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Hepatic steatosis and insulin resistance are factors
that aggravate the progression of liver disease caused
by hepatitis C virus (HCV) infection. In the pathogen-
esis of liver disease and metabolic disorders in HCV
infection, oxidative stress due to mitochondrial respi-
ratory chain dysfunction plays a pivotal role. Tacroli-
mus (FK506) is supposed to protect mitochondrial
respiratory function. We studied whether tacrolimus
affects the development of HCV-associated liver dis-
ease using HCV core gene transgenic mice, which
develop hepatic steatosis, insulin resistance, and hep-
atocellular carcinoma. Administration of tacrolimus
to HCV core gene transgenic mice three times per
week for 3 months led to a significant reduction in the
amounts of lipid in the liver as well as in serum
insulin. Tacrolimus treatment also ameliorated oxida-
tive stress and DNA damage in the liver of the core
gene transgenic mice. Tacrolimus administration re-
produced these effects in a dose-dependent manner
in HepG2 cells expressing the core protein. The intra-
hepatic level of tumor necrosis factor-a, which may
be a key molecule for the pathogenesis in HCV infec-
tion, was significantly decreased in tacrolimus-
treated core gene transgenic mice. Tacrolimus thus
reversed the effect of the core protein in the patho-

genesis of HCV-associated liver disease. These results
may provide new therapeutic tools for chronic hepa-
titis C, in which oxidative stress and abnormalities in
lipid and glucose metabolism contribute to liver
pathogenesis. (4m J Patbol 2009, 175:1515-1524; DOI:
10.2353/ajpath.2009.090102)

Hepatitis C virus (HCV) is a major cause of liver disease;
approximately 170 million people are chronically infected
worldwide. Persistent HCV infection leads to the devel-
opment of chronic hepatitis, cirrhosis, and, eventually,
hepatocellular carcinoma (HCC), thereby being a serious
problem from both medical and socioeconomic view-
points.*? Recently, a growing amount of evidence show-
ing that HCV infection induces alteration in lipid®*” and
glucose metabolism has accumulated.®® Augmentation
of oxidative stress is also substantiated in HCV infection
by a number of clinical and basic studies.'®~'®

We demonstrated previously that the core protein of
HCV induces HCC in transgenic mice that have marked
hepatic steatosis in the absence of inflammation.™ In this
animal model for HCV-associated HCC, there is augmen-
tation of oxidative stress in the liver during the incubation
period.'® Also noted is an accumulation of lipid droplets
that are rich with carbon 18 monounsaturated fatty acids
such as oleic and vaccenic acids, which is also observed
in liver tissues of patients with chronic hepatitis C com-
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pared with those in patients with fatty liver due to simple
obesity.'® Recently, we have also shown, using the HCV
transgenic mouse model, that the ability of insulin to lower
plasma glucose levels is impaired in association with
HCV infection,'® which would be the basis for the fre-
quent development of type 2 diabetes in patients with
chronic hepatitis C.8°

Disturbances in lipid and glucose metabolism are no-
table features of HCV infection and may be profoundly
involved in the pathogenesis of liver diseases. Although
the mechanism underlying these phenomena is not yet
well understood, the development of clues to correct
these metabolic disturbances occurring in HCV infection,
which have been recently connected to the poor prog-
nosis of patients with chronic hepatitis C, is awaited.
Moreover, a key role for oxidative stress in the pathogen-
esis of hepatitis C,""'2 which may be closely associated
with the aforementioned metabolic disorders, has been
identified. The association of oxidative stress augmenta-
tion in HCV infection with mitochondrial respiratory dys-
function® 37 suggests that one possibility to ameliorate
such a condition is the use of agents that can protect the
mitochondrial respiratory function.

We have conducted information retrieval and screen-
ing for agents that can protect the mitochondrial respira-
tory function. Tacrolimus (FK506), which is widely used in
organ transplantation, is one such agent with evidence
showing protection of the mitochondrial respiratory func-
tion,"®21 although it shows no antiviral effect. We ex-
plored, using transgenic mouse and cultured cell models
that express the HCV core protein, whether tacrolimus
improves metabolic disturbances including lipid and glu-
cose homeostases as well as oxidative stress augmen-
tation through a possible involvement of mitochondrial
function.

Materials and Methods

Transgenic Mouse and Cultured Cells

The production of HCV core gene transgenic mice has
been described previously.® Mice were cared for accord-
ing to institutional guidelines with the approval by the
institutional review board of the animal care committee,
fed an ordinary chow diet (Oriental Yeast Co., Ltd., To-
kyo, Japan), and maintained in a specific pathogen-free
state. Because there is a sex preference in the develop-
ment of liver lesions in the transgenic mice, we used only
male mice. At least five mice were used in each experi-
ment, and the data were subjected to statistical analysis.
HepG2 cell lines expressing the HCV core protein under
the control of the CAG promoter (Hep39J, Hep396, and
Hep397) or a control HepG2 line (Hepswx) carrying the
empty vector were described previously.??23 Bulk HepG2
cells were also used as a control.

Reagents

Cholesterol esters and lipid standards were purchased
from Sigma-Aldrich (St. Louis, MO), and glycogen and
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amyloglucosidase were obtained from Seikagaku Kogyo
(Tokyo, Japan). Other chemicals were of analytical grade
and were purchased from Wako Chemicals {Tokyo, Ja-
pan). Tacrolimus (FK506) was kindly provided by Astellas
Pharma Inc. (Tokyo, Japan). Cyclosporine A (CyA) was
purchased from Sigma-Aldrich.

Administration of Tacrolimus and Cyclosporine A

Tacrolimus (0.1 mg/kg b.wt., suspended in mannitol and
hydroxychlorinated caster oil [HCO-80]), or vehicle only
was administered to the core gene transgenic or control
mice i.p., three times per week for 3 months beginning at 3
months of age. For in vitro experiments, tacrolimus was
added to the culture medium at the final concentration of O
nmol/L, 10 nmal/L, 100 nmol/L, or 1 umol/l. CyA was also
added to the culture medium at the same concentrations.

Assessment of Glucose Homeostasis

Blood was drawn at different time points from the tail vein,
and plasma glucose concentrations were measured using
an automatic biochemical analyzer (DRI-CHEM 3000V, Fuiji
Film, Tokyo, Japan). The levels of serum insulin were deter-
mined by radioimmunoassay (Biotrak, Amersham Pharma-
cia Biotech, Piscataway, NJ) using rat insulin as a standard.
For the determination of the fasting plasma glucose
level, the mice were fasted for >16 hours before the
study. An insulin tolerance test was performed as de-
scribed previously.'®

Lipid Extraction, Measurement of
Triglyceride Content, and Analysis of Fatty
Acid Compositions

Lipid extraction from the mouse liver tissues or cultured
cells was performed as described previously. %2 For the
analysis of fatty acid compositions, the residue was meth-
anolysed by the modified Morrison and Smith method
with boron trifluoride as a catalyst.?® Fatty acid methy!
esters were analyzed using a Shimadzu GC-7A gas chro-
matograph (Shimadzu Corp., Kyoto, Japan) equipped
with a 30-m-long X 0.3-mm diameter support coated with
ethylene glycol succinate.®*

Evaluation of Oxidative and Antioxidative
System

Lipid peroxidation was estimated spectrophotometrically
using thiobarbituric acid-reactive substances and is ex-
pressed in terms of malondialdehyde formed per milli-
gram protein. Reduced glutathione and oxidized gluta-
thione levels were measured as described previously.'°
The total amount of glutathione was calculated by adding
the amounts obtained for glutathione and oxidized gluta-
thione. For the evaluation of DNA damage in cells,
apurinic/apyrimidinic sites were determined using a DNA
Damage Quantification Kit (Dojindo Molecular Technolo-



gies, Inc., Tokyo, Japan) following the manufacturer's
protocol.

Determination of Reactive Oxygen Species

Cells were plated onto glass coverslips and examined for
reactive oxygen species (ROS) production as a marker
for oxidative stress. They were loaded for 2 hours with
chloromethyl 2’,7'-dichlorodihydrofluorescein diacetate
(Molecular Probes Inc., Eugene, OR) at a final concen-
tration of 10 wmol/L.%® Results were expressed as relative
fluorescence intensity and normalized to the control cells.
In some experiments, ROS was measured after the incu-
bation with tacrolimus or CyA.

Measurement of Ketone Body Ratio

For the determination of ketone body ratio (KBR), cells
were cultured to confluence on a 3.5-cm dish, and the
medium was replaced with 700 p!l of fresh medium. For
arterial KBR, the mice were fasted for >16 hours, fol-
lowed by the drawing of arterial blood. After a 24-hour
incubation, acetoacetate and B-hydroxybutyrate in the
medium were measured by monitoring the production or
consumption of NADH with a Ketorex kit (Sanwa Chem-
ical, Nagoya, Japan).?” The KBR was calculated as the
acetoacetate/B-hydroxybutyrate ratio.

Micfoarra y Analysis

An Affymetrix GeneChip analysis cDNA array system
(Mouse Genome 430A 2.0, Kurabo, Osaka, Japan) was
used for the analysis. Two thousand species of mouse
DNA fragments were spotted on the filter. Genes that
were 1.5-fold increased or decreased in both of the two
tacrolimus-treated mice compared with mice treated with
vehicle were defined as up-regulated or down-regulated,
respectively.

