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Abstract
Non-alcoholic fatty liver disease (NAFLD) is a continuous spectrum of diseases characterized by excessive lipid
accumulation in hepatocytes. NAFLD progresses from simple liver steatosis to non-alcoholic steatohepatitis and,
in more severe cases, to liver fibrosis, cirrhosis, and hepatocellular carcinoma (HCC). Because of its growing
worldwide prevalence, various animal models that mirror both the histopathology and the pathophysiology of
each stage of human NAFLD have been developed. The selection of appropriate animal models continues to be
one of the key questions faced in this field. This review presents a critical analysis of the histopathology and
pathogenesis of NAFLD, the most frequently used and recently developed animal models for each stage of NAFLD
and NAFLD-induced HCC, the main mechanisms involved in the experimental pathogenesis of NAFLD in different
animal models, and a brief summary of recent therapeutic targets found by the use of animal models. Integrating
the data from human disease with those from animal studies indicates that, although current animal models
provide critical guidance in understanding specific stages of NAFLD pathogenesis and progression, further research
is necessary to develop more accurate models that better mimic the disease spectrum, in order to provide both
increased mechanistic understanding and identification/testing of novel therapeutic approaches.
© 2016 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of Pathological Society of Great Britain
and Ireland.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is the hepatic
manifestation of the metabolic syndrome. NAFLD has a
strong association with metabolic abnormalities such as
obesity [1,2], insulin resistance (IR) [3,4], fasting hyper-
glycaemia, dyslipidaemia, and altered adipokine pro-
files [4]. Its worldwide prevalence continues to increase
with the growing epidemic of obesity and insulin resis-
tance, and it is becoming the most common cause of
chronic liver disease [5]. NAFLD is a continuous spec-
trum of diseases characterized by excessive lipid accu-
mulation in hepatocytes. It progresses from simple liver
steatosis to non-alcoholic steatohepatitis (NASH) and,
in more severe cases, to liver fibrosis and cirrhosis [6].
NASH with fibrosis or cirrhosis increases the risk of
developing hepatocellular carcinoma (HCC) [7]. Each
stage of the disease spectrum has distinctive histopatho-
logical characteristics. Simple hepatic steatosis encom-
passes fat droplet accumulation in hepatocytes [8]. As
the disease progresses to NASH, hepatocellular injury,

ballooning and inflammation develop. Further worsen-
ing of NASH leads to liver fibrosis and ultimately to
cirrhosis [6].

Hepatic steatosis is caused by excessive import
or diminished export or oxidation of free fatty acids
(FFAs). NASH is the resultant inflammatory response
that is stimulated by various additional hits [6]. How-
ever, the exact pathogenetic mechanism(s) of NAFLD
remain unclear. Further research on pathogenic path-
ways and potential drug treatments is crucial, given the
rapid growth in NAFLD prevalence. Animal models
that mirror both the histopathology and pathophysiol-
ogy of each stage of human NAFLD provide critical
guidance for understanding disease pathogenesis and
progression. This review will summarize the current
and most frequently used animal models for each
stage of NAFLD: (1) non-alcoholic fatty liver (sim-
ple steatosis); (2) NASH; and (3) NASH-associated
HCC. We will also outline possible therapeutic targets
that have been found recently by the use of animal
models.

© 2016 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of Pathological Society of Great Britain and Ireland.
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Histopathology and pathogenesis of NAFLD

Hepatic steatosis is the hallmark feature of NAFLD,
whereby fat droplets accumulate in the form of triglyc-
erides in hepatocytes. NAFLD is histologically diag-
nosed when accumulation occurs in >5% of hepatocytes
[9]. The extent of steatosis can be graded according to
the percentage of steatotic hepatocytes: mild, 0–33%;
moderate, 33–66%; and severe, >66%. In severe cases,
steatosis can occupy the entire acinus [10].

