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Establishment of a novel non-alcoholic fatty liver disease
model using cholesterol-fed rabbits with reference to
the potential role of endoplasmic reticulum stress
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Abstract. The aim of the present study was to establish
a non-alcoholic fatty liver disease (NAFLD) model using
cholesterol-fed rabbits and to investigate whether endoplasmic
reticulum stress (ERS) serves a role in the pathogenesis of
NAFLD. A total of 20 male rabbits were randomly divided
into 3 groups: Those fed a normal chow diet, a high cholesterol
diet (HCD) or a high fat and high cholesterol diet (HFCD)
for 12 weeks. Total cholesterol, triglycerides and free fatty
acids of plasma and the liver were measured. At 12 weeks,
a glucose tolerance test was performed. The steatosis of the
liver was evaluated using hematoxylin and eosin and Oil Red
O staining. Expression levels of glucose regulation protein
78, CCAAT/enhancer-binding protein homologous protein,
c-Jun N-terminal kinase (JNK) and caspase-12 mRNA was
analyzed by reverse transcription-quantitative polymerase
chain reaction. Plasma levels of total cholesterol, triglycerides
and free fatty acids in the HCD and HFCD groups were signif-
icantly higher when compared with those in the control group
(P<0.05 or P<0.01). Histological analysis revealed that HCD
and HFCD groups demonstrated marked differences in the
fatty liver compared with the control group, while there was
no significant difference between the HCD and HFCD groups.
JNK and caspase-12 expression were significantly increased in
the HCD and HFCD groups when compared with the control.
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The HCD and HFCD groups exhibited prominent fatty livers,
a typical pathological feature of NAFLD. However, the addi-
tion of high fat levels in the cholesterol diet did not increase
the severity of hepatic steatosis in HFCD when compared with
the HCD group. Thus, the ERS pathway may participate in
the pathogenesis of NAFLD, and cholesterol-fed rabbits may
become a novel model for the study of NAFLD.

Introduction

Non-alcoholic fatty liver disease (NAFLD) is a patho-
logical syndrome characterized by fatty liver unassociated
with alcohol consumption. NAFLD unassociated with
genetic and-environment-associated metabolic stress
diseases, including simple non-alcoholic fatty liver (NAFL),
non-alcoholic steatohepatitis (NASH) and liver cirrhosis.
NAFLD is often associated with obesity, hyperglycemia,
hyperlipidemia, hyperinsulinemia, hypertension and
atherosclerosis (1).

With lifestyle changes in modern society, the incidence
of NAFLD increases each year and shows high prevalence at
young age (2). The prevalence of NAFLD in Western countries
is 20-30% (3) whereas in the Asia Pacific region, the preva-
lence is up to 24% (4). Italian 10-year cohort study showed that
the prevalence of NAFLD was increased by 2% each year (5).
In China, NAFLD affects over a quarter of the general popu-
lation, and its prevalence is rapidly increasing with lifestyle
changes and the aging population (6,7).

In spite of this, the pathogenesis of NAFLD has not yet
been fully elucidated (8). In 1998, Day and James (9) proposed
a hypothesis called ‘secondary strike’ for the pathogenesis of
NAFLD. According to the hypothesis, the strike is primarily a
reactive product increased of oxidative metabolism, leading to
lipid peroxidation with cytokines, and mitochondrial uncou-
pling protein. Their study found that abnormal metabolism
of fatty acids leads to generation of reactive oxygen species
(ROS) (9). These functional abnormalities may lead to endo-
plasmic reticulum stress (ERS). It has been known that the


https://www.spandidos-publications.com/10.3892/mmr.2018.9258

WANG et al: ESTABLISHMENT OF A NOVEL NAFLD MODEL USING CHOLESTEROL-FED RABBITS

endoplasmic reticulum plays an important role in both fatty
acid synthesis and cholesterol metabolism (10). In addition,
the endoplasmic reticulum is the site of triglyceride forma-
tion (11). The potential role of the endoplasmic reticulum in
the regulation of lipid droplet number, composition, size and in
lipogenesis and lipolysis remains an important but unexplored
area (12). When the endoplasmic reticulum becomes stressed
due to the accumulation of newly synthesized unfolded
proteins, stress signaling systems are activated, including
the c-Jun-NH2 terminal kinase (JNK) pathways, as well
as networks activated by oxidative stress, which can influ-
ence lipid metabolism. Previous studies have demonstrated
that disturbed endoplasmic reticulum homeostasis-induced
apoptosis (13) and lipid accumulation (14) in the liver may
contribute to the development of NAFLD (15).

