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Background and aim: Genistein (GEN) and exercise (Ex) may be regarded as an alternative treatment for
non-alcoholic steatohepatitis (NASH). However, the mechanisms behind their therapeutic effects in
NASH are not well-understood.
Experimental procedure: This study investigated the roles of histone deacetylase (HDAC)3 and inter-
leukin-(IL-)13 in the NASH model of ovariectomized (OVX) rats fed with high fat high fructose (HFHF)
diet.
Results and conclusion: Nine weeks after being fed with HFHF diet, severe NASH pathology with mild
fibrosis were seen along with an increase in HDAC3, IL-13 and matrix metalloelastase (MMP-12) ex-
pressions in OVX rats. Five weeks of either GEN or Ex treatments abrogated the increase in both HDAC3
and IL-13 expressions in OVX rats fed with HFHF diet and ameliorated NASH features, liver fibrosis and
MMP-12 expression. The combination of Gen and Ex, however, did not provide additional benefits on
NASH features in OVX rats fed with HFHF diet. These results suggested that GEN and Ex treatments
improved HFHF diet induced NASH in OVX rats through the suppression of HDAC3, IL-13 and MMP-12
expression.
© 2021 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

NASH is characterized histologically bymacrovesicular steatosis,
hepatocyte ballooning, lobular inflammation and in some cases
bridging fibrosis.1 Major risk factors of NASH include genetic and
epigenetic factors, sedentary lifestyle, high-calorie diet and gender
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differences. Physical inactivity and dietary factors are important
risk factors for the NASH development in humans. Recent reports
suggest that high-calorie foods that use fructose as a sweetener are
associated with the greater severity in patients with nonalcoholic
fatty liver disease (NAFLD).2 Mice fed with 30%fructose in water
developed hepatic triglyceride deposition, increased markers of
insulin resistance and hepatic lipid peroxidation and TNF-alpha
levels.3 In terms of gender differences, NASH appears to be more
common in men, and its prevalence increases with age in women,
especially after menopause.4 In this study, HFHF diet induced NASH
in a post-menopausal condition is therefore chosen as a model of
studying.

Genistein (4, 5, 7-trihydroxyisoflavone) is a subclass of isofla-
vone. GEN has structural similarities to endogenous 17b-estradiol
and shows higher binding affinity for estrogen receptor b (ER-b)
than for estrogen receptor a (ER-a).5 GEN exerts its actions through
estrogenic and antioxidant activities. Previous studies suggested
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that genistein (16 mg/kg) improved histopathology of NASH
through the upregulation of PPARg and reduction of oxidative
stress in male rats fed with high fat diet (HFD) for six weeks.6

Aerobic exercise induced lipolysis in adipose tissues, leading to
acetyl-CoA production and up-regulation of beoxidation.7 In type 2
diabetes rats with HFD-induced NASH, hepatic MMP-12 expression
was elevated, and after 12 weeks of treadmill running exercise, its
expression reduced.1 In addition, five weeks of both treadmill
running exercise and isoflavone supplementation could reduce
plasma triglyceride (TG) in male rats.8

To characterize the mechanism of GEN and Ex treatments on
NASH, we attempted to unravel the connection between HDAC3, IL-
13, and MMP-12 induced by HFHF diet in OVX rats. HDAC3 is a class
I histone deacetylase, whose deletion in liver may result in hepatic
steatosis due to the increase in lipogenesis and lipid accumulation
through the fatty acid synthase and sterol regulatory element
binding protein (SREBP) 1 upregulation9,10 and the reduction of
fatty acid oxidation.10,11 Excessive liver fat accumulation precedes
NASH and can cause end-stage liver diseases. Thus, HDAC3 plays an
important role in lipid metabolism. IL-13 is recognized as a pro-
fibrotic cytokine in the liver.12 IL-13 can induce expression of
collagen type I and connective tissue growth factor (CTGF) in he-
patic stellate cells.12 Elevated IL-13 levels in the serumwere seen in
NASH patients as compared to healthy controls.13 The aforemen-
tioned evidence suggested that IL-13 played a role in liver fibrosis.14

