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Summary. Nonalcoholic fatty liver disease (NAFLD),
as the most common chronic liver disease, is rapidly
increasing worldwide. This complex disorder can
include simple liver steatosis to more serious stages of
nonalcoholic fibrosis and steatohepatitis (NASH). One
of the critical concerns in NASH research is selecting
and confiding in relying on preclinical animal models
and experimental methods that can accurately reflect the
situation in human NASH. Recently, creating nutritional
models of NASH with a closer dietary pattern in human
has been providing reliable, simple, and reproducible
tools that hope to create a better landscape for showing
the recapitulation of disease pathophysiology. This
review focuses on recent research on rodent models
(mice, rats, and hamsters) in the induction of the dietary
model of NAFLD /NASH. This research tries to compile
the different dietary compositions of NASH, time frames
required for disease development, and their impact on
liver histological features as well as metabolic
parameters.
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Introduction

The most frequent liver disease worldwide that is
unceasingly rising in parallel with the growing obesity
epidemic is nonalcoholic fatty liver disease (NAFLD)
(Hansen et al., 2017; Younossi et al., 2018). Indeed,
NAFLD is quickly becoming a worldwide public health
problem, and it is predicted that it will have an
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exponential growth during 10 next years due to high
caloric intake combined with a sedentary lifestyle
(Younossi, 2019). The NAFLD includes two histological
forms: nonalcoholic fatty liver (NAFL) and non-
alcoholic steatohepatitis (NASH) (Sberna et al., 2018).
When hepatic steatosis without hepatocellular necrosis
and no or minimal inflammation is observed, the NAFL
occurs. On the other hand, NASH characteristics include
steatosis, hepatocellular ballooning, and liver
inflammation, with or without fibrosis (Soret et al.,
2020). When inflammation and fibrosis in NASH are
developed, it underlies cirrhosis and hepatocellular
carcinoma (HCC) (Sberna et al., 2018). Currently,
NASH is known as the second main cause of orthotopic
liver transplantation, and it will become the most
common reason for liver transplantation within
developing countries (Agopian et al., 2012). The
molecular and cellular mechanisms of how the
progression from NAFL to NASH is not completely
elucidated. The “two-hit hypothesis™ is one of the
leading theories in the issue (Dowman et al., 2010;
Stephenson et al., 2018). The first hit is the accumulation
of fat in the liver which results in the liver being at
increased susceptibility to further damages (Donnelly et
al., 2005). The effect of oxidative stress on the liver is
the second hit, as it results in liver cell damage and
inflammation, which signifies the progression of NAFL
to NASH (Caldwell and Crespo, 2004). From a
pathogenesis point of view, many mechanisms have been
proposed for inducing fatty liver infiltration and NASH
appearing (Schuppan and Schattenberg, 2013). Some
different metabolic diseases such as central obesity, type
2 diabetes, and hyperlipidemia are well-known risk
factors and been strongly associated with NASH
(Kotinkova et al., 2020). Since the NAFLD and
metabolic syndromes that lead to NASH are affected by
an unhealthy diet, adopting healthy dietary habits can be
considered as a suitable approach for all patients with
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NASH (Finelli and Tarantino, 2012; Torres Silva et al.,
2020). Thus, to investigate the relationship between diets
and the development of NASH and to clarify the
involved pathophysiological mechanisms of NASH,
appropriate experimental models need to be used. Since
the morphological alteration in NAFLD/NASH animal
models is considered as the endpoint of common
pathogenic pathways despite diversities of the primary
etiology, the pathologist tends to focus on morphological
alterations of models (Denk et al., 2019). Currently,
physiology scientists will prefer models that based on
the administration of toxins, special diets, or genetic
alterations resembling the metabolic background of
human disease with less emphasis on morphology. As
such, the experimental models that mimic the human
condition as causative mechanisms responsible for
studies in humans are many times more difficult or
impossible to understand how this disease develops and
progresses. The animal model may serve as an excellent
preclinical platform to study novel therapeutic strategies
for inhibiting NAFLD/NASH progression. This review
provides a more comprehensive exploration of the
known dietary animal models of NASH, with a focus on
comparing the effects of various dietary components on
the metabolic parameters of the disease, biochemical
alterations, and the histological features to help in
selecting an effective dietary intervention during the
study design phase.

Research method

All published data until December 1, 2021,
including articles and research relevant to the in vitro
and in vivo studies that assayed the known dietary
animal models of NAFLD/NASH were considered. The
information was collected by searching in Google
Scholar, Scopus, and PubMed. The keywords including
“Nonalcoholic fibrosis and steatohepatitis”,
“Nonalcoholic fatty liver disease”, “dietary model of
NAFLD /NASH”, “Metabolic syndrome” were
combined with “Rodent animal”, “Rat”, “Hamster”, OR
“Mice” to be used as search terms. The inclusion
criteria were studies evaluating different dietary models
of NAFLD /NASH in animal models. The studies that
did not meet the inclusion criteria, involved human
research or clinical studies, and duplicate studies were
removed. There were no search restrictions in the type
of studies. The English language studies were used for
reviewing.

Characteristics of NASH

The newest hypothesis that explains the
pathogenesis of NASH is the “multi-parallel hit”
hypothesis. According to this hypothesis, endoplasmic
reticulum stress and cytokine-mediated stress can induce
steatosis as well as necroinflammation. Thus, multiple
hits act together in the development of NASH (Dowman
et al., 2010). As such, the individual markers for NASH,

such as inflammatory or fibrogenic factors and
biochemical markers can improve the understanding of
disease pathogenesis and allow therapies to be
developed. Nonspecific hepatocellular damage is
reflected by biochemical markers measured in plasma or
the liver, such as aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) (Kotinkova et al., 2020).
Other primary markers of NASH include inflammation
markers (such as C-reactive protein (CRP)),
inflammatory cytokines and chemokines such as
interleukin (IL-6), tumor necrosis factor-o (TNFa), and
chemokine CC ligand-2 (CCL2) (Neuman et al., 2014;
Schuppan et al., 2018). For verifying or diagnosing the
stage of NASH to evaluate histopathological changes in
NASH, liver biopsy can be used. Several histological
scoring systems such as the NAFLD activity score
(NAS) and the fibrosis scoring system are applied to
monitor these histopathological changes (Kim et al.,
2011). Currently, noninvasive approaches methods such
as magnetic resonance spectroscopy, other inflammatory,
and fibrotic markers discovered by hepatic mRNA
sequencing provide sensitive and fast methods to detect
NASH (Szczepaniak et al., 2005; Hansen et al., 2017;
Tolbel et al., 2018).