Triglycerides in the livers of patients with NAFLD
derive from esterification of glycerol and FFAs [6].
Triglyceride accumulation occurs when the rate of
import or synthesis of FFAs by hepatocytes exceeds
the rate of export or catabolism [11,12]. Obesity, and
particularly IR, are tightly associated with the genesis
of NAFLD [11,13]. Overexpression of tumour necrosis
factor (TNF)-α in obese patients activates IκB kinase
β, which plays an important role in IR development
by inhibiting the phosphorylation of insulin receptor
substrate (IRS)-1 and IRS-2 [14,15]. IR leads to an
increase in the liver triglyceride level and ultimately
liver steatosis through various mechanisms [14]. First,
insulin fails to suppress adipose tissue lipolysis via
hormone-sensitive lipase, resulting in increased efflux
of FFAs into the circulation and consequent uptake by
the liver [14]. Second, IR-associated hyperinsulinaemia
and hyperglycaemia promote hepatic de novo lipid
synthesis via upregulation of the membrane-bound
transcription factor sterol regulatory element-binding
protein-1c (SREBP-1c) and carbohydrate response
element-binding protein (ChREBP), respectively
(Figure 1) [16,17]. Third, hyperinsulinaemia directly
inhibits β-oxidation of FFAs [18]. Together, these
phenomena promote hepatic FFA accumulation and,
through esterification, hepatic triglyceride accumulation
and steatosis.

Animal models of NAFLD
High-fat diet (HFD)

The association between NAFLD and obesity led to the
development of an HFD that matches modern Western
diets. In HFD animal models, 45–75% of the animals’
total calorie intake is derived from fat, and animals
are fed predominantly ad libitum, although sometimes
forcibly. The classic HFD model used rats fed a diet
composed of 71% fat, 11% carbohydrates and 18%
protein for 3 weeks, as compared with control rats fed
a standard Lieber–DeCarli diet of 35% fat, 47% car-
bohydrates and 18% protein. The HFD caused hepatic
steatosis, and lipid concentrations were almost two-fold
of those in control rats, owing to the increased dietary
load of FFAs. Similarly to human NAFLD patients,
rats developed IR, as shown by elevated plasma insulin
levels. Weight change, however, was the same in both
HFD and control rats [19].

A recent study reported similar results in male
C57BL/6 mice fed the same HFD for up to 16 weeks.

Body weights increased in the HFD and control diet
groups. HFD mice showed hepatic steatosis, as verified
by the presence of increased liver triglyceride levels,
hepatocyte ballooning, Mallory bodies, higher fasting
serum glucose levels, and decreased adiponectin levels,
suggesting hyperglycaemia and IR [20]. Similarly, our
group found that male C57BL/6 mice fed an HFD (45%
fat, 35% carbohydrates, and 20% protein) for 12 weeks
develop steatosis, as shown by increased lipid accumu-
lation (Figure 2A). An HFD has been reported to result
in a higher percentage of cells enriched in fat than other
diets. For example, Wistar male rats were fed diets
with the same quantity (15 g/rat per day) for 16 weeks
but with different compositions, including high-fat,
moderate-fat, high-sucrose and high-fructose groups.
The high-fat group had the highest body and liver
weights, and the highest percentage of liver steatosis
(40%) [21].

Unlike various other animal models, animals fed an
HFD mimic both the histopathology and pathogenesis
of human NAFLD, as they have the hallmark features
observed in human NAFLD patients, including obesity
and IR. The degree of hepatic steatosis, however, seems
to depend on various factors, including rodent strain.

db/db and ob/ob mice

db/db mice are homozygous for the autosomal recessive
diabetic gene (db). The db gene encodes a point mutation
of the leptin receptor (Ob-Rb), which leads to defec-
tive leptin signalling [22]. Therefore, db/db mice have
normal or elevated levels of leptin, but are resistant to
its effects. Leptin is responsible for regulating feeding
behaviour by promoting satiety. These mice have persis-
tent hyperphagia, and are obese and diabetic [23]. They
show severe hyperglycaemia, hyperinsulinaemia, and
elevated serum leptin levels, and develop macrovesicu-
lar hepatic steatosis [11,24,25] (Figure 2B). db/db mice
do not spontaneously develop inflammation when fed
a normal control diet. Prolonged calorie overconsump-
tion (>1 month) may lead to slightly aggravated hep-
atic inflammation [22]. Nevertheless, db/db mice rarely
show features of NASH when fed a control diet. Thus,
db/db mice alone are good models of NAFLD but not
of NASH. Despite this, NASH can be induced if db/db
mice are given a second hit with a methionine and
choline-deficient (MCD) diet or trans-fat intake.

