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ABSTRACT 

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 postmenopausal women. The aim of this study was to determine whether oxidative 

stress was augmented in ovariectomized transgenic mice expressing the HCV 

polyprotein and to investigate its underlying mechanisms. 

Methods: Ovariectomized (OVX) and sham-operated female transgenic mice 

expressing the HCV polyprotein and nontransgenic littermates were assessed for the 

production of reactive oxygen species (ROS), expression of inflammatory cytokines, 

and antioxidant potential in the liver. 

Results: Compared with OVX nontransgenic 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 transgenic mice showed less activation of peroxisome proliferator-activated 

receptor γ coactivator 1α (PGC-1α), which is required for the induction of 

ROS-detoxifying enzymes, and no activation of adenosine monophosphate–activated 

protein kinase α (AMPKα), which regulates the activity of PGC-1α. 

Conclusions: Our study demonstrated that hepatic oxidative stress was augmented in 

OVX transgenic mice expressing the HCV polyprotein by attenuation of antioxidant 
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potential through inhibition of AMPK/PGC-1α 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. 
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INTRODUCTION 

Persistent hepatitis C virus (HCV) infection is a major risk factor for the development 

of HCC in Japan. Approximately 70% of Japanese hepatocellular carcinoma (HCC) 

patients are currently diagnosed with HCV-associated cirrhosis or chronic hepatitis C
1
. 

Nevertheless, the mechanisms underlying HCV-associated hepatocarcinogenesis are 

incompletely understood. Notably, there is gender disparity in HCC development that is, 

male gender has been demonstrated to be an independent risk factor associated with 

HCC development
2-4
. It is proposed that estrogen-mediated inhibition of IL-6 

production by Kupffer cells reduces the HCC risk in females
5
. In addition, the 

proportion of females among elderly patients with HCV-related HCC has recently 

increased in Japan
6
. 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
7, 8
, and is related to 

hepatocarcinogenesis in HCV-associated chronic liver diseases
9, 10
. We have previously 

demonstrated that transgenic mice expressing the HCV polyprotein develop liver 

tumors including HCC, in connection with oxidative stress induced by HCV and iron 

overload
11
. Interestingly, 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 NADPH 

oxidase activity
12
 and decreases mitochondrial reduced glutathione levels in rats

13
. 

However, it remains unknown how HCV affects ovariectomy-induced oxidative stress. 
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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. 
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MATERIALS AND METHODS 

Animals 

The transgene pAlbSVPA-HCV, containing the full-length polyprotein-coding region 

under the control of the murine albumin promoter/enhancer, has been described in 

detail
14, 15

. Of the 4 transgenic 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
15
. 

 

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 nontransgenic mice (n=5), and 

sham-operated nontransgenic mice (n=5). These mice were fed a normal rodent diet, 

bred, maintained, and killed by intraperitoneal injection of 10% pentobarbital sodium 

preceded by 20-hour fasting at the age of 24 weeks. All experimental protocols and 

animal maintenance procedures used in this study were approved by the Ethics Review 

Committee for Animal Experimentation of Kawasaki Medical School. 

 

Histological procedures 

A portion of liver tissue was immediately snap-frozen in liquid nitrogen for 

determination of the hepatic triglyceride concentration. The remaining liver tissue was 
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fixed in 4% paraformaldehyde in PBS 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 Inc. Yokohama, Japan) according to the manufacturer’s instructions. 

 

Hepatic triglyceride content 

Lipids were extracted from the homogenized liver tissue by the method of Bligh and 

Dyer
16
. The triglyceride level was measured with a TGE-test Wako kit (Wako Pure 

Chemicals, Tokyo, Japan), according to the manufacturer’s instructions. Protein 

concentrations in liver were determined by the method of Lowry et al.
17
, using a DC 

protein assay kit (Bio-Rad Laboratories, Hercules, California). 