Animal models of NASH

Over the last decade, various animal models with
various degrees of fidelity to the metabolic profile and
the histological patterns of human NASH have been
developed. The NASH models can be divided into two
groups which involve environmental induction (diets,
drugs, or toxins) and genetic modifications that naturally
occur or target overexpression or deletions of genes
(Diehl 2005; London and George, 2007). The outcomes
of these models are decreased hepatic fatty acid
oxidation or export, as well as increased hepatic
lipogenesis and uptake (Diehl 2005; Larter and Yeh,
2008; Ying-Rong et al., 2021). Among all models, the
over-nutrition-based models have shown substantial
metabolic similarity to humans with NASH (Ibrahim et
al., 2016). These models have reproducibility of the
histological features of NASH, such as hepatocellular
ballooning (Charlton et al., 2011; Verbeek et al., 2015)
and progressive hepatic fibrosis (Kohli et al., 2010;
Charlton et al., 2011). This review provides a
comprehensive description of dietary strategies in the
three common animal models (mouse, rat, and hamster)
for selecting the best diet choice during the study design
phase.

Diet-induced NASH models in animal models
High-Fat Diet

The High-Fat Diet (HFD) includes a wide range of
diet formulas with different fat types (30-60 kcal% fat)

with other compositional differences such as different
forms (i.e., pellet or liquid) and low or high sucrose
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amounts (Radhakrishnan et al., 2020). The high-fat diet
in experimental animals is widely applied to induce
hepatic steatosis and NASH (Table 1). Nevertheless, the
obtained results are variable concerning the degree of
steatosis, inflammation, and fibrosis (Kanuri and
Bergheim, 2013; Nakamura and Terauchi, 2013). These
different results are due to differences rodent models
strain, physical activity (mainly sedentary behavior), the
sex and genetic background of the models, the fat
content of the diet, the composition of the dietary fat,
and the duration of treatment (Kanuri and Bergheim,
2013; Kotinkova et al., 2020). Depending on the fat
source, the HFD typically increases body weight and
body fat as well as insulin resistance in rodent models
(Imajo et al., 2013).

Table 1. High fat diet- induced rodent models of NAFLD/NASH.

Sprague-Dawley rats are the first NASH animal
models that showed panlobular steatosis and
inflammatory infiltrate with predominantly mononuclear
cells developed after 3 weeks of consuming HFD (71 %
of energy from fat, 11 % from carbohydrates, 18 % from
protein). Rats increased hepatic molecular markers of
inflammation, oxidative stress and developed insulin
resistance and induced fibrogenesis, which was indicated
by elevation of TNF-a, 4-hydroxynonenal (4-HNE),
plasma insulin, and collagen I, respectively. However,
this diet could not increase body weight or plasma ALT
levels after 3 weeks (Lieber et al., 2004). Another study
fed Sprague-Dawley rats HFD (60% fat-derived
calories) for 7 weeks and reported hypertriglyceridemia,
hyperinsulinemia, and hyperglycemia, which are

Rodent model Dietary Composition/definition Treatment outcome Phenotypes/outcomes
model length
Steatosis; TBW;
SD rat HFD . ; ; .
(Liu et al., 2015) (D12492) 60% kcal-fat 12 weeks NAFLD ALT, AST (no change); TTG (plasma)

TC (plasma; no change); TFBS, TInsulin, THOMA-IR

Steatosis; 1BW

SD rat HFD + STZ 60% kcal-fat + NAFLD

(Liu et al., 2015) (D12492)  single dose of STZ (25 mg/kg) 12weeks  1opm ﬁgpéﬁ;g”ﬁoﬁhﬂ%‘;{ I;gs(p:ﬁ'sﬂ‘;ﬂ HOMALR
SD rat HFD + STZ 60% kcal-fat + 8weeks NASH Steatosis (macrovesicular); Ballooning

(Hsu et al., 2013) (D12492) single dose of STZ (200 mg/kg) Inflammation; severe fibrosis; T1BW, TALT, TFBS
C57BL/6N mice HFD + 64% kcal-fat, 21% kcal-carbohydrate, 14% Steatosis; Inflammation; Ballooning

(Kubota et al., 2013)  CCl4 protein + 8 times CCl4 administration

12weeks NASH  Fiprosis; 1ALT, 1TNF-a, 1TGF-B

C57BL/6N mice 64% kcal-fat, 21% kcal-

(Kubota et al., 2013) HFD carbohydrate, 14% protein 12weeks NAFLD Steatosis; 1BW, 1ALT, TAST

. *failed to
BALB/c mice (23% fat, 45% carbohydrate, . .
(Farrell etal., 2014) D 20% protein, 0.19% cholesterol) 24 weeks nauce  TBW, Tinsulin, TFBS
Obese (foz/foz) BALB/c (23% fat, 45% carbohydrate, Steatosis; Necroinflammation; Mild fibrosis
mice (Farrell et al., 2014) D 20% protein, 0.19% cholesterol) 24 weeks NAFLD  ta\y “+1C, tinsulin, TFBS, 1TNFa, Ta-SMA
C57BL6/J mice (Farrell (23% fat, 45% carbohydrate, Steatosis; Ballooning; Necroinflammation fibrosis
etal., 2014) HFD 20% protein, 0.19% cholesterol) 24weeks NASH  1p\y 1A(T, 1TC, 1FBS, 1TNFa, 1a-SMA
Obese (foz/foz); 57BL6/J HED (23% fat, 45% carbohydrate, 24 weeks Severe Steatosis; Ballooning; Necroinflammation fibrosis
mice (Farrell et al., 2014) 20% protein, 0.19% cholesterol) NASH TBW, TALT, TTC, tInsulin, TFBS, TTNFa, ta-SMA
C57BL6/J mice Macrovesicular steatosis without necrosis

