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Electron microscopy of Huh7 cells and JFH1-Huh7 cells after carbonyl cyanide m-chlorophenylhydrazone (CCCP) treatment. A—E: Electron mi-

crographs. Boxed areas are enlarged on left (Huh7 cell; A), above and on the right (Huh7 cell; B), and on the right (JFH1-Huh7 cell; D). The arrows indicate
Parkin labeled with gold on the mitochondrial outer membrane (A and B), LC3 protein labeled with diaminobenzidine (DAB) on elongating isolation membrane
that sequesters a single mitochondrion (Huh7 cells; €), Parkin core (D), and Parkin labeled with gold (JFH1-Huh7 cell; E). The arrowheads indicate Parkin
labeled with gold (B) and HCV core (D). F: The number of mitophagosomes per 100 x 100 um? was calculated for four randomly selected views. **P < 0.01.

determined whether the HCV core protein binds to the re-
gion that includes lysine (K) 211 in the RINGO domain, the
specific interaction of Parkin 1 to 215 with the HCV core
protein raises the possibility that the core protein inhibits
Parkin translocation to the mitochondria by affecting
lysine 211.

After we confirmed the specific interaction between the
HCV core protein and Parkin, we investigated whether
Parkin affects HCV replication to investigate the functional
role of the interaction between both proteins in the HCV
infectious process. Parkin silencing significantly inhibited
HCYV replication, as indicated by a decrease in HCV core
protein expression, but did not affect HCV core mRNA
levels (Figure SE). These results suggest that the association
of the HCV core protein with Parkin plays a functional role
in HCV propagation, although further studies are required to
clarify the mechanisms.

Suppressed Ubiquitination of the Mitochondrial Outer
Membrane Protein VDAC1

The next step in mitophagy after Parkin translocation to the
mitochondria is the ubiquitination of mitochondrial outer
membrane proteins.'*'®  Coimmunoprecipitation experi-
ments revealed that various sizes of ubiquitinated VDACI1
species in the mitochondrial outer membrane* were present
after CCCP treatment in Huh7 cells but not in JFH1-Huh7
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cells (Figure 5F). Western blot analysis of VDACI immu-
noprecipitates revealed various sizes of VDACI1 species
after CCCP treatment in Huh7 cells but not in JFH1-Huh7
cells (Figure 5F). The autophagic adaptor p62 aggregates
ubiquitinated proteins by polymerizing with other p62
molecules.'” Similarly, coimmunoprecipitation experiments
revealed that CCCP treatment induced various sizes of
ubiquitinated p62 species in Huh7 cells but not in JFH1-
Huh7 cells (¥igure 3G). These results suggest that HCV
infection inhibited the Parkin-induced ubiquitination of the
depolarized mitochondria.

Suppressed Mitophagosome Formation

During mitophagy, the isolation membrane sequesters a
single mitochondrion or a cluster of mitochondria to form an
autophagosome (mitophagosome). A single mitochondrion
with Parkin on its outer membrane was sequestered by the
isolation membrane after CCCP treatment in Huh7 cells
(Figure 6A). Parkin in close proximity to the mitochondria
and association of Parkin with mitochondrial outer mem-
brane were observed more frequently in Huh7 cells than in
JFH1-Huh7 cells (Figure 6, B, D, and E). In addition, LC3
was present on elongating isolation membrane that seques-
ters a single mitochondrion after CCCP treatment in Huh7
cells (Figure 6C). The number of mitophagosomes, calcu-
lated as the number of autophagosomes that contain
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Figure 7  Effect of HCV infection on LC3-II
. expression and colocalization of Parkin with LC3
Parkin after carbonyl cyanide- m-chlorophenylhydrazone
(CCCP) treatment. A: Immunoblots for LC3-I and
LC3-1I using whole cell lysates of Huh7 and JFH1-
Huh7 cells before and after CCCP treatment
(n = 5). B: Immunofluorescence staining for Parkin
LC3 (green) and LC3 (red) in Huh7 and JFH1-Huh7 cells
before and after a 1-hour CCCP treatment. Boxed
areas are enlarged below. Endogenous Parkin that
colocalizes with LC3 (yellow spots). Line scans
indicate the colocalization of Parkin with LC3 and
correlate to the white lines in the images. C: The
Overia_y expression of LC3 mRNA in the liver from non-
(Parkm transgenic (non-TgM) and TgM mice (7 = 5) and
+ |_C3) from chimeric mice without or with HCV infection
(n = 5). The expression level of LC3 mRNA was
normalized to GAPDH. *P < 0.05.
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mitochondria, was significantly reduced in JFH1-Huh7 cells
compared with Huh7 cells (Figwre 6F). Therefore, HCV
infection clearly suppressed mitophagosome formation.

In agreement with suppressed mitophagosome formation,
the LC3-I/I ratio was significantly lower after CCCP
treatment in JFH1-Huh7 cells compared with Huh7 cells
(Figure 7A), although the LC3-II/I ratio itself increased after
CCCP treatment regardless of HCV infection. LC3 has been
shown to be present in both complete autophagosomes and
elongating isolation membranes that contain mitochondria
ubiquitinated by Parkin. The present results indicate that
Parkin colocalized with LC3 after CCCP treatment in Huh7
cells, whereas colocalization of Parkin and LC3 was
significantly reduced in JFHI1-Huh7 cells (Figure 7B).
In vivo, FL-N/35-transgenic mice and HCV-infected
chimeric mice also showed significantly reduced expres-
sion levels of LC3 mRNA in the liver compared with the
control mice (Figuwe 7C), in agreement with reduced
expression of Parkin in the mitochondrial fraction. These
results may seem to be inconsistent with increased protein
level of LC3-1I after CCCP treatment in vitro. However, the
lower LC3-II/I ratio after CCCP treatment in HCV-infected
cells than in noninfected cells may reflect reduced expres-
sion levels of LC3 mRNA in FL-N/35-transgenic mice and
HCV-infected chimeric mice. Further studies are required to
clarify the mechanisms.

Several previous studies have proposed that autophago-
some accumulation is enhanced on HCV infection and in
HCV replicon cell lines.” ™ Our findings of a decreased
LC3-II/1 ratio in JFHI1-Huh7 cells, FL-N/35-transgenic
mice, and HCV-infected chimeric mice seemingly contra-
dict these previous reports. To clarify whether the decrease
in LC3-II/I ratio observed in the present study indicated that
macroautophagy (generally referred to as autophagy) or
mitophagy was inhibited, we investigated LC3-II/I ratio in
JFH1-Huh7 and Huh7 cells using Earle’s balanced salt so-
lution (EBSS) as a macroautophagy inducer (via amino acid
starvation).” Interestingly, JFHI1-Huh7 cells showed
significantly increased LC3-II/I ratio compared with Huh7
cells after incubation with EBSS for 1 hour (Figure 8A),
suggesting that HCV infection promoted autophagy under
macroautophagy-inducible conditions. In agreement with
increased LC3-II/1 ratio, electron microscopy revealed that
the number of autophagosomes was significantly greater
after EBSS treatment in JFH1-Huh7 cells than in Huh7
cells (Figure £B). Taken together with these results, the
decrease in LC3-II/T ratio observed after CCCP treatment
in JFH1-Huh7 cells likely represents a consequence of
mitophagy inhibition, but not autophagy inhibition by
HCYV infection.