ob/ob mice carry an autosomal recessive mutation
in the leptin gene. Unlike db/db mice, ob/ob mice
have functional leptin receptors, but have truncated
and non-functional leptin. Similarly, these mice are
grossly overweight, hyperphagic, hyperinsulinaemic,
hyperglycaemic, and resistant to insulin, and develop
spontaneous liver steatosis [22] but not steatohepatitis.
Secondary insults are also required to trigger steato-
hepatitis, such as an MCD diet, an HFD, small doses of
lipopolysaccharide endotoxin [23], ethanol, or hepatic
ischaemia–reperfusion challenge [11]. However, unlike
db/db mice, ob/ob mice are resistant to hepatic fibrosis,
owing to hepatic fibrosis requiring leptin [24].
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Table 1. Animal models of non-alcoholic fatty liver diseases

Model Summary of diet composition Obese Steatosis NASH Fibrosis HCC

High-fat diet
45–75% of the animals’ total calorie

intake is derived from fat. The
classic reported HFD model
comprised 71% fat, 11%
carbohydrates, and 18% protein

Yes Yes Yes (mild) Yes No

ob/ob mice NA Yes Yes No (does not develop
spontaneously)

No (resistant to
fibrosis)

No

db/db mice NA Yes Yes No (does not develop
spontaneously)

No (does not develop
spontaneously)

No

Methionine and
choline-deficient diet

Diet usually consists of sucrose (40%
of energy) and fat (10%); however,
it is deficient in methionine and
choline

No Yes Yes Yes No

High-cholesterol diet Approximately 1% of animals’ total
calorie intake is from cholesterol.
Often fed in conjunction with high
fat (15%) or high cholate (0.5%)

Yes Yes Yes Yes No

foz/foz mice NA Yes Yes Yes Yes No
Choline-deficient high-fat diet 20% protein, 35% carbohydrate, and

45% fat, without choline added
Yes Yes Yes Yes Yes

Choline-deficient L-amino
acid-defined diet

28.9 kcal/g L-glutamic acid,
15.8 kcal/g L-aspartic acid,
12.7 kcal/g L-arginine, and
10.5 kcal/g L-leucine, without
choline bitartrate

Yes Yes Yes Yes Yes

Choline-deficient L-amino
acid-defined diet+ carbon
tetrachloride

28.9 kcal/g L-glutamic acid,
15.8 kcal/g L-aspartic acid,
12.7 kcal/g L-arginine, and
10.5 kcal/g L-leucine, without
choline bitartrate, with CCl4
injection

No Yes Yes Yes Yes

High-fat diet+ streptozotocin 24.8% protein, 46.7% nitrogen-free
extract, and 14.4% fat, with
200-μg streptozotocin injection

Yes Yes Yes Yes Yes

Hepatocyte-specific
PTEN-deficient mice

NA Yes Yes Yes Yes

Db/db mice+DEN NA Yes Yes Yes ? Yes

DEN, diethylnitrosamine; HCC, hepatocellular carcinoma; NA, not available; NASH, non-alcoholic steatohepatitis; PTEN, phosphatase and tensin homologue.

The advantage of db/db and ob/ob mouse models
is that they show characteristics of human metabolic
syndrome, unlike various diet models, such as an MCD
diet. When fed a standard diet without an additional
hit, these mice are useful models of NAFLD, as they
develop pronounced hepatic steatosis. With the addition
of a second hit such as an MCD diet, db/db mice can
also be used to study the progression of steatosis to
NASH. However, congenital leptin deficiency and leptin
resistance caused by gene mutations in obese humans
are extremely rare [26], so db/db and ob/ob mouse
models are limited in their ability to reflect the aetiology
of human obesity, IR, and hepatic steatosis.

Histopathology and pathogenesis of NASH

The development of steatosis is followed by progres-
sion to NASH in one-third of patients with NAFLD
[27]. NASH is diagnosed when hepatocellular steatosis
occurs with concurrent necroinflammatory reactions of
the liver and hepatocellular ballooning with or without

fibrosis and/or cirrhosis. Lobular inflammation (usually
in acinar zone 3) and portal inflammation are both
present in NASH. Lobular inflammation is followed
by infiltration of affected areas by innate immune cells
[28,29]. Portal inflammation is common and usually
mild. Increased portal inflammation may be a marker of
severe and advanced NAFLD [30]. Other histological
lesions present in NASH include hepatocellular balloon-
ing, fibrosis, apoptotic bodies, sinusoidal collagen for-
mation, Mallory–Denk bodies (MDBs), megamitochon-
dria, glycogenated nuclei, and iron deposition [29,31].