HFD 60 kcal%-fat, mainly lard 8 weeks NAFLD Inflammation; 1BW, tALT, TInsulin

(Kirpich et al., 2011)

FBS (no change); 1TC, 1TG, 1TG (liver)

C57BL6/J mice (Flores- HFD
Costa et al., 2018) (D12492)

60% kcal from fat, 20% kcal-
carbohydrate, 20% kcal-protein

Steatosis; Mild inflammation; Mild fibrosis

16weeks NASH g\, 1AST, 1TG (Iiver), 1SREBP-1c (mRNA)

C57BL6/J mice (van HFD

der Heijden et al, 2015) (D12492) 60% kcal from fat (60% kcal-fat)

Steatosis (micro- & macrovesicular); Ballooning
Multifocal inflammation fibrosis; TBW, tInsulin,
HOMA-IR (no change); TTNFa (mRNA)

52 weeks NASH

C57BL6/J mice (Lieber
et al., 2004; Eccleston, HFD
etal., 2011)

71% kcal-fat, 11% kcal-
carbohydrate, 18% kcal-protein

Steatosis; Ballooning; BW (no change), TTG
(liver), plasma TG (no change); ALT (no change)
TFBS, Insulin (no change); TNFa (no change)

16 weeks NAFLD

Golden Syrian hamster HFD 1825 kcal fat, 1420 kcal

Steatosis (micro- & macrovesicular); Multifocal

10 weeks NASH inflammation; 1BW, 1FBS, tInsulin, TTG, 1TC,

(Tzeng et al., 2015) (D12451) carbohydrate, 811 kcal protein TLDL (plasma), TTG, 1TC (liver), THOMA-IR,
TTNFa (mRNA), TSREBP-1c, FAS (mRNA)
Steatosis (microvesicular); Mild inflammatory

Golden Syrian hamster HFD 749 keal-fat 8weeks NAFLD infiltrate; TBW, TFBS; Insulin (no change); 1TG,

(QOu et al., 2019)

1TC, TLDL (plasma), 1TG, 1TC (liver), FAS
(mRNA, no change); {SREBP-1c (mRNA)

HFD, high fat diet; STZ, streptozocin; a-SMA, a-smooth muscle actin; COL1A1, collagen type I; FBS, fast blood sugar, SREBP-1c, sterol regulating
element binding protein-1c; FAS; fatty acid synthase, TNF-a; tumor necrosis factor-a; TGF, transforming growth factor; BW, body weight; TG,
triglyceride; TC, total cholesterol; SD, sprague dawley; LDL, low density lipoprotein; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance.



816

Diet-induced NASH rodent models

associated with the development of NASH histologically
revealed by high stage of steatosis, ballooning, and
inflammation (Emamat et al., 2018). Some HFD in
Sprague-Dawley rats could increase liver fat
concentrations very rapidly (within days) and hepatic
insulin resistance, before significant increases occur in
peripheral fat deposition (Samuel et al., 2004).
Increasing the duration of HFD in Wistar rats, when they
fed with 54% lipids (50% lard, 4% soya-bean oil w/w)
for 8 weeks, could inhibit fatty acid oxidation plus
mitochondrial oxidative phosphorylation and induce
NAFLD. In this model, hepatic fat content increased, but
liver parenchyma remained unchanged (Vial et al.,
2011). In rat models, a combination of chemicals such as
streptozotocin or carbon tetrachloride (CCl4) with HFD
feeding could induce NASH associated with fibrosis
(Hsu et al., 2013; Kubota et al., 2013; Liu et al., 2015).

The most common mouse strain applied in
experimental NASH after obesogenic diets such as HFD
is C57BL/6 mice, as this mouse strain exhibits high
sensitivity to obesogenic diets (Hansen et al., 2017). In
addition, the C57BL/6 mice model compared with
BALB/c and C3H/HeN mice model is significantly more
susceptible to developing diet-based NASH model
exhibited by hepatic necroinflammation and fibrosis
(Yamazaki et al., 2008; Farrell et al., 2014). In the
experimental NASH researches, use of D12492 (60
kcal% fat, mainly lard) as widely used HFD could
induce hepatic steatosis characterized by significantly
elevated liver and plasma alanine aminotransferase, free
fatty acid (FFA), and triglyceride concentrations, as well
as inflammation in C57BL/6 mice fed for 8 weeks
(Kirpich et al., 2011). In another study, C57BL/6 mice
fed diet D12492 for 16 weeks showed widespread
hepatic steatosis and increased hepatic TGs, adipose
tissue inflammation, and mild fibrosis (Flores-Costa et
al., 2018). The C57BL/6 mice were fed D12492 diet for
16 weeks had ~2- NAS scores (Liu et al., 2015). When
C57BL/6 mice were fed D12492 diet for chronic time
(52 weeks), the NASH was induced with inflammation
along with excess body weight, hypercholesterolemia,
and hyperinsulinemia (Ito et al., 2007; van der Heijden
et al., 2015). The liver fibrosis degree in the mice model
was worsened after the addition of sucrose in HFD (36
kcal% fat, 30 kcal% sucrose) as shown with increased
expression of the a-smooth muscle actin (a-SMA), as a
fibrotic marker (Ishimoto et al., 2013). Thus, the
addition of sucrose and type of fat in the HFD
formulation plays a critical role in these studies (de Wit
et al., 2012). In rodent NASH models, increasing the fat
content of HFD is also practical in inducing hepatic
steatosis, and lipid concentrations related to increase in
the content of dietary TGs (Lieber et al., 2004; Eccleston
etal., 2011).

