
Contents lists available at ScienceDirect

Pathology - Research and Practice

journal homepage: www.elsevier.com/locate/prp

Dietary fat, cholesterol, and cholic acid affect the histopathologic severity of
nonalcoholic steatohepatitis in Sprague-Dawley rats
Ayumi Fukudaa, Marin Sasaob, Eri Asakawab, Sumire Naritab, Mei Hisanob, Kazuhito Surugaa,b,
Mayuko Ichimurac, Koichi Tsuneyamac, Kazunari Tanakaa,b, Katsuhisa Omagaria,b,⁎

a Division of Nutrition Science, Graduate School of Human Health Science, University of Nagasaki, Nagayo-cho, Nagasaki, 851-2195, Japan
bDepartment of Nutrition, Faculty of Nursing and Nutrition, University of Nagasaki, Nagayo-cho, Nagasaki, 851-2195, Japan
c Department of Pathology and Laboratory Medicine, Tokushima University Graduate School of Biomedical Sciences, Tokushima-city, Tokushima, 770-8503, Japan

A R T I C L E I N F O

Keywords:
Nonalcoholic steatohepatitis
Animal model
High-fat high-cholesterol diet
Cholic acid
Hepatic fibrosis

A B S T R A C T

Understanding of the pathogenesis of nonalcoholic steatohepatitis (NASH)-associated fibrosis has been hampered
by the lack of a comprehensive and physiological small animal model of NASH with fibrosis. Feeding a high-fat and
high-cholesterol (HFC) diet supplemented with cholic acid to rats is known to replicate human NASH pathology,
and it induces fibrosis earlier than with an HFC diet alone. In the present study, physiological and histopathological
observations from 65 Sprague-Dawley (SD) rats fed an HFC diet with or without cholic acid for 9 or 18 weeks in
our laboratory between January 2013 and February 2018 were retrospectively reviewed. The liver weight/body
weight ratio at the end of the rearing period was higher in rats fed an HFC diet than in rats fed a normal diet in a
cholesterol dose-, cholic acid dose-, or rearing period dependent manner. Dietary fat, cholesterol and/or cholic acid
and rearing period affected the histopathologic severity of NASH. Overall, 56 (86.2%) of 65 SD rats fed an HFC diet
for 9 or 18 weeks developed histopathologically proven NASH. It is noted that the SD rats fed an HFC diet sup-
plemented with 2% (w/w) cholic acid for 18 weeks frequently developed advanced fibrosis, including cirrhosis.
Thus, this diet-induced NASH rat model is likely to be a highly reproducible.

1. Introduction

Non-alcoholic fatty liver disease (NAFLD), which is increasing in pre-
valence worldwide, is strongly associated with metabolic syndrome, in-
cluding obesity and type 2 diabetes. NAFLD is a spectrum of liver disorders
that includes nonalcoholic fatty liver (NAFL) and nonalcoholic steatohepa-
titis (NASH). NASH is a potentially progressive liver disease that can lead to
cirrhosis [1], and liver fibrosis is the most important predictor of mortality
due to NAFLD [2]. However, the mechanisms involved in the progression to
fibrosis remain largely unknown, but there is growing evidence that dietary
cholesterol intake and the consequent increase in hepatic cholesterol are
critical factors in the development of hepatic steatosis and fibrosis [3–7].

Understanding of the pathogenesis of NASH-associated fibrosis has
been hampered by the lack of a comprehensive and physiological small
animal model of NASH with fibrosis [8,9]. We recently reported that the
administration of a high-fat and high-cholesterol (HFC) diet to Sprague-
Dawley (SD) rats induced NASH with advanced fibrosis within the rela-
tively short period of 9 or 18 weeks [10,11]. In our model, cholic acid, one
of the primary bile acids, was supplemented to the HFC diet in order to

promote the absorption of excessive amounts of cholesterol because rats
do not have a gallbladder and therefore lack the ability to concentrate bile.
Although the mechanism of the development of NASH in our model has
not been fully elucidated, this HFC diet increased the total cholesterol (TC)
levels in liver, and suppressed the mRNA expressions of microsomal tri-
glyceride (TG) transfer protein which is a rate-limiting lipid transfer pro-
tein involved in the synthesis and excretion of very-low-density lipoprotein
from the liver, adenosine triphosphate binding cassette transporter G5
which facilitates cholesterol efflux across the bile canalicular membrane,
bile acid CoA: amino acid N-acyltransferase which conjugates bile acid to
taurine or glycine, and bile salt export pump; it also suppressed the en-
zymatic activity of carnitine palmitoyltransferase which is a rate-limiting
fatty acid transporter involved in β-oxidation [10,11].