Real-Time PCR and Western Blotting

RNA was prepared from mouse liver tissues using TRIzol
LS (Invitrogen, Carlsbad, CA). The first-strand cDNAs
were synthesized with a first-strand cDNA synthesis kit
(Amersham Pharmacia Biotech, Franklin Lakes, NJ). The
fluorescent signal was measured with an ABI Prism 7000
system (Applied Biosystems, Tokyo, Japan).

The genes encoding mouse tumor necrosis factor
(TNF)-o, sterol regulatory element binding protein (SREBF}-
1c, resistin, stearoyl-CoA desaturase (SCDJ-1, and hypoxan-
thine phosphoribosyitransferase were amplified with the
primer pairs 5-GACAAGGTGGGCTACGGGCTTG-3' and
5'-TCCCAAATGGGCTCCCTCT-3', 5'-ACGGAGCCATGG-
ATTGCACATTTG-3' and 5-TACATCTTTAAAGCAGCGG-
GTGCCGATGGT-3', 5-GAAGGCACAGCAGTCTTGA-3’
and 5-GCGACCTGCAGCTTACAG-3', 5'-TTCCCTCCTG-
CAAGCTCTAC-3’' and 5'-CGCAAGAAGGTGCTAAC-
GAAC-3', and 5-CCAGCAAGCTTGCAACCTTAACCA-3’
and 5-GTAATGATCAGTCAACGGGGGAC-3', respec-
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tively. The sense and antisense primers were located in
different exons to avoid false-positive amplification from
contaminated genomic DNA. Each PCR product was con-
firmed as a single band of the correct size by agarose gel
electrophoresis (data not shown).

Reporter Assay for SREBP-1c Promoter Activity

A plasmid encoding firefly luciferase under the control of
the SREBP-1c promoter (pGL3-srebp-1cPro) and a con-
trol plasmid encoding Renilla luciferase (Promega, Mad-
ison, WI) were transfected into 293T cells. Tacrolimus
was added at a final concentration of 100 nmol/L to the
culture medium of 2937 cells transfected with pGL3-
srebp-1cPro with or without an expression plasmid of
HCV core protein at 24 hours after transfection. Cells
were harvested 24 hours after treatment. Luciferase ac-
tivity was measured by using the dual-luciferase reporter
assay system (Promega). Firefly luciferase activity was
standardized with that of Renilla luciferase, and the re-
sults are expressed as the fold-increase in relative lucif-
erase units.

Statistical Analysis

Data are presented as the mean *+ SE. The significance
of the difference in means was determined by a Mann-
Whitney U test wherever appropriate. P < 0.05 was con-
sidered significant.

Results

Effect of Tacrolimus on Insulin Resistance
Induced by HCV

The core gene transgenic mice exhibit insulin resistance
in the absence of obesity from the age of 2 months.'® In
tacrolimus-treated mice, there was a slight, but not sig-
nificant, reduction in body weight compared with control
mice at the end of tacrolimus administration at 6 months
of age (Figure 1A). Tacrolimus administration to the core
gene transgenic mice restored the plasma glucose levels
to within normal limit (Figure 1B) (P < 0.05), whereas it
caused no significant reduction in the control mice. The
plasma glucose levels in the vehicle-treated core gene
transgenic mice were higher than those in the core gene
transgenic mice reported previously, '® probably owing to
the older age of mice in the current study than in the
previous one. The levels of serum insulin were also sig-
nificantly reduced by the treatment with tacrolimus for 3
months in the core gene transgenic mice, whereas there
was no significant change in the control mice (Figure 1C).
The reduction in both plasma glucose and serum insulin
levels indicates that the administration of tacrolimus re-
stored the resistance to insulin action, which is attributed
to the suppression of insulin action in the liver by the core
protein.’® Actually, an insulin tolerance test (1 U/kg b.wt.)
demonstrated the improvement of insulin action in the ta-
crolimus-treated core gene transgenic mice (Figure 1D).
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Figure 1. Effect of tacrolimus (FK506) on glucose and lipid metabolism in the core gene transgenic mice. Tacrolimus (0.1 mg/kg b.wt.) or vehicle was administered
to core gene transgenic or control mice i.p., three times weekly for 3 months beginning at 3 months of age. A: Body weight at the baseline and end of treatment.
B: Plasma glucose level. C: Serum insulin level. D: Insulin tolerance test. Black boxes represent core gene transgenic mice; white boxes represent control mice;
gray boxes represent core gene transgenic mice treated with tacrolimus (Tg-FK). E: Total lipid content in the liver. F: Ratio of oleic/stearic acid 118:1(n-9)/18:0].
Gz Ratio of palmitoleic/palmitic acid [16:1(n-9)/16:0]. black bars represent transgenic mice; white bars represent control mice. Tg 3 mo indicates 3-month-old
transgenic mice showing the baseline state just before FK treatment, and Tg indicates G-month-old transgenic mice, either with or without tacrolimus treatment
for 3 months. Values represent the mean * SE, n = 5 in each group. *P < 0.05. Tg, transgenic mice; nTg, nontransgenic control mice. *P < 0.01,

Tacrolimus Improves Lipid Metabolism
Disorders in Mice

We then studied whether tacrolimus administration af-
fects lipid metabolism in the mice. The core gene trans-
genic mice developed a marked hepatic steatosis.® ' In
addition, the composition of accumulated lipid was dif-
ferent from that in the fatty liver as a result of simple
overnutrition: carbon 18 or 16 monounsaturated fatty acid
levels were significantly increased.'® As shown in Figure
1E, the tacrolimus treatment significantly reduced the
lipid content in liver tissues compared with the vehicle
treatment of the core gene transgenic mice (P < 0.05,
n = 5 each), whereas there was no change in the control
mice. The increased ratios of oleic to stearic acid [18:1
(n-9)/18:0] and palmitoleic to palmitic acid [16:1(n-9)/16:
0] in the core gene transgenic mice returned to levels
similar to those in control mice (Figure 1, F and G) (P <
0.05). Thus, the administration of tacrolimus for 3 months
restored the abnormalities in lipid metabolism that were
induced by the core protein of HCV. Histologically, ta-
crolimus significantly improved steatosis in the liver of
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core gene transgenic mice, in which micro- and mac-
rovesicular lipid droplets were accumulated in hepato-
cytes, chiefly around the central veins of the liver (Figure
2A). There was no sign of inflammation in the liver with or
without the tacrolimus treatment.

Effect of Tacrolimus on Lipid Metabolism in
HepG2 Cells Expressing HCV Core Protein

To turther prove the ameliorating effect of tacrolimus on
lipid metabolism, we then performed experiments using
HepG2 cells that express the core protein.??23 HepG2
cells, the lipid metabolism of which is somewhat different
from that in normal hepatocytes,?® show a significant
increase in the level of 5,8,11-eicosatrienocic acid [20:3
(n-9}], as a result of activations of the fatty acid enzymes,
A%-, AS-, and A®-desaturases, by the core protein
(H. Miyoshi and K. Koike, unpublished data). Incubation
of the core-expressing HepG2 cells with tacrolimus at
100 nmol/L and 1 umol/L for 48 hours significantly re-
duced the accumulation of 20:3(n-9), whereas CyA treat-



Vehicle

ment increased the level of 20:3(n-9) in a dose-depen-
dent manner in the core-expressing HepG2 cells (Figure
3, A and B). Neither tacrolimus nor CyA changed the
20:3(n-9) content in HepG2 cells that do not express the
core protein.

Low Dose of Tacrolimus Also Ameliorates
Steatosis and Insulin Resistance

Because the usual dose of tacrolimus for liver transplan-
tation naturally induces an immunosuppressed state in
patients, we conducted a mouse study with a tacrolimus
dose lower than that in the aforementioned study. In this
low-dose experiment, tacrolimus at 0.02 mg/kg b.wt.
(one-fifth of the previous one) was administered to mice
for 1 month from the age of 3 months. Similar to the
results with the dose of 0.1 mg/kg b.wt., there were
significant decreases in the lipid content in the liver
(9.5 = 0.8 [0.02 mg/kg b.wt. tacrolimus] versus 18.7 %
4.4 [vehicle only] mg/g liver; P < 0.05) and serum insulin
concentration (96.6 + 16.9 [0.02 mg/kg b.wt. tacrolimus]
versus 1137.1 + 88.0 [vehicle only] pmol/L; P < 0.05) in
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Low-dose FK506

Figure 2. Morphological analysis of the liver of
the core gene transgenic mice. Representative
cases are shown either treated with tacrolimus
(FK506) or vehicle (H&E staining). A: There is a
prominent improvement of steatosis in the
3-month tacrolimus-treated core gene transgenic
mice compared with the vehicle-treated mice. B:
A prominent improvement in steatosis was also
obtained by the administration of one-fifth dose
of tacrolimus for 1 month beginning at 3 months
of age. For histological analysis, two independent
researchers evaluated 40 microscopic fields each,
and a representative picture is shown for each
category. Original magnitication, X125. Tg, trans-
genic mice; nTg, nontransgenic control mice.

