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Abstract: Nonalcoholic steatohepatitis (NASH), in which there is steatosis and fibrosis in the liver, 
is linked to metabolic syndrome and progresses to hepatic cirrhosis. In this study, a novel hamster 
NASH model derived from metabolic syndrome was made using hamsters. Hamsters were fed a 
normal or a high-fat and high-cholesterol (HFC) diet for 12 weeks. Body weight and the ratio of liver 
weight to body weight were significantly greater in HFC diet-fed hamsters than in normal diet-fed 
hamsters. Triglyceride, low-density lipoprotein cholesterol, and glucose levels in blood were significantly 
increased in HFC diet-fed hamsters, and blood pressure also tended to be high, suggesting that the 
HFC diet-fed hamsters developed metabolic syndrome. Hepatic steatosis and fibrosis were observed 
in liver sections of HFC diet-fed hamsters, as in patients with NASH, but they were not seen in normal 
diet-fed hamsters. Chymase generates angiotensin II and transforming growth factor (TGF)-β, both 
of which are related to hepatic steatosis and fibrosis, and a significant augmentation of chymase 
activity was observed in livers from HFC diet-fed hamsters. Both angiotensin II and TGF-β were also 
significantly increased in livers of HFC diet-fed hamsters. Thus, HFC diet-fed hamsters might develop 
metabolic syndrome-derived NASH that clinically resembles that in NASH patients.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) has been 
recognized as the most common liver disease and typi-
cally presents as simple hepatic steatosis [19, 20]. How-
ever, some cases of NAFLD progress from simple ste-
atosis to nonalcoholic steatohepatitis (NASH), which 
mimics alcoholic hepatitis despite the absence of a his-
tory of drinking. NASH is a distinct entity characterized 
by severe steatosis and fibrosis of the liver [19, 20]. It is 

linked to metabolic syndrome by obesity, hyperlipid-
emia, hyperglycemia, and hypertension, and several 
clinical studies have investigated the treatment of NASH 
by focusing on the hyperlipidemia, diabetes, and hyper-
tension [3, 8, 13].

As a typical NASH model, rats fed a methionine- and 
choline-deficient (MCD) diet have been widely used as 
an experimental model. Although hepatic steatosis and 
fibrosis are observed after an MCD diet, excessive body 
weight loss is observed [5]. Therefore, the pathogenetic 
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mechanism of MCD diet-induced NASH is different 
from that in NASH patients with metabolic syndrome. 
Recently, a rat NASH model produced in stroke-prone 
spontaneously hypertensive 5/Dmcr rats fed a high-fat 
and high-cholesterol (HFC) diet was reported [6, 11]. 
This animal model developed manifestations of meta-
bolic syndrome that were thought to resemble those of 
NASH patients [6, 11].

Increases of mast cell number were associated with 
the degree of human hepatic fibrosis in chronic liver 
diseases [1, 2, 10]. A mast cell stabilizer, tranilast, has 
been reported to prevent the development of hepatic fi-
brosis in a rat NASH model [21]. Although mast cells 
may be associated with NASH progression, they include 
several factors, such as histamine, cytokines, and prote-
ase, but which factors play crucial roles in the develop-
ment and progression of NASH is unclear. Chymase is 
a serine protease contained in mast cells, and it converts 
angiotensin I to angiotensin II [16]. Angiotensin II block-
ade has been reported to prevent manifestations in pa-
tients with NASH [3, 22]. The progression of NASH 
leads to liver cirrhosis, and augmentation of chymase 
and angiotensin II in the liver is closely related to the 
progression of fibrosis in patients with liver cirrhosis [7]. 
These findings suggest that chymase-dependent angio-
tensin II may contribute to the development and progres-
sion of NASH in patients. However, there are species 
differences in chymase-dependent angiotensin II-forming 
ability [16]. For example, human and hamster chymases 
convert angiotensin I to angiotensin II, but rat chymase 
does not [15]. To evaluate the role of chymase-dependent 
angiotensin II formation in NASH, such species differ-
ences need to be considered. In the present study, a 
novel NASH model derived from metabolic syndrome 
was produced using hamsters.