Genistein (5 mg/kg BW) given via intra-gastric route for 12 weeks
in rats could inhibit the activation of hepatic stellate cells by
increasing hepatic Smad7 expression and inhibiting the TGF-b
signaling resulting in decreased alpha smooth muscle actin and
collagen matrix accumulation.15 In a pre-clinical study, hepatic
MMP-12 expression increased in type 2 diabetes rats with high fat
diet induced NASH and treadmill running exercise for 12 weeks
decreased it.1 Prior evidence supported the roles of HDAC3, IL-13
and MMP-12 in the development of NASH and liver fibrosis, and
that GEN and Ex improved NASH pathology. It remains unclear
whether the therapeutic effects of GEN and Ex have any correlation
with HDAC3, IL-13 or MMP-12 expressions in the liver. The aims of
this study were to evaluate the effects of GEN and Ex on HFHF diet
induced NASH in OVX rats and their association with HDAC3, IL-13
and MMP-12.

2. Materials and methods

2.1. Animal experiment

The study was conducted according to the standard of animal
care and use established under ethical principles and policies of the
National Research Council of Thailand. The study protocol and
experimental procedures were approved by the Animal Care and
Use Committee, Faculty of Medicine, Chulalongkorn University (the
permission No. is 032/2561).

Female Sprague-Dawley rats at 8 weeks of age (180e220 g) were
purchased from the Nomura Siam International Co., Ltd., Bangkok,
Thailand and housed in a 12-h light/dark cycle at the temperature of
25±1 �C. After a 1-week acclimatization period, all rats were divided
into six groups (n ¼ 6 in each group) as follows: (1) control group
(CON), rats were fed with standard diet for 11 weeks; (2) OVX group
fed with standard diet (OVX), rats underwent bilateral ovariectomy,
which will be described in details below, and received standard diet
for 11 weeks; (3) OVX group fed with HFHF diet (OVX þ HFHF), rats
underwent bilateral ovariectomy followed by a 2-week recovery
period, then were fed with HFHF diet for the remaining 9 weeks;
(4e6) Treatment groups, following a 2-week recovery period after
bilateral ovariectomy, rats were fedwith HFHF diet for the remaining
9 weeks, but in the last 5 weeks of the experiment, rats received
504
either genistein (group 4, OVXþ HFHF þ GEN) or moderate running
exercise (group 5, OVX þ HFHF þ Ex) or both treatment (group 6,
OVX þ HFHF þ GEN þ Ex). The duration of the experiment was 11
weeks. Sample size calculation was performed using G Power pro-
gram. Rats in exercise treated group were sacrificed 24 h after the
last exercise in order to prevent any acute exercise effects. Other
groups were euthanized at the end of 11 weeks. Liver and serum
samples were collected and stored at �80 �C until the time of
analysis.

2.2. Bilateral ovariectomy

Rats were anesthesized with intraperitoneal injection of sodium
pentobarbital (60 mg/kg body weight) before the procedure.
Bilateral ovariectomy was performed using a bilateral dorsolateral
approach.16 A week after the surgery, all OVX rats received daily
vaginal smear for four days to determine the estrous cycles.17 The
appearance of cornified cells was used as an indicator of estrogenic
activity. The completeness of ovariectomy was determined micro-
scopically (�10) by the predominance of leukocytes called anes-
trous phase.

2.3. Protocols

Standard diet had 6%fat, 25% protein and 47% carbohydrate
(Perfect companion group co., Ltd, Thailand). HFHF diet was
modified from Pickens MK formula,18, which contained 55% fat
(vegetable oil), 10% protein (albumin), 35% carbohydrate (20%
fructose and 15% starch). The percentage mentioned above was the
energy percentage of the total Calories in that particular diet. HFHF
diet was prepared in our laboratory. All rats were fed ad libitum.

