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Abstract

During middle age, women are less susceptible to nonalcoholic steatohepatitis (NASH) than

men. Thus, we investigated the underlying molecular mechanisms behind these sexual dif-

ferences using an established rat model of NASH. Mature female and male stroke-prone

spontaneously hypertensive 5/Dmcr rats were fed control or high-fat-cholesterol (HFC) diets

for 2, 8, and 14 weeks. Although HFC-induced hepatic fibrosis was markedly less severe in

females than in males, only minor gender differences were observed in expression levels of

cytochrome P450 enzymes (CYP)7A1, CYP8B1 CYP27A1, and CYP7B1, and multidrug

resistance-associated protein 3, and bile salt export pump, which are involved in fibrosis-

related bile acid (BA) kinetics. However, the BA detoxification-related enzymes UDP-glucuro-

nosyltransferase (UGT) and sulfotransferase (SULT) 2A1, and the nuclear receptors consti-

tutive androstane receptor (CAR) and pregnane X receptor (PXR), were strongly suppressed

in HFC-fed males, and were only slightly changed in HFC-diet fed females. Expression levels

of the farnesoid X receptor and its small heterodimer partner were similarly regulated in a

gender-dependent fashion following HFC feeding. Hence, the pronounced female resistance

to HFC-induced liver damage likely reflects sustained expression of the nuclear receptors

CAR and PXR and the BA detoxification enzymes UGT and SULT.

Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease in devel-

oped and developing countries [1–3]. Nonalcoholic steatohepatitis (NASH) is the progressive
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form of NAFLD, and leads to cirrhosis, hepatocellular carcinoma, and hepatic failure, and is a

serious public health problem [4]. The prevalence of NASH/NAFLD varies with gender and

age in humans, and in a study of 193 Japanese patients with biopsy-diagnosed NASH, male

gender was more prevalent among patients of 30–40 years of age, whereas female gender was

predominant among patients of> 50 years of age [5]. In accordance, a recent prospective

study using ultrasound analyses and liver biopsies showed that NAFLD was more frequent in

male than in female middle-aged patients [6].

Animal experiments using Pten knockout mice demonstrated that females have attenuated

hepatic steatosis, inflammation, and carcinogenicity compared with male mice [7]. However,

this model was based on modifications of genes that are involved in carcinogenesis. In con-

trast, female mice were reportedly more susceptible to NAFLD induced by 30% fructose [8],

and methionine-choline-deficient diet (MCDD)-induced steatohepatitis was comparable in

male and female mice [9]. Hence, although gender differences in the development of NAFLD/

NASH have been investigated in several animal studies, contrasting conclusions are reported.

Moreover, the mechanisms underlying gender-related differences in NAFLD/NASH remain

poorly understood, warranting development of an appropriate animal model for evaluating

gender differences in NASH/NAFLD and clarifying the related mechanisms.

Cholesterol contributed to NASH progression in humans [10, 11] and in animal models

[12–14]. In hepatocytes, cholesterol is catabolized into bile acids (BAs) [15], which may cause

hepatotoxicity and liver damage [16]. In addition, increasing BA levels were confirmed in liv-

ers from NASH patients [17] and in serum and liver samples from rats with NASH/NAFLD

[18, 19]. In a previous study, we established a fibrotic steatohepatitis model by feeding male

stroke-prone spontaneously hypertensive rats (SHRSP5/Dmcr) with a high-fat-cholesterol

(HFC) diet for 8 weeks, and demonstrated histopathological resemblance to human NASH

[13, 20]. We also showed that BAs and enzymes and promoters of BA kinetics play crucial

roles in hepatic inflammation and fibrogenesis in this rat model [21–23]. Therefore, this

model is likely appropriate for further investigations of the mechanisms behind gender differ-

ences in HFC-induced fibrotic steatohepatitis. Herein, we compared histopathological and

molecular characteristics of fibrotic steatohepatitis between female and male HFC diet fed

SHRSP5/Dmcr rats, and showed gender-specific responses of BA kinetics and nuclear receptor

expression levels.

Materials and methods

Animal and diets

All experiments were approved by the Committee for Ethics of Animal Experiments at the

Kinjo Gakuin University Animal Centre (Ethical approval code No. 10 and 27). Eighteen male

and fifty-three female 10-week-old SHRSP5/Dmcr rats were generated as described previously

[13] and were housed at 23˚C–25˚C with 55%–60% relative humidity and a 12-h light/12-h

dark cycle. Animals were assigned to 6 groups for each gender (males, n = 6/group and

females, n = 7–10/group). Subsequently, 3 treatment groups for each gender were fed an SP

(Stroke-prone) diet as controls, and the remaining 3 groups were fed a HFC diet for 2, 8, or 14

weeks. Contents of control and HFC diets were described in detail previously [23]. After 18–

20-h fasting, all rats were sacrificed under anesthesia using pentobarbital (70 mg/kg), and

blood and liver samples were taken. Part of the samples were fixed in 4% buffered paraformal-

dehyde for histological examinations, and the remaining liver samples were immediately

stored at −80˚C for subsequent analysis. Serum was collected after centrifuging blood samples

at 3,500× g for 10 min and was stored at −80˚C until analysis. In order to align the estrous

cycle, serum estradiol levels in female rats were measured by ASKA pharmaceutical Medical
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Co., LtD (Kawasaki, Japan). Liver and serum samples of the six male and six female rats with

the lowest estradiol levels were selected from each group, and were used in subsequent

experiments.

Histopathology

Histopathological changes were investigated in formalin-fixed liver tissues (4-μm sections)

using hematoxylin and eosin (H&E) staining, and necrotic areas were scored as described pre-

viously [23]. Modified Elastic Van Gieson (EVG) staining was performed using Sirius red to

evaluate fibrosis areas. Specimens were examined under a DM750 microscope (Leica, Wetzlar,

Germany). Fibrosis areas were evaluated using NIS-Elements software (Nikon instruments,

Tokyo, Japan) as described previously [18].

Biochemical assays of serum and liver extracts

Serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), γ-glutamyl trans-

peptidase (GGT), triglyceride (TG), and total cholesterol (TC) levels were determined by SRL.

Inc. (Tokyo, Japan). Serum TNF-α was measured using commercial kits (R&D Systems Inc.,

Minneapolis, MN). TG and TC levels in the livers were measured as described previously [13],

and all experiments were repeated at least two times.

UGT activity assays

UGT activity was determined using a UGT-GloTM Assay Kit (Promega, Madison, WI)

according to the manufacturer’s instructions with 0.2 mg of hepatic microsomes and 50 μl of

multienzyme substrates at 37˚C for 30 min.

Real-time quantitative polymerase chain reaction

Total RNA was isolated from whole livers using RNeasy Mini Kits (QIAGEN, Tokyo, Japan)

and quantitative real-time polymerase chain reaction (PCR) analyses were performed as

described previously [24] using an Applied Biosystems 7900HT Fast Real Time PCR System

(Thermo Fisher Scientific, Waltham, MA) and the primers listed in S1 Table. In these experi-

ments, mRNA expression levels were normalized to that of glyceraldehyde 3-phosphate dehy-
drogenase (Gapdh) using the ΔΔCT method.

Western blot analysis

Frozen liver tissues were homogenized in buffer containing 0.25-M sucrose and 10-mM phos-

phate (pH 7.4). Nuclear fractions were extracted from parts of frozen liver samples using Cel-

LyticTM NuCLEARTM Extraction Kits (Sigma-Aldrich Japan, Tokyo, Japan). Samples were

then subjected to 10% or 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis

and proteins were transferred to polyvinylidene difluoride membranes as described previously

[23]. Membranes were then incubated overnight at 4˚C with primary polyclonal antibodies

against alpha smooth muscle actin (α-SMA), cytochrome (CYP)7A1, CYP27A1 (Abcam plc,

Cambridge, UK), constitutive androstane receptor (CAR; GeneTex, Inc., Irvine, CA), bile salt

export pump (BSEP), CYP7B1, CYP8B1, farnesoid X receptor (FXR), pregnane X receptor

(PXR), small heterodimer partner (SHP), sulfotransferase (SULT)2A1, transforming growth

factor (TGF)-β1 (Santa Cruz Biotechnology, Santa Cruz, CA), or multidrug resistance-associ-

ated protein 3 (MRP3; Sigma-Aldrich Japan). GAPDH (Santa Cruz Biotechnology) and TATA

binding protein (TBP; Abcam plc) were used as loading controls for homogenates and nuclear
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fractions, respectively. Protein signals were detected using ECL Western Blotting Detection

Reagent (GE Healthcare, Buckinghamshire, UK).