Materials and Methods

Animal model
Eight-week-old male hamsters (n=12) were obtained 

from Japan SLC (Shizuoka, Japan) and housed in a tem-
perature-, humidity-, and light-controlled room. Normal 
and HFC diets were purchased from Funabashi Farm 
(Chiba, Japan), and the HFC diet contained 1% choles-
terol, 7% coconut oil, and 7% corn oil. Normal and HFC 
groups were fed ad libitum with the normal and HFC 
diets for 12 weeks. All procedures involving animals 
were conducted in accordance with the “Guidelines for 

Proper Conduct of Animal Experiments” (http://www.
scj.go.jp/ja/info/kohyo-200-k16-2e.pdf).

Systolic blood pressure and blood parameters
Systolic blood pressure (SBP) was measured by the 

arm-cuff method (MK-2000ST, Muromachi Kikai Co., 
Ltd. Tokyo, Japan). After the animals were fasted for 18 
h, blood was obtained, and blood glucose levels were 
determined using a standard glucometer (Antosense II, 
Daikin Industries, Osaka, Japan).

Plasma was separated from the blood samples by cen-
trifugation at 3,000 × g for 15 min at 4°C. Triglyceride 
and low-density lipoprotein (LDL) cholesterol levels 
were measured by SRL Inc. (Tokyo, Japan).

Histological analysis
Hepatic tissue specimens were fixed with Carnoy’s 

fixative in 10% methanol overnight. Fixed liver tissues 
were embedded in paraffin and then cut at a thickness of 
4 µm. The severity of hepatic histological changes was 
assessed using hematoxylin-eosin (HE) staining and 
Sirius red staining. Lipid droplets were observed in the 
HE-stained specimens, and the red area in the specimens 
stained with Sirius red was defined as the fibrotic region 
[11].

Mast cells were stained with 0.05% toluidine blue 
(Chroma-Gesellschaft, Stuttgart, Germany) at pH 4.8. 
To determine the distribution of chymase, immunohis-
tochemical staining was performed using an anti-hamster 
chymase antibody (raised in rabbit by immunizing ani-
mals with SPYVPWINIVIKASS, which is a C-terminal 
peptide comprising amino acid residues 212 to 226 of 
hamster chymase) [10, 18]. The sections were incubated 
for 24 h at 4°C with anti-chymase antibody and then 
reacted with the appropriate reagents from a streptavidin-
biotin peroxidase kit (Dako LSAB kit, Dako North 
America, Inc., Carpinteria, CA, USA) and 3-amino-
9-ethylcarbazole, which was used for color development. 
The sections were counterstained with hematoxylin.

Real-time polymerase chain reaction (RT-PCR)
Liver total RNA was extracted using TRIzol reagent 

(Life Technologies, Rockville, MD, USA) and subse-
quently dissolved in RNase-free water (Takara Bio Inc., 
Kusatsu, Otsu, Japan) [11]. Total RNA (1 µg) was tran-
scribed into cDNA with SuperScript VILO (Invitrogen, 
Carlsbad, CA, USA) [11]. Then, mRNA levels were 
measured by RT-PCR on a Stratagene Mx3000P (Agi-
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lent Technologies, San Francisco, CA, USA) using Taq-
Man fluorogenic probes [11]. RT-PCR primers and 
probes for tumor necrosis factor (TNF)-α, matrix metal-
loproteinase (MMP)-9, transforming growth factor 
(TGF)-β, collagen I, and 18S ribosomal RNA (rRNA) 
were designed by Roche Diagnostics (Tokyo, Japan) 
[10]. The primers were as follows: 5′-CTGAGCCATC-
GTGCCAAT-3′ (forward) and 5′-CCAGCTGGTT-
GTCTTTGAGA-3′ (reverse) for TNF-α, 5′-CTTCGAC-
G A C G A C G A G T T G - 3 ′  ( f o r w a r d )  a n d 
5′-TTGCGTTTCCAAAGTAAGTGG-3′ (reverse) for 
MMP-9, 5′-GCTACCATGCCAACTTCTGC-3′ (for-
ward) and 5′-CCAGGACCTTGCTGTACTGTG-3′ (re-
verse) for TGF-β, 5′-TGGACCTTGTTCACCTCTCTC-3′ 
(forward) and 5′-CCCTGCTGGCAAAGATGTA-3′ 
(reverse) for collagen I, and 5′-ATCCATTG-
GAGGGCAAGTC-3′ (forward) and 5′-GCTCCCAA-
GATCCAACTACG-3′ (reverse) for 18S rRNA. The 
probes were as follows: 5′-CCTCCTGG-3′ for TNF-α, 
5′-CTGGGCAA-3′ for MMP-9, 5′-GAGCCTGG-3′ for 
TGF-β, 5′-CAGCAGGA-3′ for collagen I, and 5′-CAG-
CAGCC-3′ for 18S rRNA. The mRNA levels of TNF-α, 
MMP-9, TGF-β, and collagen I were normalized to that 
of 18S rRNA [11].