 

In situ detection of reactive oxygen species (ROS) 

In situ ROS production in the liver was assessed by staining with dihydroethidium, as 

described previously
18
. In the presence of ROS, dihydroethidium (Invitrogen Corp., 

Carlsbad, CA)
 
is oxidized to ethidium bromide and stains nuclei bright red

 
by 

intercalating with the DNA
19
. Fluorescence intensity was quantified using NIH image 

analysis software for 3 randomly selected areas of digital images for each mouse. 

 

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

The levels of dROMs and BAP were measured using a Free Radical Elective Evaluator 

(Wismerll Co., Ltd., Tokyo, Japan), as described previously
20
. Measurement of dROMs 

is based on the ability of the transition metal ions to catalyze the formation of alkoxy 

and peroxy radicals from hydroperoxides (ROOH) present in serum. The results are 

expressed in conventional units as U.CARR (Carrtelli units), where 1U.CARR 

corresponds to 0.8 mg/L H2O2. Measurement of BAP is based on the ability of 

antioxidants to reduce ferric (F
3+
) ions to ferrous (Fe

2+
) 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 transcription kit 

(Invitrogen Corp.). 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 (TNF-α; 

Mm00443258_m1, IL-1β; Mm00434228_m1, IL-6; Mm00446190_m1, superoxide 

dismutase 2 [SOD2]; Mm01313000 _m1, glutathione peroxidase 1 [GPx1]; 

Mm00656767_g1, and sirtuin 3 [SIRT3]; Mm00452131_m1). Expression of these genes 

was normalized to expression of GAPDH mRNA (GAPDH; Mm99999915_g1). 

 

Isolation of mitochondria and nuclear fraction 
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Mitochondrial extraction from liver tissue was performed 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 dodecyl sulfate-polyacrylamide gel electrophoresis. The proteins were 

transferred to polyvinylidene difluoride membranes (Millipore, Bredford, 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 hour at room temperature with an anti-mouse SOD2 

antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), anti-rabbit GPx1 

antibody (Abcam, Cambridge, MA, USA), anti-rabbit SIRT3 antibody (Abcam), 

anti-rabbit peroxisome proliferator-activated receptor γ coactivator 1α 

(PGC-1α)  antibody (Abcam), anti-rabbit adenosine monophosphate–activated protein 

kinase α (AMPKα) antibody (Cell Signaling Technology Inc., Boston, MA, USA), 

anti-rabbit phospho-AMPKα (Thr172) antibody (Cell Signaling Technology Inc.), 

anti-mouse mitochondrial heat shock protein 70 (HSP70) antibody (Thermo Scientific, , 

Rockford, IL, USA), anti-rabbit β-actin antibody (Cell Signaling Technology, Inc.), or 

anti-rabbit lamin B1 antibody (Abcam). 

 

Statistical analysis 
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Quantitative values are expressed as mean ± standard deviation. Two groups among 

multiple groups were compared by the rank-based Kruskal-Wallis analysis of variance 

test followed by Scheffe’s test. The statistical significance of correlation was determined 

by the use of simple regression analysis. A P value of < 0.05 was considered to be 

significant. 
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RESULTS 

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

As confirmation of successful ovariectomy-induced suppression of endogenous 

estrogen production, the uterine weight of OVX mice was significantly decreased 

compared with that of sham-operated mice (Table 1). Dietary intake, body weight, liver 

weight and serum leptin levels were significantly greater in OVX mice than in 

sham-operated mice regardless of whether they were transgenic or nontransgenic (Table 

1). Interestingly, 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 nontransgenic and sham-operated nontransgenic 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 nontransgenic and sham-operated nontransgenic mice). In contrast to 

the mild-to-moderate degree of hepatic steatosis noted in OVX nontransgenic 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 results for hepatic steatosis. Thus, the 

increase in the serum ALT level in the OVX transgenic mice was thought to reflect the 

hepatic steatosis. 
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Ovariectomy increased ROS and IL-6 production in the liver 

Only OVX transgenic mice showed marked hepatic steatosis, regardless of the 

comparable diet intake and the ratio of liver to body weight of OVX nontransgenic 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
11
. Therefore, we examined whether ROS production 

was relevant to the marked hepatic steatosis observed in the OVX transgenic mice. 