The progressive transition from steatosis to NASH
was initially explained by a two-hit hypothesis [32],
although recent studies have proposed a modified
‘multiple-hit’ model. In this case, the first hit is IR and
metabolic disturbance, which leads to liver steatosis.
This is followed by a series of hits, including oxidative
stress, proinflammatory cytokine-mediated hepato-
cyte injury, altered lipid partitioning and hepatoxicity
mediated by FFAs, abnormal intrahepatic cholesterol
loading, hyperinsulinaemia, hyperleptinaemia, and
hypoadiponectinaemia [33,34]. Additionally, genetic
predisposition may be involved [15]. Of all these factors,
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Figure 1. The main mechanisms involved in the experimental pathogenesis of NAFLD and NASH in different animal models. In NAFLD, the
mechanisms include increased de novo lipogenesis, increased adipose tissue lipolysis, increased dietary FFA levels, impaired β-oxidation,
and impaired VLDL synthesis. These all lead to hepatic triglyceride accumulation and ultimately NAFLD. db/db mice and ob/ob mice develop
NAFLD because of both increased de novo lipogenesis and IR, whereas mice fed an HFD develop NAFLD because of increased dietary FFA
levels. In NASH, the two main mechanisms for progression of steatosis to steatohepatitis are increased oxidative stress and proinflammatory
cytokines. Mice fed an MCD diet develop NASH because of increased oxidative stress; mice fed a high-cholesterol diet develop NASH because
of both increased oxidative stress and proinflammatory cytokines; foz/foz mice develop NASH because of obesity-induced IR.

two mechanisms are considered to be pivotal: oxidative
stress and inflammatory cytokines (Figure 1).

Oxidative stress
Studies have found a strong association between the
degree of oxidative stress and the severity of NASH [35],
and also the presence of biological markers of oxidative
stress, in both patients and animal models of steato-
hepatitis [36,37]. A major source of oxidative stress in
NASH is the excess FFA load resulting from obesity and
IR. FFA oxidation occurs in three subcellular organelles:
β-oxidation in mitochondria and peroxisomes, and
CYP4A-catalysed ω-oxidation in the endoplasmic retic-
ulum [38]. In the context of FFA load, mitochondrial
β-oxidation can become overwhelmed, reesulting in an
increase in reactive oxygen species (ROS) production
[6] (Figure 1). Under continuous oxidative stress, an
imbalance between ROS and the antioxidant capacity
of the cell leads to lipid peroxidation and ultimately
cellular damage [39]. Lipid peroxidation of polyunsat-
urated fatty acids generates toxic aldehyde byproducts,
which, together with ROS, cause damage to intracellu-
lar organelles, cell death, and activation of fibrogenic
hepatic stellate cells [37] (Figure 1).

Proinflammatory cytokines
NASH is tightly associated with chronic hepatic
inflammation and abnormal cytokine production. An
increase in the synthesis of proinflammatory cytokines,
including TNF-α and interleukin (IL)-6, has been
reported in NASH patients [40]. Both TNF-α and
IL-6 affect adipokine levels, as they: (1) decrease the
levels of adiponectin, which has anti-inflammatory,

anti-atherogenic and anti-diabetic properties; and (2)
increase leptin levels, resulting in perpetuation of the
loop of chronic inflammation in obesity (Figure 1)
[40,41].

Animal models of NASH
MCD dietary model

Feeding mice a lipogenic MCD diet is a frequently used
and reproducible nutritional model of NASH. The diet
usually consists of considerable amounts of sucrose
(40% of energy) and is only moderately enriched with
fat (10%), but is deficient in methionine and choline.
Choline is an essential nutrient that is stored and metab-
olized chiefly in the liver. Depriving animals of choline
alone impairs hepatic very-low-density lipoprotein
(VLDL) secretion and results in hepatosteatosis, oxida-
tive stress, liver cell death, and changes in cytokines
and adipocytokines [42], but causes only slight hepatic
inflammation and fibrosis. However, mice fed a diet
lacking both choline and methionine develop extensive
hepatic inflammation as early as 2 weeks of feeding, and
significant fibrosis after 6 weeks [11,43] (Figure 2C,
D). Serum alanine aminotransferase (ALT) levels also
increase alongside with ballooning degeneration of
hepatocytes [44]. Recent literature suggests that the
progression of steatosis to steatohepatitis in MCD
mouse models involves downregulation of proteins
affecting methionine metabolism and oxidative stress,
especially peroxiredoxin, which may participate in
cellular defence against the development of hepatitis
[45]. An MCD diet better mimicked the pathological
findings of severe human NASH than did other dietary
models. Inflammation, fibrosis and hepatocyte apoptosis