In the present study, to confirm the overall incidence of NASH and the
influence of dietary fat, cholesterol, cholic acid and rearing period on the
histopathological findings of NASH, we conducted a retrospective review
of the experimental results of 65 SD rats fed an HFC diet (1.25% or 2.5%
cholesterol, w/w) with or without (0%, 0.1%, 0.5% or 2%, w/w) cholic
acid in our laboratory between January 2013 and February 2018.
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2. Methods

2.1. Animals and experimental design

We retrospectively reviewed the experimental results of 97 SD rats fed
a normal rodent diet (MF; Oriental Yeast, Tokyo, Japan) or HFC diet in our
laboratory between January 2013 and February 2018. All rats (8-week-old
male SD rats) were purchased from Japan SLC Inc. (Hamamatsu, Japan).
The rats were housed individually and were maintained at 22–24 °C with
50–60% relative humidity and a 12-h dark/light cycle. After one week of
acclimation with a normal rodent diet (MF; Oriental Yeast) and water ad
libitum, the rats were fed one of the following six diets: MF diet (for-
mulated to provide adequate growth of rats), high-fat and high-cholesterol
(1.25%, w/w) diet without cholic acid (HFC1.25-0 diet), high-fat and
high-cholesterol (1.25%, w/w) diet supplemented with 0.1% (w/w) cholic
acid (HFC1.25-0.1 diet), high-fat and high-cholesterol (1.25%, w/w) diet
supplemented with 0.5% (w/w) cholic acid (HFC1.25-0.5 diet), high-fat
and high-cholesterol (1.25%, w/w) diet supplemented with 2% (w/w)
cholic acid (HFC1.25-2 diet), or high-fat and high-cholesterol (2.5%, w/w)
diet supplemented with 2% (w/w) cholic acid (HFC2.5-2 diet). Proximate
dietary composition of each diet is shown in Table 1.

Allocation of the 97 SD rats into the 9 diet and feeding period groups was
as follows in the present study: Control-9 group (n=27), fed a MF diet for 9
weeks; A group (n=5), fed an HFC1.25-0 diet for 9 weeks; B group (n=5),
fed an HFC1.25-0.1 diet for 9 weeks; C group (n=24), fed an HFC1.25-0.5
diet for 9 weeks; D group (n=10), fed an HFC1.25-2 diet for 9 weeks; E
group (n=9), fed an HFC2.5-2 diet for 9 weeks; Control-18 group (n=5),
fed a MF diet for 18 weeks; F group (n=6), fed an HFC1.25-2 diet for 18
weeks; and G group (n=6), fed an HFC2.5-2 diet for 18 weeks.

The rats in all groups had free access to food and water, and daily
energy intake and body weight were monitored throughout the study. At
18 or 27 weeks of age, the rats were fasted for 8 h and killed under an-
esthesia with pentobarbital sodium. The epididymal fat pad and liver were
removed, washed in cold saline, and weighed. Liver tissue portions were
fixed in 10% neutral buffered formalin for histopathological examination.

All procedures performed on the animals were approved by the
Animal Use Committee of University of Nagasaki, and the animals were
maintained in accordance with the guidelines for the care and use of
laboratory animals, University of Nagasaki.

2.2. Serum biochemical analysis

Serum levels of aspartate aminotransferase (AST) and alanine ami-
notransferase (ALT) were determined using Transaminase C II test
Wako (Wako Pure Chemical Industries, Osaka, Japan).

2.3. Hepatic lipid analysis

Hepatic lipids were extracted from frozen liver by the method of
Folch et al.[12] . The extracts were dissolved in isopropanol and ana-
lyzed for TG and TC using Triglyceride E test Wako and Cholesterol E
test Wako (Wako Pure Chemical Industries), respectively.