Suppression of Autophagic Degradation

The autophagic adaptor p62 can both aggregate ubiquiti-
nated proteins by polymerizing with other p62 molecules
and recruit ubiquitinated cargo into mitophagosomes by
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Figure 8  Effect of HCV infection on LC3-II expression and autopha-
gosome formation after culture with Earle’s balanced salt solution (EBSS).
A: Immunoblots for LC3-II using Huh7 and JFH1-Huh7 cells before (—) and
after (++) culture with EBSS (n = 6). The LC3-II and LC3-I expression level
was normalized to B-actin. Electron microscopy of Huh7 (B) and JFH1-Huh7
(C and D) cells after EBSS treatment. The arrows indicate autophagosomes;
arrowheads, HCV core protein. E: The number of autophagosomes per
100 x 100 pm? was calculated for five randomly selected views. *P < 0.05,
**P < 0.01.

binding to LC3-IL."* Therefore, p62 accumulation can be
attributed to a deficit in autophagic degradation activity.
After a 1- or 2-hour CCCP treatment, there was a smaller
decrease in p62 in JFH1-Huh7 cells compared with Huh7
cells (Figure 9A). In vivo, FL-N/35-transgenic mice and
HCV-infected chimeric mice also showed p62 accumulation
in the liver compared with the control mice (Figure 9B).
These results suggest that the degradation of damaged
mitochondria was suppressed in the presence of HCV
infection.

Finally, we assessed the change in VDACI content after
CCCP treatment to obtain additional evidence as to whether
mitophagy itself was suppressed by HCV infection. After a
2-hour CCCP treatment, a decrease in cellular content of
VDAC1 was significantly smaller in JFH1-Huh7 cells
than in Huh7 cells (Figure 9C). We also found that
CCCP-induced increase in ROS production was greater in
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Figure 9  Effect of HCV infection on cellular p62 and VDAC1 expression after carbonyl cyanide m-chlorophenylhydrazone (CCCP) treatment and reactive
oxygen species (ROS) production. A: Immunoblots for p62 using whole cell lysates of Huh7 and JFH1-Huh7 cells before and after a 1- and a 2-hour CCCP
treatment (n = 5). B: Immunoblots for p62 using the liver from non-transgenic (non-TgM) and TgM (n = 5) mice and from chimeric mice without or with HCV
infection (n = 5). The p62 expression level was normalized to B-actin. C: Immunoblots for VDAC1 using whole cell lysates of Huh7 and JFH1-Huh7 cells before
and after a 1- and a 2-hour CCCP treatment (n = 5). The VDAC1 expression level was normalized to B-actin. D: Changes in cellular ROS production after a
1-hour CCCP treatment in Huh7 and JFH1-Huh7 cells (n = 5). *P < 0.05, **P < 0.01.

JFH1-Huh7 cells than in Huh7 cells (Figure 8D). These
results were consistent with a previous study that showed an
essential role of mitophagy in reducing mitochondrial ROS
production®” and, therefore, may reflect the suppressed
mitophagy in the presence of HCV infection.

Discussion

Mitophagy may likely be induced in HCV-JFH1—infected
cells in the context of mitochondrial depolarization, and in
transgenic mice expressing the HCV polyprotein or in
HCV-infected chimeric mice, both of which showed the
decreased mitochondrial GSH content. Our results suggest
that the HCV core protein inhibits mitophagy during
HCV infection and that the molecular mechanisms by
which this suppression occurs include the interaction of the
HCV core protein with Parkin and the inhibition of Parkin
translocation to the mitochondria. This inhibition leads to
the failure of mitochondrial ubiquitination, mitophagosome
formation, and autophagic degradation (Figure 10). Because

Suppression of Recruitment of  Suppression of Mitochondrial
Parkin to Mitochondria Ubiguitination

Parkin
1215

impaired Mitochondria

Parkin 1 to 215 contains one of the critical amino acids
required for mitochondrial localization, the specific inter-
action of Parkin 1 to 215 with the HCV core protein
strongly suggests that the core protein represses mitophagy
by inhibiting Parkin translocation to the mitochondria. We
know that PINK1 accumulates in the mitochondria and
phosphorylates Parkin after CCCP treatment and that the
suppression of the mitochondrial Parkin signal occurs by
blocking PINK1 via siRNA. Therefore, we could exclude
the possibility that PINK1 plays a role in suppressing the
recruitment of Parkin to the mitochondria. To our knowl-
edge, this is the first report to demonstrate a suppressive
effect of a viral protein on mitophagy via an interaction with
Parkin. Interestingly, silencing Parkin via siRNA inhibited
HCYV core expression, which was consistent with the results
of a recent study.”® These results suggest that HCV poten-
tially uses Parkin for its replication through the interaction
between the HCV core protein and Parkin. Parkin may be
post-transcriptionally involved in HCV replication, because
Parkin silencing did not affect HCV core mRNA levels.

Suppression of Suppression of Autophagic
Mitophagosomal Formation Degradation

Sequestered Mitochondrion by
Isolation Membrane

Figure 10 A schematic diagram depicting the mechanisms underlying mitophagy suppression by the HCV core protein. The HCV core protein interacts with
the Parkin N-terminal fragment containing the RINGO domain (designated Parkin 1 to 215) and inhibits Parkin translocation to the mitochondria, which leads
to the failure of mitochondrial ubiquitination, autophagosome formation, and autophagic degradation. Ub, ubiquitin.
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Further studies are required to clarify the mechanisms un-
derlying this speculation.

Two types of autophagy have been identified: nonselec-
tive and selective. For nonselective autophagy related to
HCYV infection, previous studies have reported the enhanced
accumulation of autophagosomes without any effect on
autophagic protein degradation,™ the requirement of LC3
for efficient HCV replication,” and the occurrence of
HCV RNA replication on autophagosomal membranes.”
Mitophagy is selective and is induced by mitochondrial
membrane depolarization, followed by Parkin recruitment to
the mitochondria.” '* Herein, mitophagosome accumula-
tion was suppressed because of mitophagy inhibition,
whereas HCV infection enhanced the expression of LC3-II
and autophagosome accumulation under nonselective
autophagy-inducible conditions. Therefore, the present re-
sults are consistent with the previously characterized HCV-
induced nonselective autophagic response.™*~*** However,
a recent report has shown that HCV induces the mito-
chondrial translocation of Parkin and subsequent mitoph-
agy,”™ which contrasts with the present results, except for
the inhibitory effect of Parkin silencing on HCV replication.
One of the significant differences in the method between the
two studies was the presence or absence of CCCP treatment.
Whether HCV-induced mitophagy was preceded by mito-
chondrial depolarization was unknown because AW was not
measured in the previous report of HCV-induced mitoph-
agy.”® However, we need to be careful that the mitochon-
drial depolarization by CCCP treatment is not a
pathophysiological condition observed in HCV infection
and that CCCP causes the depolarization of the entire
mitochondrial network.™ It is currently unknown whether
CCCEP treatment caused paradoxical results on mitophagy in
HCV-infected cells between our study and a previous one.”®
Although suppressed mitophagy was also found in FL-N/
35-transgenic mice and HCV-infected chimeric mice
without any treatment, these mice may not be simply
compared with HCV-JFHI—infected cells in terms of
extremely low levels of viral proteins in FL-N/35-transgenic
mice or spontaneous oxidized mitochondrial glutathione in
both mice. Another difference between two studies was
postinfection time from infection to assessment of mitoph-
agy in HCV-JFH1—infected cells (21 versus 3 days).
However, further studies are required to clarify whether
postinfection time of HCV-JFH1—infected cells affects the
interaction of HCV with Parkin. Oxidative stress and/or
hepatocellular mitochondrial alterations are present in
chronic hepatitis C to a greater degree than in other in-
flammatory liver diseases, ® and mitophagy is important for
maintaining mitochondrial quality by eliminating damaged
mitochondria. Therefore, our results that the HCV core
protein suppresses mitophagy appear reasonable in the
context of what is known about the pathophysiological
characteristics of chronic hepatitis C.