' Tg, FK506

the core gene transgenic mice treated with tacrolimus.
Histological changes are shown in Figure 2B.

Effect of Tacrolimus on Oxidative Stress and
Antioxidative System in Mice

We next examined whether the 3-month administration of
tacrolimus affects the redox state in the core gene trans-
genic mice. In the liver of the core gene transgenic mice,
the ROS level was higher than that in the liver of control
mice as determined by lipid peroxidation.'™ Treatment
with tacrolimus significantly reduced the level of thiobar-
bituric acid-reactive substances in the liver of the core
gene transgenic mice (Figure 4A) (P < 0.05). As a result
of oxidative stress overproduction, there was damage in
the DNA of hepatocytes of the core gene transgenic mice
from a young age.'® To evaluate the effect of tacrolimus
on the nuclear DNA damage, the apurinic/apyrimidinic
site index was determined in liver tissues from the core
gene transgenic mice. As shown in Figure 4B, the
apurinic/apyrimidinic site index in the liver of the core
gene transgenic mice, which was significantly higher
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Figure 3. Effect of tacrolimus (FK506) or CyA on
fatty acid compositions in HepG2 cells expressing
the core protein. The fatty acid compositions of the
total cell lipids were analyzed, and the percentage
of 5,8,11-eicosatrienoic acid [20:3(n-9)] in the core-
expressing and control HepG2 cells was calcu-
lated. A: Treatment with tacrolimus at 0 nmol/L,
100 nmoV/L, or 1 pmol/L. B: Treatment with CyA at
0 nmol/L, 100 nmol/L, or 1 pmol/L. Black bars
represent core-expressing cells; white bars repre-
sent control cells. Because similar results were ob-
tained by using Hep39), Hep396, and Hep397 cell
lines, representative results using the Hep39) cell
line are shown. Values represent the mean = SE:
1 =5 in each group. *P < 0.05 and *P < 001
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Figure 4. Effect of tacrolimus (FK506) on oxidative stress in the core gene transgenic mice. Tacrolimus (0.1 mg/kg b.wi.) or vehicle only was administered to the
core gene transgenic or control mice for 3 months. A: Lipid peroxidation in the liver. B: apurinic/apyrimidinic (AP) site in the liver as a marker of nuclear DNA
damage; C: Total glutathione fevel in the liver. Black bars represent transgenic mice; white bars represent control mice. Tg 3 mo indicates 3-month-old transgenic
mice. showing the baseline state just before tacrolimus treatment, and Tg indicates 6-month-old transgenic mice, either with or without 3 months of tacrolimus
treatment. Values represent the mean % SE; n = 5 in each group. *P < 0.05. Tg, transgenic mice: nTg, nontransgenic control mice. TBARS, thiobarbituric

acid-reactive substances.

than that in the control mice, was significantly decreased
by the tacrolimus treatment to a level similar to that in the
control mice (P < 0.05).

The level of glutathione, one of the antioxidant sys-
tems, was significantly decreased in the liver of the core
gene transgenic mice presumably as a result of oxidative
stress overproduction but returned to a level similar to
that in the control mice after the 3-month administration of
tacrolimus, although the difference was not statistically
significant (P = 0.063) (Figure 4C). Thus, the oxidative
stress augmentation induced by the core protein of HCV
was reduced by tacrolimus.

Effect of Tacrolimus on Oxidative Stress in
Core-Expressing HepG2 Cells

Evidence for scavenging ROS by the administration of
tacrolimus to the mice prompted us to validate this find-
ing using cultured cells. For this purpose, tacrolimus or
CyA was added to the culture medium of HepG2 cells
that express or do not express the core protein. After 24
hours of incubation, tacrolimus decreased the ROS pro-
duction level in the core-expressing HepG2 cells in a
dose-dependent manner (Figure 5A). In contrast, no de-
crease but rather an augmentation of ROS production
was observed by the treatment with CyA at various con-
centrations (Figure 5B).

Because dysfunction of the mitochondrial respiratory
chain complex 1 is suspected to be the reason for the
ROS production associated with HCV infection (H. Miyoshi
and K. Koike, unpublished data),'®'>'7 an increase in
the NADH/NAD™ ratio, which is caused by the repression
of the complex 1 NADH dehydrogenase activity, would
be a good marker for the mitochondrial complex 1 dys-
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function. Therefore, we evaluated the effect of tacrolimus
on the accumulation of NADH in the core-expressing
HepG2 cells. The NADH/NAD™ ratio, which is strictly
estimated from a reciprocal of KBR,?®2° was significantly
higher in the core gene transgenic mice than in control
mice (1/atrial KBR) and in HepG2 cells expressing the
core protein than in contro! cells (1/KBR) (Figure 6A). By
the treatment with 1 umol/L tacrolimus, the ratio signifi-
cantly decreased compared with the baseline (Figure
6B), whereas CyA treatment caused no effect in the
core-expressing HepG2 cells (Figure 6C), as was the
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Figure 5. Effect of tacrolimus (FK306) or CyA on ROS production in HepG2
cells expressing the core protein. Results are expressed as relative brightness
and normalized to control cells. As Treatment with tacrolimus at O nmol L, 10
nmol/L, 100 nmol/L, or 1 umol/L. B: Treatment with CyA at 0 nmol/L, 10
nmol/L, 100 nmol/L. or 1 umol/L. Bluck bars répresent transgenic mice:
white bars represent control cells. Because similar results were obtained by
using Hep39), Hep396, and Hep397 cell lines. representative results using the
Hep39l cell line are shown. Values represent the mean £ SE; i = 5 in cach
group. *P < 0.05% P <001,




case in the determination of ROS by chloromethyl 2',7'-
dichlorodihydrofluorescein diacetate.

Changes in Gene Expression by Tacrolimus
Treatment of Mice

We then performed a comprehensive microarray analysis
of gene expression in the liver, which was up- or down-
regulated by tacrolimus. For this analysis, the tacrolimus-
treated mice were compared with the vehicle-treated
mice, in two pairs of the core gene transgenic and control
mice, respectively. Genes that were 1.5-fold increased or
decreased in both of the two tacrolimus-treated mice
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compared with those treated with vehicle were defined as
up-regulated or down-regulated, respectively. As shown
in Table 1, several genes were found to be up-regulated
or down-regulated in both the core gene transgenic and
control mice after the treatment with tacrolimus for 3
months. A number of genes including that for TNF-a were
up- or down-regulated both in the core gene transgenic
and control mice. In contrast, the expressions of some
genes including that for resistin were differentially regu-
lated between the core gene transgenic and control
mice. The expressions of these genes were confirmed by
real-time PCR analysis.

Then, to explore the mechanism by which tacrolimus
reverses the pathological effect of the core protein in the
liver, we examined, by real-time PCR analysis, the ex-
pression of some cellular genes including TNF-«, SREBP-
1c, SCD-1, and proteasome activator 28-y. These genes
or gene products have been suggested to play a pivotal
role in the pathogenesis of HCV-associated liver dis-
ease.’%3! TNF-« and SREBP-1¢ genes have been shown
to be up-regulated in the liver of the core gene transgenic
mice and considered to play a role in the development of
insulin resistance and steatosis.>>3' By the treatment of
the core gene transgenic mice with tacrolimus for 3
months, there was a significant decrease in the mRNA
level of both TNF-a and SREBP-1c (Figure 7, A-C) (P <
0.05). The SCD-1 mRNA level was also reduced in the
tacrolimus-treated core gene transgenic mice. Because
down-regulation of SREBP-1c expression by tacrolimus
was observed only in the core gene transgenic mice but
not in control mice, it is estimated that tacrolimus antag-
onizes the action of core protein in its transactivating
function of the SREBP-1c promoter. The down-regulation
of SREBP-1c, then, would lead to the suppression of
SCD-1 expression and amelioration of steatosis. We con-
firmed this by conducting luciferase assays using cul-
tured cells. As shown in Figure 7D, tacrolimus cancelled
the effect of the core protein on the activation of
SREBP-1c gene promoter. The level of the proteasome
activator 28-y protein, which is indispensable for the
action of the core protein in the pathogenesis of HCV-
associated liver lesion®' was determined by Western
blotting, but there was no change caused by the tacroli-
mus treatment (data not shown).

Discussion

Antiviral treatment for chronic hepatitis C has advanced
markedly. Nearly 50% of patients with chronic hepatitis C

Figure 6. Effect of tacrolimus (FK506) or CyA on NADIH accumulation in
HepG2 cells expressing the core protein. A: NADH/NAD™ was determined in
mice (left) or HepG2 cells (right) with or without the core protein. B: The
ketone body ratio was determined in HepG2 cells with or without the core
protein after incubation with tacrolimus for 24 hours at 0 nmol/L, 10 nmol/L,
100 nmol/L, or 1 gmol/L. C: The ketone body ratio was determined in HepG2
cells with or without the core protein after incubation with CyA for 24 hours
at 0 nmol/L. 10 amol/L, 100 nmol/L, or T pmol/L. Black burs represent
transgenic mice; white bars represent control cells. Because similar results
were obtained by using Hep39), Hep396 and Hep397 cell tines, representa-
tive results using the 1ep39) cell line are shown. Values represent the
mean & SE: n = 5 in each group. *FP < 0.05. AKBR. arterial KBR: Tg.
transgenic mice; nTg, nontransgenic mice.
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Table 1.

