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Non-alcoholic fatty liver disease (NAFLD) has become the leading cause of chronic liver disease worldwide. Patients with NAFLD
often suffer steatohepatitis, which can progress to cirrhosis and hepatocellular carcinoma. The presence of visceral obesity or type 2
diabetes mellitus (T2DM) is a major risk factor and potential therapeutic target for NAFLD. The establishment of animal models with
these metabolic comorbidities and with the rapid progression of the disease is needed for developing treatments for NAFLD but
remains to be archived. In the present study, KK-Ay mice, widely used as T2DM models, or C57BL6 mice were fed a high-fat, high-
fructose, and high-cholesterol diet supplemented with cholic acid (NAFLD diet). The KK-Ay mice fed a NAFLD diet exhibited
remarkable obesity and insulin resistance. A prominent accumulation of triglycerides and cholesterol in the liver was observed at
4 weeks. These mice developed steatohepatitis at 4 weeks and fibrosis at 12 weeks. In contrast, C57BL6 mice fed a NAFLD diet
remained lean, although they still developed steatohepatitis and fibrosis. In summary, we established a diet-induced murine NAFLD
model with the rapid development of steatohepatitis and fibrosis, bearing obesity and insulin resistance. This model could be useful
as preclinical models for drug development of NAFLD.
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INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is becoming the leading
cause of chronic liver disease worldwide. A considerable propor-
tion of patients with NAFLD suffers from steatohepatitis [namely,
non-alcoholic steatohepatitis (NASH)], which could progress to
cirrhosis, and later to hepatocellular carcinoma (HCC).
The prevalence of NAFLD increases not only in the Western

world but also in Asian countries1,2. The global prevalence of
NAFLD and NASH in the general population has been estimated to
reach 25% and 3–5%, respectively3,4. In the USA, NAFLD has
become the second leading indication for liver transplantation5

and the second leading cause of HCC among patients listed for
liver transplantation6. Furthermore, a recent model analysis
reported that the prevalence of NASH will increase by 15–56%
and the incidence of advanced liver disease and liver-related
mortality will more than double by 20307.
Although the conquest of NAFLD is urgently needed, the

establishment of treatment methods for NAFLD is still a daunting
task. The improvement of animal models is one of the
requirements for the establishment of a treatment. Various factors,
such as metabolic profile, lifestyles, gender, age, ethnicity, and
genetic background, affect the incidence and disease progression

of NAFLD. The complexity of disease makes dietary models
preferrable as preclinical models to genetic models that rely on
one specific gene knockout. Among risk factors, the presence of
visceral obesity or type 2 diabetes mellitus (T2DM) are particularly
important because they can predispose to liver fibrosis, HCC, and
death8–10. The stage of fibrosis is also essential due to its strong
association with mortality in patients with NAFLD11. Therefore,
preclinical models of NAFLD should represent obesity, T2DM or
insulin resistance, and liver fibrosis. While some dietary murine
model could represent these phenotypes, they develop only mild
steatohepatitis and fibrosis after taking long-term interventions.
The combination of dietary interventions with chemical treatment,
such as carbon tetrachloride (CCl4), could enhanced progression of
steatohepatitis and fibrosis, although it would impair weight gain
and insulin resistance12.
KK-Ay mice are widely used as T2DM models. These mice

possess the genetic background of KK mice, a polygenetic diabetic
murine strain. The ectopic expression of agouti protein in KK-Ay

mice induces hyperleptinemia and leptin resistance13 by antag-
onizing of the melanocortin receptor-414 and causing hyperpha-
gia, resulting in marked obesity, hyperlipidemia, and insulin
resistance15.
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In this study, we report a murine model for NAFLD using KK-Ay

mice fed a high-fat, high-fructose, and high-cholesterol diet
supplemented with cholic acid. Our model developed severe
obesity, insulin resistance and dyslipidemia. They also exhibited
marked steatohepatitis within 4 weeks and significant fibrosis
within 12 weeks.