HCV-induced mitochondrial injury, ROS production, and
subsequent oxidative stress contribute to HCC development
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in FL-N/35-transgenic mice that receive modest iron sup-
plementation.” The relatively long period (12 months)
required for HCC development suggests that mitochondrial
injury, as a source of oxidative stress, must continue for a
prolonged period. Mitochondrial DNA mutations are also
relevant to HCC development in patients with chronic HCV
infections.”” Indeed, mitophagy plays an essential role in
reducing mitochondrial ROS production and mitochondrial
DNA mutations in yeast’ and eliminating oxidative
damaged mitochondria.”™* In addition to the directly induced
generation of ROS by HCV proteins, the suppression of
mitophagy by the HCV core protein has the potential to
generate an additional long-lasting ROS burden and may
offset or overwhelm the physiological antioxidative activity
in mitochondria. Therefore, the suppressive effect of the
HCV core protein on mitophagy may be an important
mechanism of HCV-induced hepatocarcinogenesis.

In conclusion, results indicate that HCV core protein
suppresses mitophagy by inhibiting Parkin translocation to
the mitochondria via a direct interaction with Parkin in the
context of mitochondrial depolarization. These findings
have implications for the amplification and sustainability of
mitochondria-induced oxidative stress observed in patients
with HCV-related chronic liver disease and an increased risk
of hepatocarcinogenesis.
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Gemcitabine-based Adjuvant Chemotherapy for
Patients with Advanced Gallbladder Cancer
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Abstract. Aim: We investigated effects of gemcitabine-based
adjuvant chemotherapy (GEM) on prognosis of patients with
gallbladder cancer. Patients and Methods: We retrospectively
analyzed outcomes of 36 patients who underwent radical
resection for gallbladder cancer from 2001 through to 2012,
using XZ Jor prognostic factors and Kaplan—Meier estimator
and log-rank tests for survival data. Results: The GEM group
had higher rates of lymph node positivity and distant
metastasis, higher UICC stage and fewer RO resections; their
S-year survival rate (60%) did not significantly differ from
that of the controls (70.0%), nor was GEM a significant
progunostic factor in univariate analysis. However, among
patients who underwent RI and R2 resections, GEM
significantly improved prognosis in both univariate and
multivariate analyses. Median survival of the R1/2 GEM
group (66.4 months) was significantly better than that of
controls (5.4 months) (p=0.002). Conclusion: GEM improved
prognosis of patients with gallbladder cancer after RI/R2
resections.

The efficacy of adjuvant chemotherapy for gallbladder
cancer is currently unclear. Few studies have described the
effect of adjuvant chemotherapy on biliary tract cancer
(BTC) (1, 2), and only one phase III trial of adjuvant
chemotherapy for BTC patients has been published. Clinical
BTC research is limited by the small number of patients, and
by the variety of cancers (bile duct, gallbladder and ampulla
vater) which may differ in biological character (2). In this
retrospective study, we focused exclusively on gallbladder
cancer, and the therapeutic role of GEM in treating it.
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Patients and Methods

Patients. We retrospectively analyzed survival and characteristics of
36 patients who underwent radical resection for gallbladder cancer at
the Kawasaki Medical School from 2001 to 2012. All patients gave
their informed consent for surgical treatment. Out of these 36 patients,
7 underwent GEM with or without other drugs. Five of 7 patients
underwent GEM monotherapy (six 28-day cycles: 1,000 mg/m?/day
gemcitabine on days 1, 8, and 15) (3). One of the 7 patients was
treated with GEM and S-1 (each 21-day cycle: 1,000 mg/m2/day
gemcitabine on day 1 and 8; 60-100 mg/body oral S-1 according to
body-surface area (<1.25 m?, 60 mg/day; 1.25sto<1.5 m?, 80 mg/day;
=1.5 m2, 100 mg/d) on days 1 through 14)(4). Another of the 7 patient
was treated with GEM and cisplatin (each 21-day cycle: cisplatin 25
mg/m? followed by gemcitabine 1,000 mg/m2 on days 1 and 8) (5-
7). 11 patients out of the 36 patients, 11 underwent R1 or R2
resections according to UICC definition (8). The mean follow-up
period of this study was 29.7 months.

Statistical analysis. Statistical analysis and graphical presentations
were performed with JMP 9 software (SAS Institute, Cary, NC,
USA). Patients’ characteristics were analyzed using the
Mann-Whitney U-test and 2 test. Significance of prognostic factors
was analyzed by y2 estimators of the proportional hazard model.
Survival curves were constructed using the Kaplan—Meier product-
limit method and were compared using the log-rank test. p<0.05
was considered statistically significant.

Results

Patients’ characteristics. Patients treated with GEM (GEM
group) showed higher UICC stage (p<0.001), higher rates
of lymph node metastasis (N1, p=0.004), distant metastasis
(p=0.003), peritoneal metastasis (p=0.031) and liver
metastasis (p=0.003), and a lower rate of RO resection
(p=0.009), than patients who did not receive adjuvant
chemotherapy (control group) (Table I) (8). Despite the
advanced stage of disease in the GEM group, the two
groups did not significantly differ in overall survival rate
(0S), with S-year survival rates of 60.0% for the GEM
group and 70.0% for the control group (p=0.566; Table 1
and Figure 1).
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Table 1. Patients’ characteristics.

All Patients GEM group Control group p-Value
Total 36 7 29
Gender (female) 17 (47.2%) 3 (42.9%) 14 (48.3%) 0.797
AgexSD (years) 75+8.0 70.0+2.9 76.1+1.4 0.070
Stage (0/IA/IB/IIA/IIB/I/IV) 6/2/13/3/8/0/4 0/0/0/0/4/0/3 6/2/13/3/4/0/1 >0.001*
T (0/is/1/2/3/4) 0/7/2/17/8/2 0/1/0/3/2/1 0/6/2/14/6/1 0312
N1 10 (27.8%) 5 (71.4%) 5 (17.2%) 0.004%*
Distant metastasis 4 (13.9%) 3 (42.9%) 1 (3.5%) 0.003*
Peritoneal 3(83%) 2 (28.6%) 1 (3.5%) 0.031*
Liver 2 (5.6%) 2 (28.6%) 0 (0%) 0.003*
RO 239 2 (28.6%) 23 (79.3%) 0.009%*
S-year survival rate 68.8% 60.0% 70.0% 0.566

GEM: Gemgcitabine-based adjuvant chemotherapy. Staging, T, N1 and RO were defined by classification of malignant tumors of UICC (6th ed.) (1).