Genes Whose Expression Levels in the Mouse Liver Were Altered by the Treatment with FK506

Up-regulated in Tg

Down-regulated in Tg

Up-regulated in nTg

Fatty acid binding protein 5

epidermal squalene epoxidase

Zinc finger protein 69

Down-regulated in nTg
Cytochrome P450, family 2,

subfamily b, polypeptide 9

X-linked lymphocyte-regulated 3a

Nuclear factor, erythroid derived 2
DNA segment, human D6S2654E

X-linked lymphocyte-regulated 4

Signal sequence receptor, delta

Resistin

Resistin like alpha

Nuclear receptor subfamily 4, group A, member
insulin-like growth factor binding protein 1
calcium and integrin binding family member 3

Tumor necrosis factor alpha

Cytochrome P450, family 17, subfamily a,
polypeptide 1

B-cell leukemia/lymphoma 6

Genes with altered expression in Tg (columns) or in nTg (rows) are described in a 4 X 4 table. Genes that were 1.5-fold increased or decreased in
both of the two FK506-treated mice compared with those treated with placebo were defined as up-regulated or down-regulated, respectively. Tg, core

gene transgenic mouse; nTg, nontransgenic control mouse.

with HCV genotype 1 and high viral loads achieve a
sustained virological response as a result of ribavirin/
peginterferon combination therapy.3233 However, the re-
maining patients who could not achieve sustained viro-
logical response continue to experience progression of
chronic hepatitis and have a high probability for devel-
opment of HCC. Although therapies with new agents
such as viral protease or RNA polymerase inhibitors are
being developed, there is hope for development of the
means to retard the progression of chronic hepatitis.

Recently, evidence showing that hepatic steatosis and
insulin resistance are crucial determinants of the progres-
sion of liver fibrosis has accumulated.®*~37 Moreover, the
importance of oxidative stress, which is closely associ-
ated with metabolic disorders such as insulin resistance
and steatosis, is implicated in the pathogenesis of HCV-
associated liver disease. Given the suggested associa-
tion of oxidative stress augmentation with the dysfunction
of mitochondrial respiration in HCV infection, 317 one
possibility to ameliorate such a condition is the use of
agents that can protect the mitochondrial respiratory
function. Tacrolimus is one such agent with evidence of
providing protection of the mitochondrial respiratory
function, 2" although it does not show an antiviral
effect.

In the current study, the administration of tacrolimus
significantly improved the disturbances in lipid and glu-
cose metabolism both in vivo and in vitro. As disorders of

lipid metabolism associated with HCV infection, hepatic
steatosis and increases in monounsaturated fatty acid
levels have been demonstrated.>4¢71% The latter is
caused by the activation of fatty acid enzymes such as
A®- or AS-desaturase, resulting in increases in 18:1(n-9)/
18:0 and 16:1(n-9)/16:0 ratios (H. Miyoshi and K. Koike,
unpublished data).'® Tacrolimus ameliorated these lipid
alterations associated with HCV infection with no impact
on mouse body weight. Tacrolimus also improved the
insulin resistance in the HCV mouse model, in which
tyrosine phosphorylation of insulin receptor substrate-1 is
impaired by the HCV core protein,'®

Moreover, tacrolimus treatment ameliorated oxidative
stress augmentation, which is considered to play a piv-
otal role in the progression of liver disease or the devel-
opment of HCC in HCV infection.*®~"3 In mice transgenic
for the HCV core gene, in which DNA damage develops
because of oxidative stress augmentation,'® tacrolimus
decreased the levels of peroxylipid and DNA damage
formations. Dysfunction of the mitochondrial respira-
tory chain complex 1 is suspected to be a source of
ROS overproduction in HCV infection.'®'3'7 To assess
changes in mitochondrial complex 1 function caused by
tacrolimus, the NADH/NAD™ ratio, which reflects the
complex 1 NADH dehydrogenase activity, was deter-
mined in HepG2 cells expressing the core protein. The
NADH/NAD™ ratio, which is strictly estimated from a re-
ciprocal of KBR (1/atrial KBR),*®?° was significantly re-

A TNFa B SREBP-1c C SCO-1 D - ) . .
= - SREBP-1c promoter activity Figure 7. A-C Effect of tacrolimus (FK506) on
20 2.0 20 " Fold ncrease mRNA levels of cellular genes. The mRNA levels
rn of TNF-a (A), SREBP-1c (B), and SCD-1 (C)
7 R genes were determined by real-time PCR analy-
sis in the tacrolimus- or vehicle-treated mouse
15 15 15 6 livers. The transcriptions of the genes were nor-
malized with that of hypoxanthine phosphori-
bosyltransferase, and the values are expressed
5 as relative activities. D: Effect of tacrolimus on
the transactivating function of the core protein
10 1.0 10 4 on the SREBP-1¢ promoter. A luciferase assay
was performed using a plasmid encoding firefly
3 luciferase under the control of the SREBP-1c¢
promoter with or without the expression of 1HCV
5 0.5 3 2 core protein. Tacrolimus was added at a final
concentration of 100 nmol/L to the culture me-
1 dium. Black bars represent transgenic mice; white
bars represent control cells. Values represent the
0 0 0 0 mean * SE; 11 = 5 in each group. *P < 0.05. Tg,
Tg nTg T¢ nTg Core + + -~ - transgenic mice; nTg, nontransgenic mice.
FK506 + -+ - + -+ - FK506 + -~ + -~

—191—




duced by the addition of tacrolimus but not CyA. Thus,
tacrolimus protected the mitochondrial respiratory chain
complex 1 function from the impact of the core protein,
decreased oxidative stress, and improved steatosis and
insulin resistance.

Some of features induced by the core protein including
steatosis, insulin, and DNA damage were already present
in the core gene transgenic mice at 3 months of age as
the baseline, and those were improved by tacrolimus
treatment. This fact indicates that tacrolimus is not only
preventing the development of core-induced features but
also reversing such changes in the mouse liver.

The tacrolimus dose used in the current study was 0.1
mg/kg b.wt. This is the same dose as that used in recip-
ients of liver or kidney transplantation. The result of a
subexperiment with a lower tacrolimus dose of 0.02
mg/kg b.wt. was similar to that with the dose of 0.1 mg/kg
b.wt. This finding is promising because it indicates that
the “anti-core protein effect” may be achievable atsuch a
low dose of tacrolimus without provoking strong immuno-
suppression. The tacrolimus concentration {100 nmol/L)
that caused the anti-core protein effect in the cultured cell
study is similar to that in the blood of recipients of liver
transplantation and much lower than those used in pre-
vious studies.'®38 In the current study, tacrolimus was
administered only i.p., although it tacrolimus is adminis-
tered i.v. or p.o. in humans. Therefore, a concern may
arise regarding the administration route. Because the
bioavailability of tacrolimus is approximately 25% (range
from 5 to 93%) in human patients,®® a difference in the
concentrations of tacrolimus may be possible between
i.p. and p.o. administration. However, in human pa-
tients, target levels of tacrolimus concentration are
generally achieved by p.o. administration as the main-
tenance therapy. Therefore, the target concentration
would be achieved in mouse models by p.o. administra-
tion for 3 months as it is in human patients. Our current
results strongly support the notion that tacrolimus can
protect the mitochondrial respiratory function, resulting in
a reduction of ROS production.

There is also a controversy concerning the effect of
tacrolimus on glucose homeostasis. Post-transplantation
diabetes is a complication in kidney or liver transplanta-
tion.*>4? In vivo and in vitro studies have shown that
tacrolimus may inhibit insulin secretion from the pancre-
atic B-cells.*® Thus, tacrolimus may have a potential to
induce diabetes. However, there have been no well de-
signed studies on this specific point: in one study, corti-
costeroid withdrawal from tacrolimus-based immunosup-
pression reduced insulin resistance without changing
insulin secretion.®! In our study using the HCV mouse
model, tacrolimus administration at the dose similar to
those in organ transplant recipients decreased serum
insulin levels without increasing plasma glucose levels.
These results point toward the future use of tacrolimus in
vivo for the amendment of metabolic abnormalities, such
as steatosis and insulin resistance, associated with HCV
infection. However, it should be noted that there is a
difference between our mouse model and human pa-
tients. Organ transplant recipients generally have injury
to other bodily organs after a prolonged course of iliness,
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whereas the mouse model we have exploited does not. In
addition, our mouse model originally has insulin resis-
tance with the presence of hyperplasia of Langerhans
islands."® Therefore, the effect of tacrolimus on glucose
homeostasis in the current mouse study may not be
exactly applicable to human patients.