MATERIALS AND METHODS
Animals
All animals received humane care according to the criteria outlined in the
“Guide for the Care and Use of Laboratory Animals.”Male KK-Ay/TaJcl mice and
male C57BL/6JJcl mice were purchased from CLEA Japan (Tokyo, Japan). All
mice were housed in a 12 h light/dark cycle. They were euthanized at varying
time points after the initiation of dietary intervention.

Dietary intervention
Mice (6 weeks old) were randomly fed ad libitum a NAFLD diet containing
40 kcal% fat, 20 kcal% fructose, 2% cholesterol, and 0.5% cholic acid
(Research Diets, New Brunswick, NJ, USA; #D19061001) or a standard chow
diet (Research Diets; #D09100304N).

Serum analysis
Serum alanine aminotransferase (ALT), total cholesterol, LDL cholesterol
(LDL-C), HDL cholesterol (HDL-C), and triglyceride levels were measured by
Oriental Yeast (Tokyo, Japan). Fasting blood glucose levels were measured
with a blood glucose meter (FreeStyle Freedom Light; NIPRO, Osaka,
Japan). Fasting serum insulin levels were measured using the Ultra
Sensitive Mouse Insulin ELISA Kit, according to the manufacturer’s
instructions (Morinaga Institute of Biological Science, Kanagawa, Japan).
The homeostatic model assessment for insulin resistance (HOMA-IR) was
calculated as previously described16.

Quantification of the hepatic lipid content
Total hepatic lipid was extracted from liver specimen snap frozen in liquid
nitrogen using a protocol adapted from Folch et al.17. Total cholesterol and
triglyceride were measured using enzyme assay. All procedures were
performed by Skylight Biotech (Akita, Japan).

Liver histology
Formalin-fixed, paraffin-embedded liver sections were stained with
hematoxylin and eosin (H&E) for assessment of liver histology and with
Sirius Red for assessment of fibrosis. Frozen liver sections were stained with
Oil Red O for assessment of steatosis. Preparation and staining of liver
sections were performed by Biopathology Institute (Oita, Japan). Steatosis,
lobular inflammation, hepatocyte ballooning and fibrosis were assessed by
two expert hepatologists who were not blinded to the dietary condition in
consultation with an expert pathologist. Histological scoring of steatosis
and inflammation was performed according to the grading system for
rodent NAFLD, reported by Liang et al.18. Specifically, the macrovesicular
steatosis, microvesicular steatosis and hepatocellular hypertrophy were
graded based on the percentage of involved hepatocytes, into the
following categories; 0 (<5%), 1 (5–33%), 2 (34–66%) and 3 (>66%).
Hepatocellular hypertrophy was defined as cellular enlargement more than
1.5 times the normal hepatocyte diameter. Inflammation was graded
based on the number of inflammatory foci per field (100×), into the
following categories; 0 (<0.5 foci), 1 (0.5–1.0 foci), 2 (1.0–2.0 foci) and 3
(>2.0 foci). Histological staging of fibrosis was evaluated according to the
scoring system by Kleiner et al.19. Specifically, fibrosis was scored as stage 0
(no fibrosis), stage 1a (mild perisinusoidal fibrosis), stage 1b (moderate
perisinusoidal fibrosis), stage 1c (portal/periportal fibrosis), stage 2
(perisinusoidal and portal/periportal fibrosis), stage 3 (bridging fibrosis),
and stage 4 (cirrhosis). The tumor histology was evaluated by an expert
pathologist.

Immunohistochemistry
Formalin-fixed, paraffin-embedded liver sections were incubated with
primary antibodies against F4/80 (BMA Biomedicals, Augst, Switzerland; #T-
2028) and actin alpha 2 (ACTA2) (Agilent, Santa Clara, CA, USA; #M0851).
Preparation and staining of liver sections were performed by Kyodo Byori
(Kobe, Japan).

Quantification of the fibrotic area
Scanning and image processing of whole Sirius Red-stained liver sections
were performed as described above. The Sirius Red-positive area was
extracted and calculated as percentage of the total area. Whole liver
sections were scanned by a fluorescence microscope BZ-X800 with an
advanced observation module BZ-H4XD (Keyence, Osaka, Japan) at ×40
magnification. Image processing was performed using the BZ-X analyzer
BZ-H4A and hybrid cell count module BZ-H4C (Keyence). The staining-
positive area was extracted and calculated as percentage of the total area.