Ovariectomy significantly increased ROS (superoxide) production in both transgenic 

mice and nontransgenic mice, but the level of ROS production was greater in the OVX 

transgenic mice than in the OVX nontransgenic mice (Fig. 2A and 2B). We next 

measured inflammatory cytokine levels in the liver. Ovariectomy significantly increased 

hepatic expression of IL-6 mRNA to the same degree in both transgenic mice and 

nontransgenic mice (Fig. 3). This ovariectomy-induced increase in hepatic IL-6 mRNA 

was consistent with the results of a previous report that OVX mice produced more 

hepatic IL-6 than non-OVX mice after chemically induced liver injury
5
. There also was 

a trend for increased in TFN-α and IL1β mRNA expression after ovariectomy in both 

the transgenic mice and nontransgenic mice, but their increases did not reach statistical 

significance, probably because of the large deviation (Fig. 3). These results suggested 

that inflammatory cytokines were unlikely to be associated with greater ROS production 

in OVX transgenic mice than in OVX nontransgenic mice. 

 

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

The increases in inflammatory cytokine production, especially that of IL-6, after 

ovariectomy were comparable in transgenic and nontransgenic mice. Nevertheless, the 

serum ALT level, hepatic steatosis and ROS production were greater in OVX transgenic 

mice than in OVX nontransgenic mice. Therefore we measured dROMs and BAP in 

serum to compare antioxidant potentials in OVX transgenic and OVX nontransgenic 

mice. We confirmed the significant negative correlation between the ratio of BAP to 

dROMs and hepatic content of superoxide (Fig. 4). As expected, the values for dROMs 

were higher in OVX mice than in sham-operated mice, regardless of whether they were 

transgenic or nontransgenic. However, a significant increase in the BAP value was 

found in OVX nontransgenic mice but not in OVX transgenic mice, which resulted in a 

lower ratio of BAP to dROMs in the OVX transgenic mice than in the OVX 

nontransgenic mice (Table 2). 

The first line of defense against ROS is the detoxifying enzymes that scavenge ROS. 

These include SODs and 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 nontransgenic mice than in sham-operated 

nontransgenic mice, but were comparable in OVX transgenic mice and sham-operated 

transgenic mice (Fig. 5A). Western blot analysis of the hepatic mitochondria fractions 

also showed significant increases of SOD2 and GPx1 expression in OVX nontransgenic 

mice but not in OVX transgenic mice (Fig. 5B). These results suggested that antioxidant 

defense mechanisms might be induced against ovariectomy-related ROS production in 
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nontransgenic mice but not in transgenic mice. 

 

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

PGC-1α is a master regulator of mitochondrial biogenesis and respiration
21
 and required 

for the induction of many ROS-detoxifying enzymes, including SOD2 and GPx1 upon 

oxidative stress
22
. SIRT3 is a member of a class III histone deacetylase and is reported 

to mediate PGC-1α-dependent induction of ROS-detoxifying enzymes
23
. In accordance 

with the changes in SOD2 and GRPx1 levels after ovariectomy, the hepatic expression 

of SIRT3 mRNA was significantly greater in OVX nontransgenic mice than in 

sham-operated nontransgenic mice, but comparable in OVX transgenic mice and 

sham-operated transgenic mice (Fig. 6A). Western blot analysis of hepatic mitochondria 

showed a significant increase of SIRT3 expression in OVX nontransgenic mice but not 

in OVX transgenic mice (Fig. 6A). 

PGC-1α interacts with various nuclear receptors in addition to peroxisome 

proliferator-activated receptor γ (PPARγ) and is docked to the promoter of its target 

genes by all these nuclear receptors. Therefore, we investigated PGC-1α expression 

levels not only in liver homogenates but also in the nuclear fraction of mouse liver. The 

expression levels of PGC-1α in liver homogenates were comparable in sham-operated 

and OVX nontransgenic mice and in sham-operated and OVX transgenic mice. 