2.4. Histopathological assessment of the liver

After fixation in neutral buffered formalin, the liver tissues were em-
bedded in paraffin, sectioned, and stained with Azan, as well as hema-
toxylin and eosin. All histopathological examinations were performed by a
pathologist (K. Tsuneyama) who was blinded to the experimental design
and sample identity. Histological findings from the liver were scored using
the NASH Clinical Research Network Scoring System based on the fol-
lowing four semi-quantitative factors: steatosis (0–3), lobular inflamma-
tion (0–3), hepatocyte ballooning (0–2), and fibrosis (0–4). The NAFLD
activity score (NAS) was taken as the unweighted sum of the scores for
steatosis, lobular inflammation, and hepatocyte ballooning. For the diag-
nosis of steatohepatitis, NAS scores ≥5 and ≤2 were considered to be
diagnostic and not diagnostic, respectively [13]. Liver fibrosis (0–4) was
also assessed according to this system. Fibrosis scores were further clas-
sified as follows: score 0.5 was indicated a scores between 0 and 1; score
1.5 indicated a scores between 1 and 2; score 2.5 indicated a scores be-
tween 2 and 3, and score 3.5 indicated a scores between 3 and 4.

2.5. Statistical analysis

All values were expressed as mean ± standard error (SE).
Differences between groups were tested for statistical significance using
one-way analysis of variance (ANOVA), followed by Scheffe’s post hoc
test, chi-square test, or Fisher’s exact probability test. All analyses were
performed using IBM SPSS statistics software, version 24 (IBM,
Chicago, IL, USA) on a computer with a Windows operating system. A p-
value of less than 0.05 was considered to indicate a statistically sig-
nificant difference.

3. Results

3.1. Body weight gain and cumulative energy intake during the rearing
period

Compared to the Control-9 group, the body weight gain in the 9-
week study was significantly higher in the A and B groups (p=0.005
and p=0.003, respectively) and significantly lower in the E group
(p < 0.001). The body weight gain was also significantly higher in the

Table 1
Proximate dietary compositions.

Ingredient/Diet Control (MF*) HFC1.25-0 HFC1.25-0.1 HFC1.25-0.5 HFC1.25-2 HFC2.5-2

Water (g) 79.0 55.3 55.2 54.9 53.7 53.7
Crude protein (g) 231.0 161.7 161.5 160.5 157.1 157.1
Crude lipid (g) 51.0 35.7 35.6 35.4 34.7 34.7
Crude ash (g) 58.0 40.6 40.5 40.3 39.4 39.4
Crude fiber (g) 28.0 19.6 19.6 19.5 19.0 19.0
Nitrogen free extract (g) 553.0 387.1 386.5 384.3 376.0 376.0
Palm oil (g) 0.0 287.5 287.5 287.5 287.5 275.0
Cholesterol (g) 0.0 12.5 12.5 12.5 12.5 25.0
Sodium cholate (g) 0.0 0.0 1.0 5.0 20.0 20.0
Total (g) 1000.0 1000.0 1000.0 1000.0 1000.0 1000.0
Protein energy ratio (%) 25.70 12.67 12.66 12.63 12.49 12.77
Lipid energy ratio (%) 12.77 56.99 57.02 57.15 57.62 56.65
Carbohydrate energy ratio (%) 61.53 30.34 30.32 30.23 29.89 30.57
Energy (kcal/1000g) 3595.0 5104.0 5100.4 5086.0 5032.1 4919.6

HFC, high-fat and high-cholesterol diet.
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A and B group than the D and E group, respectively (p < 0.001 each)
and higher in the C group than the E group (p < 0.001). The body
weight gain during the 18-week study was not significantly different
among the Control-18, F and G groups (Fig. 1A). The cumulative energy
intake in the 9-week study was significantly higher in the A, B, C and D
groups than the Control-9 group, respectively (p < 0.001, p=0.001,
p=0.001, and p= 0.001). This energy intake was also significantly
higher in the A, B, C and D than the E group, respectively (p < 0.001
each). The cumulative energy intake in the 18-week study was not
significantly different among the Control-18, F and G groups (Fig. 1B).