Despite this, there is a lack of ideal experimental animal
models for NAFLD, which limits research into its etiology,
pathogenesis, and prevention. The current ob/ob/db/db mouse
is the most used NAFLD model for research. The ob/ob
mouse is genetically deficient in the leptin gene, while the
db/db mouse has a natural mutation in the leptin receptor
gene. Normal feed can cause fatty liver, but not in the form of
NASH (16,17). Congenital and genetically modified models are
difficult to obtain and expensive to purchase. Lack of methio-
nine and choline diet in rats can cause NAFLD, but these diet
feeding reduced muscle and fat with body weight loss, which
is different from human NAFLD (18,19). NAFLD rat models
induced by CCl4 suffer from high mortality, while this model
lacks obesity and IR. Compared with mice and rats, rabbits
have unique features of lipid metabolism similar to those of
humans (20,21). Unlike mice in which high density lipopro-
teins (HDLs) is the predominant plasma lipoproteins, rabbit
lipoprotein profiles are LDL-rich, which is similar to those of
humans. Secondly, it has been reported that cholesteryl ester
transfer protein (CETP) plays a central role in lipid metabolism
and the atherosclerotic process. Rabbits have abundant CETP
activity in the plasma as do humans, whereas mice do not have
an endogenous CETP gene. In addition, like humans, rabbits
do not have hepatic apoB mRNA editing activity, so rabbit
apoB-48 is only present in chylomicrons. However, apoB-48
is present in all apoB-containing particles such as very
low-density lipoproteins (VLDL), LDLs and chylomicrons in
mice. Therefore, rabbits provide a unique system to study lipid
metabolism. In the present study, we attempted to generate a
rabbit NAFLD model by feeding with a diet containing high
cholesterol or high cholesterol with high fat to mimic human
NAFLD.

Materials and methods

Animals and diets. Japanese white rabbits were provided by
the Laboratory Animal Center of Xi'an Jiaotong University. A
total of 20 male rabbits (16 weeks old, about 2.0 kg body weight)
were randomly divided into three groups: The control group
(n=4) was fed with a chow diet, HCD group (n=8) was fed with
a chow diet supplemented with 1% cholesterol and high fat and
high cholesterol diet (HFCD) group (n=8) was fed a chow diet
containing 6.7% lard and 1% cholesterol for 12 weeks. Rabbits
were fed with a restricted diet (100 g/day/animal) with free
access to water.
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Cholesterol was purchased from Wako Pure Chemical
Industries, Ltd., (Osaka, Japan). The experimental protocols
were approved by the Animal Administration Committee of
Xi'an Medical University (Shaanxi, China) and performed
according to the Xi'an Medical University Guidelines for
Animal Experimentation and the Guide for the Care and Use
of Laboratory Animals Published by the US National Institutes
of Health (NTH publication no. 85-23, revised 1996).

Determination of plasma lipid levels and glucose tolerance
test. Rabbits were fasted for 16 h prior to blood collection. Blood
samples were collected via the ear artery and put into tubes
containing EDTA and the plasma separated by centrifugation
at 2,000 rpm/min (20 min, 4°C). Plasma total cholesterol (TC)
and triglyceride (TG) levels were measured biweekly using
commercial assay kits (BioSino Bio-technology and Science,
Inc., Beijing, China). At 12 weeks, blood samples were
collected to measure plasma free fatty acid (FFA) levels using
commercial assay kits (BioVision, Inc., Milpitas, CA, USA).
At the same time, plasma alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) were measured using
commercial assay kits (Pars Azmun, Tehran, Iran).

To evaluate the effect of high cholesterol diet (HCD) on
glucose metabolism, rabbits were fasted overnight and an intra-
venous glucose tolerance test (IVGTT) was performed using
the method as described previously (22). A bolus of glucose
(0.6 g/kg body weight) was injected through the ear vein and
blood samples were collected through the ear artery at 5, 10,
15,20, 30, 45, 60, 75 and 120 min. Plasma glucose levels were
measured using commercial assay kits (Wako Pure Chemical
Industries, Ltd., Osaka, Japan). The incremental area under the
curve (AUC) was calculated according to the trapezium rule as
described previously (23).