© 2016 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd J Pathol 2017; 241: 36–44
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Figure 2. Histopathological features of NAFLD in different animal models. (A–C) Representative haematoxylin and eosin (H&E) staining of
liver sections of: (A) C57BL/6 mice fed a control diet or an HFD for 12 weeks; (B) db/db and dbm control mice fed normal chow for 6 weeks;
and (C) C57BL/6 mice fed a control diet or an MCD diet for 2 weeks. (D) Representative Sirius Red staining of liver sections of C57BL/6 mice
fed a control diet or an MCD diet for 8 weeks. (E) Representative H&E staining of liver sections of C57BL/6 mice fed a control diet, an HFHC
diet or a CD-HFD for 12 weeks.

developed much more quickly and severely than in mice
fed an HFD or Western diets. The diet also better mod-
els the mechanisms implicated in the pathogenesis of
human NASH. Endoplasmic reticulum stress, oxidative
stress and autophagocytic stress are all more active in
MCD models than in other dietary models [46]. Thus,
this model is appropriate for studying histologically
advanced NASH and the mechanisms of inflammation
and fibrosis in NASH.

The MCD model is limited, because it has known
disparities with the metabolic profile of human NASH.
Instead of being obese, mice fed an MCD diet show
significant weight loss, cachexia, no IR, and low serum
insulin, fasting glucose, leptin and triglyceride levels
[47]. Thus, MCD diets are often fed to db/db or ob/ob
mice to better replicate human NASH. db/db mice
fed an MCD diet show marked hepatic inflamma-
tion and fibrosis [25]. In addition, the responsiveness
of different mouse strains to an MCD diet varies
considerably. The release of transaminases differs
between mouse strains, and can be ranked as fol-
lows: A/J>C57BL/6>C3H/HeN=Balb/c=DBA/2 J.
Long-term feeding with a methionine-deficient diet
caused more pronounced liver injury in DBA/2 J
mice than in C57BL/6 mice, and caused hepatocar-
cinogenesis in DBA/2 J mice but not in C57BL/6
mice [48].

High-cholesterol diet (HCD)

Many foods consumed by humans contain high lev-
els of cholesterol. Recent reports have suggested that
dietary cholesterol is a critical factor in the progres-
sion of steatohepatitis and hepatic inflammation in both
animal models [49–51] and humans [52]. Mice fed
an HCD (1%) alone show striking increases in serum
insulin levels but only slight increases in liver weight,
triglyceride levels, FFA levels, and serum ALT levels
[52]. However, features of NASH are more pronounced
when a high amount of cholesterol is given in con-
junction with a high amount of fat or a high amount
of cholate. Mice fed a high-fat (15%), high-cholesterol
(1%) diet (HFHC) showed greater weight gain, greater
hepatic lipid accumulation, 10-fold elevations in serum
ALT levels, decreased adiponectin levels, adipose tis-
sue inflammation (high gene expression for TNF-α), and
fibrosis. All of these features were more pronounced
in HFHC mice than in HFD or HCD mice [52]. Simi-
larly, mice fed a high-cholesterol (1.25%), high-cholate
(0.5%) diet also showed greater steatosis, inflammation,
hepatocellular ballooning, and fibrosis [31,49]. Mice
fed with a high-fat (23%), high-sucrose (424 g/kg) and
high-cholesterol (1.9 g/kg) diet or a choline-deficient
high-fat diet (CD-HFD) for 3 months developed pro-
nounced steatohepatitis (Figure 2E). Several studies
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have suggested that dietary cholesterol reduces VLDL
synthesis and β-oxidation of fatty acids, and increases
apoptosis and hepatic oxidative stress [51,52].