Genistein at dose 16 mg/kg body weight (Cayman Chemical
Company, USA) was dissolved in 0.1%dimethyl sulfoxide (DMSO)
and given to each rat once daily by oral gavage for 5 weeks. Gen-
istein dosage was based on a study by Susutlertpanya et al.6 Rats in
Ex groups performed treadmill running exercise 5 times a week for
5 weeks as described previously.8 Briefly, speed was maintained at
15 m/min for the first three weeks then increased to 20 m/min for
the remaining two weeks. The exercise duration was started at
10min in the first week, then progressively increased by 5min each
week to the maximum duration of 30 min at week 5. Base on prior
studies, this exercise regimenwas considered a moderate intensity
exercise.19,20

2.4. Histology

Liver samples were fixed in 10% formalin and cut into 4-mm-
thick paraffin sections (Thermo electron corporation, USA). The
sections were stained with hematoxylin and eosin (H&E), and then
were graded for steatosis (0e3), lobular inflammation (0e3), and
hepatocellular ballooning (0e2) according to the criteria described
by Brunt et al.21 Every sample was evaluated by an experienced
liver pathologist, who was blinded to the experimental group. Slide
images were captured at �10 magnification under light micro-
scope. The summation of NASH activity score (NAS) was calculated
according to Kleiner DE., 200522 which ranged from 0 to 8. The
higher score represents the more severe form of NASH.

Liver fibrosis was examined using Masson's Trichrome stain. The
collagen fibers were stained blue, cell nuclei were stained black, and
cytoplasm, muscle and erythrocytes were stained red.23 The stained
slides were further assessed for qualitative scoring of fibrosis
severity (F0: non, F1:mild, F2:moderate, F3:severe, and F4:cirrhosis)
by a liver pathologist following a Metavir fibrosis score.24

Oil Red O staining is a technique for the measurement of neutral
lipid and cholesteryl esters.25 Frozen liver was thawed and
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embedded with Tissue-Tek O$C.T compound (Sakura Finetek, Tor-
rance, CA, USA) on cryomold. Then, slide was stained with fresh Oil
Red O (Fluka) working solution followed by counter staining with
hematoxylin and rinsing with running tap water. The slides were
air dried and mounted with mounting medium (Dako, CA, USA).
Images of 10 different areas26 of the liver were captured with a
Nikon Eclipse E200 light microscopy equipped with Nikon DS-Fi3
camera with �40 magnification.

2.5. Immunostaining

Tissue microarray (TMA) was first described by Battifora H.,
1986.27 and has been proven to be an effective and efficient tool for
immunohistochemical (IHC) study. Briefly, tissue core (2 mm
diameter, 8e10 cores/rat) was removed from the area of interest in
the histopathology block (the donor block) and placed into an empty
paraffin block (the recipient block) at a specifically designated
location.28 TMA tissue sections of 4 mm thickness were cut on a
microtome. One was stained with H&E for histological validation by
the pathologist and the other one was for the immunohistochemical
study of IL-13. The primary antibody, anti-IL-13 (A130D 12G5 1E4,
NBP1-52466, Novus Biologicals), was used at the dilution of 1:100
and incubated overnight at 4 �C. Subsequently, slideswere incubated
with secondary antibody. All the antibodies, reagents and equipment
except for the anti-IL-13 antibody were obtained from Dako, USA.
Histologic slides of TMA at 40� resolution were scanned using a
whole slide scanner, which is an Aperio ScanScope CS system (Leica
Biosystems Imaging, USA). The imageswere viewed using the Aperio
ImageScope software. The positive cells were stained with brown
color in nucleus. The intensity of positive staining was graded as
absent, weak, moderate, or intense by using Positive pixel count V9
algorithm from the Aperio ImageScope software.