Statistical analysis

Data are expressed as means ± standard deviations (SD). Group differences at the same time

points in males and females, and differences in fold changes following HFC vs. control diets

between males and females at each time point were identified using Student’s t-test. Nonpara-

metric data were normalized using logarithmic or square root transformations. All analyses

were performed using Statistical Package for the Social Sciences program version 21, and dif-

ferences were considered significant at probability (P) value < 0.05.

Results

Changes in body weight, liver weight, and liver/body weight ratios

HFC diet feeding decreased body weights compared to respective controls at all time points in

male rats, but decreased significantly only at 2 weeks in females (Table 1). Moreover, relative

to controls, fold changes in body weights of HFC-fed rats were significantly lower in males

than in females at 8 and 14 weeks. In contrast, the HFC diet increased liver weights in both

male and female rats, and when expressed relative to data from control diet-fed mice, fold

changes were comparable between female and male rats at all time points. However, although

the HFC diet increased liver weights relative to body weights in both males and females com-

pared with the control diet, fold increases in female rats were lower than in males at 8 weeks.

Thus, in response to HFC feeding, female rats exhibited a minor liver weight increase and

body weight decrease than male rats.

Gender differences in biochemical measurements of serum and liver

The present HFC diet significantly increased serum AST and ALT levels compared to respec-

tive controls in males and females at all time points except in females at 2 weeks (Table 1).

However, no gender differences in AST or ALT increases were observed. Serum γ-GTP levels

were only detected in serum from HFC diet-fed male and female rats at 8 and 14 weeks,

respectively, and no gender differences were identified. HFC feeding increased pro-inflamma-

tory TNF-α expression in both sexes except in females at 2 weeks, and these increases were sig-

nificantly greater in males than in females at 2 weeks. HFC diet suppressed serum estradiol

levels in females only at 2-week feeding.

The HFC diet did not increase serum TG levels in male rats but significantly increased

serum TG levels in females at all time points. In contrast, HFC diet feeding significantly

increased serum TC levels in male and female rats at all time points, although these increases

were significantly greater in female rats than in male rats at 2 and 8 weeks.

In liver tissues, TG and TC levels were increased by HFC feeding in both male and female

rats. However, whereas increases of TG levels in female rats were comparable to those in males,

increases in liver TC levels were significantly lower in females than in males at all time points.

Average serum estradiol levels in the six female rats with the lowest estradiol levels in each

group were significantly decreased by HFC feeding at 2 weeks, but not affected at 8 and 14

weeks.

Gender differences in HFC-induced histopathological changes

Histopathological examinations of H&E stained livers showed that the HFC diet induced liver

steatosis to a similar degree in male and female rats. Specifically, HFC feeding increased
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microvesicular steatosis at 2 weeks, and increased macrovesicular steatosis at 8 and 14 weeks

(Fig 1A). Perisinusoidal spaces around central veins (CV in Fig 1) were retained after 2-weeks

of HFC feeding in male and female rats; however, these spaces were smaller in males than in

females and disappeared after 8 and 14 weeks of HFC feeding due to hepatocyte enlargement

in both genders. Diet-induced lobular inflammation was almost the same in females as in

males, which was a similar phenomenon as observed in the serum markers ALT and AST. The

HFC diet also increased hepatocyte ballooning in both genders, but to a significantly smaller

degree in females, especially at 14 weeks. Mallory-Denk bodies were occasionally observed in

hepatocyte balloons from rats of both genders.

Necrosis and fibrosis were observed in the livers of male and female rats after HFC diet

feeding for 8 and 14 weeks, although these were prominently less advanced in female rats than

in male rats (Fig 1B and 1C). However, necrosis areas did not increase further in HFC-fed

Table 1. Body weight, liver weight, relative liver weight, levels of serum and liver lipids, serum liver function indices, and levels of cytokine.

Parameters 2 weeks 8 weeks 14 weeks

Male Female Male Female Male Female

Control HFC Control HFC Control HFC Control HFC Control HFC Control HFC

Body weight (g) 263 ± 19 242 ± 13�

(0.9)

15 5 ± 10 145 ± 6�

(0.9)

314 ± 20 268 ± 14�

(0.9)

179 ± 6 186 ± 8

(1.04)#

336 ± 22 277 ± 19�

(0.8)

196 ± 10 188 ± 15

(0.95)#

Liver weight (g) 7.3 ± 0.7 11.6 ± 3.8�

(1.6)

5.7 ± 0.4 9.0 ± 0.5�

(1.6)

8.3 ± 0.8 34.6 ± 3.8�

(4.2)

6.1 ± 0.6 22.5 ± 1.1�

(3.7)

9.3 ± 0.7 37.5 ± 4.9�

(4)

6.1 ± 0.2 26.7 ± 2.7�

(4.4)

Relative liver

weight (%)

2.8 ± 0.1 4.8 ± 1.5�

(1.7)

3.7 ± 0.1 6.2 ± 0.4�

(1.7)

2.6 ± 0.1 12.9 ± 1.2�

(4.9)

3.4 ± 0.3 12.1 ± 0.9�

(3.6)#

2.8 ± 0.1 13.5 ± 1.3�

(4.9)

3.1 ± 0.1 14.2 ± 0.8�

(4.6)

Serum

AST (IU/L) 121 ± 12 144 ± 11�

(1.2)

136 ± 37 169 ± 35

(1.2)

105 ± 10 545 ± 209�

(5.2)

122 ± 29 626 ± 233�

(5.1)

118 ± 21 1121 ± 320�

(9.5)

117 ± 26 874 ± 203�

(7.5)

ALT (IU/L) 47 ± 3.5 94 ± 15�

(2)

43 ± 5.2 76 ± 14�

(1.8)

52 ± 4.1 220 ± 66�

(4.3)

48 ± 15 213 ± 56�

(4.5)

50 ± 5.5 387 ± 87�

(7.7)

44 ± 5.5 462 ± 104�

(10.5)

γ-GTP (IU/L)‡ 1.5 ± 0 1.5 ± 0

(1.0)

1.5 ± 0 1.5 ± 0

(1.0)

1.5 ± 0 10.3 ± 2�

(6.9)

1.5 ± 0 5.9 ± 5.5

(3.9)

1.5 ± 0 13.8 ± 2.9�

(9.2)

1.5 ± 0 8.5 ± 7.1�

(5.7)

TNF-α (pg/ml)‡ 1.7 ± 1.8 7.2 ± 3.3�

(4.2)

2.5 ± 0 2 ± 0.7

(0.8)#

1.3 ± 1 13 ± 3.3�

(9.8)

2.5 ± 0 28 ± 6.3�

(9.5)

3 ± 1.5 16 ± 6.2�

(5.3)

2.5 ± 0 19 ± 9.5�

(7.6)

TC (mg/dl) 51 ± 1.6 129 ± 52�

(2.5)

65 ± 6 732 ± 196�

(11.4)#

61 ± 5 266 ± 157�

(4.3)

75 ± 7 882 ± 397�

(11.8)#

69 ± 3 1593 ± 884�

(23.2)

75 ± 6 1991 ± 904�

(26.6)

TG (mg/dl) 36 ± 13 41 ± 5.4

(1.1)

18 ± 4.6 80 ± 24�

(4.5)#

37 ± 9 29 ± 11

(0.76)

22 ± 6.7 122 ± 24�

(5.7)#

42 ± 7.7 79 ± 63 (1.9) 18 ± 7.7 424 ± 292�

(23)#

Estradiol (pg/ml) ND ND 12.3 ± 12.7 1.3 ± 1.5� ND ND 3.4 ± 3.8 0.8 ± 1.0 ND ND 9.6 ± 12.2 1.3 ± 0.4

Liver

Liver TC (mg/g

liver)

2.0 ± 0.4 115 ± 23�

(57)

2.7 ± 0.1 71 ± 14�

(26)#

2.0 ± 2.0 128 ± 11�

(64)

2.6 ± 0.1 127 ± 10�

(49)#

1.9 ± 0.2 166 ± 30�

(89)

2.3 ± 0.6 154 ± 27�

(67)#

Liver TG (mg/g

liver)

19 ± 3 56 ± 27�

(2.9)

13 ± 4 36 ± 13�

(2.8)

18 ± 5 36 ± 12�

(2)

16 ± 4 34 ± 6�

(2.1)

15 ± 3 28 ± 7� (1.9) 16 ± 3 25 ± 6� (1.5)

Data from male rats were previously presented [20, 21]. Values are expressed as means ± standard deviations and those in the parentheses are presented as mean fold

changes in the HFC group with respect to that in the control group.