The HFD without other ingredients in rat models
could induce mild steatosis (Imajo et al., 2013). This
demonstrated that the genetic difference in all rodent
models caused them not to have the same response to
HFD. It seems that rats are the most susceptible to HFD

among animal models of NASH. Rats have shown to
experience severe steatosis with hyperlipidemia and
hyperinsulinemia in a shorter time than other rodent
models following the same HFD (Ito et al., 2007,
Emamat et al., 2018). In addition, prolonged HFD
feeding in rats could induce weak inflammation and
ballooning, while such a diet was not sufficient to
develop ballooning degeneration or inflammation in
mice (Charlton et al., 2011).

Development of NASH was observed in golden
Syrian hamsters due to HFD (45 kcal% fat diet, mainly
lard, D12451) fed for 10 weeks. This diet caused an
increase in histological grade of steatosis, liver and
plasma lipid (total cholesterol and TGs) contents, and
expression of inflammatory cytokine genes such as
monocyte chemoattractant protein 1 (MCP-1), IL-1p, IL-
6, and TNF-a which led to mild inflammatory foci
development (Tzeng et al., 2015). Another study on the
hamster model fed an HFD composed of 30% fat mainly
derived from lard with 0.2% cholesterol after 8 weeks. It
showed a predominantly microvesicular pattern of
steatosis and elevation of liver lipids, plasma total
cholesterol, LDL cholesterol, and TGs (Ou et al., 2019).
Although the HFD fed in rodent models can replicate the
altered metabolic parameters observed in human NASH,
the hepatic pathological outcome is not as severe.

High-fructose diet

Fructose-rich diet forms can quickly lead to
metabolic syndrome diseases (Hannou et al., 2018). The
result of metabolic disorders in the body and liver
mediated by fructose-rich food consumption can induce
and contribute to development of NAFLD and then
NASH (Roeb and Weiskirchen, 2021). Various
techniques have been used in animal models to assess
the influence of a fructose-rich diet on NASH
development (Table 2). One of them is adding high-
fructose corn syrup to water, combined with HFD
feeding (Table 5) (Kohli et al., 2010; Savari et al.,
2019a,b). This diet in 57BL/6 mice fed 8 kcal% fat diet
and high fructose corn syrup in water for 16 weeks could
increase lipogenesis and VLDL, hepatic oxidative stress,
inflammatory markers (IL-1p, intercellular adhesion
molecule-1), and metabolic disorders such as increased
plasma lipids and glucose intolerance. Then, the result of
these changes was a progression of liver fat deposition
and occurrence of NASH scored according to the micro-
and macrovesicular steatosis, lobular inflammation, and
portal fibrosis (Kohli et al., 2010). Another technique is
adding fructose directly in the context of a pelleted diet
with 60-70% calories derived from fructose (Nigro et al.,
2017). C57BL/6 mice (60 kcal% as fructose and 10
kcal% fat) could increase steatosis, liver TG and
inflammation as compared to a low-fat matched control
diet group (Nigro et al., 2017).

The high fructose diet (70 kcal%) in Sprague-
Dawley rats induced NAFLD/NASH those pathological
symptoms including high score steatosis, hepatic
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ballooning, fibrosis, and inflammation (Svendsen et al.,
2017). In Wistar rats fed high fructose diet (73% kcal
fructose), increases in hepatic TGs were observed along
with promoted liver histophathological changes such as
a mixed micro/ macrovesicular pattern of steatosis and
lobular inflammation. In this model, liver fibrotic scores
were also significantly higher as compared to the control
group (Kawasaki et al., 2009).

Golden Syrian hamsters fed high fat and high
fructose diet (5.1% fat, 19.3% protein, 55.5%
carbohydrates) for 10 to 20 weeks showed development
of NASH, including hepatocellular ballooning and
bridging fibrosis (Briand et al., 2021). A high fructose
diet (60 kcal%) in golden Syrian hamsters could elevate
plasma and liver TG, plus insulin (Kasim-Karakas et al.,
1996).

Western diet (WD) or Fast-Food Diet

High-Fat, High-Fructose, and High-Cholesterol
Combination Diets

A modern dietary pattern that exists in industrialized
countries which includes high intakes of fat and sugar is
the “Western diet or fast food” diet (Kopp, 2019). This
dietary model, which is based on a combination diet rich
in fat, sugar, and cholesterol can induce NAFLD and
then NASH in animal models (Table 3) (Soret et al.,
2020).

It has been demonstrated that high dietary fat
together with high dietary cholesterol and high fructose
can have synergistic interaction to induce steatohepatitis
as well as the metabolic disturbances associated with
human NASH (Savard et al., 2013, Jensen et al., 2018;
Eng and Estall, 2021). C57BL/6 mice fed a combination

Table 2. High-Fructose diets- induced rodent models of NAFLD/NASH.

diet containing high fat and fructose with added a
modest amount of cholesterol (0.2%) for 14 weeks
experienced increased hepatic steatosis and
inflammation as well as plasma alanine aminotransferase
level, in addition to exacerbation of insulin resistance
and blood glucose (Kim et al., 2017). In NMRI mice, the
addition of 0.4% cholesterol to a high-fat diet
supplemented with fructose in drinking water could
increase hepatocellular ballooning, hepatic TNF-a
levels, and NAFLD activity score (NAS). In this NASH
model, exposing animals to smoke led to more severe
steatohepatitis (Savari et al., 2019b). A high-cholesterol
diet on a low-fat diet background (added 1% cholesterol
to a low-fat diet) (1% cholesterol, 11 kcal% fat) in
C57BL/6 mice after 30 weeks caused increased hepatic
cholesterol esters, where both the high-cholesterol diet
and high-fat diet (33 kcal% fat, added cocoa butter)
increased hepatic cholesterol esters and steatosis. While
combined, synergistic interaction of the high-fat content
and cholesterol amount caused NASH via moderate
steatohepatitis and mild fibrosis. In addition, this diet
could induce more significant elevations in weight gain,
serum ALT concentrations, hepatic fat accumulation, and
fibrosis, compared with high-fat diet. It also was
associated with obesity and IR (Savard et al., 2013). The
addition of cholic acid in the context of a high fat high
cholesterol diet which has been commonly used in
atherosclerosis related studies in rodent models
(Lichtman et al., 1999) could be progressed steatosis and
fibrosis after 12 weeks in male C57BL/6 mice and
induced NASH (Montandon et al., 2019).