2.6. Western blot analysis

The levels of HDAC3 and MMP-12 expressions were determined
by Western blot. Liver tissue was homogenized in RIPA buffer with
protease inhibitor cocktail (Sigma) on ice under the supplier's in-
struction. The supernatant was collected, and protein concentra-
tion was measured using a Pierce BCA Protein Assay Kit (Thermo
Scientific, USA). The protein was run in Mini-PROTEAN TGX Precast
Gels (BioRad, USA) for polyacrylamide gel electrophoresis (SDS-
PAGE), then transferred to the nitrocellulose membrane by Semi-
Dry transfer method. After keeping with 5%skim milk at room
temperature for 1 h, then antibodies against HDAC3 (1:2000,
ab32369, Abcam) molecular weight 49 kDa, MMP-12 (1:2000,
NBP2-67344, Novus Biologicals) molecular weight 48 kDA, and
actin, molecular weight 36 kDa (1:10,000, Santa Cruz Biotech-
nology) were added, and themembranewas incubated overnight at
4 �C. After washing with TBST, the membrane was incubated with
secondary antibody, conjugated horseradish peroxidase (HRP),
(goat anti-mouse and anti-rabbit, 1:10,000, Santa Cruz Biotech-
nology) at room temperature for 1 h. The protein bands were
visualized by ECL reagent. The amount of protein levels was
calculated using Bio-Rad ChemiDoc Touch Imaging System (BioRad,
USA). Actin served as an internal control.

2.7. Statistical analysis

Data were presented as mean ± standard error of the mean
(SEM) and the Statistics Package for the Social Sciences (SPSS)
software version 22.0 for windows was used for all analyses. The
comparison among groups was determined using one-way analysis
of variance (one-way ANOVA) and the post hoc Tukey test. Differ-
ences were considered statistically significant at p < 0.05.
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3. Results

The completeness of bilateral ovariectomywas confirmed in each
rat using daily vaginal smear for four day. The estrous cycle was
found in the control group (Fig. 1a). Vaginal smear from OVX rats did
not show any cornified cells (Fig. 1b) and these findings were
consistent with anestrous. At the beginning of the experiment, the
body weight of rats in each group were not different (p ¼ 0.988). At
the end of the experiment, the bodyweight of ovariectomized (OVX)
rats was markedly increased compared with control group (DBody
weight 165.67 ± 5.51 vs. 78.13 ± 4.76 g, p < 0.01). A significant
reduction in the body weight was observed in the all groups of OVX
rats fed with high fat high fructose (HFHF) diet compared with rats
fed with standard diet. The body weight changes after treatment
with genistein, running exercise, or combining genistein and exer-
cise were not significantly different among treatment groups
compared with OVX rats fed with HFHF diet (DBody
weight, �22.04 ± 9.22 vs. �27.68 ± 8.87 vs. �29.32 ± 12.03
vs. �36.13 ± 8.93 g, respectively). We suspected body weight losses
in rats fed with HFHF diet to be from the resemblance between our
diet formula and a methionine and choline-deficient (MCD) diet.

3.1. Effects of treatments on NASH features in OVX rats fed with
HFHF diet

Liver histology in each group is presented in Fig. 2. After ovari-
ectomy, mild steatosis, inflammation and hepatocyte ballooning
were observed in some rats. Higher NASH severity scores were seen
in OVX þ HFHF group as compared with CON and OVX groups. No
pathological changes were observed in livers of control rats. All
treatments could improve NASH features compared with
OVX þ HFHF group. The summary of steatosis, inflammation and
ballooning scores in each group were presented as the number of
rats in each grading score in Table 1. Lipid droplets were stained red
with Oil Red O and visualized under light microscopy with �40
magnification as shown in Fig. 3. The OVX þ HFHF group showed
abundant, larger red staining of lipid droplets compared with OVX
rats and control group. In all treatment groups, smaller and fewer
droplets of Oil Red O stainingwere seen in the livers comparedwith
OVX þ HFHF group.

3.2. Effects of treatments on HDAC3 expression and fibrosis markers
in OVX rats fed with HFHF diet

The degree of liver fibrosis was determined by the presence of
collagen fiber (stained blue on Masson's trichrome staining) as
shown in Fig. 4. F1 fibrosis (portal fibrosis without septa) was seen
in OVX þ HFHF groups compared with OVX rats and CON group
which had F0 (no substantial fibrosis). After treatment with GEN, Ex
or in combination, F0 fibrosis were observed in all treatment
groups.