High-fructose diet

Humans consume a significant number of calories
from fructose-rich foods, and this has been linked with
the development of obesity and NASH [53]. Findings
obtained with C57BL/6 mice fed an HFD or high-fat,
high-fructose (HFHF) diet suggested that fructose
consumption is necessary for the progression of liver
fat deposition to fibrogenesis, because, although weight
gain, body fat, insulin resistance and liver steatosis
were similar between the two groups, hepatic oxida-
tive stress, liver CD11b+F4/80+Gr1+ macrophage
numbers, transforming growth factor (TGF)-β1-driven
fibrogenesis and collagen deposition were increased in
mice fed the HFHF diet [53]. In a more recent study,
Cxcr3-knockout and C57BL/6 wild-type mice were fed
a similar HFHF diet consisting of an HFHC diet supple-
mented with drinking water containing 23 g/l fructose.
Cxcr3-knockout mice showed improved liver histology,
a lower level of necroinflammation and reduced lipid
peroxidation, suggesting that CXCR3 plays a pivotal
role in NASH development in HFHF mouse models
[54].

foz/foz mice

foz/foz mice have a mutated Alms1 gene, which encodes
a protein found in the basal body of the primary cilium.
Although its function has not been fully elucidated,
ALMS1 may have a role in intracellular transport and
appetite regulation [55]. foz/foz mice are morbidly
obese and hyperphagic, and they show IR, significantly
reduced adiponectin levels, increased cholesterol lev-
els, and steatosis. An HFD promotes the transition of
steatosis to NASH with severe fibrosis by aggravating
metabolic complications, resulting in further decreases
in adiponectin levels and increases in cholesterol levels.
However, the severity of diet-induced NASH in foz/foz
mice depends on the strain. When foz/foz BALB/c and
C57BL6/J mice were fed an HFD, weight gain was
equivalent, suggesting that the appetite defect in foz/foz
mice is independent of strain, but NAFLD was more
severe in foz/foz C57BL6/J mice than in foz/foz BALB/c
mice. IR, hyperinsulinaemia, obesity and substantial
NAFLD-related liver fibrosis were seen in foz/foz
C57BL6/J mice but not in foz/foz BALB/c mice. These
findings suggest that, although the levels of obesity are
equal, the responses to obesity, including features of
NASH, are strain-dependent [56].

db/db mice supplemented with iron

In addition to an MCD diet, a recent study found that
iron overload in db/db mice can also cause progres-
sion of NAFLD to NASH and fibrosis. Unlike db/db
mice fed a normal chow diet, db/db mice fed a chow

diet supplemented with high iron showed hepatocellu-
lar ballooning, fibrogenesis, increased hepatic oxidative
stress, inflammasome activation, hepatic inflammatory
immune cell activation, and impaired hepatic mitochon-
drial fatty acid β-oxidation [57].

NAFLD-induced HCC

HCC is the third most common cause of cancer-related
death worldwide. Liver cirrhosis is the most important
risk factor for HCC, and HCC occurring in patients
with non-cirrhotic NASH is very rare [29]. Increased
fat uptake, hepatic steatosis and NASH are all incre-
mental risk factors for HCC. Approximately 4–27% of
patients with NASH-related cirrhosis ultimately develop
HCC [7]. Long-term follow-up studies have revealed
that HCC in NAFLD patients is less common than HCC
in NASH patients, with prevalence rates of 0–0.5% and
0–2.8%, respectively [7,58,59]. Current mouse models
of NAFLD and NASH do not replicate the pathological
progression from fatty liver, NASH and fibrosis to HCC.
Various experimental mouse models for HCC are avail-
able, but only a few represent NAFLD-induced HCC
[60]. Thus, more recent studies have focused on estab-
lishing novel NASH-associated HCC mouse models.