However, the expression levels of PGC-1α in the nuclear fraction of the liver 

significantly increased after ovariectomy in both nontransgenic and transgenic mice, 

and OVX transgenic mice had a lower PGC-1α expression level than OVX 
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nontransgenic mice (Fig. 6B). These results suggested that the antioxidant potential 

against ovariectomy-induced ROS production might be reduced in OVX transgenic 

mice through lesser activation of PGC-1α than in OVX nontransgenic mice. 

 

Suppressed AMPK activation in OVX FL-N/35 transgenic mice 

PGC-1α activity is modulated through both transcriptional regulation and regulation of 

its activity by posttranslational modifications
24
. AMPK is one of the signaling pathways 

regulating PGC-1α and acts both through modulation of PGC-1α transcription and by 

phosphorylation of the PGC-1α protein
24
. HCV has been shown to reduce the kinase 

activity of AMPK through Ser485/491 phosphorylation of AMPK
25
. Therefore, we 

examined the expression levels of AMPK to investigate the mechanisms underlying the 

lower PGC-1α expression in the nuclear fraction of the OVX transgenic liver. The 

expression levels of AMPKα, which is one of the 3 subunits (α, β and γ) of AMPK, 

were comparable in sham-operated and OVX mice and in nontransgenic and transgenic 

mice. However, the expression level of phosphorylated AMPKα was significantly 

greater in OVX nontransgenic mice than in mice in the three other groups, though it was 

similar in sham-operated transgenic mice and OVX transgenic mice (Fig. 6C). In 

addition, its levels were significantly greater in nontransgenic mice than in transgenic 

mice (Fig. 6C). These results suggested that AMPK was activated in OVX 

nontransgenic mice, but not in OVX transgenic mice, because AMPK is active only 

after phosphorylation of the α subunit at a threonine residue within the kinase domain 

(T172) by upstream kinases
26
. Taken together, the results in the present study suggested 
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that OVX FL-N/35 transgenic mice developed marked hepatic steatosis concomitant 

with increased ROS production via attenuation of antioxidant potential through 

inactivation of the AMPK/ PGC1α signaling pathway. 
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DISCUSSION 

The 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 on dietary intake, 

body weight, uterine weight, liver weight and serum leptin levels were similar to the 

results from previous studies
27-30

. Ovariectomy increased ROS (superoxide) production 

in both transgenic liver and in nontransgenic liver, which was consistent with the 

ovariectomy-induced increase in NADPH oxidase activity
12
 and the protective effect of 

estrogen against mitochondrial oxidative damage
13
 found in previous studies. Of note 

was the much greater degree of ROS production after ovariectomy in transgenic mice 

than in nontransgenic mice. Interestingly, the effect of ovariectomy on female FL-N/35 

transgenic mice in the present study resembled the effect of iron overload on male 

FL-N/35 transgenic mice noted in our previous study
11
 in that it generated greater ROS 

production in the liver compared with OVX or iron-overloaded nontransgenic mice. 

Considering that ovariectomy and iron overload are both oxidative stressors and that 

FL-N/35 transgenic mice express the HCV polyprotein in the liver, HCV protein 

expression has the potential to increase the sensitivity to oxidative stress in the liver. At 

least two possibilities may account for the increased sensitivity to oxidative stress in 

FL-N/35 transgenic mice. One possibility is an additive effect of HCV-induced ROS 

production on ovariectomy-induced oxidative stress. The HCV core protein has been 

shown to inhibit mitochondrial electron transport
31
 and to induce ROS production

32
. In 

fact, basal ROS production tended to be higher in transgenic mice than in nontransgenic 

mice, but was not significantly different. These results suggested that additive 
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HCV-induced ROS production was unlikely to be the cause of the significantly 

increased ROS production after ovariectomy in the transgenic mice. The other 

possibility is HCV-associated attenuation of antioxidant potential against 

ovariectomy-induced oxidative stress. In this respect OVX transgenic mice had a lower 

ratio of BAP to dROM than OVX nontransgenic mice and the expression of SOD2 and 

GPx1 in the liver was not increased. These results suggested that HCV protein 

attenuated antioxidant potential against ovariectomy-induced oxidative stress. 