#p<0.05.

Univariate and multivariate analyses. We performed
univariate and multivariate analyses of prognostic factors for
36 patients (Table II). Lower RO resection rate, higher
clinical stage, higher T-factor and positive lymph node
metastasis (N1; as defined by UICC) were found to
significantly predict worse prognosis by univariate analysis
(8); out of these, higher T-factor and lymph-node metastasis
were found to significantly predict worse prognosis by
multivariate analysis (Table II). GEM was not a significant
prognostic factor for the 36 patients (Table II).

Univariate and multivariate analyses of prognostic factors
for patients who underwent Rl and R2 procedures.
Univariate and multivariate analyses for patients with R1 and
R2 procedures. In univariate analysis of prognostic factors
for 11 patients who received R1 or R2 resections (Table II),
lymph node metastasis and liver metastasis significantly
predicted worse prognosis, and GEM predicted better
prognosis (Table IIT). However, out of these 3 significant
predictors in univariate analysis, only GEM remained
significant in multivariate analysis (p=0.020; Table III).
Accordingly, the GEM group’s MST (66.4 months) was
significantly better than the control group’s MST (5.4 month)
(p=0.002) (Figure 2).

Discussion

We found that GEM was an independent significant
prognostic factor for patients with gallbladder cancer with
R1 or R2 curability (which itself predicts better prognosis).

The effects of adjuvant chemotherapy on BTC patients are
not widely investigated (1); the aforementioned 2002 study
from Takada et al. (9) is the only phase III randomized
control trial to evaluate adjuvant chemotherapy for BTC
patients. This study included not only BTC patients (118
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Figure 1. Overall survival rate of patients with gallbladder cancer after
radical surgery. Overall survival rates of all patients, those treated with
gemcitabine-based adjuvant chemotherapy (GEM), and the control
group were compared. p=0.566 for the GEM group vs the control group.
p<0.05 was considered statistically significant.

with bile duct cancer, 112 with gallbladder cancer and 48
with ampullary cancer), but also 158 patients with pancreatic
cancer. Survival of patients who were treated with MF
therapy was compared against survival of patients treated
with surgery-alone. The MF therapy improved prognosis of
patients with gallbladder cancer (p=0.037), but not that of
patients with pancreatic, bile duct, or ampullary cancers.
Interestingly, the 5-year survival rates of patients who
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Table 1l. Univariate and multivariate analysis of prognostic factors.

Factor Univariate Multivariate
Age 0.928

Sex 0.105

Stage 0.003* 0.246
T34 0.002* 0.022%
NI 0.001% 0.034*
Hepatectomy 0.706

Resection of BD 0.102

GEM 0.579

Distant metastasis 0.198

Liver 0.945

Peritoneal 0.196

RO <0.001%* 0.433

BD: Bile duct; GEM: gemcitabine-based adjuvant chemotherapy.
Staging, T, N and R were defined by classification of malignant tumors
of UICC (6th ed.) (12). #*p<0.05.

Table 111. Univariate and multivariate analysis of prognostic factors for
R1 and R2 patients.

Factor Univariate Multivariate
Age 0.068

Sex 0412

Stage 0.126

T34 0.936

N1 0.026* 0.138
Hepatectomy 0.234

Resection of BD 0.615

GEM 0.001* 0.020*
Distant metastasis 0.291

Liver 0.020* 0.138
Peritoneal 0.742

BD: Bile duct; GEM: gemcitabine-based adjuvant chemotherapy.
Staging, T, N and R were defined by classification of malignant tumors
of UICC (6th ed.) (12). *p<0.05.

underwent non-curative resections for gallbladder
carcinomas was better in the MF group (8.9%) than in the
control group (0%) (p=0.023); whereas among patients who
underwent curative resections for gallbladder cancer, survival
did not significantly differ between the two groups. As with
the Takada study, GEM improved survival after R1 or R2
resection. We did not analyze patients who underwent RO
procedures because we had only 2 patients who received
adjuvant chemotherapy after RO resection.

Our results were also consistent with those of Murakami
et al., who retrospectively analyzed hilar bile duct cancer (10)
in 42 patients, and found GEM to be a significant, single
independent predictor of better prognosis (p=0.035) with 5-
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Figure 2. Overall survival rate of patients with gallbladder cancer after
R1 or R2 resections. Overall survival rates of patients treated with
gemcitabine-based adjuvant chemotherapy (GEM) and the control group
after R1 or R2 resection were compared. p<0.05 was considered
statistically significant.

year survival rates of 57% and 23% for the GEM and control
groups, respectively (p=0.026) (10). Another retrospective
analysis from the Murakami group compared patients who
received an adjuvant combination of gemcitabine and S-1
(GS) for UICC stage II BTC with patients without adjuvant
chemotherapy (control group), and found GS-based adjuvant
chemotherapy (p<0.001) and surgical margin status
(p=0.003) were independent prognostic factors, with 5-year
survival rates of 57% and 24% for GS and control groups,
respectively (p<0.001) (11). However, prognosis of the GEM
and control groups did not differ in our current study,
possibly because the GEM group had more advanced
gallbladder cancer than the control group in our study.
Recently, two groups reported on the effects of
gemcitabine—cisplatin combination chemotherapy on un-
resectable BTC (2, 5-7). The National Cancer Research
Network of UK organized the advanced BTC (ABC)-01
(phase II) and ABC-02 (phase III) studies (5, 6), which were
both composed of two arms: one with gemcitabine—cisplatin
combination chemotherapy, and one with gemcitabine
monotherapy. Patients treated with combination therapy had
significantly longer mean survival time (11.7 months) than
those treated with gemcitabine-alone (8.3 months) (p<0.001)
(6). The ABC study was confirmed by the BT22 trial in
Japan (7), which showed median survival time for the
combination arm (11.2 months) to be significantly longer
than the monotherapy arm (7.7 months) (p=0.139) (7). In the
present study, survival of R1 and R2 patients was improved
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although we mainly used gemcitabine monotherapy as
adjuvant chemotherapy. The BT22 and ABC studies suggest
that we might further improve survival of patients with
patients with gallbladder cancer by using a combination of
cisplatin and gemcitabine as adjuvant therapy.

Effects of adjuvant radiotherapy are also controversial.
Although 3 retrospective studies have reported that adjuvant
radiotherapy improved prognosis of patients with
microscopically-positive margins (12-14), Pitt er al.
organized a prospective study showing that adjuvant
radiotherapy did not improve survival of patients with hilar
bile duct cancer (15).

The effects of adjuvant chemo-radiotherapy on BTC are
also debated. Hughes er al. and Lim et al. showed
significantly improved OS from adjuvant chemo-
radiotherapy, whereas Nakeeb et al., Krishnan et al. and
Zhou et al. did not find a difference (16-20), and Gold et al.
and Kim et al. found a limited effect (21, 22). Clinical
research on BTC is complicated by the relatively few
patients and the variety of origins, bile duct, gall bladder and
ampulla vater. A prospective multi-Institutional joint
investigation could overcome these difficulties.