3.2. Liver weight/body weight ratio and epididymal fat pad weight/body
weight ratio

Compared to the Control-9 group, the liver weight/body weight
ratio at 18 weeks of age was significantly higher in the A, B, C, D and E
group, respectively (p=0.020, p < 0.001, p < 0.001, p < 0.001
and p < 0.001). This ratio was also significantly higher in the D group
than the A, B and C group, respectively (p < 0.001, p=0.002 and
p < 0.001), and was significantly higher in the E group than the A, B
and C group, respectively (p < 0.001 each). The liver weight/body

Fig. 1. The body weight gain during the rearing period (A), cumulative energy intake during the rearing period (B), liver/body weight (C), epididymal fat pad/body
weight (D), serum aspartate aminotransferase (AST) level (E), serum alanine aminotransferase (ALT) level (F), hepatic triglyceride (TG) concentration (G), and
hepatic total cholesterol (TC) concentration (H) in each group. Serum AST and ALT in Control-18, F and G groups were not tested. abcd Values not sharing the same
lowercase letter are significantly different among groups (P < 0.05). *Dietary cholesterol or cholic acid concentration.
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weight ratio at 27 weeks of age was significantly higher in the F and G
group than the Control-18 group, respectively (p < 0.001 each,
Fig. 1C). The epididymal fat pad weight/body weight ratio at 18 weeks
of age was significantly higher in the A group (p < 0.001), and lower
in the D and E group, respectively (p < 0.001 each) than the Control-9
group. This ratio was also significantly higher in the A, B and C group
than the D and E group, respectively (p < 0.001 each). The epididymal
fat pad weight/body weight ratio at 27 weeks of age was significantly
higher in the Control-18 group than the F and G group, respectively
(p < 0.001 each, Fig. 1D).

3.3. Serum levels of AST and ALT

Compared to the Control-9 group, the serum AST level at 18 weeks
of age was significantly higher in the B, C, D and E group, respectively
(p= <0.001, p=0.002, p < 0.001, p < 0.001 and p=0.002). This
AST level was also significantly higher in the D group than the C group
(p=0.032, Fig. 1E). The serum ALT level at 18 weeks of age was sig-
nificantly higher in the A, B, C and D group than the Control-9 group,
respectively (p=0.002, p < 0.001, p < 0.001 and p < 0.001). This
ALT level was also significantly higher in the B and D group than the E
group, respectively (p=0.035 and p < 0.001), and in the D group
than the C group (p= 0.016, Fig. 1F). The serum AST and ALT levels
were not tested in the Control-18, F and G groups.

3.4. Hepatic TG and TC concentrations

The hepatic TG concentration at 18 weeks of age was significantly
higher in the C group than the Control-9, A, B, D and E group, respec-
tively (p < 0.001, p < 0.001, p < 0.001, p=0.032 and p < 0.001).
This TG concentration was also significantly higher in the D group than
the Control-9, A and B group, respectively (p=0.001, p=0.006 and
p=0.003), and in the E group than the A and B group, respectively
(p=0.047 and p=0.026). The hepatic TG concentration at 27 weeks of
age was significantly higher in the F group than the Control-18 group
(p=0.012, Fig. 1G). The hepatic TC concentration at 18 weeks of age
was significantly higher in the D group than the Control-9, A, B and C
group, respectively (p < 0.001, p < 0.001, p < 0.001 and p=0.012).
This TC concentration was also significantly higher in the E group than
the Control-9, A and B group, respectively (p < 0.001 each), and in the
C group than the Control-9 and B group, respectively (p < 0.001 and
p=0.020). The hepatic TC concentration at 27 weeks of age was sig-
nificantly higher in the F and G group than the Control-18 group, re-
spectively (p < 0.001 each, Fig. 1H).