� P < 0.05 vs. control

# P < 0.05 vs. male fold change of the HFC-fed group at the same time point

n = 6/group.

Limits of detection were 3.0 IU/L for γ-GTP and 5 pg/ml for TNF-α. Values below the detection limit are presented as 1.5 IU/L and 2.5 pg/ml, respectively.

Abbreviations: HFC, high-fat-cholesterol; TC, total cholesterol; TG, triglyceride, AST, aspartate aminotransferase; ALT, alanine aminotransferase; γ-GTP, γ-glutamyl

transpeptidase; TNF-α, tumor necrosis factor-α; ND, not determined.

https://doi.org/10.1371/journal.pone.0192863.t001
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Fig 1. Hepatic H&E and EVG staining, necrosis score, and fibrosis area in rats. Representative liver histology images of male and female

rats after 2, 8, and 14 weeks of high-fat-cholesterol (HFC) feeding; (A) hematoxylin and eosin (H&E) staining (magnification ×200); (B)

modified Elastic Van Gieson staining using Sirius red (magnification ×40); scale bar, 100 μm. Data are expressed as means ± standard

deviations (SD; n = 6/group). Values are presented as fold changes compared with respective controls; CV, central vein; (C) necrosis scores

and fibrosis areas (%), n = 6; �P< 0.05 vs. control; #P< 0.05 female vs. male HFC/control ratios.

https://doi.org/10.1371/journal.pone.0192863.g001
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male rats after 14 weeks but did increase further in females. In contrast with assessments of

severity, no gender differences were noted in fibrotic regions, and thick fibrotic regions were

mainly localized in peripheral areas, especially at the retroperitoneal side after 8 weeks of HFC

feeding. At 14 weeks, thick fibrotic regions had faded and honeycomb networks were struc-

tured with fibers, and nodules of differing sizes were observed in all microscope fields. There-

fore, to further investigate gender differences in the severity of fibrosis, we analyzed indices of

fibrogenesis.

Gender differences in fibrogenic indices

Previous studies showed that HFC feeding significantly induces the hepatic profibrogenic pro-

teins TGF-β1 and α-SMA in SHRSP5/Dmcr male rats [25]. Herein, the HFC diet increased

hepatic TGF-β1 and α-SMA protein expression levels in males at 8 and 14 weeks, but only

increased in female rats at 14 weeks (Fig 2A). The increased expression levels were significantly

greater in males than in females, except α-SMA at 14 weeks. In accordance, Tgf-β1and α-Sma
mRNA expression was induced by HFC feeding to comparable levels in males and females

throughout the study, although fold increases of α-SMA mRNA were smaller in female rats

than in male rats at 14 weeks (Fig 2B).

Among fibrogenesis related genes, platelet-derived growth factor-receptor β (Pdgfβr) has

been associated with fibrogenesis and with angiogenesis and tumorigenesis [26], Moreover, α-
1 type I collagen (Col1α1) and matrix metallopeptidase–2 (Mmp-2) are reportedly involved in

fibrogenesis and the degradation of collagen fibers, respectively, and tissue inhibitor of metallo-
proteinase-1 (Timp-1) is a known inhibitor of MMPs [27]. Liver Tgf-β1and Timp-1 mRNA

constitutive expression levels were greater in male than in female rats. In addition, HFC feed-

ing significantly increased Col1α1, Mmp-2, Pdgfβr, and Timp-1 mRNA expression in both gen-

ders. However, with the exception of Timp-1 mRNA, these increases were less in female rats

than in males, especially at 14 weeks.

Gender differences in BA kinetic elements

Previous studies showed that BA synthesis, export, and transformation are dysregulated in

HFC-fed male rats [21], and these process have been associated with HFC-induced fibrogen-

esis [22]. HFC feeding significantly increased CYP7A1 protein levels at 8 and 14 weeks but

decreased CYP8B1 (data not shown) protein expression in male and female rats at all time

points in comparison with their respective controls (Fig 3). In the alternative BA synthesis

pathway, the HFC diet tended to increase CYP27A1 expression in female rats at 8 and 14

weeks, but tended to decrease expression levels of this protein in males at 8 weeks and signifi-

cantly decreased these at 14 weeks. Hence, the expression of this enzyme was significantly

higher in HFC-fed females than in males at 8 and 14 weeks compared with respective controls.

In contrast, the HFC diet increased CYP7B1 protein levels in both females and males at all

experimental periods except in male rats at 2 weeks, although the ensuing increments were

significantly lower in females than in males at 8 weeks. BSEP translocates bile salts into can-

alicular spaces [28]. Compared with respective controls, HFC feeding suppressed protein

expression of BSEP in livers of female and male rats at all time points, but this suppression was

greater in male rats at 2 and 8 weeks. Expression levels of the basolateral transporter MRP3

were induced by HFC diet feeding in both males and females (data not shown), whereas UGT

activity was unchanged in female rats and was significantly suppressed in males after HFC

feeding. Finally, SULT2A1 protein levels were significantly induced by HFC feeding in female

rats at 8 and 14 weeks, but were suppressed in male HFC-fed rats.
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Fig 2. Hepatic fibrosis markers in rats. Representative Western blotting images of the fibrosis-related proteins TGF-β1 and α-

SMA (A), and real-time quantitative PCR analyses (B) of genes involved in fibrosis progression, including those encoding TGF-β1

and α-SMA. Data are expressed as means ± SD (n = 6/group). Data in the parentheses are presented as fold changes compared

Bile acid detoxifying enzymes played an important role in bringing relief of liver fibrosis in female rats
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It was noted that the constitutive expression of hepatic Cyp7a1 mRNA in female rats at 2

and 8 weeks greater than that of male rats. HFC feeding significantly increased the expression

of hepatic Cyp7a1 mRNA at 2 weeks in female rats and at 8 weeks in males compared with

respective controls, and the fold increase in males was significantly greater than that in

females, regardless of no sex difference in the protein elevations (Fig 4). This discrepancy in

with respective controls. GAPDH was used as a loading control; �P< 0.05 vs. control; #P< 0.05 female vs. male HFC/control

ratios; ‡ P< 0.05 vs. male control. TGF-β1, transforming growth factor β1; α-SMA, alpha smooth muscle actin; GAPDH,

glyceraldehyde 3-phosphate dehydrogenase; Col1α1, α-1 type I collagen; Mmp-2, matrix metallopeptidase-2; Pdgfβr, platelet-

derived growth factor β receptor; Timp-1, tissue inhibitors of metalloproteinases-1.

https://doi.org/10.1371/journal.pone.0192863.g002

Fig 3. Hepatic BA-related protein markers in rats. Western blot images of proteins involved in BA synthesis,

excretion, and detoxification, including CYP7A1, CYP27A1, CYP7B1, BSEP, SULT2A1, and UGT. Substrate

consumption (%) by UGT enzymes over 30 min; data are expressed as means ± SD (n = 6/group) and those in the

parentheses are presented as fold changes compared with respective controls; �P< 0.05 vs. control; #P< 0.05, fold

differences between HFC and control diets in female and male rats; ‡ P< 0.05 vs. male control; BSEP, bile salt export

pump; CYP7A1, cholesterol 7a-hydroxylase; CYP27A1, sterol 27-hydroxylase; CYP7B1, oxysterol 7a-hydroxylase;

HFC, high fat-cholesterol; SULT2A1, sulfotransferase 2A1; UGT, UDP-glucuronosyltransferase.

https://doi.org/10.1371/journal.pone.0192863.g003
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the effect of HFC diet between Cyp7a1 mRNA and the protein was also reported earlier [18].

However, HFC feeding suppressed hepatic Cyp8b1 mRNA levels in rats of both sexes at all

time points, and decreases in Cyp8b1 levels were much lower in female than in male rats at 8

and 14 weeks (data not shown). Cyp27a1 mRNA levels were significantly suppressed by HFC

feeding in male and female rats at 14 weeks. However, this suppression was less pronounced in

female than in male rats at 14 weeks. Moreover, HFC-fed female rats had higher Cyp7b1
mRNA levels than control diet-fed rats throughout the study. In contrast, male HFC-fed rats

had lower mRNA levels than corresponding controls at 14 weeks, and significantly higher

Cyp7b1 mRNA expression levels than females at 8 and 14 weeks. Expression levels of Bsep
mRNA were significantly increased in female HFC-fed rats at 2 weeks, but were significantly

decreased in males at 8 and 14 weeks, and to a lesser extent in females at 14 weeks. Finally,

HFC diet-mediated increases in Mrp3 mRNA levels were significantly greater in females than

males at 8 weeks (data not shown).