This report is the first to focus exclusively on GEM
adjuvant therapy in gallbladder cancer. Wider use of
gemcitabine-based adjuvant chemotherapy could improve
survival of patients with advanced gallbladder cancer, who
currently have poor prognoses. A well-designed randomized
prospective multi-Institutional joint investigation is
warranted to improve the prognosis of these patients.
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Hepatic oxidative stress in ovariectomized transgenic mice
expressing the hepatitis C virus polyprotein is augmented
through suppression of adenosine monophosphate-
activated protein kinase/proliferator-activated receptor
gamma co-activator 1 alpha signaling

Yasuyuki Tomiyama, Sohji Nishina, Yuichi Hara, Tomoya Kawase and Keisuke Hino

Department of Hepatology and Pancreatology, Kawasaki Medical School, Kurashiki, Japan

Aim: Oxidative stress plays an important role in
hepatocarcinogenesis of hepatitis C virus (HCV)-related
chronic liver diseases. Despite the evidence of an increased
proportion of females among elderly patients with HCV-
related hepatocellular carcinoma (HCC), it remains unknown
whether HCV augments hepatic oxidative stress in postmeno-
pausal women. The aim of this study was to determine
whether oxidative stress was augmented in ovariectomized
(OVX) transgenic mice expressing the HCV polyprotein and to
investigate its underlying mechanisms.

Methods: OVX and sham-operated female transgenic mice
expressing the HCV polyprotein and non-transgenic litter-
mates were assessed for the production of reactive oxygen
species (ROS), expression of inflammatory cytokines and anti-
oxidant potential in the liver.

Results: Compared with OVX non-transgenic mice, OVX
transgenic mice showed marked hepatic steatosis and ROS
production without increased induction of inflammatory

cytokines, but there was no increase in ROS-detoxifying
enzymes such as superoxide dismutase 2 and glutathione
peroxidase 1. In accordance with these results, OVX trans-
genic mice showed less activation of peroxisome proliferator-
activated receptor-y co-activator-1o. (PGC-1a), which is
required for the induction of ROS-detoxifying enzymes, and
no activation of adenosine monophosphate-activated protein
kinase-a. (AMPKo), which regulates the activity of PGC-1a.

Conclusion: Our study demonstrated that hepatic oxidative
stress was augmented in OVX transgenic mice expressing
the HCV polyprotein by attenuation of antioxidant potential
through inhibition of AMPK/PGC-1a signaling. These results
may account in part for the mechanisms by which HCV-
infected women are at high risk for HCC development when
some period has passed after menopause.

Key words: antioxidant potential, glutathione peroxidase,
reactive oxygen species, superoxide dismutase

INTRODUCTION

ERSISTENT HEPATITIS C virus (HCV) infection is a
major risk factor for the development of hepatocel-
lular carcinoma (HCC) in Japan. Approximately 70% of
Japanese HCC patients are currently diagnosed with
HCV-associated cirrhosis or chronic hepatitis C.! Never-
theless, the mechanisms underlying HCV-associated
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hepatocarcinogenesis are incompletely understood.
Notably, there is sex disparity in HCC development, that
is, male sex has been demonstrated to be an indepen-
dent risk factor associated with HCC development.?-*
It is proposed that estrogen-mediated inhibition of
interleukin (IL)-6 production by Kupffer cells reduces
the HCC risk in females.® In addition, the proportion of
females among elderly patients with HCV-related HCC
has recently increased in Japan.® These results suggest
that menopause may be a risk factor associated
with HCC development in female patients with HCV
infection.

Numerous studies have shown that oxidative stress
is present in chronic hepatitis C to a greater degree
than in other inflammatory disease,”® and is related to
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hepatocarcinogenesis in HCV-associated chronic liver
diseases.”? We have previously demonstrated that trans-
genic mice expressing the HCV polyprotein develop
liver tumors including HCC, in connection with oxida-
tive stress induced by HCV and iron overload.'’ Inter-
estingly, such hepatocarcinogenesis was observed only
in male transgenic mice, suggesting that females are
resistant to oxidative stress in these transgenic mice.
On the other hand, it is reported that ovariectomy
increases nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase activity’® and decreases
mitochondrial-reduced glutathione levels in rats.”
However, it remains unknown how HCV affects
ovariectomy-induced oxidative stress. Investigation of
this issue may provide a clue for understanding why the
incidence of HCC increases in elderly postmenopausal
women with HCV infection. The aim of this study was
to determine whether HCV proteins amplify oxidative
stress induced by ovariectomy and to investigate the
mechanisms underlying this.

METHODS

Animals

ONTAINING THE FULL-LENGTH polyprotein-

coding region under the control of the murine
albumin promoter/enhancer, the transgene pAlbSVPA-
HCV has been described in detail.*'* Of the four trans-
genic lineages with evidence of RNA transcription of
the full-length HCV-N open reading frame (FL-N), the
FL-N/35 lineage proved capable of breeding in large
numbers. There is no inflammation in the transgenic
liver.'?

Experimental design

Female FL-N/35 transgenic mice and their normal
female C57BL/6 littermates were anesthetized for
surgery and underwent either a bilateral ovariectomy or
sham operation at the age of 4-6 weeks. We studied
ovariectomized (OVX) transgenic mice (n=>5), sham-
operated transgenic mice (n=5), OVX non-transgenic
mice (n=5) and sham-operated non-transgenic mice
(n=5). These mice were fed a normal rodent diet, bred,
maintained, and killed by i.p. injection of 10% pento-
barbital sodium preceded by 20-h fasting at the age of
24 weeks. All experimental protocols and animal main-
tenance procedures used in this study were approved by
the Ethics Review Committee for Animal Experimenta-
tion of Kawasaki Medical School.

© 2013 The Japan Society of Hepatology
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Histological procedures

A portion of liver tissue was immediately snap-frozen in
liquid nitrogen for determination of the hepatic triglyc-
eride concentration. The remaining liver tissue was fixed
in 4% paraformaldehyde in phosphate-buffered saline
and embedded in paraffin for histological analyses.
Liver sections were stained with hematoxylin-eosin.

Serum leptin concentration

The serum leptin level was measured using a Rat
Leptin Elisa kit (Morinaga Institute of Biological
Science, Yokohama, Japan) according to the manufac-
turer’s instructions.

Hepatic triglyceride content

Lipids were extracted from the homogenized liver tissue
by the method of Bligh and Dyer.'® The triglyceride level
was measured with a TGE-test Wako kit (Wako Pure
Chemicals, Tokyo, Japan), according to the manufac-
turer’s instructions. Protein concentrations in liver were
determined by the method of Lowry et al.,'” using a DC
protein assay kit (Bio-Rad Laboratories, Hercules, CA,
USA).

In situ detection of reactive oxygen

species (ROS)

In situ ROS production in the liver was assessed by
staining with dihydroethidium, as described previ-
ously.” In the presence of ROS, dihydroethidium
(Invitrogen, Carlsbad, CA, USA) is oxidized to ethidium
bromide and stains nuclei bright red by intercalating
with the DNA." Fluorescence intensity was quantified
using National Institutes of Health image analysis soft-
ware for 3 randomly selected areas of digital images for
each mouse.

Hepatic iron content

Hepatic iron content was measured by atomic
absorption spectrometry, as described previously," and
expressed as micrograms Fe per gram of tissue (wet
weight).