PGC-1α is required for the induction of many ROS-detoxifying enzymes upon 

oxidative stress
22
. SIRT3 has been shown to function as a downstream target gene of 

PGC-1α and mediate the PGC-1α-dependent induction of ROS-detoxifying enzymes
23
. 

Additionally, AMPK, which is a crucial cellular energy sensor, regulates PGC-1α 

activity through both modulation of PGC-1α transcription and phosphorylation of the 

PGC-1α protein
24, 33

. Thus, AMPK/PGC-1α signaling is one of the important pathways 

that protects cells from oxidative stress through the induction of several key 

ROS-detoxifying enzymes. Recent evidence indicating that HCV replication inhibits 

AMPK activity
25
 prompted us to investigate whether the antioxidant potential against 

ovariectomy-induced oxidative stress in FL-N/35 transgenic mice was attenuated 

through inhibition of this signaling pathway. As expected, upon ovariectomy AMPK 

was activated in nontransgenic mice, but not in transgenic mice. This, in turn, led to the 

lower expression of PGC-1α in the nuclear fraction of the liver in OVX transgenic mice 

than in OVX nontransgenic mice, resulting in the absence of significant induction of 

SIRT3 in the mitochondrial fraction of the liver in the OVX transgenic mice. Thus, ROS 
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production in the liver in OVX transgenic mice was increased by attenuation of the 

antioxidant potential through inhibition of AMPK/PGC-1α signaling. However, it 

remains unknown why the expression of PGC-1α in the nuclear fraction was 

significantly increased in OVX transgenic mice regardless of the lack of activation of 

AMPK. Various kinases other than AMPK and posttranslational modifications other 

than phosphorylation have been shown to regulate PGC-1α expression
24
. Therefore 

further investigations are required to clarify this issue. 

Of particular concern is the relevance of the present results to HCC development in 

patients with HCV-associated chronic liver diseases. Male gender has been shown to be 

an independent risk factor for the development of HCC in patients with HCV-related 

cirrhosis
2-3
. It is proposed that estrogen-mediated inhibition of IL-6 production by 

Kupffer cells reduces the HCC risk in females
5
, and therefore menopause is assumed to 

be a risk factor for HCC development. In fact, a recent study from Japan demonstrated a 

higher proportion of females, especially among elderly patients with HCV-related HCC, 

suggesting that the gender disparity in HCC development becomes less distinct as the 

patient’s age at HCC diagnosis increases
6
. On the other hand, in addition to the directly 

induced generation of ROS by the HCV proteins, chronic inflammation with production 

of proinflammatory cytokines and/or aging has the potential to deliver an additional 

burden of ROS. These multiple sources of ROS production create a procarcinogenic 

environment under which chromosomal damage is likely to occur. In these 

circumstances, the present findings that OVX transgenic mice have increased ROS 

production in the liver via attenuation of antioxidant potential through inhibition of 
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AMPK/PGC-1α signaling may indicate one of the mechanisms by which women with 

HCV infection are at high risk for HCC development when some period has passed 

after menopause. 
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FIGURE LEGENDS 

Figure 1. Hepatic steatosis and triglyceride content in sham-operated and OVX 

FL-N/35 transgenic and nontransgenic mice. (A) Hepatic steatosis in mice in each group 

(H&E, original magnification × 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. 

 

Figure 2. Reactive oxygen species (ROS) production in sham-operated and OVX 

FL-N/35 transgenic and nontransgenic 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 

nontransgenic mice. **: P<0.05 versus OVX nontransgenic mice and sham-operated 

transgenic mice. 