Quantitative polymerase chain reaction
Liver specimens were treated with Allprotect Tissue Reagent (Qiagen,
Venlo, Netherlands) and stored at −80 °C until analysis. Total RNA was
isolated with QIA Shredder and miRNeasy Mini kits (Qiagen). complemen-
tary DNA (cDNA) was synthesized using a PrimeScript RT Reagent kit
(Takara BIO, Shiga, Japan). Gene expression levels were measured by
quantitative PCR with TB Green Premix Ex Taq (Takara BIO) and a ABI7300
Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). The
relative expression was normalized by glyceraldehyde 3-phosphate
dehydrogenase (Gapdh) expression as an endogenous control. Data
analysis was performed using the 2−ddCt (comparative cycle threshold)
methods. The sequences of primers used in this study are shown in
Table S1.

Statistics
Continuous data are expressed as medians with interquartile ranges unless
otherwise stated. Statistical significance for comparison between the
NAFLD group and the control group was evaluated using the Wilcoxon test
unless otherwise stated. Statistical significance for comparison between all
groups was evaluated using the Steel-Dwass test. Two-sided p values <
0.05 were considered statistically significant. Statistical analysis was
performed using JMP Pro 15 software (SAS Institute, Cary, NC, USA).
Graphs were made using GraphPad Prism 8 (GraphPad Software, La Jolla,
CA, USA).

Study approval
All procedures were performed according to protocols approved by the
Animal Care and Use Committee of the Chiba University.

RESULTS
KK-Ay mice fed a NAFLD diet develop severe obesity,
dyslipidemia and insulin resistance
Representative pictures of the appearance of mice are shown in
Fig. S1 and Fig. 1A. KK-Ay mice fed a NAFLD diet (KK-Ay/NAFLD)
demonstrated marked obesity compared to KK-Ay mice fed a
standard chow diet (KK-Ay/control) whereas C57BL/6 mice fed a
NAFLD diet (B6/NAFLD) showed no difference from C57BL/6 mice
fed a control chow diet (B6/control). The KK-Ay/NAFLD group
developed significant weight gain from 1 week after the initiation
of dietary intervention although food and caloric intake were
significantly decreased. The B6/NAFLD group showed almost the
same levels of weight gain, food intake and caloric intake (Fig. 1B
and Fig. S2A, B). The weight of mesenteric fat was significantly
increased in the KK-Ay/NAFLD group at 12 weeks, but not in the
B6/NAFLD group compared to their respective controls (Fig. 1C).
Serum LDL-C was significantly increased in both the B6/NAFLD

group and the KK-Ay/NAFLD group at 4 and 12 weeks (Fig. 1D).
Total cholesterol was also significantly increased in both B6/
NAFLD and KK-Ay/NAFLD groups at 12 weeks (Fig. S3A). Serum
HDL-C was decreased in both groups at 4 weeks and the B6/
NAFLD group at 12 weeks (Fig. S3B). Serum triglycerides were
decreased in both B6/NAFLD and KK-Ay/NAFLD groups at 4 and
12 weeks (Fig. 1E).
Decreased HOMA-IR were observed at 12 weeks in the B6/

NAFLD group (Fig. 1F). The basal blood glucose level was
decreased without a significant change in the basal insulin level
(Fig. S3C, D). It might be due to cholic acid supplemented in a
NAFLD diet. The KK-Ay is a murine strain that shows obesity and
insulin resistance with feeding on a standard chow diet. High
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HOMA-IR showed the presence of insulin resistance in the KK-Ay/
control group (Fig. 1F). There were no differences in basal blood
glucose, basal insulin, and HOMA-IR between the KK-Ay/NAFLD
group and the KK-Ay/control group, indicating that cholic acid
supplementation had no influence on insulin resistance in KK-Ay

mice (Fig. 1F and Fig. S3C, D).

