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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. (4dm J Pathol 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®1317 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 (FK508), 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.?223 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 (ORI-CHEM 3000V, Fuji
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 malondiaidehyde 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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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 umol/L.2® Results were expressed as relative
fluorescence intensity and normalized to the control cells.
Iin 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 pl 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/p-hydroxybutyrate ratio.

Microarray 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, Carisbad, 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)-a, sterol regulatory element binding protein (SREBF)-
1c, resistin, stearoyl-CoA desaturase (SCD)-1, and hypoxan-
thine phosphoribosyftransferase were amplified with the
primer pairs 5-GACAAGGTGGGCTACGGGCTTG-3' and
5’-TCCCAAATGGGCTCCCTCT-3', 5'-ACGGAGCCATGG-
ATTGCACATTIG-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 293T 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 metabotism 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 [18:1(n-9)/18:01.
G: Ratio of palmitoleic/paimitic acid [16:1(n-9)/16:01, 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 6-month-old transgenic mice, either with or without tacrolimus treatment
for 3 months. Values represent the mean * SE, n = S 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 fiver 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 contro!
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

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 further prove the ameliorating effect of tacrolimus on
lipid metabolism, we then performed experiments using
HepG2 cells that express the core protein.??# 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-eicosatrienoic acid [20:3
(n-9)1, as a result of activations of the fatty acid enzymes,
A®-, A®-, and AS-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 wmol/L for 48 hours significantly re-
duced the accumulation of 20:3(n-9), whereas CyA treat-
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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). As 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 magnification, X125. Tg, trans-
genic mice; nTg, nontransgenic control mice.

* 19, 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

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-
Jated. A: Treatment with tacrolimus at 0 nmol/L,
100 nmol/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 celis. Because similar results were ob-
tained by using Hep39J, Hep396, and Hep397 cell
fines, representative results using the Hep39) cell
line are shown, Values represent the mean * SE;
n =5 in each group. *F < 0.05 and *P < 0.01.
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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.wt.) or vehicle only was administered to the
core gene transgenic or control mice for 3 months. A: Lipid peroxidation in the liver. Bs apurinic/apyrimidinic (AP) site in the liver as a marker of nuclear DNA
damage; C: Total glutathione level 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, wouid
be a good marker for the mitochondrial complex 1 dys-

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,25%° 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 control cells (1/KBR) (Figure 6A). By
the treatment with 1 umol/L tacrolimus, the ratio signifi-
cantly decreased compared with the baseline (Figure
68), 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 (FK506) 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 0 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 pmol/L. Black bars represent transgenic mice;
white bars represent control cells. Because similar results were obtained by
using Hep39J, Hep396, and Hep397 cell lines, representative results using the
Hep39) cell line are shown. Values represent the mean * SE; 7 = 5 in each
group. *P < 0.05; *P < 0.0L.
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case in the determination of ROS by chloromethyl 2',7'-
dichlorodihydrofiuorescein 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-a, 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-a and SREBP-1c 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°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,3' was determined by Western
biotting, 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 NADH accumulation in
Hep(2 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 umol/L. C: The ketone body ratio was determined in HepG2
celis with or without the core protein after incubation with CyA for 24 hours
at 0 nmol/L, 10 nmol/L, 100 nmol/L, or 1 pmol/L. Black bars represent
transgenic mice; white bars represent control cells. Because similar results
were obtained by using Hep39J, Hep396 and Hep397 cell lines, representa-
tive results using the Hep39) cell line are shown. Values represent the
mean * SE; n = 5 in each group. *P < 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.3#33 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.34-3" 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,'> 3" 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
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lipid metabolism associated with HCV infection, hepatic
steatosis and increases in monounsaturated fatty acid
levels have been demonstrated.>*&7'® The latter is
caused by the activation of fatty acid enzymes such as
A%- or AP-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-1is
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% 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),?62° was significantly re-

D .
Figure 7. A—-C: Effect of tacrolimus (FK506) on
SREBP:‘:: :::lr::r:ciivily mRNA levels of cellular genes. The mRNA levels
of TNF-a (A), SREBP-1c (B), and SCD-1 (C)
3 ¥ genes were determined by real-time PCR analy-
sis in the tacrolimus- or vehicle-treated mouse
6 fivers. 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
4 on the SREBP-1c 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 HCV
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 mean * SE; n = 5 in each group. *P < 0.05. Tg,
Core + + - - transgenic mice; nTg, nontransgenic mice.
FKs08 + -~ + -~ .



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 at such 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 |n 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! |n 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-a,
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 also 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,*#43 the anti-inflammatory func-
tions of these drugs are not well established. Our in vitro
and jn 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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