Analysis of lipid metabolism and ERS-related gene expres-
sion of the liver. At the end of the experiment, the rabbits were
euthanized by overdose of injection of sodium barbital solu-
tion. A piece of liver was quickly put into liquid nitrogen for
homogenate and RNA extraction. About 100 mg liver tissue
was homogenized in 0.75 ml of methanol and chloroform (2:1),
and lipids were extracted from the chloroform fraction and
N2-dried to remove the chloroform. Then, the hepatic TC and
TG contents were determined using Wako kits (Wako Pure
Chemical Industries, Ltd.). For the hepatic FFA assay, liver
tissue was homogenized in 0.2 ml of chloroform with 1%
Triton X-100. Fatty acids were extracted in the chloroform
fraction and N2-dried to remove the chloroform. Then, the
hepatic tissue FFA contents were determined using a FFA
quantification kit (BioVision, Mountain View, CA, USA) (24).
For reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR) reactions, total RNA was extracted from
liver samples using TRIzol Plus (Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) according to manufac-
turer's instructions. A total of 10 g total RNA was reverse
transcribed into cDNA using Takara SuperScript™ RT reagent
kit with gDNA eraser (cat. no. RR047A; Takara Biotechnology
Co., Ltd., Dalian, China). A mixture of dNTPs were included
in the PrimeScript RT enzyme Mix, and OligodT primers
and random 6 mers were included in the RT primer mix of
the SuperScript™ RT reagent kit. ERS-associated gene
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expression was measured by RT-qPCR. Forward and reverse
primer sequences of ERS-associated gene are presented in
Table II. GAPDH was used as the reference gene and the
primer sequences are included in Table II. The thermocycling
conditions used for qPCR were as follows: 95°C for 30 sec,
followed by 40 cycles of 95°C for 5 sec and 60°C for 30 sec,
and then, 95°C for 15 sec, 60°C for 30 sec and 95°C for 15 sec.
RT-gPCR analysis was performed using Takara SYBR Green
kit (cat. no. DRR820A; Takara Biotechnology Co., Ltd.) by
TaKaRa TP800 (Takara Bio, Inc., Otsu, Japan). Values of the
quantification cycle (Cq) were used for quantification with the
2444 method, as described previously (25).

Western blotting analysis. Fresh liver samples were homog-
enized in lysis buffer at 4°C followed by centrifugation at
10,000 rpm at 4°C for 10 min. The resultant supernatants were
collected and subjected to western blotting. Briefly, 15 ug
lysates were fractionated on 10% SDS-polyacrylamide gels
and then transferred to Sequi-Blot polyvinylidene fluoride
membranes (Bio-Rad, Hercules, CA, USA). The membranes
were incubated with each primary antibody (Ab) (1:1,000)
at 4°C overnight, as recommended in the manufacturer's
instructions. After washing 3 times, they were incubated with
horseradish peroxidase conjugated secondary Ab for 2 h.
Signals were detected using the Immobilon reagent (Millipore,
Billerica, MA, USA) and visualized using an LAS-400
Lumino Image Analyzer (Fujifilm, Co., Tokyo, Japan) (26).
Primary Abs of CHOP (L63F7),JNK (9251L) and Caspase-12
(2202P) were purchased from Cell Signaling Technology, Inc.,
(Danvers, MA, USA). Anti-GRP78 (ab89789) was purchased
from Abcam (Cambridge, UK).

Pathological analysis. At the end of the experiment, a piece of
liver was stocked in liquid nitrogen and embedded in optimal
cutting temperature (OCT) compound and cut in 8- m sections
followed by oil red O staining. The areas stained by oil red O
were quantified to assess the areas of connective tissue and
lipid deposition, respectively, using an image analysis system
(WinROOF v6.5) (24,27). At the same time, formalin-fixed
liver was embedded in paraffin and cut in 4-pm thick sections
and stained with hematoxylin and eosin (HE).

Statistical analysis. Data are expressed as the mean + standard
error of the mean. Statistical analysis was performed using
analysis of variance and Dunnett's post hoc test, and the data
with an equal F value, using GraphPad Prism 5 software
(GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was
considered to indicate a statistically significant difference.

Results

Plasma lipid levels, liver function and glucose tolerance test.
Plasma TC levels were remarkably increased in both HCD
and HFCD groups compared with control group (P<0.05
or P<0.01). Plasma TG significantly increased in HFCD
group compared with control group (P<0.05). At the end of
the experiment, plasma FFA was measured and the results
showed that FFA was significantly increased in HCD and
HFCD groups compared with control group (P<0.05). We
also performed a glucose tolerance test and found that glucose
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Table I. Test results of liver function.

Group ALT (U/T) AST (U/D)
Control 43+10 4012
HCD 46+11 81+13
HFCD 42+7 78+9

The results are presented as the mean + standard deviation (control,
n=4; HCD, n=8; HFCD, n=8). ALT, alanine aminotransferase; AST,
aspartate aminotransferase; HCD, high cholesterol diet; HFCD, high
fat and high cholesterol diet.