3.5. Histopathological findings of the liver

Fig. 2 shows representative histopathological findings in the liver
according to the NASH Clinical Research Network Scoring System [13],
and histopathological assessment of the liver in each group according to
the above scoring system is shown in Table 2. Hepatic steatosis was not
observed in 31 (96.9%) of 32 rats in the Control-9 and Control-18 groups,
but it was observed in all 65 rats of the A, B, C, D, E, F and G groups. In
the A group, all 5 rats had moderate steatosis (score 2). In the B, C and D
group, severe steatosis (score 3) was seen in 3 (60%) of 5 rats, 23
(95.8%) of 24 rats, and 9 (90%) of 10 rats, respectively. In the E, F and G
groups, all 21 rats had severe steatosis (score 3). Lobular inflammation
was not observed in any of the 32 rats in the Control-9 and Control-18
groups, but it was observed in all 65 rats in the A, B, C, D, E, F and G
groups. In the A group, mild (score 1) and moderate (score 2) lobular
inflammation was seen in 3 (60%) and 2 (40%) of 5 rats, respectively. In
the B, C, D and E group, severe lobular inflammation (score 3) was seen
in 2 (40%) of 5 rats, 5 (20.8%) of 24 rats, 4 (40%) of 10 rats, and 3
(33.3%) of 9 rats, respectively. In the F and G groups, severe lobular
inflammation (score 3) was seen in all 12 rats. Hepatocyte ballooning
was not observed in any of the 10 rats in the A and B groups, nor in any

of the 32 rats in the Control-9 and Control-18 groups. In the C group, 5
(20.8%) of 24 rats had a few ballooning hepatocytes (score 1). In the D,
E, F and G group, many ballooning hepatocytes (score 2) were seen in 4
(40%) of 10 rats, 5 (55.6%) of 9 rats, 6 (100%) of 6 rats, and 6 (100%) of
6 rats, respectively (Fig. 3). According to the NASH Clinical Research
Network Scoring System [13], all 32 rats in the Control-9 and Control-18
groups had a NAS of 0 or 1, indicating “not diagnostic of NASH”. In the A
group, all 5 rats had a NAS of 3 or 4, representing a “borderline” diag-
nosis. In the B and C group, 3 (60%) of 5 rats and 22 (91.7%) of 24 rats
had a NAS of ≥5, representing “NASH”, respectively. In the D, E, F and G
groups, all 31 rats had a NAS of ≥5, representing “NASH”. Overall, 56
(86.2%) of 65 rats fed an HFC diet developed NASH. Hepatic fibrosis was
not observed in all 5 rats in the A group and 4 (80%) of 5 rats in the B
group, as well as in all 32 rats in the Control-9 and Control-18 groups. In
the C, D, E, F and G group, score 3.5 or 4 fibrosis was seen in none of 24
rats, 3 (30%) of 10 rats, 3 (33.3%) of 9 rats, 5 (83.3%) of 6 rats, and 6
(100%) of 6 rats, respectively. It is noted that 2 (33.3%) of 6 rats in the F
group and 5 (83.3%) of 6 rats in the G group showed score 4 fibrosis,
indicating cirrhosis [11].

3.6. Effects of dietary cholesterol consumption

To assess the effects of dietary cholesterol consumption, data were
compared between the D group (fed an HFC1.25-2 diet for 9 weeks) and
the E group (fed an HFC2.5-2 diet for 9 weeks), and between the F
group (fed an HFC1.25-2 diet for 18 weeks) and the G group (fed an
HFC2.5-2 diet for 18 weeks). The high cholesterol diet significantly
reduced the cumulative energy intake of rats during the rearing period
and the serum ALT level at 18 weeks of age in the 9-week study;
however, the body weight gain during the rearing period in both the 9-
and 18-week studies, the liver/body weight and epididymal fat pad/
body weight ratios, and the serum AST, serum ALT, hepatic TG, and
hepatic TC levels at both 18 and 27 weeks of age were not significantly
affected by the dietary cholesterol consumption (Fig. 1). Histopatho-
logically, hepatic steatosis, lobular inflammation, hepatocyte bal-
looning, NAS score and hepatic fibrosis were not significantly affected
by the dietary cholesterol consumption (Table 2).