In rats and mice model, combination diets containing
high-fat, high-fructose, and high-cholesterol, widely
known as the AMLN diet (D09100301) and similar to
the ALIOS (American Lifestyle-Induced Obesity

Rodent model Dietary Composition/definition Treatment Outcome Phenotypes/outcomes
model length
. . L Failed to  Mild inflammation; Mild ballooning
'(\'S'\g\'gr?‘e"t’il 2019b) HFD 30% fructose In NG g \yeeks induce  TFBS, Tinsulin, THOMA-IR
v NAFLD plasma TC & TG (no change); TALT, TAST
C57BL6/J mice 23.1 g/l fructose in
(Charlton et al., 2011) HFrD drinking water 25 weeks
. Steatosis (macrovesicular); Inflammation; BW (no
?&75)%{‘];“;217) 352322704 60% kcal-fructose diet 12 weeks NASH change); TFBS, Insulin (no change), TTG, 1TC (plasma),
9 v 1TG, TC; no change (liver), TSREBP-1c (mRNA)
Steatosis; Inflammation; Ballooning; Fibrosis
O, 0, ’ £l E)
(SJZ;:;n otal, 2018) HFD ;gof frfoctfif]e' 10%fal, 45 \weeks NASH  1BW, 1FBS; ALT, AST (no change), |ALP
’ ? °p 1TG, 1TC (plasma), TTNFa (mRNA)
Wt rat Steatosis (micro- and macrovesicular); Lobular
(Kawasaki et al., 2009) HFrD 74.2% kcal-fructose 5 weeks NASH inflammation; Fibrosis; BW, FBS (no change)
’ 1TG (liver); Plasma TG (no change)
Golden Syrian hamster HFD 60% kcal-fructose TBW; FBS (no change),

(Kasim-Karakas et al., 1996)

TInsulin, TTG (liver), TTG (plasma)

HFD, high fat diet; STZ, streptozocin; a-SMA, a-smooth muscle actin; COL1A1, collagen type I; FBS, fast blood sugar, SREBP-1c, sterol regulating
element binding protein-1c; FAS; fatty acid synthase, TNF-a; tumor necrosis factor-a; TGF, transforming growth factor; BW, body weight; TG,
triglyceride; TC, total cholesterol; SD, sprague dawley; LDL, low density lipoprotein; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance.
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Syndrome), are a preferred diet by much research of
NASH animal models (Tetri et al., 2008; Jensen et al.,
2018). The AMLN diet caused liver damage and NASH
development (steatosis, inflammation, ALT), similar to
the mechanism that has been reported to occur in human
(Jensen et al., 2018). The AMLN diet would use trans-fat
source (~25% of fat), Primex, as a fat source formulated
with a mixture of partially hydrogenated soybean/palm
oils and the FDA banned its use in foods in 2018
(Radhakrishnan et al., 2020). Currently, in the AMLN
diet, an alternative approach to inducing this phenotype
of NASH model in C57BL/6 mice has been successful by
replacing Primex with palm oil (D09100310) (Hansen et
al., 2020). Use of modified AMLN diets in rodent NASH
models can provide a more human-like model of this
disease development, and help find a model for effective
drug discovery. Hepatocyte fat deposition was mainly
distributed as macrovesicular steatosis (grade 3)
accompanied with lobular inflammation, ballooning
(grade 1), and perisinusoidal fibrosis scored as 4-7 in
mice which were comparable to 5-6 NAS score in NASH
patients. In golden Syrian hamsters, a high fat-high
fructose diet (30% fat, 40% fructose) with 0.05-0.25%
cholesterol for 6 weeks could elevate liver TG and
cholesterol concentrations. In addition, glucose tolerance
and insulin sensitivity in this diet were worsened in a
dose-dependent way in the hamster model (Basciano et
al., 2009).

Table 3. Western diet- induced rodent models of NAFLD/NASH.

Methionine and choline deficient (MCD) diet

The methionine and choline deficient (MCD) diet is
a frequently used dietary model among the different
nutritional methods for diet-induced NAFLD/NASH in
animal models. This diet can induce the most severe
phenotype of NASH within the shortest possible time,
which is highly desirable for those finding ways to
reverse this phenotype or slow it down. This diet during
1-4 weeks in rodent animal model can induce
measurable hepatic steatosis (predominantly
macrovesicular pattern), while a longer feed (1-2
months) can induce the development of fibrosis and
inflammation (Table 4) (Weltman et al., 1996; Sahai et
al., 2004). This diet contains high sucrose (40%) and
moderate fat (10%) (Ibrahim et al., 2016). In rodent
model, the deficiency in choline and methionine in this
diet which are essential nutrients, caused impairment of
B-oxidation and production of very-low-density
lipoprotein particles (Ibrahim et al., 2016). In addition,
choline deficiency can be impaired in hepatic low-
density lipoprotein secretion and hepatic fat
accumulation, oxidative stress, liver cell death, and
changes in cytokines and adipokines, but only minor
inflammation and fibrosis have been observed (Lau et
al., 2017). The added methionine deficiency leads to
further early development of fibrosis and distinct
inflammation (Itagaki et al., 2013; Lau et al., 2017).