The results of the gene expression analysis by microar-
ray and subsequent real-time PCR were of considerable
interest. Tacrolimus reduced the mRNA levels of TNF-q,
SCD-1, and SREBP-1c genes, which are elevated in both
patients with chronic hepatitis C and HCV core gene
transgenic mice.®®3' The elevation in the TNF-a level
causes insulin resistance in vivo, which is alsc observed
in HCV core gene transgenic mice.'® The elevations in
SREBP-1c and SCD-1 gene mRNA levels cause the over-
production of triglycerides, leading to the development of
steatosis. The reductions in the expression levels of these
genes may explain the effect of tacrolimus on the im-
provement of steatosis, insulin resistance, and oxidative
stress in these HCV models. Although recent investiga-
tions have shown that the immunosuppressive drugs ta-
crolimus and rapamycin inhibit the expression of different
inflammatory mediators,*24 the anti-inflammatory func-
tions of these drugs are not well established. Our in vitro
and in vivo experiments confirmed that tacrolimus inhib-
ited the induction of ROS generation, which is mediated
by the core protein. Our data indicate that the inhibition of
ROS formation may explain part of the favorable effect of
immunosuppressive agents on inflammatory conditions.

In conclusion, our results demonstrate that tacrolimus
has protective potential against damage caused by the
HCV core protein including the induction of steatosis,
insulin resistance, and oxidative stress, both in mice and
cultured cells. Although more studies are required to
elucidate the precise mechanism underlying the potential
of tacrolimus in reversing the pathogenesis in HCV infec-
tion, these results may provide new therapeutic tools for
chronic hepatitis C, in which oxidative stress and abnor-
malities in lipid and glucose metabolism contribute to
liver pathogenesis.
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Proteomics Analysis of Mitochondrial Proteins Reveals

Overexpression of a Mitochondrial Protein Chaperon,

Prohibitin, in Cells Expressing Hepatitis C Virus Core
Protein

Takeya Tsutsumi,! Mami Matsuda,? Hideki Aizaki,* Kyoji Moriya,' Hideyuki Miyoshi,! Hajime Fujie,!
Yoshizumi Shintani,! Hiroshi Yotsuyanagi,! Tatsuo Miyamura,? Tetsuro Suzuki,? and Kazuhiko Koike!

The hepatitis C virus (HCV) core protein is involved in viral pathogenesis such as oxidative
stress induction and lipid metabolism disturbance, and is primarily located in the cytoplasm
and endoplasmic reticulum in association with lipid droplets as well as in the mitochondria.
To clarify the impact of the core protein on mitochondria, we analyzed the expression
pattern of mitochondrial proteins in core protein-expressing cells by two-dimensional poly-
acrylamide gel electrophoresis. Several proteins related to the mitochondrial respiratory
chain or protein chaperons were identified by mass spectrometry. Among the identified
proteins with consistently different expressions, prohibitin, a mitochondrial protein chap-
eron, was up-regulated not only in core-expressing cells but also in full-genomic replicon
cells and livers of core-gene transgenic mice. The stability of prohibitin was increased
through interaction with the core protein. Further analysis demonstrated that interaction of
prohibitin with mitochondrial DNA-encoded subunits of cytochrome c oxidase (COX) was
disturbed by the core protein, resulting in a significant decrease in COX activity. Conclusion:
The HCYV core protein affects the steady-state levels of a subset of mitochondrial proteins
including prohibitin, which may lead to an impaired function of the mitochondrial respi-
ratory chain with the overproduction of oxidative stress. (HEPATOLOGY 2009;50:378-386.)

he hepatitis C virus (HCV) is a causative agent of
chronic hepatitis, which often leads to cirrhosis
and, eventually, to the development of hepatocel-
lular carcinoma (HCC). However, the mechanism of
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hepatocarcinogenesis in HCV infection is not yet fully
elucidated. The HCV core protein forms the viral nucleo-
capsid protein and has various properties that modulate
cellular processes in numerous ways. The core protein
binds to cellular proteins, suppresses or enhances apopto-
sis, and modulates the transcription of some host genes.!
In addition, transgenic mice expressing the core protein
develop HCC,?# indicating a direct contribution of the
core protein to the pathogenesis of hepatitis C.

The core protein is mostly localized to the endoplasmic
reticulum (ER), but we and other groups have shown its
localization to the mitochondria in cultured cells and
transgenic mice.2>¢ In addition, the double structure of
mitochondrial membranes is disrupted in hepatocytes of
core-gene transgenic mice.2-4 Evidence suggests that the
core protein modulates some mitochondrial functions,
induding fatty acid B-oxidation, the impairment of
which may induce lipid abnormalities and hepatic steato-
sis. In addition, the mitochondrion isan important source
of reactive oxygen species (ROS). In livers of transgenic
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mice harboring the core gene, increased ROS production
has been observed.”® A recent study found, by the pro-
teomic profiling of biopsy specimens, that an impairment
in key mitochondrial processes, including fatty acid oxi-
dation and oxidative phosphorylation, and in the re-
sponse to oxidative stress occurs in HCV-infected human
liver with advanced fibrosis.'® Therefore, it is probable
that the HCV core protein affects mitochondrial func-
tions because such pathogenesis is observed in both HCV
core-transgenic mice and HCV-infected patients.1-13

The recent progress in proteomics has opened new ave-
nues for disease-related biomarker discovery. Among pro-
teomics approaches, two-dimensional polyacrylamide gel
electrophoresis (2D-PAGE) is a technique for the separation
and identification of proteins in a sample by displacement in
two dimensions oriented at right angles to one another. This
method is generally used as a component of proteomics and
is the step used for the isolation of proteins for further char-
acterization by mass spectrometry. 2D-PAGE is particularly
useful when comparing two related samples such as healthy
and diseased dssue. For example, proteins that are more
abundant in diseased tissue may represent novel drug targets
or diagnostic markers. In fact, several candidate biomarkers
for many human cancers have been identified by this ap-
proach.'* There are, however, tens of thousands of proteins
in a cell, differing in abundance over six orders of magnitude.
2D-PAGE is not sensitive enough to detect rare proteins,
and hence many proteins are not resolved. Therefore, split-
ting a sample into different fractions is often necessary to
reduce the complexity of protein mixtures prior to 2D-
PAGE. For this advantage, Lescuyer et al.!5 performed a
2D-PAGE of human mitochondrial proteins derived from
the placenta and identified proteins mainly by peptide mass
fingerprinting.

In this study, we performed a 2D-PAGE of mitochon-
dria isolated from HepG2 cells stably expressing the HCV
core protein and identified several proteins of different
expressions when compared with control HepG2 cells.
Among up-regulated proteins in the core-expressing cells,
we focused on prohibitin, which functions as a mitochon-
drial protein chaperon, and found that the core protein
interacts with prohibitin and represses the interaction be-
tween prohibitin and subunit proteins of cytochrome ¢
oxidase (COX), which may lead to decreases in the ex-
pression level of the proteins and in COX activity. These

results may explain the pathogenesis of liver disease in
HCYV infection including ROS induction.

Materials and Methods

Cells and Purification of Mitochondria. Hep39
cells,'s which stably express the HCV core protein, and
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control HepG2 cells (Hepswx) were grown in Dulbecco’s
modified Eagle medium (DMEM) containing 10% fetal
bovine serum and 1 mg/mL G418. Mitochondria were
purified using Nycodenz (Nycomed Pharma, Ziirich,
Switzerland) according to the protocols reported by
Okado-Matsumoto et al.!” For transient transfection ex-
periments, HepG2 cells were transfected with a core-ex-
pression plasmid using TransIT-LT1 (Mirus Bio,
Madison, WI). Huh7 cells harboring HCV genotype 1b
full-genomic (RCYM1)!8 or subgenomic replicon (5-15),
and livers of 3-month-old core-gene transgenic mice?
were also used for the analysis.

2D-PAGE. Gel electrophoresis in the first dimension
was performed using an immobilized pH gradient gel (Im-
mobiline Dry Strip gel, pH 4-7 linear, 13 cm; GE Health-
care, Uppsala, Sweden). The two-dimensional separation
was performed on 12.5%, 14 X 16 cm?, SDS polyacryl-
amide gels. After the electrophoresis, gels were silver-stained
using a silver staining kit (GE Healthcare) according to the
manufacturer’s protocols. The stained gels were scanned and
electronic images of the gels were analyzed using ImageMas-
ter 2D Elite software (GE Healthcare).

In-Gel Digestion and Matrix-Assisted Laser De-
sorption lonization, Time-of-Flight Mass Spectrome-
try (MALDI-TOF-MS). Protein spots on the gels were
excised and a “control” piece was cut from a blank region
of the gel and processed in parallel with the sample. In-gel
digestion with trypsin was performed as reported.!® The
resulting peptides were concentrated using Zip-Tip C18
(Millipore, Bedford, MA). The peptide mixtures were
eluted from Zip-Tip with 75% acetonitrile in 0.1% trif-
luoroacetic acid (TFA). The matrix (a-cyano-4-hydroxy-
cinnamic acid dissolved in 50% acetonirrile, 0.1% TFA)
was deposited on a dried sample targer. Then 0.5-uL
aliquots of the analyte solution were deposited onto ma-
trix surfaces and the solvent was allowed to evaporate at
ambient temperature. The digests were analyzed with a
TOF mass spectrometer, PE Biosystems Voyager DE
STR MALDI (Foster City, CA).

Database Analysis. For protein identification the
measured monoisotopic masses of the peptides were ana-
lyzed using MS-Fit provided by UCSF (htep://prospector.
ucsf.edu/ucstheml3.2/msfichtm).