Dietary intervention rapidly causes fat accumulation and
steatohepatitis in mice
Mice fed a NAFLD diet developed fatty liver and hepatomegaly at
4 and 12 weeks, especially in KK-Ay mice (Fig. 2A). Some mice in
the KK-Ay/control group showed slight fatty changes of the liver.

Liver weight and liver to body weight increased at 4 and 12 weeks
in both mouse strains, and the change was prominent in the KK-
Ay/NAFLD group (Fig. 2B, C). Hepatic total cholesterol was
increased at 4 and 12 weeks in both mouse strains, and hepatic
triglycerides were increased at 4 and 12 weeks in KK-Ay mice and
at 4 weeks in C57BL/6 mice compared to their respective controls
(Fig. 2D, E). Dietary intervention also led to a significant increase of
serum ALT at 4 and 12 weeks in both mouse strains (Fig. 2F).
Representative images of liver sections stained with

hematoxylin-eosin and Oil Red O were shown (Fig. 3A–C).
Hepatocyte ballooning was not observed in either the KK-Ay/
NAFLD group or the B6/NAFLD group. The both mice strains fed a

Fig. 1 Metabolic features of mice with dietary intervention. C57BL6/J mice or KK-Ay mice were fed a standard chow diet or a NAFLD diet for
up to 12 weeks. A Representative appearance of mice at 12 weeks after dietary intervention. Scale bar, 10 mm. B Transition of body weight for
12 weeks. C Weight of mesenteric fat at 12 weeks. D Serum LDL cholesterol, (E) serum triglyceride, and (F) HOMA-IR at 4 and 12 weeks.
Continuous data are expressed as median with interquartile range for the 6–8 mice per group. The NAFLD group and control groups were
compared using the Wilcoxon test. *p < 0.05, **p < 0.01, ***p < 0.001. ns not significant.

Fig. 2 Lipid profile in the liver of mice with dietary intervention. A The representative appearance of liver at 4 and 12 weeks after dietary
intervention. Scale bar, 10 mm. B Liver weight, (C) liver per body weight ratio, and (F) serum ALT. Continuous data are expressed as median
with interquartile range for 6–8 mice per group. D Total cholesterol content and (E) triglyceride content in the liver. Continuous data are
expressed as mean for 6–8 mice per group. The NAFLD and control groups were compared by Wilcoxon test. *p < 0.05, **p < 0.01, ***p < 0.001.
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NAFLD diet also showed no hepatocyte ballooning at 1 and
2 weeks, while they exhibited hepatic steatosis (data not shown).
Because hepatocyte ballooning was only occasionally observed in
the rodent NAFLD models, Liang et al. reported the grading system
for rodent models, which omit hepatocyte ballooning but include
hepatocyte hypertrophy18. Histological scoring of steatosis and
inflammation was performed according to this system (Fig. 3D). The
mice in the KK-Ay/NAFLD group developed remarkable steatosis at
4 weeks. Macrovesicular steatosis was mainly observed in zone 1 at

4 weeks and became more evident at 12 weeks. The mice in the KK-
Ay/NAFLD group developed significant hypertrophy at 4 and
12 weeks, while they showed slight microvesicular steatosis. The
mice in the B6/NAFLD group also developed significant steatosis.
Macrovesicular steatosis were evident at 12 weeks. Microvesicular
steatosis was evident at 4 weeks and the histological score was
higher than that of the KK-Ay/NAFLD group at 12 weeks. The
degree of hypertrophy was mild and the histological score was
lower than that of the KK-Ay/NAFLD group at 4 weeks.

