneally. Pretreatment with anti-TNF-q
partially restored insulin sensitivity in the HCV core
gene transgenic mice. Although direct anti-insulin activ-
ity of the core protein cannot be excluded, high levels of
TNF-a in the liver could be one of the factors involved
in the induction of insulin resistance in this mouse
model.

Pathogenesis of insulin resistance in
hepatitis C patients

Simultaneously with our report of experimental sys-
tems, Aytug et al.” investigated insulin signaling in
biopsied liver specimens from patients with chronic
hepatitis C. Specifically, they evaluated changes in IRS-
1, IRS-2, and phosphatidyl-inositol (PI)3-kinase levels
in the livers of the patients. With insulin stimulation of
the biopsied liver samples, insulin-receptor proteins and
IRS-1 increased, while the phosphorylation of tyrosines
in IRS-1 decreased to one-half the baseline value, along
with diminished activity for PI3-kinase associated with
IRS-1. The results reported by Aytug et al.”” coincide
with ours, in terms of analyzing the mechanism of insu-
lin resistance in our experimental system in mice. Both
our findings and theirs implicate the impaired tyrosine
phosphorylation in IRS-1 in the induction of insulin
resistance by HCV infection. It struck us as a surprise, in
a sense, that the mechanism of insulin resistance in-
duced by HCV infection showed agreement between

PI3 kinase

Fig. 3. Insulin resistance and HCV infec-
tion. HCV core protein or elevated intra-
hepatic tumor necrosis factor-o. (TNF-a)
inhibits tyrosine phosphorylation of insu-

[ PKC-ALE | [ Aktkinase | [

MAPK cascade |

lin receptor substrate (/RS)-1 in the liver,

Glucose uptake Protein synthesis Lipid
s Glycogen 4 Metabolism
GLUTS synthase

translocation

Cell
proliferation

suppresses insulin intracellular signal
transduction, and leads to insulin resis-
tance. PKC, protein kinase C; PI3-kinase,
phosphatidyl inositol 3 kinase; MAPK,
mitogen-activated protein kinase
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clinical samples and experimental animals, although
hepatic IRS-2 was reported to be preferred to IRS-1 for
a role in the development of insulin resistance in earlier
studies.'® HCV infection could be peculiar, in that IRS-
1 is more deeply involved than IRS-2 in the induction of
hepatic insulin resistance. Although our data strongly
indicate a hepatic characteristic of insulin resistance in
HCYV infection, they by no means exclude the roles of
other factors in the induction of this resistance. There is
little expression of the HCV core gene in the muscles of
our animal model; it is not known if HCV infects muscle
cells in patients with chronic hepatitis C. Factors not
intrinsic to the liver would have to be evaluated to sort
this out, including mitochondria dysfunction being in-
volved in the induction of insulin resistance."”

Insulin resistance as a risk factor for progression of
hepatic fibrosis

Insulin resistance in HCV infection may have an addi-
tional significant clinical implication. In 260 patients
with chronic hepatitis C, Hui et al.? tried to establish a
relationship between liver histology and indicators of
glucose metabolism, as well as insulin resistance, repre-
sented by the homeostasis model assessment of insulin
resistance (HOMA-IR). They found that insulin resis-
tance already existed in hepatitis C patients with stage 0
or stage 1 fibrosis of the liver. This indicates that insulin
resistance in HCV infection is not attributable to ad-
vanced liver disease. HOMA-IR was a significant and
independent predictor for the stage and velocity of
progression of hepatic fibrosis. The results of their study
are important, because they implicate a role of
hyperinsulinemia, and insulin resistance by inference, in
promoting the progression of hepatic fibrosis. Insulin
has been proven to be an aggravating factor not only in
atherosclerosis but also in systemic inflammation and
fibrosis. The liver would not be an exception in this
respect.

Similarities and differences between hepatitis C and
nonalcoholic steatohepatitis (NASH): hepatitis C
could be a virus-associated steatohepatitis

We have demonstrated that HCV per se induces insulin
resistance in an animal model. A high-fat diet and
obesity superimposed on HCV infection lead to overt
diabetes.'* In view of the progression of chronic hepati-
tis C accelerated by insulin resistance,” insulin resis-
tance would naturally influence the development of
HCC. Although the association has not yet been shown
to be definite between NASH and the development of
HCC, it needs to be pursued energetically, in view of the
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histological resemblance of NASH to chronic hepatitis
C. '

When' hepatitis C and NASH are compared, there
are a number of similarities between these two medical
conditions (Table 3). Steatosis, which is one of the
definitions of NASH, is a characteristic trait of chronic
hepatitis C.#*% Disturbances in lipid metabolism are
present in both conditions, although the phenotypes
may be distinct: hypo-B-lipoproteinemia in hepatitis C
vs hyperlipidemia in NASH. As described above, insu-
lin resistance often arises in chronic hepatitis C, and it is
also a feature frequently observed in NASH,; indeed
insulin resistance is considered to be a basis for the
pathogenesis of NASH.?! Some cytokines, such as TNF-
a, are considered to be critical in the pathogenesis of
both conditions. TNF-a levels are increased in patients
with chronic hepatitis C and are implicated in insulin
resistance. TNF-a is also implicated in the pathogenesis
of NASH.? The overproduction of oxidative stress or
reactive oxygen species (ROS) plays a pivotal role in
the progression of hepatitis and the development of
HCC in both hepatitis C and NASH: in a mouse model
of HCV infection, ROS were overproduced in the liver
in the absence of inflammation, contributing, at least in
part, to the development of HCC.'31%2 Presumably
associated with ROS overproduction, a functional
abnormality in the mitochondrion is suggested in the
pathogenesis of liver diseases, including HCC, in both
hepatitis C and NASH. In an HCV mouse model, a
functional disorder of the electron transfer system of
the mitochondrion was implicated as the origin of ROS
overproduction (Table 3).

HCC develops in both chronic hepatitis C aid NASH.
However, an association between NASH and HCC is
not yet conclusive, while there is a well-
established connection of HCC with HCV infection.t?
Nevertheless, HCC does develop in patients with
NASH, although the reported rate of occurrence varies.
Hence, the mechanism underlying hepatocarcino-
genesis in NASH awaits further investigation. The
analogy between chronic hepatitis C and NASH, as
described above, may be a clue to solve puzzles in the
pathogenesis of NASH, including hepatocarcinogenesis.

Table 3. Comparison of hepatitis C and NASH

Hepatitis C NASH
Steatosis Steatosis
Hypo-f-lipoproteinemia Hyperlipidemia

Insulin resistance
Cytokines (TNF-q, etc.)
Oxidative stress
Mitochondrial abnormality
Obesity

HCC?

Insulin resistance
Cytokines (TNF-a, etc.)
Oxidative stress
Mitochondrial abnormality
Obesity?

HCC
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