In mRNA expression analyses of Ugt and Sult isoforms in the liver, no gender differences

were identified among control animals, whereas expression levels of Sult1a1, 1c2, and 2a1
mRNAs differed significantly between males and females. Specifically, female rats had greater

expression of Sult2a1 than male rats, and the opposite differences were observed for the other

two Sult isoforms. HFC feeding time-dependently suppressed Ugt1a1, 1a3, 1a6, and 2b4
mRNA levels in male and female rats, although degrees of suppression were significantly less

in females than in males, except for that of isoform 1a3. HFC feeding inhibited Sult2a1 and 1c2
mRNAs throughout the study in both gender groups, but decreases in female rats were not as

pronounced as in male rats. HFC feeding also suppressed Sult1a1 mRNA expression in male

rats, but did not have this effect in females at any of the tested time points. In contrast, HFC-

mediated decreases in liver Sult1c2 and 2a1 expression levels were less in females than in

males.

Gender differences in nuclear receptor expression

Nuclear receptors play pivotal regulatory roles in hepatic lipid metabolism and contribute to

BA homeostasis, and to the development of steatosis and inflammation [29]. Sexual dimor-

phisms of nuclear receptors have been shown in previous studies [30]. Thus, we determined

expression levels of nuclear receptors that regulate bile acid synthesis and detoxification in the

present groups of animals. HFC feeding significantly downregulated FXR protein expression

in male rats at 8 and 14 weeks, but it decreased in female rats only at 8 weeks (Fig 5A). At the

mRNA level, HFC feeding downregulated Fxr expression in both male and female rats,

although these decreases were less in females than in males (Fig 5B). HFC-diet feeding signifi-

cantly downregulated protein expression of the FXR target SHP at 14 weeks in females and at

all time points in male rats, and these decreases were significantly less in females than males.

Moreover, HFC feeding slightly increased Shp mRNA levels in male rats at 2 weeks and signifi-

cantly decreased them thereafter. In contrast, HFC feeding significantly increased Shp mRNA

expression in female rats at 2 weeks. PXR protein expression levels were significantly downre-

gulated in male HFC-fed rats at 8 and 14 weeks, but tended to be upregulated in HFC-fed

females at all time points. However, the HFC diet suppressed Pxr mRNA levels in both male

and female rats throughout the study. Compared with control rats, HFC feeding tended to

Fig 4. Hepatic BA-related mRNA markers in rats. mRNA expression of molecules involved in BA synthesis, transport, and

metabolism, including Cyp7a1,Cyp27a1, Cyp7b1, Bsep, and Sult2a1; data are expressed as means ± SD (n = 6/group) and those

in the parentheses are presented as fold changes compared with respective controls; �P< 0.05 vs. Control; #P< 0.05 fold

changes between female and male; ‡ P< 0.05 vs. male control.

https://doi.org/10.1371/journal.pone.0192863.g004
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Fig 5. Hepatic nuclear receptors in rats. Nuclear regulators of BA homeostasis; (A) Hepatic protein levels of FXR and its target

genes encoding SHP, PXR, and CAR were determined using Western blotting. (B) Real-time quantitative PCR of Fxr, Shp, Pxr,
and Car mRNA; data are expressed as means ± SD (n = 6/group). Data in the parentheses are presented as fold changes

compared with respective controls. TBP was used as a loading control in nuclear fraction; #P< 0.05 female vs. male HFC/control

ratios; ‡ P< 0.05 vs. male control. CAR, constitutive androstane receptor; FXR, farnesoid X receptor; PXR, pregnane X receptor;

SHP, small heterodimer partner; TBP, TATA binding protein.

https://doi.org/10.1371/journal.pone.0192863.g005
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increase CAR protein levels in female rats at 2 weeks and did not influence these thereafter,

whereas CAR protein expression was significantly decreased in livers of male HFC-fed rats at 2

and 14 weeks. Accordingly, Car mRNA levels were similar between control and HFC-fed

female rats but were significantly lower in HFC-fed male rats than in control male rats at 8 and

14 weeks.

Discussion

In our previous studies of the pathogenetic mechanisms behind fibrotic steatohepatitis in male

SHRSP5/Dmcr rats we showed that HFC feeding leads to cholesterol accumulation in the

liver. Consequent alterations in BA metabolism and liver accumulation of toxic BAs such as

chenodeoxycholate (CDCA) [19, 22] contributed to HFC diet-induced liver damage and espe-

cially fibrosis [22]. The present histological and biological analyses indicated that HFC feeding

also induces fibrotic steatohepatitis in SHRSP5/Dmcr female rats. However, female rats were

clearly less susceptible to HFC diet-induced liver injury compared with males, especially in

terms of fibrotic changes. These observations were supported by changes in the expression of

the fibrogenesis markers TGF-β1, α-SMA, Col1α1, and Mmp-2. Hence, the present gender dif-

ferences may reflect differing responses of drug-metabolizing enzymes (UGT and SULT) that

detoxify toxic BAs, and their nuclear receptors (PXR and CAR). Similarly, our data suggest

that FXR and SHP are important contributors to gender differences.

The prevalence of NAFLD is higher in men than in premenopausal women, and increases

in women immediately after menopause [31–33]. Hence, estradiol is likely protective against

the progression of human NAFLD/NASH. In this study, we subjected 10-week-old female rats

to a HFC-diet and monitored the resulting liver damage from 12 to 24-weeks of age. Rats are

mature at these ages, which correspond with menopausal ages in humans. Therefore, HFC-fed

SHRSP5/Dmcr rats closely resemble NASH/NAFLD and offer a useful animal model for stud-

ies of gender differences in HFC-induced liver damage. HFC-diet feeding significantly

decreased serum estradiol levels in female rats at only 2 weeks; however, the levels in HFC-fed

female rats were still over 100-fold higher compared with those of adult control males [34],

indicating that this sex hormone is a pivotal mediator of gender differences in HFC-induced

fibrotic steatohepatitis.

In addition to differences in levels of the female sex hormone, nuclear receptor-regulated

liver metabolic pathways for detoxification of toxic BAs, BA synthesis [35], and hepatic regula-

tion of cholesterol homeostasis [36] are reported contributors to sexual differences [30]. In

general, nuclear receptors play pivotal roles in gender-specific metabolic pathways, including

those that influence liver function in animal models of health and disease. Accordingly, female

mammals are less vulnerable to liver injury due to comparatively robust nuclear receptor net-

works [30]. Hence, sex differences in fibrogenesis of HFC diet-fed SHRSP5/Dmcr rats might

be associated with sensitivities of detoxification enzymes in the liver. In particular, mRNA lev-

els of the UGTs Ugt1a1, Ugt1a6, and Ugt2b4, SULT2A1 protein and mRNA, and Sult1a1 and

1c2 mRNA levels, were resistant to the effects of the HFC diet in female SHRSP5/Dmcr rats

compared with those in male rats. Similarly, the nuclear receptors CAR and PXR were regu-

lated in a similar fashion. Hence, as shown in SHRSP and SHESP5/Dmcr male rats [18], these

data suggest the importance of phase II reactions of drug-metabolizing enzymes in NASH/

NAFLD progression and differing sensitivities to HFC feeding. UGT and SULT are involved

in detoxification of toxic BAs such as CDCA and glyco-formed BAs [37, 38], and whereas

Ugt1a1 contributes to bilirubin metabolism, Ugt1a3, Ugt2b4, and Ugt2b7 metabolize BA

(24-OH), BA (6-OH), and BA (3-OH), respectively, [39–41]. With the exceptions of Ugt1a3
and 2b7, the present HFC diet had smaller effects on UGT isoforms in female rats at early
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stages, and although the roles of Ugt1a6 in BA metabolism remain unknown, this isoform was

relatively unaffected by HFC feeding in females. CAR and PXR protein expression levels were

resistant to HFC feeding in female SHRSP5/Dmcr rats, whereas time-dependent decreases

were observed in male HFC-fed rats. Consistent with the influence of these receptors on target

Sult genes, HFC feeding significantly induced the expression of SULT2A1 protein, despite sig-

nificantly suppressing mRNA expression levels. HFC feeding also decreased both mRNA and

protein expression levels of SULT2A1 in male rats, and had smaller effects on Sult1a1 and 1c2
mRNA levels in females than in males. These data suggest that estradiol stabilizes CAR and

PXR proteins and the ensuing expression levels of the target genes for UGT and SULT [30],

which accelerate toxic bile acid detoxification and protect against hepatic fibrogenesis. This

means that HFC feeding comprised the redox function of hepatocytes in males, but had no

similar effect in females. Accordingly, HFC-induced fibrogenesis markers Col1α1 and Pdgfβr
were transcribed at lower levels in females than in males. Collectively, these observations sug-

gest that as estradiol levels decrease in women after menopause, and the prevalence of NASH/

NAFLD suddenly increases due to cessation of estradiol-mediated protective effects. In agree-

ment, estradiol was reportedly protective against CCl4-induced liver fibrosis in rats [42]. How-

ever, further studies are required to clarify the related mechanisms.