Chymase activity and angiotensin II formation
The liver was homogenized in 20 mM Na-phosphate 

buffer (pH 7.4) [7]. The homogenate was centrifuged at 
15,000 × g for 30 min. The supernatant was discarded, 
and the pellet was resuspended and homogenized in 10 
mM Na-phosphate buffer (pH 7.4), containing 2 M KCl 
and 0.1% Nonidet P-40. The homogenate was centri-
fuged at 15,000 × g for 30 min, and the supernatant was 
used for measurements of chymase activity [18]. Chy-
mase activity in the liver extract was measured by incu-
bating the tissue extracts with 5 mM Suc-Ala-Ala-Pro-
Phe-4-methylcoumaryl-7-amide (Peptide Institute Inc., 
Osaka, Japan) as the substrate [11]. One unit of chymase 
activity was defined as the amount of enzyme required 
to cleave 1 μM of 7-amino-4-methyl-coumarin/min.

Angiotensin II-forming activity was measured by in-
cubating the tissue extract with 5 mM angiotensin I, and 
the formed angiotensin II was measured by an angioten-
sin II-measuring EIA kit (Bertin Pharma, Montigny le 
Bretonneux, France).

The protein concentration was assayed using BCA 
Protein Assay Reagents (Pierce, Rockford, IL, USA), 
with bovine serum albumin as the standard.

Western blotting
Tissue extracts were analyzed in a Simple Western 

size-based capillary electrophoresis system (Protein-
Simple Wes, ProteinSimple, San Jose, CA, USA). The 
size-separated proteins were probed with antibodies 
specific for hamster chymase (1:50), TGF-β (1:50, 
Santa Cruz Biotechnology, Dallas, TX, USA), or GAP-
DH (1:100, R&D Systems, Minneapolis, MN, USA), 
visualized using labeled secondary antibodies, and quan-
titated using the manufacturers’ software. The intensities 
of the chymase and TGF-β were normalized to the in-
tensity of the GAPDH.

Statistical analysis
Data are expressed as means ± SEM. Significant dif-

ferences between mean values of the two groups were 
evaluated using Student’s t-test for unpaired data. Values 
of P<0.05 were considered significant.

Results

Body weight
Body weight was significantly higher in HFC diet-fed 

hamsters than in normal diet-fed hamsters even after 4 
weeks of the normal or HFC diet (Fig. 1). A significant 
difference was observed between the two groups at 8 
weeks, but not at 12 weeks (Fig. 1).

Fig. 1.	B ody weights in normal diet (open circle)- 
and HFC diet (closed circle)-fed hamsters 
after 0, 4, 8, and 12 weeks of the normal 
or HFC diet. Values represent the mean ± 
SEM. *P<0.05 and **P<0.01 vs. normal 
diet-fed hamsters.



Y. MIYAOKA, ET AL.242

Blood parameters and SBP
Twelve weeks after the normal or HFC diet, triglyc-

eride and LDL cholesterol levels in plasma were sig-
nificantly higher in HFC diet-fed hamsters than in normal 
diet-fed hamsters (Figs. 2A and B). A significant increase 
in blood glucose level was also observed in HFC diet-fed 
hamsters compared with normal diet-fed hamsters (Fig. 
2C). Although there was no significant difference be-
tween normal diet- and HFC diet-fed hamsters, SBP 
tended to be higher in HFC diet-fed hamsters (Fig. 2D).