To evaluate the fibrosis markers, hepatic MMP-12 expression
was detected by Western blot (Fig. 5A). Results showed that MMP-
12maintained a relatively low basal expression in livers of OVX rats
comparedwith CON group (0.29 ± 0.02 vs. 1.00 ± 0.00, p < 0.01) but
higher expression in OVXþ HFHF group compared with CON group
(1.28 ± 0.03 vs. 1.00 ± 0.00, p < 0.01). After treatment with GEN, Ex
and a combination, MMP-12 expression decreased compared with
OVX þ HFHF group (0.38 ± 0.03 vs. 0.68 ± 0.06 vs. 0.56 ± 0.04 vs.
1.28 ± 0.03, respectively, p < 0.01). Genistein treatment had a
higher effect in reducing the MMP-12 expression than that
observed with exercise or combined treatment (0.38 ± 0.03 vs.
0.68 ± 0.06 vs. 0.56 ± 0.04, respectively, p < 0.01).

The protein levels of HDAC3 ratio to actin decreased in OVX rats
compared with CON group (0.60 ± 0.03 vs. 1.00 ± 0.00 protein



Fig. 1. Representative images of vaginal smears in (a) upper panel: CON and (b) lower panel: OVX rats for four consecutive days. Upper panel composed of proestrus, estrus,
metestrus, and diestrus, respectively in CON rats. Lower panel shows an anestrous stage in OVX rats. Image magnification �100.
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relative levels, respectively, p < 0.01) but increased significantly in
OVXþ HFHF group compared with CON group. (HDAC3; 1.44 ± 0.11
vs. 1.00 ± 0.00 protein relative levels, respectively, p < 0.01). A
significant reduction in HDAC3 expressions were clearly detected in
genistein, exercise and a combination treatment groups compared
with OVX þ HFHF group (0.80 ± 0.05 vs. 0.47 ± 0.04 vs. 0.51 ± 0.01
vs. 1.44 ± 0.11, protein relative levels, respectively, p < 0.01).
Interestingly, exercise treatment could decrease the level of HDAC3
expression more than genistein treatment (0.47 ± 0.04 vs.
0.80 ± 0.05 protein relative levels, respectively, p < 0.01) (Fig. 5B).

We also performed an IHC assay to monitor IL-13 expression in
liver tissue (Fig. 6A). IL-13 positive cells were detected in the
OVX þ HFHF group, while a significantly negative staining (absence
staining) of IL-13 expression was observed in genistein, exercise and
a combination treatment. Quantification of IL-13 positive staining
was analyzed using the Spectrum Analysis algorithm package and
ImageScope analysis software (version 9, Aperio Technologies, Inc.)
(Fig. 6B). The algorithms calculated the area of positive staining. Each
TMA core was viewed at a size corresponding to a square viewing
field of 215 mm � 215 mm ¼ 0.046 mm2 at �40 zoom magnification.
Brown colors denote an immunopositive staining. Comparison of the
percentage of IL-13 positive staining obtained on 10 TMA cores per
rat were assessed in each experiment. A significant increase in the
percentage of positive IL-13 staining/area (mm2) were observed in
OVXþHFHF groups comparedwithOVX and CONgroup (3.93± 0.61
vs. 0.12 ± 0.06 vs. 0.10 ± 0.02, respectively; p < 0.01) (Fig. 6B).
Treatment with genistein, exercise or in combination could decrease
positive IL-13 staining compared with OVX þ HFHF group
(0.42 ± 0.08 vs. 0.43 ± 0.14 vs. 0.26 ± 0.06 vs. 3.93 ± 0.61, respec-
tively; p < 0.01).