Alnouti et al. [15] showed that gender-specific SULT2A1 activity and expression reflected

stimulatory effects of estrogens and suppressive effects of androgens and male growth hor-

mones. Similarly, Sult2a1 mRNA levels were at least 6-fold higher in female livers than in male

livers [43, 44], and were 4-fold higher in female than male SHRSP5/Dmcr rats, although no

differences in the protein expression were observed. In contrast, Sult1a1 and 1c2 expression

levels were higher in male than female SHRSP5/Dmcr rats, suggesting that gender differences

in SULT expression vary between isoforms. It is well known that UGT and SULT are regulated

by CAR and PXR, and constitutive expression of CAR protein and mRNA were lower in livers

from female SHRSP5/Dmcr rats than in their male counterparts. However, no gender differ-

ences in PXR protein and gene expressions levels were observed, although hepatic CAR levels

were reportedly higher in women than men [45]. Therefore, the available expression data for

these two nuclear receptors and estrogen are insufficient to fully explain the constitutive

expression of SULT isoforms, and further investigations are needed.

BAs are produced via catalytic actions of CYP enzymes such as CYP7A1, CYP27A1,

CYP8B1, and CYP7B1 [22], and are detoxified by the protein products of UGT1A3, UGT2B7,

UGT2B4 [40], and SULT2A1 [46]. No gender differences were observed in the expression of

BA producing enzymes except for CYP27A1 and CYP7B1, or in expression levels of cellular

BA exporters such as MRP3 after HFC-diet feeding. However, lower suppression of CYP27A1

and BSEP, and higher induction of CYP7B1 were observed in females compared with males,

suggesting that HFC-diet feeding produces higher concentrations of BAs in females than in

males, whereas excretion and detoxification activities are stronger in females. These kinetic

differences may reflect gender differences in the accumulation of toxic BA, with greater BA

accumulation in males than in females. Accordingly, gender differences in BA synthesis might

contribute to NASH development, and to fibrogenesis in HFC diet-fed SHRSP5/Dmcr rats.

Physiologically, no gender differences in serum and hepatic TC are likely in adult rats,

although TC levels were reportedly limited by 3-hydroxy 3-methylgultaryl coenzyme A reduc-

tase in livers of females [36]. Despite the reported relationship between this enzyme and estro-

gen expression levels, no gender differences in TC or TG levels were observed in serum and

liver samples from SHRSP5/Dmcr rats fed the control diet. However, gender differences in

serum and hepatic TC levels and serum TG levels were significant at all observed points except

at 14 weeks in serum TC levels among HFC-fed rats. HFC diet-feeding increased serum TC

levels more in female rats than in male rats, and increased liver TC levels more in female than
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in male HFC-fed rats. Because excess cholesterol is ultimately catabolized to BAs in the livers

of female SHRSP5/Dmcr, lower liver TC levels were expected in females. However, serum TC

levels were significantly higher in HFC diet-fed female rats than in male rats. Moreover, HFC

feeding increased serum TG levels more in female rats than in male rats, although no gender

differences were observed in liver TG responses to HFC feeding. Thus, future studies are

required to investigate lipid homeostasis after HFC-diet feeding to further characterize the

effects on pathways of TC and TG homeostasis.

FXR is highly expressed in the liver, and CDCA and other BAs are natural ligands for this

receptor [47]. One of the primarily roles of FXR activation is to downregulate CYP7A1 via

SHP, and subsequently to moderate BA accumulation [48]. In agreement, FXR activation sup-

pressed the development of liver fibrosis [49]. Moreover, in the present male rats, FXR and

SHP were downregulated by HFC feeding, and induced CYP7A1. In contrast, these receptors

were not downregulated in female HFC-fed rats, and CYP7A1 was adversely induced. Few

published studies report sexually dimorphic sensitivities of FXR and SHR expression to HFC

feeding. However, the present experiments showed reduced sensitivity of mRNA and protein

expression levels to HFC-diet feeding in female rats compared with male rats. In contrast,

CYP7A1 protein expression was not dimorphic, although Cyp7a1 mRNA induction was lower

in female than in male rats after 8 weeks of HFC-diet feeding. These observations warrant fur-

ther studies to determine whether estrogen influences Fxr and Shr mRNA and protein expres-

sions. Swanson et al. [50] showed that the intestinal FXR/FGF15 pathway was critical for

suppressing the expression of Cyp7a1 and Cyp8b1 genes, whereas the liver FXR/SHP pathway

was important for suppressing Cyp8b1 gene expression and played a minor role in suppressing

Cyp7a1 gene expression in mice. Because the influences of HFC-diet feeding on the expression

of both Cyp genes are dimorphic, investigations of the intestinal FXR/FGF15 pathway may

provide clear indications of gender differences.

Considering the increasing risk of NASH in women after menopause, higher levels of

serum feritin might be involved, because the levels were reported to be higher in women before

menopause [51]. Elevations in serum ferritin and iron are common in NASH [52], which

induced hepatic inflammations due to oxidative stress [53]. However, we could not investigate

the iron metabolism as well as HFC affect on female rats after menopuse in this study, further

investigations are warranted.

Conclusion

In conclusion, similar to gender differences in human NASH/NAFLD, HFC-diet feeding gen-

der-dependently induced liver damage in SHRSP/5Dmcr rats. The present data suggest that

comparative female resistance to liver damage and fibrosis reflects stronger detoxification of

toxic endogenous substances derived from HFC-diet feeding. Specifically, the hepatic recep-

tors CAR and PXR and their target BA detoxification genes Ugt and Sult were slightly

decreased in female HFC-fed rats, but were strongly decreased in male rats under these

conditions.
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S1 Table. List of primer sequences for real-time quantitative PCR. Gapdh, glyceraldehyde

3-phoshate dehydrogenase; Tgf-β1, transforming growth factor-β1; αSma, α-smooth muscle

actin; Col1a1, α-1 type I collagen; Mmp2, matrix metallopeptidase-2; Pdgfβr, platelet-derived

growth factor receptor β; Timp1, tissue inhibitor of metalloproteinase -1; Cyp, cytochrome

P450 enzymes; Bsep, bile salt export pump; Ugt, UDP-glucuronosyltransferase; Sult, sulfo-

transferase; Fxr, farnesoid X receptor; Shp, small heterodimer partner; Pxr, pregnane X

Bile acid detoxifying enzymes played an important role in bringing relief of liver fibrosis in female rats

PLOS ONE | https://doi.org/10.1371/journal.pone.0192863 February 13, 2018 15 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192863.s001
https://doi.org/10.1371/journal.pone.0192863


receptor; Car, constitutive androstane receptor.

(DOCX)

Author Contributions

Conceptualization: Tamie Nakajima.

Formal analysis: Husna Yetti, Hisao Naito, Xiaofang Jia, Yumi Hayashi.

Funding acquisition: Hisao Naito.

Investigation: Husna Yetti, Hisao Naito, Xiaofang Jia, Yumi Hayashi, Hazuki Tamada, Kazuya

Kitamori.

Project administration: Tamie Nakajima.

Resources: Kazuya Kitamori, Katsumi Ikeda, Yukio Yamori.

Supervision: Katsumi Ikeda, Yukio Yamori, Tamie Nakajima.

Validation: Husna Yetti, Hisao Naito, Yuan Yuan, Xiaofang Jia, Yumi Hayashi, Tamie

Nakajima.

Writing – original draft: Husna Yetti, Hisao Naito, Tamie Nakajima.

Writing – review & editing: Husna Yetti, Hisao Naito, Yuan Yuan, Xiaofang Jia, Tamie

Nakajima.

References

1. Das K, Mukherjee PS, Ghosh A, Ghosh S, Mridha AR, Dhibar T, et al. Nonobese population in a devel-

oping country has a high prevalence of nonalcoholic fatty liver and significant liver disease. Hepatology.

2010; 51(5):1593–602. Epub 2010/03/12. https://doi.org/10.1002/hep.23567 PMID: 20222092.

2. Farrell GC, Chitturi S, Lau GK, Sollano JD. Guidelines for the assessment and management of non-

alcoholic fatty liver disease in the Asia-Pacific region: executive summary. J Gastroenterol Hepatol.

2007; 22(6):775–7. Epub 2007/06/15. JGH5002 [pii] https://doi.org/10.1111/j.1440-1746.2007.05002.x

PMID: 17565629.