Table II. Primer sequences for reverse transcription-quantitative
polymerase chain reaction.

Genes Primer sequence (5'-3")

GRP78 F: TGGCTACTCCTCTCTGAACAAC
GRP78 R: CGAGAATCATGGCGGAGATCT
JNK F: CACCACCAAAGATTCCTGACA
JNK R: GGCTGCCCTCGTATAACTCC
CHOP F: AGAACTGGGACGAAGAGACC
CHOP R: AGCTAGCTGTGCCACTTTCC
Caspase-12 F: GGAAGGTAGGCAAGACTGGTT
Caspase-12 R: TCAATAGTGGGCATCTGGGTC
GAPDH F:CCACTTTGTGAAGCTCATTTCCT
GAPDH R: TCGTCCTCCTCTGGTGCTCT

GRP78, glucose regulation protein 78; CHOP, CCAAT/enhancer-
Binding protein homologous protein; JNK, c-Jun N-terminal kinases;
F, forward; R, reverse.

clearance was delayed in HCD and HFCD groups compared
with control group (P<0.05 or P<0.01; Fig. 1). Plasma ALT
and AST levels were not remarkably different among the three
groups (Table I).

Pathological analysis of liver. Compared with the liver of the
control group, the surface of the liver of HCD and HFCD groups
appeared obviously yellow and greasy (Fig. 2, left). Body
weight and the ratio of the liver weight to body weight were
not statistically significant in the three groups (Fig. 2A and B).

The analysis of liver histology revealed that there were a
large number of vacuoles in the hepatocytes of the HCD and
HFCD groups compared with control group as demonstrated
by both HE and oil red O staining (Fig. 3). The areas stained
by oil red O were measured to evaluate the severity of connec-
tive tissue and lipid deposition as previously described (24,26)
and the results showed that NAFLD model was successfully
established in both HCD and HFCD groups even though liver
histological features were not significantly different (Fig. 3).
To evaluate lipid compositions of liver, TC, TG and FFA
contents were measured using liver homogenate. The results
showed that hepatic TC and FFA contents were significantly
increased in HCD and HFCD groups compared with control
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Figure 1. Plasma lipid levels and glucose tolerance test. (A) Plasma total cholesterol was notably increased in HCD and HFCD groups when compared with
the control group. (B) Plasma triglyceride was significantly increased in the HFCD group when compared with HCD and control groups. (C) Plasma glucose
tolerance test revealed that glucose clearance was delayed in the HCD and HFCD groups when compared with the control group. n=4 for control, n=8 for HCD
and HFCD. "P<0.05 and “P<0.01 vs. control. HCD, high cholesterol diet; HFCD, high fat and high cholesterol diet; IVGTT, intravenous glucose tolerance test.
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Figure 2. Morphology of liver and comparison of liver weight. Livers from the control group were dark red; however, those of the HCD and HFCD groups
were yellow and greasy (left-hand panel). (A) Body weight and (B) the ratio of the liver weight to body weight were not statistically significant among the three
groups. n=4 for control, n=8 for HCD and HFCD. HCD, high cholesterol diet; HFCD, high fat and high cholesterol diet.

group, and hepatic TG content was significantly increased in  ERS indicators. Expression levels of ERS-associated liver
HFCD group compared with control group. However signifi-  genes were compared by RT-qPCR to investigate whether ERS
cant differences were not observed between the HCD and  plays any role in the pathogenesis of NAFLD. The genes and
HFCD groups (P<0.05 or P<0.01; Fig. 4). primer sequence were showed in Table II. Glucose regulation
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Figure 3. Analysis of liver histology. The liver sections were stained with HE. There were many vacuoles in the HCD and HFCD groups, but not in control
group. A larger number of red stained lipid droplets were observed in the HCD and HFCD groups with Oil Red O staining (left-hand panel). Scale bars,
100 ym; magnification, x20. The positive area of Oil Red O staining was significantly increased in the HCD and HFCD groups when compared with the control
group (right-hand panel). n=4 for control, n=8 for HCD and HFCD. “"P<0.001 vs. control. HCD, high cholesterol diet; HFCD, high fat and high cholesterol

diet; HE, hematoxylin and eosin.
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Figure 4. Determination of lipid compositions of the liver. (A) Total choles-
terol significantly increased in the HCD and HFCD groups compared with
the control group. (B) Triglyceride significantly increased in the HFCD group
compared with the control group. (C) FFA levels of liver tissue homogenate
and (D) plasma were significantly increased in the HCD and HFCD groups
when compared with the control group. "P<0.05 and “P<0.01, as indicated.
n=4 for control, n=8 for HCD and HFCD. HCD, high cholesterol diet; HFCD,
high fat and high cholesterol diet; FFA, free fatty acid.