Immunoblotting and Immunoprecipitation. Puri-
fied mitochondria were lysed and sonicated in RIPA
buffer, then centrifuged at 16,000 rpm for 10 minutes.
Protein concentration was determined using a BCA Pro-
tein Assay Reagent Kit (Pierce Biotechnology, Rockford,
IL). The samples were separated by sodium dodecyl sul-
fate (SDS)-PAGE and electrotransferred onto a polyvi-
nylidene fluoride membrane (Immobilon; Millipore,

Japan), then blocked with BlockAce (Snow Brand, To-
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kyo, Japan). The membrane was subsequently incubated
with specific primary antibodies followed by horseradish
peroxidase-conjugated secondary antibodies and visual-
ized using SuperSignal West Pico Chemiluminescent
Substrate (Pierce). Antibodies against the core protein
(Anogen, Mississauga, Canada), manganese superoxide
dismutase (MnSOD) (BD Biosciences, San Jose, CA),
prohibitin (Neomarkers, Fremont, CA), oligosaccharyl-
transferase-48 (OST48), heat shock protein (HSP) 60
(Santa-Cruz Biotechnology, Santa Cruz, CA), pyruvate
dehydrogenase (PDH), ubiquinol-cytochrome ¢ oxi-
doreductase, COX (Molecular Probes, Eugene, OR), pro-
tein disulfide isomerase (PDI), ER protein endoplasmic
oxidoreduction-1 (Ero1)-La, and 1kBa (Cell Signaling
Technology, Danvers, MA), were used as primary anti-
bodies. For immunoprecipitation experiments, cells were
lysed in NET-N buffer (20 mM Tris-HCI {pH 8.0], 100
mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40) and the
lysates were incubated with anti-prohibitin overnight fol-
lowed by the addition of protein Sepharose 4B (GE
Healthcare), then washed with the same buffer five times.
Immunoprecipitates were subjected to SDS-PAGE fol-
lowed by immunoblotting with specific antibodies.

Determination of COX Activity. COX activity was
determined with a MiroProfile Rapid Microplate Assay
Kit (MitoSciences, Eugene, OR) using 10 ug of purified
mitochondria. The assay was performed three times inde-
pendenty.

Statistical Analysis. Results are expressed as means *
SE. The significance of the difference in means was deter-
mined by Student’s # test or Mann-Whitney’s U test.

Results

Presence of HCV Core Protein in Purified Mito-

chondria. Increasing evidence suggests that the HCV

Fig. 1. 2D-PAGE of mitochondrnia purified from
core-expressing cells. (A) Whole-cell lysates (WCL)
and purified mitochondria (mito) derived from
core-expressing cells were subjected to SDS-PAGE
and immunoblotted with anti-core, anti-subunit of
complex | (mitochondrial protein), or anti-0ST48,
PDI, Erolla (ER proteins) antibodies. (B) Purified
mitochondria of core-expressing cells were sub-
jected to 2D-PAGE and the gel was stained with
silver. The numbers shown on the right are molec-
ular weights. (C) Purified mitochondra of core-
expressing and control cells were subjected to
SDS-PAGE and blotted with an anti-E18 subunit of
PDH (PDH E1), anti-MnSQOD, or anti-HSP60 an-
tibody.

core protein is localized to mitochondria as well as to ER
and the nucleus. Therefore, we first investigated whether
the core protein is expressed in the mitochondria of core-
expressing (Hep39) cells used in this study. We used Ny-
codenz discontinuous gradients to extract mitochondria
as described.!” In the mitochondria derived from core-
expressing HepG2 cells, the core protein was detected by
immunoblotting, whereas ER resident proteins such as an
ER-specific type I transmembrane protein OST48, ER-
resident molecular chaperon PDI, and ER membrane-
associated N-glycoprotein Erol-La, were not (Fig. 1A).
In this fraction, reduced nicotinamide adenine dinucle-
otide (NADH)-ubiquinone oxidoreductase, complex I of
mitochondrial oxidative phosphorylation system, was
more strongly expressed than that in the whole cell. These
results indicate that the purified mitochondria fraction
was free of ER, and that a portion of the core protein was
localized to the mitochondria in core-expressing cells.
Proteomics Analysis of Mitochendria by 2D-PAGE.
For proteomics analysis, purified mitochondrial proteins
derived from core-expressing cells were subjected to 2D-
PAGE followed by silver-staining of the gel. In this study
we analyzed only acidic proteins using IPG strips covering
pH 4 to pH 7 because the analysis of acidic proteins by
2D-PAGE is relatively easv. The mitochondrial fraction
was also extracted from Hepswx, a control cell line resis-
tant to G418 but does not express the core protein, then
similarly subjected to 2D-PAGE and used for comparing
the expression pattern. We repeated the above procedure
(purification of mitochondria, 2D-PAGE, and silver-
staining) five times, and confirmed a similar expression
pattern in core-expressing cells. The representative gel im-
age is shown in Fig, 1B. ImageMaster 2D Elite software
detected about 1100 spots on the silver-stained acidic gel,
i.e., at pH 4-7 and Mrs of 20-100 kDa. The number of
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Table 1. Proteins of Differential Expression in Mitochondria
of Core-Expressing Cells

Fold Change
Protein Name {Mean = $D)

Increased
Succinyi-CoA:ketoacid CoA transferase 10.43 = 1.29
NADH-specific isocitrate dehydrogenase a subunit precursor 9.64 + 4.66
Unknown 8.65 + 2,40
GrpE-like protein co-chaperon 5.71 £ 0.49
Leucine aminopeptidase 426 + 1.14
Pyruvate dehydrogenase E1 component b subunit 3.79 = 1.34
CGO15alt2 3.18 + 0.80
HSP70 3.11 + 1.39
Prohibitin 2.60 +0.24
3-Hydroxyisobutyrate dehydrogenase 247 = 0.77
HSPC108 2.46 + 0.69
MnSOD 235+ 0.65
Ubiquinol-cytochrome ¢ oxidoreductase core [ protein 2.00 +0.23

Decreased
Aldehyde dehydrogenase 2 0.12 + 0.02
Aldehyde dehydrogenase 5 precursor 0.25 + 0.03
ATP synthase a subunit isoform 1 0.50 + 0.09

Reference protein .

HSP6O 1.02 + 0.02

protein spots was smaller than those reported in a recent
study investigating the human placental mitochondrial
proteome. '3
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We then compared the intensity of the spots between
core-expressing and control cells. Analysis of repeated ex-
periments by Student’s 7 test revealed 13 increased and
three decreased spots in intensity in core-expressing cells.
These spots were excised and digested with trypsin, then
proteins were identified bv mass spectrometry. The names
of the identified proteins are listed in Table 1. Among
them were proteins related to mitochendrial respiratory
chain, protein chaperons, and lipid metabolism. Because
antibodies to some of these proteins are commercially
available, expression levels of the proteins were examined
by immunoblotting. The expression levels of the PDH-
E18 subunit and MnSOD, which were identified as in-
creased proteins, were higher in core-expressing cells than
in control cells (Fig. 1C), whereas that of HSP60, which
was identified as having a similar expression, was un-
changed.

Up-regulation of Prohibitin by the Core Protein.
Among the identified proteins, we focused on prohibitin,
an up-regulated protein in mitochondria of core-express-
ing cells (Fig. 2A). Prohibirin is a mitochondrial protein
associated with cell proliferation.?® It also works as a chap-

21,22

eron of mitochondrial proteins.2!-22 We confirmed an in-

creased prohibitin expression level in core-expressing cells

+ -
IR

ey HSPSO
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Prohibitin
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vector
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HSP60

Core (WCL)
prohibitinHSPS0

Fig. 2. Up-regulation of prohibitin in core-expressing cells. (A) Protein spot comesponding to prohibitin (arrow) in 2D-PAGE. (B) Purified
mitochondria from core-expressing or control cells were subjected to SDS-PAGE and immunoblotted with anti-prohibitin or anti-HSP60 antibody. (C)
Mitochondria were purified from growing (Gr) or confluent (Co) cells in 100-mm dishes and subjected to SDS-PAGE, then immunoblotted with an
anti-prohibitin or anti-HSP60 antibody. (D) HepG2 cells in six-well plates were transfected with different amounts (g) of core-expressing plasmid
and mitochondrial proteins were analyzed by immunoblotting with anti-prohibitin or anti-HSP60 antibody. The expression levels of the core protein
in whole-cell lysates (WCL) were also determined. (E) Celis harboring HCV replicon were untreated or treated with IFN and expression levels of
prohibitin in mitochondria were determined. Expression of HCV core and NS5A proteins was also examined. FG, fuli-genomic replicon cells; SG,
subgenomic replicon cells. (F) Expression levels of prohibitin in mitochondria were determined in liver tissues HCV core-gene transgenic and
nontransgenic mice. Prohibitin/HSP60 expression levels were determined by densitometry. C-Tg, core-gene transgenic mouse; NT, nontransgenic

litermate (n = 3) *P < 0.05.
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by immunoblotting (Fig. 2B). Because prohibitin is asso-
ciated with cell proliferation, it is possible that prohibitin
expression changed according to the cell proliferative sta-
tus. As shown in Fig. 2C, core-expressing cells had high
prohibitin expression levels in the cells in both confluent
growth and growing statuses compared with control cells.
We also determined the expression levels in cells synchro-
nized with aphidicolin followed by I-mimosine treatment
and found an increased expression level in core-expressing
cells (data not shown). To exclude the possibility that the
increased prohibitin expression level is due to the expan-
sion of limited cell clones, not specific to the core protein
expression, we examined prohibitin expression in cells
transiently expressing the core protein and found that
prohibitin expression level increased dose-dependently in
core-expressing cells (Fig. 2D). We also examined the
prohibitin expression levels in Huh7 cells harboring full-
or subgenomic HCV replicon. For this purpose, we used
interferon (IFN)-treated replicon cells (cured cells) as a
control. Core and nonstructural (NS)SA proteins were
not detected after treatment of full-genomic replicon cells
with IFN, suggesting a successful elimination of replicon.
Prohibitin expression levels in cells with full-genomic rep-
licon were increased compared with those in IFN-treated
cured cells, whereas levels of prohibitin expression were
low in subgenomic replicon cells regardless of IFN-treat-
ment (Fig. 2E). In addition, prohibitin expression levels
were also Increased in livers of 3-month-old transgenic
mice expressing the core protein compared with those in
nontransgenic littermates (Fig. 2F).