3. Neuschwander-Tetri BA, Caldwell SH. Nonalcoholic steatohepatitis: summary of an AASLD Single

Topic Conference. Hepatology. 2003; 37(5):1202–19. Epub 2003/04/30. https://doi.org/10.1053/jhep.

2003.50193 PMID: 12717402.

4. Erickson SK. Nonalcoholic fatty liver disease. J Lipid Res. 2009; 50 Suppl:S412–6. Epub 2008/12/17.

R800089-JLR200 [pii] https://doi.org/10.1194/jlr.R800089-JLR200 PMID: 19074370; PubMed Central

PMCID: PMC2674744.

5. Yatsuji S, Hashimoto E, Tobari M, Tokushige K, Shiratori K. Influence of age and gender in Japanese

patients with non-alcoholic steatohepatitis. Hepatol Res. 2007; 37(12):1034–43. Epub 2007/07/06.

HEP156 [pii] https://doi.org/10.1111/j.1872-034X.2007.00156.x PMID: 17610504.

6. Williams CD, Stengel J, Asike MI, Torres DM, Shaw J, Contreras M, et al. Prevalence of nonalcoholic

fatty liver disease and nonalcoholic steatohepatitis among a largely middle-aged population utilizing

ultrasound and liver biopsy: a prospective study. Gastroenterology. 2011; 140(1):124–31. Epub 2010/

09/23. S0016-5085(10)01416-2 [pii] https://doi.org/10.1053/j.gastro.2010.09.038 PMID: 20858492.

7. Anezaki Y, Ohshima S, Ishii H, Kinoshita N, Dohmen T, Kataoka E, et al. Sex difference in the liver of

hepatocyte-specific Pten-deficient mice: A model of nonalcoholic steatohepatitis. Hepatol Res. 2009;

39(6):609–18. https://doi.org/10.1111/j.1872-034X.2009.00494.x PMID: 19527485.

8. Spruss A, Henkel J, Kanuri G, Blank D, Puschel GP, Bischoff SC, et al. Female mice are more suscepti-

ble to nonalcoholic fatty liver disease: sex-specific regulation of the hepatic AMP-activated protein

kinase-plasminogen activator inhibitor 1 cascade, but not the hepatic endotoxin response. Mol Med.

2012; 18:1346–55. https://doi.org/10.2119/molmed.2012.00223 PMID: 22952059; PubMed Central

PMCID: PMCPMC3521787.

9. Kashireddy PR, Rao MS. Sex differences in choline-deficient diet-induced steatohepatitis in mice. Exp

Biol Med (Maywood). 2004; 229(2):158–62. PMID: 14734794.

Bile acid detoxifying enzymes played an important role in bringing relief of liver fibrosis in female rats

PLOS ONE | https://doi.org/10.1371/journal.pone.0192863 February 13, 2018 16 / 19

https://doi.org/10.1002/hep.23567
http://www.ncbi.nlm.nih.gov/pubmed/20222092
https://doi.org/10.1111/j.1440-1746.2007.05002.x
http://www.ncbi.nlm.nih.gov/pubmed/17565629
https://doi.org/10.1053/jhep.2003.50193
https://doi.org/10.1053/jhep.2003.50193
http://www.ncbi.nlm.nih.gov/pubmed/12717402
https://doi.org/10.1194/jlr.R800089-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/19074370
https://doi.org/10.1111/j.1872-034X.2007.00156.x
http://www.ncbi.nlm.nih.gov/pubmed/17610504
https://doi.org/10.1053/j.gastro.2010.09.038
http://www.ncbi.nlm.nih.gov/pubmed/20858492
https://doi.org/10.1111/j.1872-034X.2009.00494.x
http://www.ncbi.nlm.nih.gov/pubmed/19527485
https://doi.org/10.2119/molmed.2012.00223
http://www.ncbi.nlm.nih.gov/pubmed/22952059
http://www.ncbi.nlm.nih.gov/pubmed/14734794
https://doi.org/10.1371/journal.pone.0192863


10. Enjoji M, Yasutake K, Kohjima M, Nakamuta M. Nutrition and nonalcoholic Fatty liver disease: the signif-

icance of cholesterol. Int J Hepatol. 2012; 2012:925807. https://doi.org/10.1155/2012/925807 PMID:

22550592; PubMed Central PMCID: PMCPMC3328950.

11. Musso G, Gambino R, Cassader M. Cholesterol metabolism and the pathogenesis of non-alcoholic

steatohepatitis. Prog Lipid Res. 2013; 52(1):175–91. https://doi.org/10.1016/j.plipres.2012.11.002

PMID: 23206728.

12. Comhair TM, Garcia Caraballo SC, Dejong CH, Lamers WH, Kohler SE. Dietary cholesterol, female

gender and n-3 fatty acid deficiency are more important factors in the development of non-alcoholic

fatty liver disease than the saturation index of the fat. Nutr Metab (Lond). 2011; 8:4. https://doi.org/10.

1186/1743-7075-8-4 PMID: 21261989; PubMed Central PMCID: PMCPMC3045875.

13. Kitamori K, Naito H, Tamada H, Kobayashi M, Miyazawa D, Yasui Y, et al. Development of novel rat

model for high-fat and high-cholesterol diet-induced steatohepatitis and severe fibrosis progression in

SHRSP5/Dmcr. Environ Health Prev Med. 2012; 17(3):173–82. Epub 2011/08/20. https://doi.org/10.

1007/s12199-011-0235-9 PMID: 21853259; PubMed Central PMCID: PMC3348249.

14. Wouters K, van Bilsen M, van Gorp PJ, Bieghs V, Lutjohann D, Kerksiek A, et al. Intrahepatic choles-

terol influences progression, inhibition and reversal of non-alcoholic steatohepatitis in hyperlipidemic

mice. FEBS Lett. 2010; 584(5):1001–5. https://doi.org/10.1016/j.febslet.2010.01.046 PMID: 20114046.

15. Alnouti Y. Bile Acid sulfation: a pathway of bile acid elimination and detoxification. Toxicol Sci. 2009;

108(2):225–46. https://doi.org/10.1093/toxsci/kfn268 PMID: 19131563.

16. Perez MJ, Briz O. Bile-acid-induced cell injury and protection. World J Gastroenterol. 2009; 15

(14):1677–89. https://doi.org/10.3748/wjg.15.1677 PMID: 19360911; PubMed Central PMCID:

PMCPMC2668773.

17. Aranha MM, Cortez-Pinto H, Costa A, da Silva IB, Camilo ME, de Moura MC, et al. Bile acid levels are

increased in the liver of patients with steatohepatitis. Eur J Gastroenterol Hepatol. 2008; 20(6):519–25.

https://doi.org/10.1097/MEG.0b013e3282f4710a PMID: 18467911.

18. Naito H, Jia X, Yetti H, Yanagiba Y, Tamada H, Kitamori K, et al. Importance of detoxifying enzymes in

differentiating fibrotic development between SHRSP5/Dmcr and SHRSP rats. Environ Health Prev

Med. 2016; 21(5):368–81. https://doi.org/10.1007/s12199-016-0539-x PMID: 27209494; PubMed Cen-

tral PMCID: PMCPMC5305991.

19. Suzuki Y, Kaneko R, Nomura M, Naito H, Kitamori K, Nakajima T, et al. Simple and rapid quantitation of

21 bile acids in rat serum and liver by UPLC-MS-MS: effect of high fat diet on glycine conjugates of rat

bile acids. Nagoya J Med Sci. 2013; 75(1–2):57–71. Epub 2013/04/03. PMID: 23544269.

20. Jia X, Naito H, Yetti H, Tamada H, Kitamori K, Hayashi Y, et al. The modulation of hepatic adenosine tri-

phosphate and inflammation by eicosapentaenoic acid during severe fibrotic progression in the

SHRSP5/Dmcr rat model. Life Sci. 2012; 90(23–24):934–43. Epub 2012/05/10. S0024-3205(12)00219-

6 [pii] https://doi.org/10.1016/j.lfs.2012.04.029 PMID: 22569299.

21. Jia X, Naito H, Yetti H, Tamada H, Kitamori K, Hayashi Y, et al. Dysregulated bile acid synthesis, metab-

olism and excretion in a high fat-cholesterol diet-induced fibrotic steatohepatitis in rats. Dig Dis Sci.

2013; 58(8):2212–22. Epub 2013/07/05. https://doi.org/10.1007/s10620-013-2747-1 PMID: 23824403;

PubMed Central PMCID: PMC3731517.