Fig. 3 Histological features of mice with dietary intervention. Representative images of liver sections stained with (A) hematoxylin-eosin
(H&E) and (B) Oil Red O at 4 and 12 weeks. Scale bar, 100 μm. C Representative images of macrovescicular steatosis, microvescicular steatosis,
hypertrophy and inflammation in liver sections stained with H&E at 12 weeks. Scale bar, 50 μm. D Histological scoring of steatosis and
inflammation according to the grading system for rodent NAFLD. Each score was plotted with median (red bar) for 6–8 mice per group. All
groups were compared using the Steel-Dwass test. *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 4 Profile of liver inflammation in mice with dietary intervention. A Immunostaining for F4/80 in liver sections at 4 and 12 weeks. Scale
bar, 100 μm. B Relative expressions of F4/80, Tnfα, and Ccl2 at 4 and 12 weeks. The expression of each gene was assessed by quantitative PCR
and normalized by Gapdh expression. Continuous data are expressed as median with interquartile range for 6–8 mice per group. The NAFLD
and control groups were compared using the Wilcoxon test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Both of murine strains fed a NAFLD diet developed lobular
inflammation at 4 and 12 weeks (Fig. 3A, C). Inflammation was
evident in the B6/NAFLD group, showing score 3.0 at 4 weeks and
score 1.5 at 12 weeks. The mice in the KK-Ay/NAFLD group showed
score 1.0, while there was no significant difference between two
strains (Fig. 3D). F4/80-positive cells were observed at 4 and
12 weeks in both murine strains fed a NAFLD diet (Fig. 4A).
Quantitative assessment of gene expression of the liver demon-
strated upregulation of inflammatory gene (F4/80 [also known as
Adhesion G protein-coupled receptor E1; Adgre1], tumor necrosis
factor alpha [Tnfα] and chemokine [C-C motif] ligand 2 [Ccl2] at 4
and 12 weeks in both murine strains fed a NAFLD diet (Fig. 4B).

Dietary intervention rapidly causes liver fibrosis in mice
Sirius Red staining of liver section showed pericellular fibrosis at
12 weeks in both mouse strains fed a NAFLD diet (Fig. 5A). The
fibrosis stage was 1.5 for the B6/NAFLD group and 2.0 for the KK-
Ay/NAFLD group. These scores were not significantly different
between two strains (Fig. 5B). Median fibrotic area was about 2%
of total area in both mouse strains, according to quantitative
morphometry assessment (Fig. 5C). No mice developed hepatic
fibrosis at 4 weeks. Actin alpha 2, smooth muscle, aorta (ACTA2
[also known as αSMA])-positive cells, indicating activated hepatic
stellate cells (HSCs), were observed at 12 weeks (Fig. 5D).
Quantitative PCR showed upregulation of fibrotic genes (Acta2,
Tgfβ and Collagen1a1 [Col1a1]) (Fig. 5E). Only one of the six KK-Ay/
NAFLD mice had liver tumor at 37–38 weeks (data not shown).

Dietary intervention alters lipid metabolism in the liver
Quantitative assessment of hepatic gene expression demon-
strated upregulation of genes related to de novo lipogenesis
(DNL) (Sterol regulatory element-binding protein 1c [Srebp-1c],
Acetyl-coenzyme a carboxylase alpha [Acaca], fatty acid synthase
[Fasn] and Stearoyl-CoA desaturase 1 [Scd1]) at 4 and 12 weeks in
the KK-Ay/NAFLD group and at 12 weeks in the B6/NAFLD group
(Fig. 6A). The expression of Microsomal triglyceride transfer
protein (Mttp), which is essential for secretion of very low-
density lipoprotein (VLDL) from liver, were downregulated at
12 weeks in both mouse strains fed a NAFLD diet (Fig. 6B).
Apolipoprotein B (ApoB), the major structural component of VLDL,
were downregulated at 12 weeks in the KK-Ay/NAFLD group
(Fig. 6B). The expression of Carnitine palmitoyltransferase 1 A
(Cpt1a), which is related mitochondrial β-oxidation, were affected
in the B6/NAFLD group but not the KK-Ay/NAFLD group (Fig. 6C).
Acyl-CoA oxidase 1 (Acox1), which promoted peroxisomal β-
oxidation, were downregulated at 12 weeks in both mouse strains
fed a NAFLD diet (Fig. 6C).