Dietary

Rodent model
model

Composition/definition

Treatment
length

Outcome Phenotypes/outcomes

C57BL6/J mice 40% kcal-fat, 2% kcal-cholesterol,

Steatosis; Ballooning (severe); Inflammation; Fibrosis

(Charlton etal., 2011) WP (FFD) 534 o' fructose in drinking water 22 Weeks  NASH 1BW, TTC (plasma), TAST, TFBS, Tinsulin, TaSMA,
TCOL (immunostaining)
o ] o ] Steatosis (micro- and macrovesicular); Inflammation
SDrat wp  40%kealfat 2% kcal-cholesterol, 45\ ook NASH  Fibrosis; TBW, TALT, TAST, 1TG, 1TC (iver), TFBS,
(Jensen et al., 2018) 40% kcal-carbohydrate ]
Insulin (no change)
. Steatosis; Lobular Inflammation; Fibrosis (no evidence)
83;'3;6;‘: ";'8?7) WD i;ﬁ:ﬁ;'éggr%f% 14 weeks NASH TBW, TALT, 1FBS, tinsulin, 1TC, THOMA-IR, 1TG
N (liver), 1TTNFa, 1COL1a1 (mRNA)
NMRI mice 30% kcal-fat, 0.75% kcal- Steatosis (micro- and macrovesicular); Inflammation
(Savari et al., 2019b) wD cholesterol, 30% fructose 8 weeks NASH ballooning; 1TG, 1TC (plasma), TFBS, TInsulin, THOMA-
N in drinking water IR, TALT, tAST, tTNFa
. Steatosis (micro- and macrovesicular); Severe
0, " OO - . .
?‘S'\g\'j;m;zl 2019b) WD +CS 280;" rrtiltézté ?r;4dﬁinkk(i:r?| (:Il‘:stlgrsterol, 8 weeks NASH Inflammation; Severe ballooning; TTG, 1TC (plasma)
v ° 9 TFBS, tInsulin, THOMA-IR, TALT, TAST, 1TNFa
o o Steatosis (micro- and macrovesicular); Inflammation
Z'g;:;n otal, 2018) WD ?r?: go'écs'gf/t’é‘;fcﬁﬁ;terol 16 weeks NASH Fibrosis; Plasma TG & TC (no change); 1BW, 1FBS
" e Insulin; TTG, 1TC (liver), TALT, TAST
Steatosis (micro- and macrovesicular); Inflammation
C57BL6/J mice WD 40% kcal-fat, 22% kcal- 38-44 NASH Ballooning; Fibrosis (perisinusoidal); 1BW, 1TG, 1TC
(Hansen et al., 2020) fructose, 2% kcal-cholesterol weeks (liver), TInsulin, THOMA-IR, 1TC (plasma); plasma TG
(no change), TALT, TAST, 1TTNFa
Golden Syrian hamster WD 30% kcal-fat, 40% kcal-fructose, 22 weeks NASH Steatosis; 1BW, 1TG, 1TC (liver), TInsulin, THOMA-IR

(Basciano et al., 2009)

0.25% kcal-cholesterol

FBS (no change), TTC, TTG (plasma)

WD, western diet; CS, cigarette smoke; STZ, streptozocin; a-SMA, a-smooth muscle actin; COL1A1, collagen type |; FBS, fast blood sugar, SREBP-1c,
sterol regulating element binding protein-1c; FAS; fatty acid synthase, TNF-a; tumor necrosis factor-a; TGF, transforming growth factor; BW, body
weight; TG, triglyceride; TC, total cholesterol; SD, sprague dawley; LDL, low density lipoprotein; HOMA-IR, Homeostatic Model Assessment of Insulin

Resistance.
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Notably, NASH histopathological features increased
along with biochemical markers from 2 to 16 weeks, but
revealed reversing of NASH by 30 weeks with 8 to 6
NAS score reduction (Itagaki et al., 2013). Since
reduced methionine intake caused by mitochondrial S-
adenosyl-Lmethionine depletion can be mitochondrial
dysfunction and mitochondrial glutathione depletion,
this dietary model leads to mitochondrial glutathione
depletion and mitochondrial dysfunction (Caballero et
al., 2010). The result of mitochondrial dysfunction is
hepatocyte injury via oxidative stress and inflammation.
The methionine-deficient diet also developed most of the
NASH features derived by the MCD diet including
macrovesicular steatosis, ballooning, inflammation, and
fibrosis accompanied with loss of body weight
(Caballero et al., 2010).

In male C57BL/6J mice fed with a methionine- and
choline-deficient diet (MCD) for 5 weeks, obvious
hepatic steatosis and inflammation were observed
compared with those who were fed a chow diet (CD)
(Matthews et al., 2021). After feeding MCD diet to
Wistar rats for 7 weeks, higher scores of liver

inflammation and steatosis, a rapid rise in ALT, and
evidence of fibrosis induction in the liver were reported
(Veteldinen et al., 2007). In this diet, the source of
dietary fat and sucrose and the addition of 1%
cholesterol can alter the phenotype and liver injury,
especially fibrosis progression (Hussein et al., 2007; Lee
et al., 2007; Pickens et al., 2010; Radhakrishnan et al.,
2020). In C3H/HeOulJ mice, the fructose -MCD diet
could worsen hepatocellular injury as compared to the
mice fed MCD-glucose and caused a significant increase
in inflammation and hepatic lipid peroxidation (Table 5)
(Pickens et al., 2010). Although mice and rats fed MCD
diets showed a rapid onset of the NASH phenotype with
ballooning and lobular inflammatory infiltrate in a short
time (2-4 weeks) (Van Herck et al., 2017), in this
NAFLD/NASH diet versus humans with NAFLD/
NASH, weight loss owing to restricting calorie intake,
low insulin resistance, glucose, leptin, and TG
concentrations were observed (Kirsch et al., 2003;
Tolosa et al., 2011; Liu et al., 2015). Thus, the
extrapolation of data from this NASH model is limited
and MCD diets are generally considered sufficient to

Table 4. Methionine- and choline-deficient diet- induced rodent models of NAFLD/NASH.