22. Jia X, Suzuki Y, Naito H, Yetti H, Kitamori K, Hayashi Y, et al. A possible role of chenodeoxycholic acid

and glycine-conjugated bile acids in fibrotic steatohepatitis in a dietary rat model. Dig Dis Sci. 2014; 59

(7):1490–501. Epub 2014/01/23. https://doi.org/10.1007/s10620-014-3028-3 PMID: 24448653.

23. Yetti H, Naito H, Jia X, Shindo M, Taki H, Tamada H, et al. High-fat-cholesterol diet mainly induced necrosis

in fibrotic steatohepatitis rat by suppressing caspase activity. Life Sci. 2013; 93(18–19):673–80. Epub

2013/09/28. S0024-3205(13)00536-5 [pii] https://doi.org/10.1016/j.lfs.2013.09.013 PMID: 24071521.

24. Tamada H, Naito H, Kitamori K, Hayashi Y, Yamagishi N, Kato M, et al. Efficacy of Dietary Lipid Control

in Healing High-Fat and High-Cholesterol Diet-Induced Fibrotic Steatohepatitis in Rats. PLoS One.

2016; 11(1):e0145939. https://doi.org/10.1371/journal.pone.0145939 PMID: 26727365; PubMed Cen-

tral PMCID: PMCPMC4699821.

25. Moriya T, Kitamori K, Naito H, Yanagiba Y, Ito Y, Yamagishi N, et al. Simultaneous changes in high-fat

and high-cholesterol diet-induced steatohepatitis and severe fibrosis and those underlying molecular

mechanisms in novel SHRSP5/Dmcr rat. Environ Health Prev Med. 2012; 17(6):444–56. Epub 2012/

03/13. https://doi.org/10.1007/s12199-012-0273-y PMID: 22407906; PubMed Central PMCID:

PMC3493629.

26. Heldin CH. Targeting the PDGF signaling pathway in tumor treatment. Cell Commun Signal. 2013; 11:97.

https://doi.org/10.1186/1478-811X-11-97 PMID: 24359404; PubMed Central PMCID: PMCPMC3878225.

27. Hemmann S, Graf J, Roderfeld M, Roeb E. Expression of MMPs and TIMPs in liver fibrosis—a system-

atic review with special emphasis on anti-fibrotic strategies. J Hepatol. 2007; 46(5):955–75. https://doi.

org/10.1016/j.jhep.2007.02.003 PMID: 17383048.

Bile acid detoxifying enzymes played an important role in bringing relief of liver fibrosis in female rats

PLOS ONE | https://doi.org/10.1371/journal.pone.0192863 February 13, 2018 17 / 19

https://doi.org/10.1155/2012/925807
http://www.ncbi.nlm.nih.gov/pubmed/22550592
https://doi.org/10.1016/j.plipres.2012.11.002
http://www.ncbi.nlm.nih.gov/pubmed/23206728
https://doi.org/10.1186/1743-7075-8-4
https://doi.org/10.1186/1743-7075-8-4
http://www.ncbi.nlm.nih.gov/pubmed/21261989
https://doi.org/10.1007/s12199-011-0235-9
https://doi.org/10.1007/s12199-011-0235-9
http://www.ncbi.nlm.nih.gov/pubmed/21853259
https://doi.org/10.1016/j.febslet.2010.01.046
http://www.ncbi.nlm.nih.gov/pubmed/20114046
https://doi.org/10.1093/toxsci/kfn268
http://www.ncbi.nlm.nih.gov/pubmed/19131563
https://doi.org/10.3748/wjg.15.1677
http://www.ncbi.nlm.nih.gov/pubmed/19360911
https://doi.org/10.1097/MEG.0b013e3282f4710a
http://www.ncbi.nlm.nih.gov/pubmed/18467911
https://doi.org/10.1007/s12199-016-0539-x
http://www.ncbi.nlm.nih.gov/pubmed/27209494
http://www.ncbi.nlm.nih.gov/pubmed/23544269
https://doi.org/10.1016/j.lfs.2012.04.029
http://www.ncbi.nlm.nih.gov/pubmed/22569299
https://doi.org/10.1007/s10620-013-2747-1
http://www.ncbi.nlm.nih.gov/pubmed/23824403
https://doi.org/10.1007/s10620-014-3028-3
http://www.ncbi.nlm.nih.gov/pubmed/24448653
https://doi.org/10.1016/j.lfs.2013.09.013
http://www.ncbi.nlm.nih.gov/pubmed/24071521
https://doi.org/10.1371/journal.pone.0145939
http://www.ncbi.nlm.nih.gov/pubmed/26727365
https://doi.org/10.1007/s12199-012-0273-y
http://www.ncbi.nlm.nih.gov/pubmed/22407906
https://doi.org/10.1186/1478-811X-11-97
http://www.ncbi.nlm.nih.gov/pubmed/24359404
https://doi.org/10.1016/j.jhep.2007.02.003
https://doi.org/10.1016/j.jhep.2007.02.003
http://www.ncbi.nlm.nih.gov/pubmed/17383048
https://doi.org/10.1371/journal.pone.0192863


28. Byrne JA, Strautnieks SS, Mieli-Vergani G, Higgins CF, Linton KJ, Thompson RJ. The human bile salt

export pump: characterization of substrate specificity and identification of inhibitors. Gastroenterology.

2002; 123(5):1649–58. PMID: 12404239.

29. Arrese M, Karpen SJ. Nuclear receptors, inflammation, and liver disease: insights for cholestatic and

fatty liver diseases. Clin Pharmacol Ther. 2010; 87(4):473–8. https://doi.org/10.1038/clpt.2010.2 PMID:

20200515; PubMed Central PMCID: PMCPMC4120751.

30. Rando G, Wahli W. Sex differences in nuclear receptor-regulated liver metabolic pathways. Biochim

Biophys Acta. 2011; 1812(8):964–73. https://doi.org/10.1016/j.bbadis.2010.12.023 PMID: 21211563.

31. Kojima S, Watanabe N, Numata M, Ogawa T, Matsuzaki S. Increase in the prevalence of fatty liver in

Japan over the past 12 years: analysis of clinical background. J Gastroenterol. 2003; 38(10):954–61.

Epub 2003/11/14. https://doi.org/10.1007/s00535-003-1178-8 PMID: 14614602.

32. Lovejoy JC, Sainsbury A, Stock Conference Working G. Sex differences in obesity and the regulation of

energy homeostasis. Obes Rev. 2009; 10(2):154–67. https://doi.org/10.1111/j.1467-789X.2008.00529.

x PMID: 19021872.

33. Suzuki A, Abdelmalek MF. Nonalcoholic fatty liver disease in women. Womens Health (Lond). 2009; 5

(2):191–203. https://doi.org/10.2217/17455057.5.2.191 PMID: 19245356.

34. Farrell GC, Koltai A, Murray M. Source of raised serum estrogens in male rats with portal bypass. J Clin

Invest. 1988; 81(1):221–8. https://doi.org/10.1172/JCI113299 PMID: 3335638; PubMed Central

PMCID: PMCPMC442497.

35. Galman C, Angelin B, Rudling M. Pronounced variation in bile acid synthesis in humans is related to

gender, hypertriglyceridaemia and circulating levels of fibroblast growth factor 19. J Intern Med. 2011;

270(6):580–8. https://doi.org/10.1111/j.1365-2796.2011.02466.x PMID: 22003820.

36. De Marinis E, Martini C, Trentalance A, Pallottini V. Sex differences in hepatic regulation of cholesterol

homeostasis. J Endocrinol. 2008; 198(3):635–43. https://doi.org/10.1677/JOE-08-0242 PMID:

18603607.

37. Uppal H, Toma D, Saini SP, Ren S, Jones TJ, Xie W. Combined loss of orphan receptors PXR and

CAR heightens sensitivity to toxic bile acids in mice. Hepatology. 2005; 41(1):168–76. https://doi.org/

10.1002/hep.20512 PMID: 15619241.

38. Zhang J, Huang W, Qatanani M, Evans RM, Moore DD. The constitutive androstane receptor and preg-

nane X receptor function coordinately to prevent bile acid-induced hepatotoxicity. J Biol Chem. 2004;

279(47):49517–22. https://doi.org/10.1074/jbc.M409041200 PMID: 15358766.

39. Barbier O, Trottier J, Kaeding J, Caron P, Verreault M. Lipid-activated transcription factors control bile

acid glucuronidation. Mol Cell Biochem. 2009; 326(1–2):3–8. https://doi.org/10.1007/s11010-008-0001-

5 PMID: 19130183.

40. Bock KW. Functions and transcriptional regulation of adult human hepatic UDP-glucuronosyl-transfer-

ases (UGTs): mechanisms responsible for interindividual variation of UGT levels. Biochem Pharmacol.