DISCUSSION
In this study, we describe a murine model for NAFLD by using
diabetic KK-Ay mice and a high-fat, high-fructose, and high-
cholesterol diet supplemented with cholic acid. The mice exhibit
remarkable obesity, insulin resistance, and dyslipidemia, which are
typical features of obese NAFLD patients. They develop severe

Fig. 5 Profile of liver fibrosis in mice with dietary intervention. A Representative images of liver sections stained with Sirius Red at 4 and
12 weeks. Scale bar, 100 μm. B Histological grading of fibrosis. Each score was plotted with median (red bar) for 6–8 mice per group. All groups
were compared using the Steel-Dwass test. *p < 0.05, **p < 0.01, ***p < 0.001 (C) Quantification of the Sirius Red-positive area at 4 and 12 weeks.
D Immunostaining for ACTA2 in liver sections at 4 and 12 weeks. Scale bar, 100 μm. E Relative expressions of Acta2, Tgfβ, and Col1a1 at 4 and
12 weeks. The expression of each gene was assessed by quantitative PCR and normalized by Gapdh expression. Continuous data are
expressed as median with interquartile range for 6–8 mice per group. The NAFLD and control groups were compared using the Wilcoxon test.
*p < 0.05, **p < 0.01, ***p < 0.001.
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steatohepatitis within 4 weeks and liver fibrosis within 12 weeks.
The rapid progression of disease makes the model promising as a
preclinical model for human NAFLD. Interestingly, C57BL/6 J mice
fed the same diet showed neither obesity nor insulin resistance.
They still develop dyslipidemia, steatohepatitis, and liver fibrosis
as with lean NAFLD patients.
A previous study showed that KK-Ay mice were susceptible to

dietary steatohepatitis and fibrosis induced by a methionine/
choline-deficient (MCD) diet, suggesting that this strain had a
potential for NAFLD models. However, KK-Ay mice fed a MCD diet
lost body weight similarly to other strains20. The NAFLD diet used in
this study accelerates weight gain and maintains the insulin
resistance of the KK-Ay mice. Insulin resistance is not only a
comorbidity but also an exacerbation factor of NAFLD8–10. Drugs for
T2DM are an emerging option for NAFLD treatment21–25. Our model
could be suitable for the preclinical evaluation of such drugs.
Adiponectin is a hormone secreted from adipocytes and shows

the beneficial effects on lipid metabolism, insulin resistance and
inflammation. Decrease of adiponectin levels are associated with
the risk of metabolic syndrome. In NAFLD patients, adiponectin
levels are decreased compared to control26–28 and low adiponec-
tin was associated with advanced fibrosis29, suggesting the
relevance of hypoadiponectinemia to disease progression. Hypoa-
diponectinemia are observed in KK-Ay mice30 and suggested to be
a significant cause of dyslipidemia, insulin resistance and
inflammation. This characteristic supports the potential of our
KK-Ay/NAFLD model.
Recruitment and activation of macrophages has an important

role in the disease activities of NAFLD31. The upregulation of Ccl2,
a chemokine with a chemotactic activity for monocytes and F4/80,
a widely used marker of murine macrophage populations, is
observed in this murine model. Liver fibrosis is a common feature
of chronic liver disease including NAFLD. Activated HSCs are a
major source of extracellular matrices, which form the fibrotic
component in the liver32. The upregulation of Acta2, an activation
marker of HSCs (also known as αSma), and other fibrotic genes,
indicates the TGFβ-driven activation of HSCs in this murine model.