protein 78 (GRP78) mRNA expression was significantly
decreased in the HCD and HFCD groups compared with the
control group. INK mRNA expression was increased in HCD
group compared with control and HFCD group, while there
was no significant difference between HFCD and control
groups. Caspase-12 mRNA expression was also increased

in the HCD and HFCD groups compared with control, and
there was a significant difference between the HCD and
HFCD groups (P<0.05 or P<0.01). CCAAT/enhancer-binding
protein homologous protein (CHOP) mRNA expression were
not statistically significant in the three groups. The protein
expression levels of the ERS indicators were measured and
the results exhibited a similar trend to the mRNA expression
levels (Fig. 5).

Discussion

Atpresent, NAFLD has become a serious challenges for human
health. Lack of an ideal animal models hampers the study of
NAFLD mechanisms and development of therapeutics. Based
on the advantages of rabbit lipid metabolism features being
similar to humans, this experiment established the NAFLD
model using cholesterol-fed JW rabbits. Two types of diets
were used and both HCD and HFCD could induce NAFLD
features in rabbits. The analysis of liver histology showed that
HCD and HFCD groups were not significantly different in
terms of hepatic steatosis. This result suggested that HCD is
the major factor for inducing NAFLD in rabbit model, and a
high fat in the diet is unable to accelerate the formation of
NAFLD in a rabbit model. Therefore, high cholesterol is a key
factor in establishing NAFLD in rabbits.

TC, TG and FFA levels of liver tissue homogenate were
significantly increased in HCD and HFCD groups compared
with the control group. This result revealed that there was
accumulation of excessive cholesterol and other lipids in the
liver compatible with the observation that a large number of
vacuoles or oil red O stained lipid droplets were found in the
livers of HCD and HFCD groups even though no difference
was observed between the HCD and HFCD groups.

The endoplasmic reticulum plays an important role in
lipid metabolism. When a large amount of lipid accumulates
in the endoplasmic reticulum, stress signaling systems may be
activated thus influencing lipid metabolism. Previous studies
have found that fatty acid metabolism in the endoplasmic
reticulum will weaken cellular autophagy functions (28),
producing a certain amount of ROS (9). In the early stage
of ERS, expression of endoplasmic reticulum molecular
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Figure 5. Analysis of ERS indicators in liver. (A) GRP78 mRNA expression was significantly decreased in the HCD and HFCD groups when compared with
the control group. (B) INK expression was markedly increased in the HCD group when compared with the control and HFCD groups, while there was no
significant difference between the HFCD and control groups. (C) CHOP expression was not statistically significant among the three groups. (D) Caspase-12
levels were significantly increased in the HCD group when compared with the control and HFCD groups. "P<0.05 and “P<0.01 vs. control; “P<0.05 vs. HCD.
n=4 for control, n=8 for HCD and HFCD. (E) Protein expression of ERS indicators were detected in the liver, and the protein expression trends were similar
to those observed for gene expression (n=3). ERS, endoplasmic reticulum stress; HCD, high cholesterol diet; HFCD, high fat and high cholesterol diet; GRP78,
glucose regulation protein 78; CHOP, CCA AT/enhancer-binding protein homologous protein; JNK, c-Jun N-terminal kinase.

chaperone protein and GRP78 will increase and assist cell
deal with unfolded protein. However, prolonged ERS can
cause apoptosis (5), the cell apoptosis process was mediated
by ROS and ERS (9). The cell apoptosis caused by ERS is
called the endoplasmic reticulum associated death (ERAD)
pathway. The ERAD pathway consists of ERS induced
CHOP which activates the JNK pathway and/or caspase-12
proteolytic enzyme (29). In our study, we found that GRP78
mRNA expression was significantly decreased in both
HCD and HFCD groups. Prolonged ERS induced by lipid
accumulation can cause hepatocyte apoptosis. Therefore,
with the increase in cell death, GRP78 expression may be
decreased accordingly. JNK and caspase-12 expression
levels were notably increased in the HCD group. Caspase-12
expression was notably increased in the HFCD group while
CHOP expression differences were not statistically signifi-
cant among the three groups. In the current study, the results
suggested that the cell apoptosis may have been caused by
the activation of the JNK and caspase-12 pathways rather
than the CHOP pathway, which may determine the severity
of hepatic steatosis and apoptosis. These results suggest that
accumulation of lipids in hepatocytes may lead to ERS by
which hepatocyte apoptosis may be enhanced although this
hypothesis remains to be verified in the future.
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