We next sought to determine the mechanism of the
increased steady-state level of prohibitin in core-express-
ing cells, To determine prohibitin messenger RNA
(mRNA) expression, we performed a real-time polymer-
ase chain reaction (PCR) using specific primers/probe.

core _ control
MG132 - +

Prohibitin s
Vinculin b i
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Fig. 3. Increased protein stability of prohibitin in
core-expressing cells. (A) RNA was extracted from
core-expressing and control cells, and the amount
of specific mRNA was determined by real-time PCR
with specific primers/probe against prohibitin. The
amount of prohibitin mRNA was standardized by
that of 18S ribosomal RNA (18S RNA). (B) Celis
were incubated with 100 ng/mL cycloheximide and
harvested at the timepoints indicated above the
lanes (numbers are hours of cycloheximide treat-
ment). Whole-cell lysates were subjected to SDS-
PAGE and immunoblotted with anti-prohibitin, anti-
IkBa, or anti-vinculin {as an internal standard)
antibody. The intensity of each band was measured
by densitometry, and expression levels (prohibitin/
vinculin) are shown in the right panel. (C) Cells
were harvested after incubation with 20 uM
MG132 for 8 hours and subjected to immunoblot-
ting with anti-prohibitin, anti-lkBa, or anti-vinculin
antibody.

-+

—w— core
- o - control

No difference in prohibitin mRINA was observed between
core-expressing and control cells (Fig. 3A). We next de-
termined the stability of prohibitin in these cells. By treat-
ing the cells with cycloheximide, the expression levels of
prohibitin gradually decreased in control cells (Fig. 3B).
On the other hand, in core-expressing cells prohibitin was
hardly degraded by cycloheximide treatment for 10
hours, whereas IkBa was equally degraded in both cells.
This result suggests that prohibitin was stabilized in the
presence of the core protein. Because prohibitin has been
shown to be degraded by proteasome,2? we examined ex-
pression levels of prohibitin in the presence of proteasome
inhibitor MG132. By treatment with MG 132, prohibitin
expression was increased to the similar level in core-ex-
pressing and control cells. These results suggest that the
core protein may inhibit proteasomal degradation of pro-
hibitin by some mechanism, including the prevention of
degradation by interaction with the core protein. Then,
core-expressing cells were lysed and subjected to immu-
noprecipitation with an anti-prohibitin antibody. As
shown in Fig. 4, the core protein was coimmunoprecipi-
tated with an anti-prohibitin antibody. To exclude a non-
specific interaction with the antibody or Sepharose beads,
cells expressing a small amount of prohibitin by transfec-
tion with small interfering RNA (siRNA) against prohib-
itin were also examined. In these cells the amount of the
coimmunoprecipitated core protein decreased. In addi-
tion, the core protein was not coimmunoprecipitated by
control immunoglobulin G (IgG), indicating a specific
interaction of prohibitin with the core protein. These re-
sults suggest that prohibitin expression increased in core-
expressing cells owing to the increased stability
presumably by interaction with the core protein.
Impaired Chaperon Function of Probibitin in
Core-Expressing Cells, We next examined the effect of
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Fig. 4. Interaction of the core protein with prohibitin. Core-expressing
and control cells were transfected with or without siRNA against the
prohibitin gene, then harvested and lysed in NET-N buffer 3 days after
transfection. Whole-cell lysates (WCL) were immunoprecipitated (IP) with
an anti-prohibitin antibody or control IgG and immunoblotted with anti-
prohibitin or anti-core antibody. Supernatants after the immunoprecipi-
tation were harvested and similarly immunoblotted (Post-IP).

the interaction of prohibitin with the core protein on the
function of prohibitin. Prohibitin works as a chaperon of
mitochondrial proteins. Nijtmans et al.2! demonstrated
that prohibitin exerts a chaperon function particularly for
the stabilization of mitochondrial DNA-encoded pro-
teins, COX is a mitochondrial respiratory complex IV
formed by 14 subunits, 10 of which are encoded by nu-
clear DNA and the rest by mitochondrial DNA.2¢ We
examined the interaction of prohibitin with subunit II of
COX encoded by mitochondrial DNA. As shown in Fig.
5A, the level of COX II coimmunoprecipitated with an
anti-prohibitin antibody was decreased in core-expressing
cells, although the amount of immunoprecipitated pro-
hibitin was higher than that in control cells. On the other
hand, the subunit IV of COX encoded by nuclear DNA
was similarly coimmunoprecipitated between core-ex-
pressing and control cells. When prohibitin expression
was decreased by siRNA transfection, coimmunoprecipi-
tation of COX subunits was similarly decreased with the
amount of immunoprecipitation of prohibitin itself being
low. We next determined expression levels of COX sub-
units in the mitochondria in these cells. Expression levels
of mitochondrial DNA-encoded subunits I and 11 in core-
expressing cells were decreased, whereas the levels of nu-
clear DNA-encoded subunits IV and VIb were similar to
those in control cells. When transfected with prohibitin-
siRNA, expression levels of all of the COX subunits ex-
amined were decreased in both core-expressing and
control cells, suggesting that protein levels of these sub-
units are dependent on prohibitin (Fig. 5B, see Support-
ing Fig. 1 for densitometry). Similar data were observed
when blots for COX I and IV were developed together in
the same membrane (Supporting Fig, 2). We also deter-
mined COX activity in these cells and found that core-
expressing cells had a significantly decreased COX activity
(about 70% of that in control cells, Fig. 5C). These results
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suggest that interaction of prohibitin with the core pro-
tein is associated with an impaired function of prohibitin
as a mitochondrial chaperon, which may trigger disor-
dered assembly and function of mitochondrial respiratory
complexes.

Discussion

In the present study we analyzed expression levels of
mitochondrial proteins in HepG2 cells expressing the
HCV core protein and identified a set of proteins with
different expressions. Some of those proteins were related
to the mitochondrial respiratory chain (Table 1). Because
the core protein was shown to be associated with the in-
duction of oxidative stress,” the core protein may mod-
ulate the expression and function of proteins forming
mitochondrial respiratory complexes, which naturally
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Fig. 5. Effects of core-prohibitin interaction on interaction/expression
of COX subunit proteins and COX activity. (A) Whole-cell lysates (WCL) of
core-expressing and control cells were subjected to immunoprecipitation
with an anti-prohibitin antibody or control igG, and the interaction of
prohibitin with COX subunits was determined by immunoblotting of
immunoprecipitated proteins {IP). Supernatants after the immunoprecipi-
tation were harvested and similarly immunoblotted (Post-IP). (B) Cells
were transfected with or without siRNA against the prohibitin (Phb) or
GFP gene and harvested 3 days after transfection for purification of
mitochondria. Purified mitochondria were subjected to SDS-PAGE and
immunoblotted with several anti-COX subunits antibodies. The expression
levels of HSP60 were also examined as an intemal control, (C) COX
activity was determined by measuring cytochrome ¢ oxidation. The
activity was normalized by taking the average rate of controf cells as 1.
Data shown are means = SE (n = 5). *P < 0.05.
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leads to ROS accumulation. In addition, MnSOD, which
plays a key role in protecting cells from oxidative damage,
was up-regulated in core-expressing cells, reflecting ROS
increase in the cells. Several protein chaperons such as
HSP70 and GrpE-like protein co-chaperon were also
identified as up-regulated proteins. Because these proteins
are known to be important in the mitochondrial protein-
import mechanisms, the modulated expression of these
proteins may be associated with the different expressions
of the identified mitochondrial proteins.