The excessive accumulation of fatty acids affects the disease
progression of NAFLD. In NAFLD, even though nimious fatty acids
from diet or adipose tissue are delivered to liver, their synthesis
from glucose and fructose by DNL is still promoted33. Insulin
accelerates DNL by enhancing the transcriptional upregulation of
SREBP-1c34,35, the major transcriptional regulator of the enzymes
involved in DNL, including ACACA, FASN and SCD136,37. Oxysterol
metabolites of cholesterol also activate SREBP-1c by affecting liver
X receptor (LXR)38. Our models, especially, the KK-Ay/NAFLD
group, show the upregulation of Srebp-1c and the enzymes
involved in DNL, suggesting enhanced DNL. Insulin resistance in
KK-Ay mice might cause significant promotion of DNL and
remarkable fat accumulation. Export of triglycerides into the
blood from the liver as VLDL also regulate the amounts of fatty
acids in the liver. Genetic defects of APOB, MTTP that impair
hepatic VLDL export cause hepatic steatosis and fibrosis in the
patients with congenital hypocholesterolemia39. Reduced expres-
sion of Mttp and ApoB in our models could exacerbate hepatic
steatosis. Fatty acids in the liver are catabolized by β-oxidation.
Impaired mitochondrial β-oxidation caused by chronic fatty acid
overload leads to lipid accumulation into the liver and enhanced
reactive oxygen species (ROS) in NAFLD40,41. Peroxisomal β-
oxidation also affects lipid metabolism in the liver. However, a role
of peroxisomal β-oxidation in NAFLD pathogenesis is still
unrevealed. ACOX1 is a rate-limiting enzyme in the peroxisomal
β-oxidation pathway. Acox1-deficient and Acox1-mutant mice
develop steatohepatitis and HCC42,43, while liver-specific Acox1
knockout protects against fatty liver caused by starvation or high-
fat diet via induction of lipophagy44. The significance of Acox1
suppression in our models should be assessed in the future study.
Cholic acid reinforces the lipotoxictity of cholesterol by

accelerating intestinal cholesterol absorption and exacerbating
hepatic inflammation and fibrosis45,46. On the other hand, cholic
acid induce energy expenditure and improve insulin
resistance47,48. These preferable effects on metabolic status
resulted in leanness and improved insulin resistance of B6/NAFLD
mice, whereas C57BL/6 mice fed NAFLD diet without cholic acid

Fig. 6 Quantification of gene expression related to lipid metabolism in the liver. Relative expressions of (A) Srebp-1c, Acaca, Fasn, Scd1, (B)
Mttp, ApoB, (C) Cpt1a, and Acox1 at 4 and 12 weeks. The expression of each gene was assessed by quantitative PCR and normalized by Gapdh
expression. Continuous data are expressed as median with interquartile range for 6–8 mice per group. The NAFLD and control groups were
compared using the Wilcoxon test. *p < 0.05, **p < 0.01, ***p < 0.001.
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showed significant body weight gain in several recent studies49,50.
Furthermore, cholic acid also prevents hepatic triglyceride
accumulation and elevated serum triglycerides by activating the
farnesoid X receptor (FXR) signaling pathway. A previous report
indicated that the addition of cholic acid to a high-fat diet
improved steatosis and lowered serum triglycerides in KK-Ay

mice51. The abundance of cholesterol and fructose in our diet are
presumed to account for the difference. The impact of cholic acid
and FXR agonism should be examined based on various under-
lying factors. These results indicate the importance of preclinical
models that possess the multiple characteristics of NAFLD.
There are also several limitations in our NAFLD model. First,

hepatocyte ballooning was not observed. Hepatocyte ballooning
is an important histological finding and a component of the
NAFLD scoring system, such as the Brunt criteria and the NAFLD
Activity Score (NAS)19,52. Although some studies have reported
murine models that develop hepatocyte ballooning12,53, many of
widely used murine models, including C57BL6 mice, that fed a
MCD diet or fed a high-fat diet did not exhibit hepatocyte
ballooning18. The influence of hepatocyte ballooning on disease
development and progression should be elucidated in the future
studies. Second, the incidence of liver tumor is low in our NAFLD
model (data not shown). To clarify the mechanism of hepato-
carcinogenesis by using murine models developing HCC is an
important approach to conquer NAFLD-related HCC. On the other
hand, advanced fibrosis is a major risk factor of HCC4, and the
prevention of fibrosis could be another way of reducing the
incidence of HCC. Our model could make a substantial contribu-
tion to studies aimed at overcoming NAFLD and its associated
complication.
In summary, we established a diet-induced murine NAFLD

model with a rapid development of steatohepatitis and fibrosis,
bearing obesity and insulin resistance. This model could be useful
for preclinical models for drug development of NAFLD.

DATA AVAILABILITY
The datasets used and/or analyzed during the current study are available from the
corresponding author on reasonable request.
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