4. Discussion

4.1. Estrogen deficiency on NASH features

The results of our study suggested that estrogen deficiency
increased the risk of NASH by increasing lipogenesis as evidenced
by histological changes, Oil Red O staining and decreased HDAC3
protein expression. Prior studies proposed that HDAC3 deletion in
the liver resulted in increasing lipogenesis through the fatty acid
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synthase (FAS) and sterol regulatory element binding protein
(SREBP1) upregulation9,10 and decreasing fatty acid oxidation.10,11

The prevalence of NAFLD was lower in postmenopausal women
who used hormone replacement therapy by oral or transdermal
routes for more than 6 months as compared with postmenopausal
women who did not.29

In visceral fat depots, elastin fibers form a mesh-like net that
becomes denser in diet-induced obesity mice and its formation
might be partly regulated by MMP-12.30 Endogenous estrogen was
shown to induce MMP-12 expression by the binding of estrogen
receptor-a with MMP-12 promoter estrogen response element in a
model of prostate cancer.31 The lack of estrogen likely explained the
decreased in MMP-12 expression in OVX rats and thus the increase
in body weight. These finding are in line with the results of pre-
vious study in mice which showed that MMP-12 deficiency pro-
moted adipose tissue expansion and increased body weight
changes during high fat diet-induced obesity as compared with
wild-type mice.32 The results of our study indicate that female sex
hormones play an essential role in the hepatic HDAC3 and MMP-12
mediated NASH pathophysiology in OVX rats.

4.2. High fat high fructose exacerbated the NASH features in OVX
rats

High fructose consumption in animal was associated with
increased expression of lipogenic genes, such as Acc1, FAS and
stearoyl CoA desaturase (SCD1) when compared with high fat
diet alone.33 Moreover, fructose metabolites could directly activate
transcriptional factors SREBP-1c and carbohydrate-response
element binding protein (ChREBP), thus enhancing hepatic lipo-
genesis.33 Fructokinase is a key enzyme responsible for converting
fructose into fructose-1-phosphate and generating acetyl-CoA
which is a precursor molecule for triglyceride production in the
liver.34 In addition, fructose metabolism also leads to hepatic ATP
depletion, formation of uric acid, ROS production and liver
inflammation.35 Previous study reported that HFHF diet was asso-
ciated with higher NASH activity scores, hepatic fat accumulation,
inflammation, oxidative stress and hepatocytes apoptosis in OVX
rats than in non-OVX rats.36 Similarly, our results showed that
HFHF diet perpetuated the effect of estrogen deficiency in a more



Fig. 2. Representative images of H&E stains of liver sections from (a) CON, (b) OVX, (c) OVX þ HFHF, (d) OVX þ HFHF þ GEN, (e) OVX þ HFHF þ Ex, (f) OVX þ HFHF þ GEN þ Ex
groups. All treatments could improve NASH features compared with OVX þ HFHF group. Red arrows indicated steatosis. Image magnification �100.

Table 1
Summary of steatosis, lobular inflammation, hepatocyte ballooning and the mean NASH activity score grading according to the Brunt's criteria.

Group n Steatosis Lobular inflammation Hepatocyte
ballooning

NASH activity score

0 1 2 3 0 1 2 3 0 1 2 mean ± SEM

CON 6 6 e e e 6 e e e 6 e e 0.00 ± 0.00
OVX 6 5 1 e e 3 3 e e 2 4 e 1.33 ± 0.33a

OVX þ HFHF 6 e e e 6 e 6 e e e 5 1 5.17 ± 0.17a,b

OVX þ HFHF þ GEN 6 6 e e e 6 e e e 3 3 e 0.50 ± 0.22c

OVX þ HFHF þ Ex 6 5 1 e e 6 e e e 4 2 e 0.50 ± 0.34c

OVX þ HFHF þ GEN þ Ex 6 2 4 e e 6 e e e 4 2 e 1.00 ± 0.37c

Data are expressed as the number of rats in each of histology grading score. NASH activity score is shown in mean ± SEM, n¼ 6 in each group. a p < 0.01; vs. control; b p < 0.01;
vs. OVX; c p < 0.01; vs. OVX þ HFHF.
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severe form of NASH in OVX þ HFHF group compared with OVX
alone.