 

Figure 3. Expression levels of inflammatory cytokines in sham-operated and OVX 

FL-N/35 transgenic and nontransgenic mice. The mRNA levels of IL-6, IL-1β, and 

TNF-α were measured by real-time RT-PCR for five mice in each group. The relative 

quantities of target mRNA in the liver were normalized with β-actin mRNA. *: P<0.05 

Page 27 of 38

The Japan Society of Hepatology, Tokyo, Japan

Hepatology Research



For Review
 O

nly

versus sham-operated nontransgenic mice. **: P<0.05 versus sham-operated transgenic 

mice. 

 

Figure 4. Negative correlation between the ratio of BAP to dROMs (BAP/dROMs) 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. 

 

Figure 5. Expression levels of superoxide dismutase 2 (SOD2) and glutathione 

peroxidase 1 (GPx1) in sham-operated and OVX FL-N/35 transgenic and nontransgenic 

mice. (A) The mRNA levels of SOD2 and GPx1 were measured by real-time RT-PCR 

for five mice in each group. The relative quantities of target mRNA in the liver were 

normalized with β-actin mRNA. (B) Immunoblots for SOD2 and GPx1 were performed 

using mitochondrial fractions of liver lysates from five mice in each group. *: P<0.05 

versus sham-operated nontransgenic mice. 

 

Figure 6. Expression levels of sirtuin 3 (SIRT3), peroxisome proliferator-activated 

receptor γ coactivator 1α (PGC-1α), adenosine monophosphate–activated protein 

kinase α (AMPKα), and phosphorylated AMPKα (P-AMPKα) in sham-operated and 

OVX FL-N/35 transgenic and nontransgenic mice. (A) The mRNA levels of SIRT3 

were measured by real-time RT-PCR for five mice in each group. The relative 

quantities of target mRNA in the liver were normalized with β-actin mRNA. 

Immunoblots for SIRT3 were performed using the mitochondrial fractions of liver 
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lysates from five mice in each group. (B) Immunoblots for PGC-1α were performed 

using liver lysates and their nuclear fractions from five mice in each group. *: P<0.05 

versus sham-operated nontransgenic mice. **: P<0.05 versus sham-operated transgenic 

mice. (C) Immunoblots for AMPKα and P-AMPKα were performed using liver lysates 

from five mice in each group. *: P<0.05 versus mice in the other three groups. **: 

P<0.05 versus sham-operated transgenic mice. 
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Table 1 Body, liver, and uterus weight and serum biochemical parameters 

 

Body, liver, and uterus weight and 

serum biochemical parameters 

Nontransgenic Transgenic 

Sham-operated OVX Sham-operated OVX 

Body weight (g) 21.5 ± 1.2 30.7 ± 4.9
*
 27.7 ± 4.6 34.2 ± 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 body weight 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) 222.9 ± 110.0 275.1 ± 121.4 284.0 ± 84.1 259. 7 ± 108.9 

Serum ALT (IU/L) 15.5 ± 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/mL) 0.45 ± 0.14 1.31 ± 0.31
*
 0.65 ± 0.22 1.60 ± 0.28

**
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Data are mean ± standard deviation. *P<0.05 compared with sham-operated nontransgenic mice. **P<0.05 compared with 

sham-operated transgenic mice. ***P<0.01 compared with mice in the other three groups. 
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Table 2 Derivatives of reactive oxygen metabolites (dROMs), biological antioxidant potential (BAP) and ratio of BAP to dROMs 

 

 Nontransgenic Transgenic 

Sham-operated OVX Sham-operated OVX 

dROMs (U.CARR) 145.2 ± 15.1  158.7 ± 15.9
*
 170.8 ± 10.4 199.3 ± 21.1

**
 

BAP (µmol/L) 3217 ± 123 3644 ± 177
*
 3362 ± 178 3542 ± 140 

Ratio of BAP to dROMs 22.3 ± 2.3 23.1 ± 2.0 20.8 ± 1.8 17.8 ± 1.9
***
 

Data are mean ± standard deviation. *P<0.05 compared with sham-operated nontransgenic mice. **P<0.05 compared with 

sham-operated transgenic mice. ***P<0.05 compared with OVX nontransgenic mice. OVX; ovariectomized. 
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