2010; 80(6):771–7. Epub 2010/05/12. S0006-2952(10)00335-7 [pii] https://doi.org/10.1016/j.bcp.2010.

04.034 PMID: 20457141.

41. Trottier J, Verreault M, Grepper S, Monte D, Belanger J, Kaeding J, et al. Human UDP-glucuronosyl-

transferase (UGT)1A3 enzyme conjugates chenodeoxycholic acid in the liver. Hepatology. 2006; 44

(5):1158–70. Epub 2006/10/24. https://doi.org/10.1002/hep.21362 PMID: 17058234.

42. Xu JW, Gong J, Chang XM, Luo JY, Dong L, Hao ZM, et al. Estrogen reduces CCL4- induced liver fibro-

sis in rats. World J Gastroenterol. 2002; 8(5):883–7. https://doi.org/10.3748/wjg.v8.i5.883 PMID:

12378635; PubMed Central PMCID: PMCPMC4656580.

43. Dunn RT, 2nd, Klaassen CD. Tissue-specific expression of rat sulfotransferase messenger RNAs. Drug

Metab Dispos. 1998; 26(6):598–604. PMID: 9616198.

44. Runge-Morris M, Wilusz J. Age and gender-related gene expression of hydroxysteroid sulfotransfer-

ase-a in rat liver. Biochem Biophys Res Commun. 1991; 175(3):1051–6. PMID: 1709009.

45. Lamba V, Lamba J, Yasuda K, Strom S, Davila J, Hancock ML, et al. Hepatic CYP2B6 expression: gen-

der and ethnic differences and relationship to CYP2B6 genotype and CAR (constitutive androstane

receptor) expression. J Pharmacol Exp Ther. 2003; 307(3):906–22. https://doi.org/10.1124/jpet.103.

054866 PMID: 14551287.

46. Wagner M, Halilbasic E, Marschall HU, Zollner G, Fickert P, Langner C, et al. CAR and PXR agonists

stimulate hepatic bile acid and bilirubin detoxification and elimination pathways in mice. Hepatology.

2005; 42(2):420–30. Epub 2005/06/30. https://doi.org/10.1002/hep.20784 PMID: 15986414.

47. Li G, LG G. Farnesoid X receptor, the bile acid sensing nuclear receptor, in liver regeneration. Acta

Pharm Sin B. 2015; 5(2):93–8. https://doi.org/10.1016/j.apsb.2015.01.005 PMID: 26579433; PubMed

Central PMCID: PMCPMC4629218.

Bile acid detoxifying enzymes played an important role in bringing relief of liver fibrosis in female rats

PLOS ONE | https://doi.org/10.1371/journal.pone.0192863 February 13, 2018 18 / 19

http://www.ncbi.nlm.nih.gov/pubmed/12404239
https://doi.org/10.1038/clpt.2010.2
http://www.ncbi.nlm.nih.gov/pubmed/20200515
https://doi.org/10.1016/j.bbadis.2010.12.023
http://www.ncbi.nlm.nih.gov/pubmed/21211563
https://doi.org/10.1007/s00535-003-1178-8
http://www.ncbi.nlm.nih.gov/pubmed/14614602
https://doi.org/10.1111/j.1467-789X.2008.00529.x
https://doi.org/10.1111/j.1467-789X.2008.00529.x
http://www.ncbi.nlm.nih.gov/pubmed/19021872
https://doi.org/10.2217/17455057.5.2.191
http://www.ncbi.nlm.nih.gov/pubmed/19245356
https://doi.org/10.1172/JCI113299
http://www.ncbi.nlm.nih.gov/pubmed/3335638
https://doi.org/10.1111/j.1365-2796.2011.02466.x
http://www.ncbi.nlm.nih.gov/pubmed/22003820
https://doi.org/10.1677/JOE-08-0242
http://www.ncbi.nlm.nih.gov/pubmed/18603607
https://doi.org/10.1002/hep.20512
https://doi.org/10.1002/hep.20512
http://www.ncbi.nlm.nih.gov/pubmed/15619241
https://doi.org/10.1074/jbc.M409041200
http://www.ncbi.nlm.nih.gov/pubmed/15358766
https://doi.org/10.1007/s11010-008-0001-5
https://doi.org/10.1007/s11010-008-0001-5
http://www.ncbi.nlm.nih.gov/pubmed/19130183
https://doi.org/10.1016/j.bcp.2010.04.034
https://doi.org/10.1016/j.bcp.2010.04.034
http://www.ncbi.nlm.nih.gov/pubmed/20457141
https://doi.org/10.1002/hep.21362
http://www.ncbi.nlm.nih.gov/pubmed/17058234
https://doi.org/10.3748/wjg.v8.i5.883
http://www.ncbi.nlm.nih.gov/pubmed/12378635
http://www.ncbi.nlm.nih.gov/pubmed/9616198
http://www.ncbi.nlm.nih.gov/pubmed/1709009
https://doi.org/10.1124/jpet.103.054866
https://doi.org/10.1124/jpet.103.054866
http://www.ncbi.nlm.nih.gov/pubmed/14551287
https://doi.org/10.1002/hep.20784
http://www.ncbi.nlm.nih.gov/pubmed/15986414
https://doi.org/10.1016/j.apsb.2015.01.005
http://www.ncbi.nlm.nih.gov/pubmed/26579433
https://doi.org/10.1371/journal.pone.0192863


48. Lopez-Velazquez JA, Carrillo-Cordova LD, Chavez-Tapia NC, Uribe M, Mendez-Sanchez N. Nuclear

receptors in nonalcoholic Fatty liver disease. J Lipids. 2012; 2012:139875. https://doi.org/10.1155/

2012/139875 PMID: 22187655; PubMed Central PMCID: PMCPMC3236492.

49. Fiorucci S, Antonelli E, Rizzo G, Renga B, Mencarelli A, Riccardi L, et al. The nuclear receptor SHP

mediates inhibition of hepatic stellate cells by FXR and protects against liver fibrosis. Gastroenterology.

2004; 127(5):1497–512. PMID: 15521018.

50. Swanson HI, Wada T, Xie W, Renga B, Zampella A, Distrutti E, et al. Role of nuclear receptors in lipid

dysfunction and obesity-related diseases. Drug Metab Dispos. 2013; 41(1):1–11. https://doi.org/10.

1124/dmd.112.048694 PMID: 23043185; PubMed Central PMCID: PMCPMC3533426.

51. Shimizu I, Kohno N, Tamaki K, Shono M, Huang HW, He JH, et al. Female hepatology: favorable role of

estrogen in chronic liver disease with hepatitis B virus infection. World J Gastroenterol. 2007; 13

(32):4295–305. https://doi.org/10.3748/wjg.v13.i32.4295 PMID: 17708600; PubMed Central PMCID:

PMCPMC4250853.

52. Bonkovsky HL, Jawaid Q, Tortorelli K, LeClair P, Cobb J, Lambrecht RW, et al. Non-alcoholic steatohe-

patitis and iron: increased prevalence of mutations of the HFE gene in non-alcoholic steatohepatitis. J

Hepatol. 1999; 31(3):421–9. PMID: 10488699.

53. Kowdley KV, Belt P, Wilson LA, Yeh MM, Neuschwander-Tetri BA, Chalasani N, et al. Serum ferritin is

an independent predictor of histologic severity and advanced fibrosis in patients with nonalcoholic fatty

liver disease. Hepatology. 2012; 55(1):77–85. https://doi.org/10.1002/hep.24706 PMID: 21953442;

PubMed Central PMCID: PMCPMC3245347.

Bile acid detoxifying enzymes played an important role in bringing relief of liver fibrosis in female rats

PLOS ONE | https://doi.org/10.1371/journal.pone.0192863 February 13, 2018 19 / 19

https://doi.org/10.1155/2012/139875
https://doi.org/10.1155/2012/139875
http://www.ncbi.nlm.nih.gov/pubmed/22187655
http://www.ncbi.nlm.nih.gov/pubmed/15521018
https://doi.org/10.1124/dmd.112.048694
https://doi.org/10.1124/dmd.112.048694
http://www.ncbi.nlm.nih.gov/pubmed/23043185
https://doi.org/10.3748/wjg.v13.i32.4295
http://www.ncbi.nlm.nih.gov/pubmed/17708600
http://www.ncbi.nlm.nih.gov/pubmed/10488699
https://doi.org/10.1002/hep.24706
http://www.ncbi.nlm.nih.gov/pubmed/21953442
https://doi.org/10.1371/journal.pone.0192863