Prohibitin, a mitochondrial protein chaperon, was
identified as an up-regulated protein in core-expressing
cells. Prohibitin is a ubiquitously expressed and highly
conserved protein that was originally determined to play a
predominant role in inhibiting cell-cycle progression and
cellular proliferation by attenuating DNA synthesis.2%-2%
Prohibitin is present in the nucleus and interacts with
transcription factors that are important in cell cycle pro-
gression. In core-expressing cells used in this study, pro-
hibitin was also detected in the nucleus and its expression
level was also higher than that in control Hepswx cells or
HepG2 cells (data not shown). The growth rate of core-
expressing cells, however, was similar to that of control
cells (data not shown). The physiological significance of
the high expression level of prohibitin in the nucleus re-
mains to be determined, but it may be related to enhanced
apoptosis by Fas ligand, as shown by Ruggieri et al.,'¢
because prohibitin interacts with E2F, Rb, and p53 and
modulates the transcription activity of these factors and
induces apoptosis.26-27

Mitochondrial prohibitin acts as a protein chaperon by
stabilizing newly synthesized mitochondrial translation
products through direct interaction.?! We examined the
interaction between prohibitin and mitochondrially en-
coded subunit I of COX and found a suppressed inter-
action between these proteins in core-expressing cells. In
addition, there are several studies that showed the associ-
ation of prohibitin with the assembly of mitochondrial
respiratorv complex | as well as complex IV (COX) 228
Complex I also consists of both nuclear- and mitochon-
drial-DNA-encoded subunits; therefore, it is probable
that the assembly and function of complex 1 are impaired
by the core protein. We attempted to examine the inter-
action of prohibitin with the mitochondrial DNA-en-
coded subunit of complex I, but commercially available
antibodies against this subunit could not detect the pro-
tein itself by immunoblotting (data not shown). With
respect to the complex I function, we found a decreased
complex | activity in core-expressing cells (H. Miyoshi et
al., manuscript in preparation). Other groups have also
shown that complex I activity is decreased in the liver of
transgenic mice harboring HCV core and envelope genes®
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as well as in cultured cells.2® From these findings, the
interaction between prohibitin and the core protein may
impair the function of complex | as well as complex 1V,
leading to an increase in ROS production. In fact, the
suppression of the prohibitin function is shown to result
in an increased production of ROS, a phenomenon ob-
served in core-expressing cells used in this study (Miyoshi
et al., in prep.) as well as in the liver of core-gene trans-
genic mice.”8 Interestingly, Berger and Yaffe’ showed
that loss of function of prohibitin leads to an altered mi-
tochondrial morphology, that is, the loss of the normal
reticular morphology and organized mitochondrial distri-
bution. In hepatocytes from the core-gene transgenic
mice, we observed a change in morphology of mitochon-
dria, a disappearance of the double structure of mitochon-
drial membranes.? These changes in mitochondrial
morphology are somewhat different, but the dysfunction
of prohibitin may be responsible for the morphological
abnormality of mitochondria observed in the core-gene
transgenic mice.

We concluded that prohibitin overexpression is due to
increased stability induced by the interaction with the
core protein. In this study we showed that prohibitin
might be degraded by proteasome, although we could not
detect ubiquitinated forms of prohibitin. If the degrada-
tion is mediated by ubiquitin as reported,?? it is possible
that the interaction with the core protein interferes with
ubiquitin-binding and protects prohibitin from degrada-
tion by proteasome. Some posttranslational protein mod-
ifications such as phosphorylation are other possible
factors for the stabilization, because prohibitin can be
serine-phosphorvlated3?; however, in our examination no
serine/threonine/tyrosine phosphorylation of prohibitin
was detected in core-expressing cells (data not shown).
Thus far, there are no studies showing that prohibitin
stabilization leads to a suppressed function as a mitochon-
drial chaperon. Therefore, this finding is novel and note-
worthy because the prohibitin expression level has been
considered to be proportional to the chaperon function.
Prohibitin is highly expressed in several human tu-
mors.3*3 In addition, a 2D-PAGE of the hepatoma cell
line HCC-M identified prohibitin as a positively regu-
lated protein.’s In these studies, the mechanism of
prohibitin overexpression was not elucidated, but consid-
ering that prohibitin is associated with the inhibition of
cell proliferation, the function of prohibitin is suppressed
by stabilization by some molecules in the umor, similar
to the mechanism we suggest in the current study.

In addition to HepG2 cells constitutively expressing
the core protein, increased prohibitin expression levels
were also found in livers of core-gene transgenic mice.
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The difference in expression levels between the transgenic
mice and nontransgenic littermates, however, was a little
bit smaller than that in the studies of HepG2 cells. This
may be due to the low expression level of the core protein
in the transgenic mice compared with that in core-ex-
pressing HepG2 cells because the expression level of pro-
hibitin was proportionally increased to that of the core
protein as shown in this study (Fig. 2D). Otherwise, there
might be some 77 vive mechanism for suppressing prohib-
itin expression in mice,

In this study, COX subunit IV as well as 1] were found
to interact with prohibitin (Fig. 5A). Although there are
no studies demonstrating that prohibitin also works as
chaperon for nuclear DNA-encoded mitochondrial pro-
teins as far as we investigated, knockdown of prohibitin
expression by siRNA led to decreases in expression levels
of both nuclear (COX IV, VIb) and mitochondrial (COX
I, II) DNA-encoded subunits in mitochondria (Fig. 5B
and Supporting Figs. 1 and 2). We showed that COX IV
interacts with prohibitin (Fig. 4), suggesting that prohib-
itin also works for stable expression of nuclear DNA-
encoded COX IV. Degrees of decrease in COX IV and
VIb expression, however, were smaller than those in 1 and
II. Prohibitin might contribute to stabilization of COX
IV and VIb by mechanism(s) other than chaperon func-
tion. Steglich et al.*¢ showed that prohibitin regulates
protein degradation by the m-AAA protease in mitochon-
dria. Recently, Da Cruz et al.?” showed that SLP-2, a
member of the stomatin gene family, interacts with pro-
hibitin and regulates the expression of mitochondrial pro-
teins such as COX IV and NDG6 of complex [ encoded by
nuclear DNA by AAA proteases. In view of these findings,
COX IV and VIb expression in mitochondria is depen-
dent on prohibitin but other factors may also be involved
in the attainment of stable expression of these subunits.
The expression levels of COX I and IV in the whole-cell
lysates were not so drastic among cell samples (Fig. 5A)
compared to those in the mitochondria (Fig. 5B). The
reason is not clear, but it is possible that redundant pro-
teins such as improperly folded proteins by lack of chap-
erons were included in the whole-cell lysates.

In summary, we analyzed mitochondrial proteins in
core-exptessing HepG2 cells by proteomics analysis and
identified prohibitin as an up-regulated protein. The dys-
function of prohibitin induced by the core protein may
lead to ROS overproduction in the mitochondrion,
which plays a key role in the pathogenesis of chronic
hepatitis C. The restoration of prohibitin function might
be a therapeutic option for correcting the dysregulated
assembly and dysfunction of mitochondrial respiratory
chain complexes.
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Chronic hepatitis C in patients co-infected with human
immunodeficiency virus in Japan: a retrospective

multicenter analysis
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Aim: A nationwide survey in Japan revealed that nearly one-
fifth of human immunodeficiency virus (HIV})-positive patients
are co-infected with hepatitis C virus (HCV). We conducted a
study to further analyze the features of liver disease in HIV-
HCV co-infected patients.

Methods: We analyzed 297 patients from eight hospitals
belonging to the HIV/AIDS Network of Japan.

Results: HCV genotypes 1, 2,3, 4 and mixed genotypes were
detected in 55.2,13.7, 18.9, 0.9 and 11.3% of patients, respec-
tively, in contrast to the fact that only genotypes 1 and 2 are
detected in HCV mono-infected patients in Japan. This is com-
patible with the transmission of HCV through imported blood
products contaminated by HCV. Sixteen of 297 HIV-HCV
co-infected patients had advanced liver disease accompanied
by ascites, hepatic encephalopathy or hepatocellular carci-
noma. The average age of such patients was 41.1 + 14.0years,

which was much younger than that of HCV mono-infected
patients with the same complications. The progression speed
of liver disease estimated from the changes in the levels of
serum albumin, bilirubin, or platelet was slower in patients
who achieved sustained virological response with interferon
treatment than in those who did not receive it. The overall
sustained virological response rate to interferon treatment
was 43.3%,

Conclusions: Our findings suggest that liver disease is more
advanced in HIV-HCV co-infected patients than in HCV mono-
infected patients, and interferon treatment may retard the
progression of liver disease in such patients,

Key words: acquired immunodeficiency syndrome, chronic
liver disease, genotype, interferon therapy

INTRODUCTION

HE PROGNOSIS OF human immunodeficiency
virus (HIV) infection has markedly improved since
the introduction of hyperactive anti-retroviral therapy
(HAART).** Opportunistic infection has been pre-
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vented or properly managed, resulting in lower mortal-
ity rates. Liver disease, in particular related to hepatitis
C virus (HCV) infection, has now become the main
cause of mortality among HIV-infected patients on
HAART in Western countries.>® A national survey
among Japanese HIV-infected patients with coagulation
disorders has shown that the monality rate related to
HCV-related liver disease after 1997 was twofold that
before 1997.% In Japan, therefore, HCV infection may
also be a major cause of death in HIV-HCV co-infected
patients. However, there has been no extensive analysis
of liver disease in HIV-HCV co-infected patients in
Japan.
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