Derivatives of reactive oxygen metabolites
(dROM) and biological antioxidant
potential (BAP)

The levels of dROM and BAP were measured using a Free
Radical Elective Evaluator (Wismerll, Tokyo, Japan), as
described previously.”® Measurement of dROM is based
on the ability of the transition metal ions to catalyze the
formation of alkoxy and peroxy radicals from hydroper-
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oxides present in serum. The results are expressed in
conventional units as Carrtelli units (U.CARR), where
1 U.CARR corresponds to 0.8 mg/L H,0,. Measurement
of BAP is based on the ability of antioxidants to reduce
ferric (F**) ions to ferrous (Fe™) ions.

RNA isolation and real-time reverse
transcription polymerase chain reaction
(RT-PCR)

Total RNA was isolated using an RNeasy mini kit
(QIAGEN, Hilden, Germany) and reverse-transcribed
into cDNA by using a Superscript III reverse transcrip-
tion kit (Invitrogen). The PCR reactions were run in the
ABI Prism 7700 sequence detection system (Applied
Biosystems, Foster, CA, USA). The levels of mRNA
were determined using cataloged primers (Applied
Biosystems) for mice (tumor necrosis factor
[TNF]-o,, Mm00443258_m1; IL-1B, Mm00434228 m1;
IL-6, MmO00446190_m1; HAMP [gene encoding
hepcidin], Mm00519025_mL; superoxide dismutase 2
[SOD2], Mm01313000_m1; glutathione peroxidase 1
[GPx1], Mm00656767_gl; and sirtuin 3 [SIRT3],
MmO00452131_m1). Expression of these genes was nor-
malized to expression of glyceraldehyde 3-phosphate
dehydrogenase mRNA (GAPDH, Mm99999915_g1).

Isolation of mitochondria and
nuclear fraction

Mitochondrial extraction from liver tissue was per-
formed using a Qproteome Mitochondrial Isolation kit
(QIAGEN) according to the manufacturer’s instructions.
The nuclear fraction from liver tissue was prepared using
a Nuclear Extraction kit {Panomics, Fremont, CA, USA)
according to the manufacturer’s instructions.

Immunoblotting

Liver lysates and the mitochondrial and nuclear
fractions from liver were separated by sodium
dodecylsulfate polyacrylamide gel electrophoresis. The
proteins were transferred to polyvinylidene difluoride
membranes (Millipore, Bradford, MA, USA), blocked
overnight at 4°C with 5% skim milk and 0.1%
Tween-20 in Tris-buffered saline, and subsequently
incubated for 1 h at room temperature with goat anti-
human SOD2 antibody (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), rabbit antihuman GPx1 antibody
(Abcam, Cambridge, MA, USA), rabbit antihuman
SIRT3 antibody (Abcam), rabbit antihuman peroxisome
proliferator-activated receptor-y co-activator-lo. (PGC-
1o) antibody (Abcam), rabbit antihuman adenosine
monophosphate-activated protein kinase-o. (AMPKa)

Oxidative stress in OVX HCV transgenic mice E231

antibody (Cell Signaling Technology, Boston, MA,
USA), rabbit antihuman phospho-AMPKa. (Thr172)
antibody (Cell Signaling Technology), rabbit antihu-
man mitochondrial heat shock protein 70 antibody
(HSP70; Thermo Scientific, Rockford, IL, USA), rabbit
antihuman B-actin antibody (Cell Signaling Technol-
ogy) or rabbit antimouse lamin B1 antibody (Abcam).
The membranes were washed and incubated with horse-
radish peroxidase (HRP)-conjugated donkey antigoat
immunoglobulin (Ig)G (Santa Cruz Biotechnology) or
HRP-conjugated donkey antirabbit IgG (GE Healthcare
Life Sciences, Pittsburgh, PA, USA).

Statistical analysis

Quantitative values are expressed as mean =+ standard
deviation. Two groups among multiple groups were
compared by the rank-based Kruskal-Wallis ANOVA test
followed by Scheffé’s test. The statistical significance of
correlation was determined by the use of simple regres-
sion analysis. P < 0.05 was considered to be significant.

RESULTS

Ovariectomy enhanced hepatic steatosis in
FL-N/35 transgenic mice

S CONFIRMATION OF successful ovariectomy-

induced suppression of endogenous estrogen
production, the uterine weight of OVX mice was signifi-
cantly decreased compared with that of sham-operated
mice (Table 1). Dietary intake, bodyweight, liver weight
and serum leptin levels were significantly greater in OVX
mice than in sham-operated mice regardless of whether
they were transgenic or non-transgenic (Table 1). Inter-
estingly, the serum alanine aminotransferase (ALT) level
was significantly higher in OVX transgenic mice than
in mice in the other three groups, but the levels were
comparable in OVX non-transgenic and sham-operated
non-transgenic mice (Table 1). To determine why OVX
transgenic mice have a higher ALT level, we investigated
the liver histology of the mice in the four groups
(OVX transgenic, sham-operated transgenic, OVX non-
transgenic and sham-operated non-transgenic mice).
In contrast to the mild to moderate degree of hepatic
steatosis noted in OVX non-transgenic mice and
sham-operated transgenic mice, OVX transgenic mice
developed severe hepatic steatosis (Fig. 1a) without
infiltration of inflammatory mononuclear cells. Hepatic
triglyceride content was measured to quantify the degree
of steatosis. The triglyceride content was significantly
greater in OVX transgenic mice than in mice in the other
three groups (Fig. 1b), which was consistent with the
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Table 1 Body, liver and uterus weight and serum biochemical parameters

Hepatology Research 2014; 44: E229-E239

Body, liver, and uterus Non-transgenic Transgenic
gelght al.]d serum Sham-operated OovX Sham-operated OVX

iochemical parameters
Bodyweight (g) 21.5+1.2 30.7 £4.9* 27.7£4.6 34.24+3.8**
Liver weight (g) 0.86%0.075 1.09 £ 0.236* 0.90£0.102 1.18 £0.156**
Ratio of liver to bodyweight 0.038 £ 0.037 0.035 £ 0.003 0.031 £ 0.002 0.034 £ 0.006
Uterus weight (g) 0.08 £0.01 0.01£0.02* 0.09 +£0.01 0.01£0.01%*
Total dietary intake (g) 337+ 24 429 £ 13* 368 +£28 490 £31**
Serum glucose (mg/dL) 222.94110.0 275.1+121.4 284.0 + 84.1 259.7 £108.9
Serum ALT (IU/L) 155%6.5 30.6 +38.1 21.8+11.4 281.2£165.1***
Serum triglyceride (mg/dL) 99.9+9.7 78.9+10.8 98.3+11.4 89.7 £13.3
Serum leptin (ng/mlL) 0.45+0.14 1.31£0.31* 0.65+0.22 1.60+0.28**

Data are mean + standard deviation.