We found a higher level of HDAC3 expression in OVX þ HFHF
diet group. Similarly, a study in patients with type 2 diabetes found
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the augmentation of HDAC3 as epigenetic signature at the interface
of proinflammation and insulin resistance.37 We hypothesized that
the higher level of HDAC3 in OVX þ HFHF diet group resulted from
hypercaloric diet and insulin resistance. HDAC3 was involved in the



Fig. 3. Oil Red O stained sections, from (a) CON, (b) OVX, (c) OVX þ HFHF, (d) OVX þ HFHF þ GEN, (e) OVX þ HFHF þ Ex, (f) OVX þ HFHF þ GEN þ Ex groups. The amount of
intracellular lipid droplets (black arrows) in hepatocytes were higher in OVX þ HFHF group and lower after treatments. Image magnification �400.
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activation of the inflammatory gene expression in macrophages.38

In addition, HDAC3 may promote ROS production and activate
NF-KappaB signaling via ROS/NF-KappaB axis.39 MMP-12 expres-
sion correlated positively and significantly with insulin resistance
and TNF- a expression in adipose tissue.32 Our study showed that
MMP-12 expression increased in OVX þ HFHF group, however, we
did not measure insulin resistance. In a previous study, the authors
found that the expression of MMP-12 was highly dependent on IL-4
and IL-13 mediated signaling in inducing hepatic fibrosis.40 MMP-
12 was linked to fibrosis by reducing the expression of other
MMPs, including MMP2 and MMP13, which promoted ECM
degradation.40 In OVX rats fed with HFHF diet, hepatic fibrosis was
observed on Masson's trichrome stain. In correlation with histol-
ogy, IL-13 and MMP-12 overexpression was also found in rats with
OVX þ HFHF diet in this study.

4.3. Genistein improved NASH in OVX rats fed with HFHF

A previous study showed that, genistein treatment decreased
hepatic MDA and TNF-a levels and enhanced PPAR-g expression
along with the improvement in liver histology in rats with NASH.6
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Independent of the estrogen effect, genistein could also induce the
expression of peroxisome proliferators-activated receptor a
(PPARa) which in turn regulates fatty acid b-oxidation pathways in
the liver. The activation of PPARa prevents triglyceride accumula-
tion and is associated with histological improvement of NASH in a
human study.41 Our results confirmed other observations that
genistein could reduce hepatic steatosis (as evidenced by decreased
NASH activity score, and fat accumulation on Oil Red O stain). Until
now, the effects of genistein on HDAC3 related NASH pathophysi-
ology remain uncertain. We found that genistein treatment
improved NASH features in OVX fed with HFHF diet with sup-
pression of HDAC3 expression. A recent study supported that
genistein treatment reduced renal-aging fibrosis by inhibiting
histone 3 deacetylation of Klotho promoter in mice.42 Moreover,
genistein treatment reduced IL-13 and MMP-12 expression in
OVX þ HFHF group which was in line with the reduction in fibrosis
stage in genistein-treated group. A previous study showed that
genistein (5 mg/kg BW) acted through the inhibition of HSC acti-
vation by increasing hepatic Smad7 expression and inhibiting the
TGF-b signaling resulting in decreased alpha smooth muscle actin
and collagen matrix accumulation.15



Fig. 4. Masson's trichrome stained sections, from (a) CON, (b) OVX, (c) OVX þ HFHF, (d) OVX þ HFHF þ GEN, (e) OVX þ HFHF þ Ex, (f) OVX þ HFHF þ GEN þ Ex groups. Black arrows
indicate pericellular fibrosis. Image magnification �400.
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4.4. Exercise improved NASH in OVX rats fed with HFHF

Our results showed that running exercise could elicit the
improvement in NASH features in OVX þ HFHF group without
changes in diet. Treadmill running could significantly increase
PPARa and carnitine palmitoyl transferase I (CPT-1) expression and
decrease SREBP-1c, lipin1, and FAS expression leading to the
improvement in NAFLD in C57BL/6 mice fed with high fat diet.43