Whole liver and liver weight
Typical photographs of whole livers from normal diet- 

and HFC diet-fed hamsters after 12 weeks of each diet 
are shown in Fig. 3A. The color of the liver was paler in 
an HFC diet-fed hamster compared with a normal diet-
fed hamster, and the size was obviously larger in the 
HFC diet-fed hamsters than in the normal diet-fed ham-
sters (Fig. 3A).

Liver weight was higher in HFC diet-fed hamsters 
than in normal diet-fed hamsters (Fig. 3B). A significant 
increase in the ratio of liver weight to body weight was 
also observed in HFC diet-fed hamsters compared with 

normal diet-fed hamsters (Fig. 3C).

Histological analysis of hepatic steatosis and fibrosis
Typical photographs of HE- and Sirius red-stained 

liver sections from normal diet- and HFC diet-fed ham-
sters are shown in Fig. 4. Obvious lipid droplets were 
observed in HFC diet-fed hamsters, but they were not 
seen in normal diet-fed hamsters (Fig. 4A). Mallory-
Denk bodies, ballooning of hepatocytes, and infiltration 
of inflammatory cells were observed in the liver from 
HFC diet-fed hamsters (Fig. 4B), but they were not seen 
in normal diet-fed hamsters. Sirius red staining repre-
sents hepatic fibrosis, and many Sirius red-stained re-
gions were observed in liver sections from HFC diet-fed 
hamsters, but the regions were obviously few in normal 
diet-fed hamsters (Fig. 4C). The ratios of fibrotic area 
to total liver area were 0.31 ± 0.05% and 2.76 ± 0.53% 
in normal diet- and HFC diet-fed hamsters, respectively, 
and the difference was significant (P<0.01).

Fig. 2.	 Triglyceride (A), LDL cholesterol (B), and glucose (C) in 
blood from normal diet- and HFC diet-fed hamsters after 
12 weeks of the normal or HFC diet. SBP in normal diet- 
and HFC diet-fed hamsters after 12 weeks of the normal 
or HFC diet (D). Values represent the mean ± SEM. 
*P<0.05 and **P<0.01 vs. normal diet-fed hamsters.

Fig. 3.	 Typical whole livers from normal diet- and HFC diet-fed 
hamsters after 12 weeks of the normal or HFC diet (A). 
The black bar represents 1 cm (A). Liver weight (B) and 
ratio of liver weight to body weight (C) in normal diet- and 
HFC diet-fed hamsters after 12 weeks of the normal or 
HFC diet. Values represent the mean ± SEM. **P<0.01 vs. 
normal diet-fed hamsters.
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Histological analysis of mast cells and chymase-positive 
cells

Typical photographs of toluidine blue-stained and 

chymase-positive cells in liver sections from normal 
diet- and HFC diet-fed hamsters are shown in Fig. 5. 
Most chymase-positive cells were co-localized to tolu-
idine blue-stained cells (Figs. 5A and B).

There were more toluidine blue-stained cells, which 
indicate mast cells, in liver sections from HFC diet-fed 
hamsters than normal diet-fed hamsters (Fig. 5A). Chy-
mase-positive cells were also increased in HFC diet-fed 
hamsters compared with those in normal diet-fed ham-
sters (Fig. 5B). The mast cell numbers were 0.19 ± 0.02 
and 0.25 ± 0.04 cells/mm2 in normal diet- and HFC diet-
fed hamsters, respectively, and the chymase-positive cell 
numbers were 0.18 ± 0.01 and 0.23 ± 0.04 cells/mm2 in 
normal diet- and HFC diet-fed hamsters, respectively. 
However, both mast cell and chymase-positive cell num-
bers were not significantly different between normal 
diet- and HFC diet-fed hamsters.

