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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."2 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.®~'3

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,""" 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' 317 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,"®~2" 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.?#?® 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

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-60]), 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 0
nmol/L, 10 nmol/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 methyl
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-
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