Dietary

Treatment

Rodent model Composition/definition outcome Phenotypes/outcomes
model length
C57BL6/J mice 40% kcal-sucrose, 10%kcal- fat and is Macrovesicular and panlobular steatosis
(Yamazaki et al., 2008) MCDD de"ﬁciem n meth’ionm‘; and choline 8 eeks NASH  ballooning; Necroinflammation fibrosis
N IBW, TALT, 1TG (liver), t1COL1al1 (mRNA)
) . . Steatosis (macrovesicular); Inflammation (lobular
0, - 0/ -
C57BL6/ (a] strain) mcpp 407 keabsucrose, 10%keal-fatandis 5 \oors  NASH & portal); Fibrosis; TTG (liver), 1ALT, 1TNFa,
mice (Sahai et al., 2004) deficient in methionine and choline
1Col- a | (mRNA)
Wst rat (Weltman 40% kcal-sucrose, 10%kcal- fat and is Severe Steatosis (macrovesicular); Inflammation
et al., 1996) MCDD deficient in methionine and choline 13 weeks NASH Ballooning; Fibrosis; {BW, TALT
Wst rat (Weltman 40% kcal-sucrose, 10%kcal- fat and is Steatosis (macrovesicular); {BW, TALT, {TG,
et al., 1996) MCDD deficient in methionine and choline 4 weeks NAFLD LTC (plasma)
C57BL6/J mice MCDD 40% kcal-sucrose, 10%kcal- fat and is 4-16 weeks NASH (more Steatosis; Ballooning; Inflammation; Fibrosis
(Itagaki et al., 2013) deficient in methionine and choline severe) IBW, TALT, TAST
C57BL6/J mice 40% kcal-sucrose, 10%kcal- fat and is Steatosis; Ballooning; Inflammation; Fibrosis
(Itagaki et al., 2013) MCDD ~ jeficient in methionine and choline 20 Weeks  NASH 1 pyy “rAlT, 1AST
. . Steatosis (macrovesicular); Ballooning;
O, _ OO _ A . .
C57BL6/J mice mcpp 407 keabsucrose, 10%keal-fatandis g5 4, o NASH  Inflammation; Fibrosis; 1BW, TALT, TAST, 1TG
(Caballero et al., 2010) deficient in methionine and choline . . o
(liver); TC (liver; no change)
C57BL6/J mice MCDD 40% kcal-sucrose, 10%kcal- fat and is 5 weeks NASH Steatosis; Inflammation; |BW, |FBS, TTNFa
(Matthews et al., 2021) deficient in methionine and choline (mRNA)
Steatosis (micro- and macrovesicular); Ballooning
Wst rat (Radhakrishnan MCDD 40% kcal-sucrose, 10%kcal- fat and is 7 weeks NASH Inflammation; 1BW, TALT, tbilirubin, ! TG, |TC
et al.,, 2020) deficient in methionine and choline (plasma), HOMA-IR (no change), 1TG, 1TC
(liver), TTNFa (liver)
) 40% kcal-sucrose, 10%kcal- fat and is Steatosis; Ballooning; Lobular inflammation; Mild
SDrat (Liuetal, 2015)  MCDD ficient in methionine and choline & WeeKS  NASH g cic; 1BW, TALT, 1AST
Wst rat 40% kcal-sucrose, 10%kcal- fat and is . . .
(Kirsch et al., 2003) MCDD deficient in methionine and choline 4 weeks Severe Steatosis (macrovesicular); {BW, TALT
. . Steatosis; Inflammation; Fibrosis; BW (no
0, - o, -
F1B Golden Syrian hamster MCDD 40% kcal-sucrose, 10%kcal- fat and is 8 weeks NASH  change)

(Tashiro et al., 2010) deficient in methionine and choline

1TG (plasma)

MCDD, methionine-choline-deficient diet; STZ, streptozocin; a-SMA, a-smooth muscle actin; COL1A1, collagen type |; FBS, fast blood sugar, SREBP-
1c, sterol regulating element binding protein-1c; FAS; fatty acid synthase, TNF-a; tumor necrosis factor-a; TGF, transforming growth factor; BW, body
weight; TG, triglyceride; TC, total cholesterol; Wst, wistar; SD, sprague dawley; LDL, low density lipoprotein; HOMA-IR, Homeostatic Model Assessment
of Insulin Resistance.
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evaluate the NASH-related intrahepatic events, genetic
modifications, and the pharmacological therapy of
NASH (Byrne and Targher, 2015; Radhakrishnan et al.,
2020).

However, to counteract the effect of traditional MCD
diets on weight loss in mice and rats’ model, some
modifications have been made that allow the research
plans to fine-tune the phenotype to meet their needs
(Matsumoto et al., 2013).

Choline-deficient L-amino acid-defined (CDAA)
diet, due to choline deficiency, is similar to the MCD
diet. However, in this diet, proteins are substituted with
an equivalent and corresponding mixture of L-amino
acids (Nakae et al., 1995). Feeding the animal model by
a CDAA diet can induce the same or somewhat more
severe degree of NASH and elevate ALT levels, though
in a marginally longer period of time (Miura et al.,
2010). C57BL/6 mice fed a CDAA diet for 22 weeks
showed an increase in body weight, plasma triglyceride,

Table 5. Other dietary models.

total cholesterol levels, and insulin resistance (Ishioka et
al., 2017). The combination of a CDAA diet with a high-
fat diet in C57BL/6J mice after 6-9 weeks could rapidly
induce NASH with fibrosis, without any weight loss
(Matsumoto et al., 2013).