Hepatic mRNA levels of MMP-9, TNF-α, TGF-β, and 
collagen I

Hepatic mRNA levels of TNF-α, MMP-9, TGF-β, and 
collagen I were significantly higher in HFC diet-fed 

Fig. 4.	R epresentative images of HE-stained liver sections from 
normal diet- and HFC diet-fed hamsters after 12 weeks of 
the normal or HFC diet (A). Typical images of Mallory-
Denk bodies (left side), ballooning of hepatocytes, and 
infiltration of inflammatory cells (right side) in HE-stained 
liver sections from HFC diet-fed hamsters after 12 weeks 
of the HFC diet (B). Representative images of Sirius red-
stained liver sections from normal diet- and HFC diet-fed 
hamsters after 12 weeks of the normal or HFC diet (C). 
Original magnification was 40x; scale bars represent 500 
µm (A and C, upper side).

Fig. 5.	R epresentative images of liver sections stained with tolu-
idine blue (mast cells) (A) and immunostained with anti-
chymase (chymase-positive cells) (B) from normal diet- 
and HFC diet-fed hamsters after 12 weeks of the normal 
or HFC diet. Original magnification was 200x; scale bars 
represent 50 µm (A and B).
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hamsters than in normal diet-fed hamsters (Figs. 6A–D).

Chymase activity and angiotensin II-formatting activity 
in liver extract

Chymase activity in liver extract was significantly 

higher in HFC diet-fed hamsters than in normal diet-fed 
hamsters (Fig. 7A). A significant increase in angiotensin 
II-forming activity in liver extract was also observed in 
the HFC diet-fed hamsters compared with normal diet-
fed hamsters (Fig. 7B).

Hepatic protein levels of chymase and TGF-β
Chymase levels in liver extracts were significantly 

higher in HFC diet-fed hamsters than in normal diet-fed 
hamsters (Fig. 8A). A significant increase in the TGF-β 
level in liver extracts was also observed in the HFC 

Fig. 6.	 Hepatic mRNA levels of TNF-α, MMP-9, TGF-β, and col-
lagen I. Hepatic mRNA levels of TNF-α (A), MMP-9 (B), 
TGF-β (C), and collagen I (D) in liver extracts of normal 
diet- and HFC diet-fed hamsters after 12 weeks of the nor-
mal or HFC diet. Values represent the mean ± SEM. 
*P<0.05 and **P<0.01 vs. normal diet-fed hamsters.

Fig. 7.	C hymase activity (A) and angiotensin II-forming activity 
(B) in liver extract from normal diet- and HFC diet-fed 
hamsters after 12 weeks of the normal or HFC diet. Values 
represent the mean ± SEM. *P<0.05 vs. normal diet-fed 
hamsters.

Fig. 8.	 Protein levels of chymase (A) and TGF-β (B) in liver extract from normal diet- and HFC 
diet-fed hamsters after 12 weeks of the normal or HFC diet. Values represent the mean ± 
SEM. *P<0.05 and **P<0.01 vs. normal diet-fed hamsters.



A NOVEL HAMSTER NASH MODEL 245

diet-fed hamsters compared with the normal diet-fed 
hamsters (Fig. 8B).

Discussion

Based on the results presented above, an HFC diet-fed 
model in hamsters may be used as a novel NASH mod-
el. Significant increases in body weight were observed 
in HFC diet-fed hamsters compared with normal diet-fed 
hamsters after 4 and 8 weeks of each diet, but no sig-
nificant difference between normal diet- and HFC diet-
fed hamsters was observed at 12 weeks. The reason why 
the significant difference disappeared may have been the 
reduction in dietary intake in the HFC diet-fed hamsters. 
In normal diet-fed hamsters, dietary intake was gradu-
ally increased until 12 weeks, and the average weight of 
the diet consumed daily was 14.6 g per hamster. On the 
other hand, dietary intake gradually increased until 8 
weeks in HFC diet-fed hamsters, like normal diet-fed 
hamsters, and no significant difference between normal 
diet- and HFC diet-fed hamsters was observed. How-
ever, dietary intake gradually decreased from 8 weeks 
to 12 weeks in HFC diet-fed hamsters, and the average 
weight of the diet consumed daily was 12.7 g per a ham-
ster. The reason for the reduction may have been he-
patic failure, although the actual reason was unclear. 
However, HFC diet-fed hamsters were clearly obese ip 
to the end of 8 weeks of the HFC diet. In the clinical 
setting, metabolic syndrome is diagnosed when two fac-
tors from among high LDL-cholesterol, high blood glu-
cose, and high blood pressure are observed in addition 
to obesity. In the present study, both plasma triglyceride 
and LDL cholesterol levels were significantly higher in 
HFC diet-fed hamsters, and the blood glucose level was 
also significantly increased. Although SBP was not sig-
nificantly increased after the HFC diet, SBP tended to 
be higher in HFC diet-fed hamsters. Therefore, this HFC-
diet hamster model might be recognized as a metabolic 
syndrome model.