3.7. Effects of dietary cholic acid consumption

To assess the effects of dietary cholic acid consumption, data among
the A group (fed an HFC1.25-0 diet for 9 weeks), B group (fed an
HFC1.25-0.1 diet for 9 weeks), C group (fed an HFC1.25-0.5 diet for 9
weeks) and D group (fed an HFC1.25-2 diet for 9 weeks) were compared.
The high cholic acid diet significantly reduced the body weight gain of
rats during the rearing period and the epididymal fat pad/body weight
ratio at 18 weeks of age; it also significantly increased the liver/body
weight ratio and the hepatic TG and TC concentrations at 18 weeks of
age (Fig. 1). Histopathologically, the scores of hepatic steatosis
(p < 0.001), lobular inflammation (p=0.043), hepatocyte ballooning
(p=0.003), NAS (p < 0.001) and hepatic fibrosis (p < 0.001) were
significantly increased by the dietary cholic acid consumption (Table 2).

4. Discussion

A diet enriched in fat and cholesterol is well known to cause hepatic
steatosis and inflammation in animal models. The development of fibrosis,
the hallmark that differentiates progressive NASH from NAFL, is probably
caused not only by dietary cholesterol, but also by the interaction between
dietary cholesterol and dietary fat [5,6,7,9]. A cholic acid-supplemented
HFC diet, or atherogenic diet, is also known to replicate human NASH
pathology and to induce early fibrosis when compared to a diet supple-
mented with only high fat and cholesterol [8,14,15]. In the present study,
the liver weight/body weight ratio was higher in rats fed an HFC diet than
in rats fed a normal diet in a cholesterol dose-, cholic acid dose-, or rearing
period-dependent manner (Fig. 1C).
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SD rats were found to be more sensitive than mice to a high-fat and
high-cholesterol diet [8]. Previously, we reported that SD rats fed an
HFC diet supplemented with cholic acid developed hepatic features of
NASH and progressed to cirrhosis within 9–18 weeks, but they lacked
obesity and insulin resistance [9–11]. In the present study, the body
weight gain during the rearing period and the epididymal fat pad
weight/body weight ratio at 18 weeks of age were decreased in the C, D

and E groups in a cholic acid dose-dependent manner. At 27 weeks of
age, these two parameters were also lower in the F and G groups than
the Control-18 group, whereas the cumulative energy intake during the
rearing period did not differ among the three groups (Fig. 1A, B and D).
The mechanism underlying these results has not been elucidated, but
one possibility is that cholic acid acts as a signaling molecule for the G
protein-coupled receptor TGR5, which is an up-regulator of fatty acid

Fig. 2. Representative histopathology of the rat liver in each group. HE: Hematoxylin and eosin-stained section; original magnification, x200; scale bars= 200 μm.
Azan: Azan-stained section; original magnification, x100 or x200; scale bars= 200 μm. *Dietary cholesterol orcholic acid concentration.

Table 2
Histopathological assessment of the liver in each group according to the NASH Clinical Research Network Scoring System [13].

Item/Group* Score Control-9 A B C D E Control-18 F G Total

Steatosis 0 26 0 0 0 0 0 5 0 0 31
1 1 0 1 0 0 0 0 0 0 2
2 0 5 1 1 1 0 0 0 0 8
3 0 0 3 23 9 9 0 6 6 56

Lobular inflammation 0 27 0 0 0 0 0 5 0 0 32
1 0 3 2 3 0 0 0 0 0 8
2 0 2 1 16 6 6 0 0 0 31
3 0 0 2 5 4 3 0 6 6 26

Hepatocyte ballooning 0 27 5 5 19 3 0 5 0 0 64
1 0 0 0 5 3 4 0 0 0 12
2 0 0 0 0 4 5 0 6 6 21

NAFLD activity score 0–2 27 0 1 0 0 0 5 0 0 33
(NAS)** 3–4 0 5 1 2 0 0 0 0 0 8

5–8 0 0 3 22 10 9 0 6 6 56
Fibrosis 0 27 5 4 0 0 0 5 0 0 41

0.5–1 0 0 1 16 3 2 0 0 0 22
1.5–2 0 0 0 4 4 2 0 0 0 10
2.5–3 0 0 0 4 0 2 0 1 0 7
3.5–4 0 0 0 0 3 3 0 5 6 17

Values indicate number of rats.
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oxidation and induces elevated energy expenditure, resulting in de-
creased body weight or adipose tissue [16].