Furthermore, continuous running exercise has been shown to
decrease lipid peroxidation in mouse liver.44 The treatment effects
of exercise training occurred through the activation of mitogen-
activated protein kinase (MAPK), which in turn induced the NF-
kB and enhanced the expression of antioxidant enzymes.45

Decreased malondialdehyde level was caused either by the
decrease in the rate of free radical production or by the increase in
509
antioxidant activity. Data are conflicting regarding the effect of
exercise on oxidative stress and it appears that the intensity and
type of exercise may have different effects on glutathione. Elokda
and colleagues showed that combined aerobic and circuit weight
training exercise increased glutathione levels.46 While Ilhan et al.
reported a more prominent increase in lipid peroxidation and a
reduction in glutathione in combined aerobic-anaerobic exercise
group as compared to other types of exercise.46 In our study, ex-
ercise could reduce HDAC3 expression in OVX þ HFHF diet group.
Previous study showed that moderate intensity treadmill exercise
could inhibit the inflammatory response by inhibiting HDAC3/NF-
KappaB pathway in rats with osteoarthritis (OA).39 Treadmill
running exercise for 12 weeks could improve NASH-related fibrosis
marker (MMP-12) induced by western diet in obesity rats.1 Simi-
larly, our study showed that running exercise decreased liver



Fig. 5. (A). The ratio of MMP-12 to actin are presented as mean ± SEM from 3 liver
specimens in each group. (a: p < 0.01; vs. CON); (b: p < 0.01; vs. OVX); (c: p < 0.01; vs.
OVX þ HFHF); (d: p < 0.01; vs. OVX þ HFHF þ GEN). (B). The ratio of HDAC3 to actin are
presented as mean ± SEM from 3 liver specimens in each group. (a: p < 0.01; vs. CON);
(b: p < 0.01; vs. OVX); (c: p < 0.01; vs. OVX þ HFHF); (d: p < 0.01; vs.
OVX þ HFHF þ GEN).

Fig. 6. (A) The representative images of IHC study for IL-13 from (a) CON, (b) OVX, (c)
OVX þ HFHF, (d) OVX þ HFHF þ GEN, (e) OVX þ HFHF þ Ex, (f)
OVX þ HFHF þ GEN þ Ex groups. Black arrow indicates positive staining and (B)
quantitative assessment of IL-13 immunostaining. Data are presented as mean ± SEM,
n ¼ 6 in each group. The letters indicated the comparison with OVX þ HFHF group (c:
p < 0.01). Image magnification �400.
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fibrosis in OVX þ HFHF diet which was corresponded to the
reduction in IL-13 and MMP-12 protein expression. Furthermore,
the reduction in liver fibrosis in MMP-12 deficient mice was not
associated with changes in TGF-b1 or tissue inhibitors of matrix
metalloproteinase (TIMPs) expression.40
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4.5. Combination of genistein and exercise improved NASH in OVX
rats fed with HFHF

Our results indicated that combination of exercise and genistein
did not provide additional benefits on NASH in OVX rat fed with
HFHF diet compared with either intervention alone. It has been
suggested previously that exercise training stimulates estrogen-like
effects in decreasing fatty liver in postmenopausal animal
models,47, which likely explains the reason that isoflavonesmay not
produce a meaningful effect when exercise is performed. On the
other hand, the other study has shown that the combination of
exercise and isoflavones may be more favorable in reducing the
hepatic steatosis than either treatment alone.48

5. Conclusions

Estrogen deficiency induced by ovariectomy could lead to
NAFLD development in this rat model with a more severe pathol-
ogy when HFHF diet was added. Genistein and exercise could
modulate lipid metabolism, and reduce fibrosis markers, thus
improving histological changes of NASH. Combining genistein and
exercise did not provide additional benefits from either treatment
alone. These results suggest a link between HDAC3, IL-13 andMMP-
12 related pathways and GEN and Ex treatments in this NASH
model induced by HFHF diet in OVX rats.
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