In patients with NASH, hepatic steatosis and fibrosis 
are observed in liver sections. In the present study, the 
color of the whole livers from HFC diet-fed hamsters 
were pale at 12 weeks, and their liver weights were sig-
nificantly higher than those of normal diet-fed hamsters. 
In HE-stained liver sections, many lipid deposits were 
observed in livers from HFC diet-fed hamsters, and this 
pathological finding indicates hepatic steatosis. In Sirius 
red-stained liver sections, red-stained regions, which 

indicate fibrotic lesions, were clearly increased in HFC 
diet-fed hamsters, and this finding showed the progres-
sion of hepatic fibrosis. Mallory-Denk bodies, ballooning 
of hepatocytes, and infiltration of the inflammatory cells 
were also observed in HFC diet-fed hamsters, and this 
was similar to observations in human patients with 
NASH. Therefore, this HFC diet-fed hamster model 
showed manifestations of metabolic syndrome and also 
developed NASH; in other words, this model is a NASH 
model derived from metabolic syndrome.

In this study, hamsters were used as a metabolic 
syndrome-induced NASH model, although rats have 
been used as several obese-based NASH models [12, 
14]. The study focused on chymase because we have 
demonstrated the significance of chymase in NASH 
pathogenesis [10, 18]. Chymase catalyzes the formation 
of angiotensin II and TGF-β, both of which are related 
to the development and progression of hepatic fibrosis. 
Universally, chymases in humans, rats, hamsters, etc., 
change an inactive form, precursor TGF-β, to an active 
form, TGF-β [9, 17]. On the other hand, species differ-
ences in angiotensin II-forming ability exist, and human 
and hamster chymases, but not rat chymase, convert 
angiotensin I to angiotensin II [16]. Therefore, like hu-
man chymase, the role of hamster chymase, including 
its angiotensin II-forming ability, needs to be studied. In 
the present study, significant increases in chymase and 
its activity were observed in livers from HFC diet-fed 
hamsters. Chymase-related factors, angiotensin II and 
TGF-β, were also increased in livers from HFC diet-fed 
hamsters. The augmentation of angiotensin II in addition 
to TGF-β might be dependent on the increase in chymase, 
contributing to the development and progression of 
NASH in HFC diet-fed hamsters.

Chymase may be a useful target for prevention of 
NASH progression in patients. Angiotensin II blockade 
has been reported to prevent the development of symp-
toms in patients with NASH [3, 22]. Some patients with 
NASH are known to develop hepatic cirrhosis, and there 
are significant correlations between angiotensin II and 
fibrotic degree, between chymase and fibrotic degree, 
and between angiotensin II and chymase in livers from 
patients with hepatic cirrhosis [7]. Chymase inhibitors 
have been shown to prevent the progression of cardiac 
fibrosis via the augmentation of angiotensin II and 
TGF-β in animal models [4, 17]. Although a chymase 
inhibitor, BAY 1142524 (Bayer), is currently in a phase 
II clinical trial (NCT02976467; www.clinicaltrials.gov) 
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for the treatment of heart failure after myocardial infarc-
tion, chymase inhibitors cannot be generally used in the 
clinical setting. However, chymase inhibitors may be 
developed to prevent the progression of NASH.

In conclusion, a novel metabolic syndrome-induced 
NASH hamster model that was fed an HFC diet was 
proposed, and this model may become a useful NASH 
model for studying the role of angiotensin II-forming 
chymase, like human chymase.
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