Dietary NAFLD-induced HCC
Models fed only one type of diet have distinctive
limitations. C57BL/6 mice fed an HFD do not show
NASH-like pathology, whereas mice fed an MCD
diet or a choline-deficient diet do. However, MCD or
choline-deficient diets could not induce features of
metabolic syndrome or obesity. Wolf et al proposed a
mixed diet model combining a choline-deficient diet and
an HFD. Liver steatosis, features of metabolic syndrome
and liver damage, as reflected by elevated serum ALT
and aspartate aminotransferase levels, were present con-
currently in this novel model. Features of liver damage
were reminiscent of human NASH, including oxidative
stress, hepatocyte ballooning, immune cell infiltration,
glycogenated nuclei, and MDBs. The tumour incidence
in HFD mice was only 2.5%, as compared with 25%
in CD-HFD mice [61]. In another combination dietary
model, C57BL/6 mice fed a choline-deficient L-amino
acid-defined diet (CDAA) developed liver injury that
mimicked NASH features and led to HCC. Feeding
with CDAA induced IR and increased hepatic steatosis,
altered carbohydrate and lipid metabolism enzymes, and
caused liver damage and fibrosis. HCC developed after
9 months of feeding [62]. Asgharpour et al recently
reported a diet-induced animal model of NAFLD
that recapitulates the key human NASH-associated
HCC features. They generated an isogenic strain from
C57Bl/6 J and 129S1/SvlmK mice. B6/129 mice fed a
high-fat, high-carbohydrate diet sequentially developed
steatosis in 4–8 weeks, NASH in 16–24 weeks, and
HCC at week 52, which may be an ideal preclinical
model of NASH-associated HCC [63].
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Combined chemical and dietary model
C57BL/6 mice fed a CDAA diet and subjected to
low-dose intraperitoneal injections of carbon tetrachlo-
ride (CCl4) have more marked features of NASH and
HCC. Mice had greater steatosis, lobular inflammation
and fibrogenesis than mice fed a CDAA diet alone.
Additionally, although only 35% of CDAA C57BL/6
mice developed HCC, all of the CDAA+CCl4 mice
developed HCC, with a higher average tumour diameter
[62]. In another combined model, C57BL/6 mice were
fed an HFD and treated with streptozotocin (STZ). STZ,
a glucosamine-nitrosourea compound, is toxic towards
pancreatic β-cells, and induces hypoinsulinaemia,
hyperglycaemia and diabetes in mice. STZ-primed mice
stimulated with an HFD induced histological changes,
including steatosis, lobular inflammation, fibrosis and,
at 20 weeks, tumour protrusion. Other observed features
resembling human NASH included body weight gain,
increases in fasting blood sugar levels, and increases in
serum ALT levels. Male STZ HFD mice had increased
proliferation of hepatocytes at 16 weeks, and eventually
developed HCC. The model provides insights into the
mechanisms linking metabolic disorder, NASH, and
HCC [64].

Genetic NAFLD-induced HCC
Phosphatase and tensin homolog (PTEN) is a tumour
suppressor because of its lipid phosphatase activity,
and is mutated in many human cancers [65]. PTEN
is important for preventing oncogenesis in the liver,
and deficiency results in proliferation, antiapoptosis,
and oncogenesis. Hepatocyte-specific PTEN-deficient
mice develop features similar to those of human
NASH and NASH-associated HCC [66]. Tumours
were present in the livers of 66% of male and 30%
of female PTEN-deficient mice at 40–44 weeks, and
HCC was present in 83% of male and 50% of females
at 74–78 weeks [66]. Thus, this model is useful for
understanding not only the pathogenesis of NASH, but
also the progression of NASH to HCC.

Combined genetic and chemical NAFLD-induced
HCC
Genetic obesity in db/db mice is a direct promoter
of NASH-associated HCC development. db/db mice
treated with the carcinogen diethylnitrosamine when
aged 13–15 days had higher body weights, higher liver
weights, hepatic steatosis, a higher HCC incidence, and
higher numbers of and larger tumour nodules. Findings
from this mouse model suggest that obesity and NASH
increase susceptibility to HCC development [67].

Using animal models for pathogenesis
and treatment

Animal models are important in elucidating the mecha-
nisms and pathways involved in the pathogenesis of the

NAFLD spectrum, and studies using the aforementioned
animal models may provide promising results for possi-
ble future treatments for NAFLD and NASH. A recent
study using HFD mouse models found that activation of
cyclin D3/cyclin-dependent kinase 4 is a key event in
the development of NAFLD [68]. In db/db mice, car-
boxylesterase 2 was demonstrated to be a novel triglyc-
eride hydrolase involved in triglyceride homeostasis and
NAFLD [69]. In db/db mice fed an MCD diet, admin-
istration of exendin-4 (a glucagon-like peptide-1 ana-
logue) improved MCD diet-induced steatohepatitis and
reduced hepatic triglyceride and FFA contents, suggest-
ing that exendin-4 could be used for the treatment of
non-obese patients with NASH [70].

Conclusion

The reviewed animal models all have individual lim-
itations in representing the full disease spectrum of
NAFLD. Some replicate the histopathology of NAFLD
but not the physiological properties, and others repli-
cate the physiological properties but not the histopathol-
ogy. Despite their shortcomings, they are useful tools for
studying the pathogenesis and progression of NAFLD,
and uncovering potential treatment targets, as indicated
by those mentioned in this review. Nevertheless, more
accurate animal models that better mimic the disease
spectrum are necessary, and require further research.
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