*P < 0.05 compared with sham-operated non-transgenic mice. **P < 0.05 compared with sham-operated transgenic mice. ***P < 0.01

compared with mice in the other three groups.
ALT, alanine aminotransferase; OVX, ovariectomized.

results for hepatic steatosis. Thus, the increase in the
serum ALT level in the OVX transgenic mice was thought
to reflect the hepatic steatosis.

ratio of liver to bodyweight of OVX non-transgenic mice
(Table 1). We have previously demonstrated that iron-
overloaded male FL-N/35 transgenic mice expressing

the HCV polyprotein develop severe hepatic steatosis
through increased ROS production.! Therefore, we
examined whether ROS production was relevant to the
marked hepatic steatosis observed in the OVX transgenic
mice. Ovariectomy significantly increased ROS (super-

Ovariectomy increased ROS and IL-6
production in the liver

Only OVX transgenic mice showed marked hepatic ste-
atosis, regardless of the comparable diet intake and the

—
&

Sham-operated OoVvX (b)
mg/g
protein

700+

600+ T

5004

400 T J_
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Nontransgenic

Hepatic triglyceride content

Transgenic

Sham ovX Sham OVX

Nontransgenic Transgenic

Figure 1 Hepatic steatosis and triglyceride content in sham-operated and ovariectomized (OVX) FL-N/35 transgenic and non-
transgenic mice. (a) Hepatic steatosis in mice in each group (H&E, original magnification x 100). (b) Hepatic triglyceride content
in mice in each group (n =5). The results are shown as box plot profiles. The bottom and top edges of the boxes are the 25th and
75th percentiles, respectively. Median values are shown by the line within each box. *: P < 0.05 versus mice in the other three
groups.
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Figure 2 Reactive oxygen species (ROS) production in sham-operated and ovariectomized (OVX) FL-N/35 transgenic and non-
transgenic mice. (a) Frozen liver sections from mice in each group were stained with dihydroethidium (DHE). (b) Fluorescence
intensity was quantified by NIH image analysis software for three randomly selected areas of digital images for five mice in each
group. The results are shown as box plot profiles. The bottom and top edges of the boxes are the 25th and 75th percentiles,
respectively. Median values are shown by the line within each box. *: P<0.05 versus sham-operated non-transgenic mice. **:
P < 0.05 versus sham-operated nontransgenic mice, OVX non-transgenic mice and sham-operated transgenic mice.

oxide) production in both transgenic mice and non- cantly increased hepatic expression of IL-6 mRNA to the
transgenic mice, but the level of ROS production was same degree in both transgenic mice and non-transgenic
greater in the OVX transgenic mice than in the OVX mice (Fig. 3). This ovariectomy-induced increase in
non-transgenic mice (Fig. 2). We next measured inflam- hepatic IL-6 mRNA was consistent with the results of a
matory cytokine levels in the liver. Ovariectomy signifi- previous report that OVX mice produced more hepatic
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Figure 3 Expression levels of inflammatory cytokines in sham-operated and ovariectomized (OVX) FL-N/35 transgenic and
non-transgenic mice. The mRNA levels of interleukin (IL)-6, IL-1B and tumor necrosis factor (TNF)-o. were measured by real-time
reverse transcription polymerase chain reaction for five mice in each group. The relative quantities of target mRNA in the liver were
normalized with GAPDH mRNA. *P < 0.05 vs sham-operated non-transgenic mice. **P < 0.05 vs sham-operated transgenic mice.
[, Sham; @, OVX.
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Figure 4 Hepatic iron content and hepcidin mRNA level in sham-operated and ovariectomized (OVX) FL-N/35 transgenic and
non-transgenic mice. (a) Hepatic iron content in mice in each group (n = 5). The results are shown as box plot profiles. The bottom
and top edges of the boxes are the 25th and 75th percentiles, respectively. Median values are shown by the line within each box.
*P < 0.05 vs sham-operated non-transgenic mice. **P < 0.05 vs sham-operated transgenic mice. (b) The mRNA level of hepcidin
was measured by real-time reverse transcription polymerase chain reaction for five mice in each group. The relative quantities of
target mRNA in the liver were normalized with GAPDH mRNA. *P < 0.05 vs sham-operated non-transgenic mice. **P < 0.05 vs

sham-operated transgenic mice. [0, Sham; M, OVX.

IL-6 than non-OVX mice after chemically induced liver
injury.® There also was a trend for increase in TNF-o and
IL-1B mRNA expression after ovariectomy in both the
transgenic mice and non-transgenic mice, but their
increases did not reach statistical significance, probably
because of the large deviation (Fig. 3). These results sug-
gested that inflammatory cytokines were unlikely to be
associated with greater ROS production in OVX trans-
genic mice than in OVX non-transgenic mice.

Hepatic iron content and hepcidin
expression level in the liver

We previously reported that male FL-N/35 transgenic
mice developed hepatic iron accumulation through the
reduced transcription of hepcidin,'® a negative regulator
in iron homeostasis.?"** Excess divalent iron can be
highly toxic, mainly via the Fenton reaction producing
hydroxyl radicals.”® Therefore, we measured hepatic
iron content to assess whether greater ROS production
resulted from increased hepatic iron accumulation in
OVX transgenic mice. Unexpectedly, ovariectomy sig-
nificantly decreased hepatic iron content to the same
degree in both transgenic mice and non-transgenic mice
(Fig. 4a). These results are potentially explained by
significantly increased transcription of hepcidin after
ovariectomy (Fig. 4b). Ovariectomy-induced increase in
hepatic IL-6 mRNA may in turn account for increased
hepcidin transcription, because IL-6 acts to stimulate

© 2013 The Japan Society of Hepatology

hepcidin expression through the STAT3 pathway.*
These results suggested that hepatic iron content was not
related to greater ROS production in OVX transgenic
mice than in OVX non-transgenic mice.

Attenuated antioxidant potential against
ovariectomy-induced ROS production in
FL-N/35 transgenic mice

The increase in inflammatory cytokine production and
the hepatic iron content after ovariectomy were compa-
rable in transgenic and non-transgenic mice. Neverthe-
less, the serum ALT level, hepatic steatosis and ROS
production were greater in OVX transgenic mice than
in OVX non-transgenic mice. Therefore we measured
dROM and BAP in serum to compare antioxidant poten-
tials in OVX transgenic and OVX non-transgenic mice.
We confirmed the significant negative correlation
between the ratio of BAP to dROM and hepatic content
of superoxide (Fig. 5). As expected, the values for dROM
were higher in OVX mice than in sham-operated mice,
regardless of whether they were transgenic or non-
transgenic. However, a significant increase in the BAP
value was found in OVX non-transgenic mice but not in
OVX transgenic mice, which resulted in a lower ratio of
BAP to dROM in the OVX transgenic mice than in the
OVX non-transgenic mice (Table 2).

The first line of defense against ROS is the detoxifying
enzymes that scavenge ROS. These include SOD and
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Figure 5 Negative correlation between the ratio of biological
antioxidant potential (BAP) to derivatives of reactive oxygen
metabolites (dROM) and hepatic content of superoxide.
R=-0.453, P<0.05. Hepatic content of superoxide was
determined based on the area of dihydroethidium (DHE)
fluorescence.

GPx1. Therefore we next investigated the expression
levels of SOD2 and GPx1. The hepatic expression levels
of SOD2 mRNA and GPx1 mRNA were significantly
greater in OVX non-transgenic mice than in sham-
operated non-transgenic mice, but were comparable in
OVX transgenic mice and sham-operated transgenic
mice (Fig. 6a). Western blot analysis of the hepatic
mitochondria fractions also showed significant
increases of SOD2 and GPx1 expression in OVX
non-transgenic mice but not in OVX transgenic mice
(Fig. 6b). These results suggested that antioxidant
defense mechanisms may be induced against
ovariectomy-related ROS production in non-transgenic
mice but not in transgenic mice.