In male F1B hamsters, similar to the rats and mice,
can drive significant steatosis, liver fibrosis, and
elevated plasma TG, within 8 weeks. However, hamsters
fed an MCD diet did not show any changes in the body
weight (Tashiro et al., 2010). Another study on F1B
hamsters reported that a diet containing 0.13%
methionine with 21 kcal% fat and no added choline
could induce severe hepatocellular ballooning and
macrovesicular after 4 weeks (Bhathena et al., 2011).

Conclusions

Dietary animal models for NASH should be
reproducible and efficient which can faithfully replicate

Rodent model Dietary model Composition/definition Trltzz:‘tg:ﬁnt Outcome Phenotypes/outcomes
C3H/HeOud mice  Fructose-MCDD (90% 40% kcal-fructose, 10%kcal- fat Steatosis (micro- and macrovesicular)
(Pickens et al., of diet’s carbohydrate and is deficient in methionine and 21 days NASH Ballooning; Inflammation; 1BW, |FBS, TALT
2010) composed of fructose) choline TTG (liver), 1TG, L TC (plasma), TTNFa (mRNA)
. WD (ALIOS; American , o Steatosis (macrovesicular); Inflammation
(CTS;F'?L;E’;’I Mooos) Lifestyle-induced o Koartal 55% keal uctose, 46 weeks  NASH  Ballooning; TBW, 1TG (lver), TALT, TAST
v Obesity Syndrome) 1TC (plasma); plasma TG (no change)
Severe steatosis (macrovesicular)
C57BL6/J mice (High fat high cholesterol diet) Inflammation; Fibrosis; TBW, TALT, 1TG, 1TC,
(Savard et al., HFHCD 15% kcal-fat. 1% keal-cholesterol 30 weeks NASH fcholesterol ester (liver), TTC (plasma)
2013) ’ plasma TG, FBS (no change), TInsulin, , HOMA-
IR, TTNFa, TCOL1a1 (mRNA)
Wst rat (Kawasaki 43.3% kcal-carbohydrate, 39.3% Steatosis (macrovesicular), TBW, FBS (no
et al., 2009) HFHFID kcal-fat, 17.4% kcal-protein 5 weeks NAFLD change); Plasma TG (no change)
C57BL6/J mice 60% kcal-fat, 23.1 g/l fructose in Steatosis (microvesicular); Mild inflammation
(Charlton et al., HFHFrD L P 25weeks NAFLD 1BW, 1TC (plasma), AST (no change), TFBS,
drinking water .
2011) TInsulin
(High fat high carbohydrate diet) ) . . .
C57BL6/J mice HEHC 58 keal-%fat & 55%-fructose, 45% Steatosis (micro- and macrovesicular);
(Kohli et al., 2010) D sucrose in drinking water (42g/ 16 weeks Inflammatlon_Flbro&s, 1TG (liver), TALT, 1BW,
TFBS, tInsulin, THOMA-IR, TCOL1a1 (mRNA)
carbohydrate)
NMRI mice o o . Steatosis; Ballooning; Mild inflammaion
(Savari et al., HFHFID o rfl’(i';‘;a",;;at‘éfo 7 fructose in 8weeks NASH 1TG, 1TC, tLDL (plasma), 1FBS, tinsulin
2019b) THOMA-IR, TALT, TAST, TNF
C57BL6/J mice (High fat high sucrose diet) Steatosis (micro- and macrovesicular)
(Ishimoto et al HFHSD 36% kcal-fat, 43,2% carbohydrate- 15 weeks NASH Mild inflammation; fibrosis; 1BW, 1TG (liver)
2013) N kcal without sugar, 30% kcal- TALT, TAST, TTNFa (mRNA), TCOL1a1 (mRNA),
sucrose TaSMA (mRNA)
C57BL6/J mice CDAAHED (Choline-deficient, L-amino Steatosis; Inflammation; Fibrosis; 1BW, TFBS,
(Flores-Costa et (A0B071302) acid-defined, high-fat; 60% kcal- 9 weeks NASH 1TC, TALT, TAST, TPPARa (mRNA), TTNFa
al., 2018) fat) (mRNA)
C57BL6/J mice Choline-deficient L-amino acid- Steatosis; Ballooning; Inflammation
(Ishioka et al., CDAAD defined diet 8 weeks NASH Fibrosis (not found histologically); TBW, TALT
2017) 1TG (liver), 1COL1a1 (mRNA), TTNFa (mRNA)

HFHFD, high fat high fructose diet; HFHCD, High fat high cholesterol diet; HFHCrD, High fat high carbohydrate diet; HFHSD, High fat high sucrose diet;
CDAAHFD, Choline-deficient, L-amino acid-defined, high-fat; CDAAD, choline-deficient L-amino acid-defined diet; STZ, streptozocin; a-SMA, a-smooth
muscle actin; COL1AT1, collagen type |; FBS, fast blood sugar, SREBP-1c, sterol regulating element binding protein-1c; FAS; fatty acid synthase, TNF-q;
tumor necrosis factor-a; TGF, transforming growth factor; BW, body weight; TG, triglyceride; TC, total cholesterol; Wst, wistar; SD, sprague dawley; DL,
low density lipoprotein; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance.
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the multifactorial disease mechanisms. Choosing the
best available dietary animal models for preclinical
research of NAFLD/NASH can be time-consuming and
difficult. To achieve the best phenotype of varying
degrees of NAFLD/NASH spectrum, the individual
components of experiment diet can be selectively
manipulated. Although each of these selective diets have
limitations in representing human’s NAFLD/NASH
conditions, use of these diets in different animal models
can be a powerful means for clarifying and studying the
pathogenesis and progression of the NASH as well as
uncovering potential treatment targets for it. This study
encourages researchers to consider a combination of
proper diet choice in the different animal models and
work on modeling the pathophysiology of human’s
NAFLD/NASH, while taking important points into
account such as appropriate rodent model, age, and sex.
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