Histopathologic steatosis was obvious in rats fed an HFC diet, and
among rats in the A, B and C groups in the present study, severe steatosis
(score 3) was seen more frequently in a cholic acid dose-dependent
manner. Therefore, it is conceivable that fat, cholesterol and cholic acid
affected the histopathologic severity of steatosis. Histopathologic lobular
inflammation was also obvious in rats fed an HFC diet, and among rats in
the A, B, C and D groups, severe lobular inflammation (score 3) was seen
more frequently in a cholic acid dose-dependent manner. Moreover, rats
with severe lobular inflammation (score 3) were seen more frequently in
the F group than the D group and in the G group than the E group; in other
words, even with the same diet, a longer feeding duration resulted in a
higher frequency of severe lobular inflammation. These results suggest
that fat, cholesterol, cholic acid and rearing period affect the histopatho-
logic severity of lobular inflammation. Histopathologic hepatocyte bal-
looning was not observed in rats fed an HFC diet without or with a low
dose of cholic acid supplementation (0.1%). Rats showing a higher he-
patocyte ballooning score were seen more frequently in the D group (fed
an HFC1.25-2 diet) than the C group (fed an HFC1.25-0.5 diet), and also in
the E group (fed an HFC2.5-2 diet) than the D group (fed an HFC1.25-2
diet). Moreover, in comparisons among groups with matched diets (the F
group versus the D group, and the G group versus the E group), rats with
hepatocyte ballooning were seen more frequently in the longer feeding
duration groups. These results suggest that cholesterol, cholic acid and
rearing period affect the histopathologic severity of hepatocyte ballooning.
Consequently, the NAS score, defined as the unweighted sum of the scores
for steatosis, lobular inflammation, and hepatocyte ballooning [13], was
obviously higher in rats fed an HFC diet than the Control groups. Among
the A, B, C and D groups, rats diagnosed with NASH (NAS of ≥5) were
seen more frequently in a cholic acid dose-dependent manner. Moreover, a
longer duration of feeding these diets resulted in a more frequent occur-
rence of high scores of NAS; the frequency was higher in the F group (score
8 in 6 rats) than the D group (score 5 in 2 rats, score 6 in 3 rats, score 7 in 4
rats, and score 8 in 1 rat), and also in the G group (score 8 in 6 rats) than
the E group (score 6 in 1 rat, and score 7 in 8 rats). These results suggest
that fat, cholesterol, cholic acid and rearing period affect NAS score.

Histopathologic hepatic fibrosis was seldom seen in rats fed an HFC diet
without or with a low dose of cholic acid supplementation (0.1%). Among
the B, C and D groups, rats with advanced fibrosis were seen more fre-
quently in a cholic acid dose-dependent manner. Moreover, in compar-
isons among groups with matched diets (the F group versus the D group,
and the G group versus the E group), rats with advanced fibrosis were seen
more frequently in the longer feeding duration groups. These results
suggest that cholic acid and rearing period affect the histopathologic se-
verity of hepatic fibrosis.

Bile acids are synthesized from cholesterol in the liver and stored in the
gall bladder. They are secreted into the intestine as a constituent of bile
upon ingestion of a fatty meal, and they facilitate digestion and absorption
of dietary fats and lipid-soluble vitamins [17]. In addition, bile acids
regulate lipid, glucose and energy metabolism as signaling molecules [18].
Despite its physiological importance, cholic acid is known to show toxicity
to membrane components of cells, such as liver injury, inflammation and
fibrosis above certain concentrations [19]. Indeed, cholic acid specifically
enhances the expression of hepatic fibrosis-related genes, such as those of
the collagen family [20]. In the present study, the effects of dietary cholic
acid consumption on the severity of NASH were more evident than those
of dietary cholesterol consumption. Feeding of an HFC diet was reported
to increase the expression of hepatic Cyp7a1mRNA, which catalyzes the
rate-limiting step in bile acid biosynthesis from cholesterol [21] . Although
the hepatic Cyp7a1mRNA levels were not systematically assessed in our
rat model, they tended to be higher in the D (n=5) and E (n=5) groups
than the Control-9 (n=5) group, and in the F (n=6) and G (n=6)
groups than the Control-18 (n=5) group, although the differences were
not statistically significant (data not shown) [10,11]. Overexpression of
this gene may lead to the excessive accumulation of toxic bile acids [22].
Thus, the presence of cholic acid in an HFC diet complements the hepa-
totoxicity of cholesterol not only by enhancing lipid absorption in the
intestine, but also by enhancing inflammation in the liver when in excess,
and as a result, contributes to the severity of NASH [23]. Results of the
present study corroborated previously reported findings.