Oxidative stress in OVX HCV transgenic mice E235

SIRT3 and PGC-1a expression in OVX
FL-N/35 transgenic mice

Proliferator-activated receptor-y co-activator-la. is a
master regulator of mitochondrial biogenesis and respi-
ration”® and required for the induction of many ROS-
detoxifying enzymes, including SOD2 and GPx1 upon
oxidative stress.” SIRT3 is a member of a class III
histone deacetylase and is reported to mediate PGC-10.-
dependent induction of ROS-detoxifying enzymes.? In
accordance with the changes in SOD2 and GPx1 levels
after ovariectomy, the hepatic expression of SIRT3
mRNA was significantly greater in OVX non-transgenic
mice than in sham-operated non-transgenic mice, but
comparable in OVX transgenic mice and sham-operated
transgenic mice (Fig. 7a). Western blot analysis of
hepatic mitochondria showed a significant increase of
SIRT3 expression in OVX non-transgenic mice but not in
OVX transgenic mice (Fig. 7a).

Proliferator-activated receptor-y co-activator-1o inter-
acts with various nuclear receptors in addition to per-
oxisome proliferator-activated receptor-y and is docked
to the promoter of its target genes by all these nuclear
receptors. Therefore, we investigated PGC-1la expres-
sion levels not only in liver homogenates but also in
the nuclear fraction of mouse liver. The expression
levels of PGC-1a in liver homogenates were compa-
rable in sham-operated and OVX non-transgenic mice
and in sham-operated and OVX transgenic mice.
However, the expression levels of PGC-lo in the
nuclear fraction of the liver significantly increased after
ovariectomy in both non-transgenic and transgenic
mice, and OVX transgenic mice had a lower PGC-1o
expression level than OVX non-transgenic mice
(Fig. 7b). These results suggested that the antioxidant
potential against ovariectomy-induced ROS production
may be reduced in OVX transgenic mice through lesser
activation of PGC-lo than in OVX non-transgenic
mice.

Table 2 Derivatives of reactive oxygen metabolites (dROM), biological antioxidant potential {(BAP) and ratio of BAP to dROM

Non-transgenic Transgenic
Sham-operated OvVx Sham-operated OVX
dROM (U.CARR) 145.2+15.1 158.7 £ 15.9* 170.8 +10.4 199.3 £21.1**
BAP (umol/L) 3217+123 3644 £177* 3362+178 3542 £ 140
Ratio of BAP to dROM 223+23 23.1+2.0 208+1.8 17.8 £1.9*%**

Data are mean + standard deviation.

*P < 0.05 compared with sham-operated non-transgenic mice. **P < 0.05 compared with sham-operated transgenic mice. ***P < 0.05

compared with ovariectomized (OVX) non-transgenic mice.
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oxide dismutase 2 (SOD2) and
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(OVX) FL-N/35 transgenic and non-
transgenic mice. (a) The mRNA levels of
SOD2 and GPx1 were measured by real-
time reverse transcription polymerase
chain reaction for five mice in each
group. The relative quantities of target
mRNA in the liver were normalized
with GAPDH mRNA. (b) Immunoblots
for SOD2 and GPx1 were performed
using mitochondrial fractions of liver
lysates from five mice in each group.
*P<0.05 vs sham-operated non-
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Suppressed AMPK activation in OVX FL-N/35
transgenic mice

Proliferator-activated receptor-y co-activator-1lo. activity
is modulated through both transcriptional regulation
and regulation of its activity by post-translational modi-
fications.”® AMPK is one of the signaling pathways regu-
lating PGC-1a and acts both through modulation of
PGC-1a transcription and by phosphorylation of the
PGC-1a. protein.*® HCV has been shown to reduce the
kinase activity of AMPK through Ser485/491 phos-
phorylation of AMPK.* Therefore, we examined the
expression levels of AMPK to investigate the mecha-
nisms underlying the lower PGC-1a expression in the
nuclear fraction of the OVX transgenic liver. The expres-
sion levels of AMPKo, which is one of the three subunits
(o, B and v) of AMPK, were comparable in sham-
operated and OVX mice and in non-transgenic and
transgenic mice. However, the expression level] of phos-
phorylated AMPKo. was significantly greater in OVX
non-transgenic mice than in mice in the three other

© 2013 The Japan Society of Hepatology

Nontransgenic

Transgenic transgenic mice. [J, Sham; M, OVX.

groups, though it was similar in sham-operated trans-
genic mice and OVX transgenic mice (Fig. 7c). In
addition, its levels were significantly greater in non-
transgenic mice than in transgenic mice (Fig. 7c). These
results suggested that AMPK was activated in OVX non-
transgenic mice, but not in OVX transgenic mice,
because AMPK is active only after phosphorylation of
the o-subunit at a threonine residue within the kinase
domain (T172) by upstream kinases.’® Taken together,
the results in the present study suggested that OVX
FL-N/35 transgenic mice developed marked hepatic ste-
atosis concomitant with increased ROS production via
attenuation of antioxidant potential through inactiva-
tion of the AMPK/PGC-1a signaling pathway.

DISCUSSION

HE OVX MICE in the present study were assumed to
be a standard model for evaluating the biological
effect of ovariectomy because the effects of ovariectomy
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Figure 7 Expression levels of sirtuin 3 (SIRT3), peroxisome proliferator-activated receptor-y co-activator-1a (PGC-1c), adenosine
monophosphate-activated protein kinase oo (AMPKa), and phosphorylated AMPKa. (P-AMPKa) in sham-operated and ovariecto-
mized (OVX) FL-N/35 transgenic and non-transgenic mice. (a) The mRNA levels of SIRT3 were measured by real-time reverse
transcription polymerase chain reaction for five mice in each group. The relative quantities of target mRNA in the liver were
normalized with GAPDH mRNA. Immunoblots for SIRT3 were performed using the mitochondrial fractions of liver lysates from
five mice in each group. (b) Immunoblots for PGC-1a were performed using liver lysates and their nuclear fractions from five mice
in each group. *P < 0.05 vs mice in the other three groups. **P < 0.05 vs sham-operated transgenic mice. (c) Immunoblots for
AMPKo and P-AMPKa: were performed using liver lysates from five mice in each group. *P < 0.05 vs mice in the other three groups.

**P < 0.05 vs sham-operated transgenic mice. [, Sham; B, OVX.

on dietary intake, bodyweight, uterine weight, liver
weight and serum leptin levels were similar to the results
from previous studies.’’** Ovariectomy increased ROS
(superoxide) production in both transgenic liver and in
non-transgenic liver, which was consistent with the
ovariectomy-induced increase in NADPH oxidase activ-
ity'’? and the protective effect of estrogen against mito-
chondrial oxidative damage® found in previous studies.
Of note was the much greater degree of ROS production
after ovariectomy in transgenic mice than in non-

transgenic mice. These results suggested that HCV
protein expression has the potential to increase the sen-
sitivity to oxidative stress in the liver. At least two pos-
sibilities may account for the increased sensitivity to
oxidative stress in FL-N/35 transgenic mice. One possi-
bility is an additive effect of HCV-induced ROS produc-
tion on ovariectomy-induced oxidative stress. The HCV
core protein has been shown to inhibit mitochondrial
electron transport® and to induce ROS production.*
In fact, basal ROS production tended to be higher in
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