The liver pathogenesis leading to NASH due to cholic acid-supple-
mented HFC diet is also facilitated by oxidative stress [23,24]. In our rat
model, oxidative stress was not systematically assessed, but the mRNA

Fig. 3. Hepatocyte ballooning (score 2) according to the NASH Clinical Research Network Scoring System [13] was observed in the D, E, F and G groups (arrows).
HE: Hematoxylin and eosin-stained section; original magnification, x400).
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levels of Hmox1encoding heme oxygenase-1 (HO-1) and Sod2encoding
manganese superoxide dismutase (MnSOD), both oxidative stress mar-
kers, tended to be higher in the C group (n= 6) than the Control-9
group (n= 6) [25,26]. Moreover, immunohistochemical analysis of 4-
hydroxynonenal (4-HNE) as a marker of oxidative stress revealed that
its expression in the liver was higher in the C group (n=6) than the
Control-9 group (n=6) (data not shown) [26].

The majority of high fat diet-induced animal NAFLD models use fat with
high amounts of corn oil or lard [27], but in our rat NASH model, palm oil
was used as the source of fat. Sales et al. recently reported that palm oil
induced NASH in mice via disturbed hepatocyte transcription [28]. Palm oil
is the most consumed oil in the world, and it is rich in saturated fatty acids,
especially palmitic acid. NAFLD patients with advanced liver fibrosis had
higher levels of palmitic acid (C16:0) and stearic acid (C18:0) in their er-
ythrocytes [29], and C18:0/C16:0 ratio was lower in the NASH group than
the NAFL group [30]. Palmitic acid induces proinflammatory cytokines such
as interleukin (IL)-1β and IL-18, and stimulates hepatic stellate cells, which
play a pivotal role in NASH development [31,32]. Therefore, the palm oil
used in the present study can affect NASH development.

There were several limitations to the present study. First, despite the fact
that all rats were obtained from the same supplier and were reared under
the same breeding environment, i.e., they were housed individually and
were maintained at 22–24 °C with 50–60% relative humidity and a 12-h
dark/light cycle, and all histopathological assessments were made by one
pathologist (K. Tsuneyama) who was blinded to the experimental design
and sample identity, the rearing year and breeders were not the same
throughout the entire experiment. Animal experiments are complicated, and
the results and their interpretation are not always straightforward, as no
single experiment can be executed perfectly. Although there are several
possible sources of bias in animal studies, reliable conclusions can be ob-
tained to some extent from the analysis of combined results from other
studies; this circumvents unnecessary duplication of animal studies. In the
present study, all animal experiments were deemed to be sufficiently
homogeneous, in terms of the animal species, interventions, designs and
outcomes, for reliable conclusions [33]. Second, the MF diet is formulated to
provide adequate growth for rats, but the exact ingredient composition of
this diet is not disclosed by the manufacturer, and there may be incon-
sistencies in the composition from year to year; such variations in the in-
gredient composition of the MF diet may have affected the results of this
study. Third, there was considerable variation in the number of rats in each
group because the present study was a retrospective historical investigation.
Thus, future investigations should employ a systematic study.

In conclusion, 56 (86.2%) of 65 SD rats fed an HFC diet for 9 or 18
weeks developed histopathologically proven NASH according to the NASH
Clinical Research Network Scoring System [13], although this model
lacked visceral obesity [10,11]. Notably, SD rats fed an HFC diet supple-
mented with 2% (w/w) cholic acid for 18 weeks frequently developed
advanced fibrosis including cirrhosis. The amounts of dietary fat, choles-
terol and/or cholic acid, and the rearing period affected the histopatho-
logic severity of NASH. Further studies are needed to determine whether
comparable results can be obtained using rats of other ages or strains.
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