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Keywords: ABSTRACT: Non-alcoholic fatty liver disease (NAFLD), a common chronic
liver condition, is high in developed nations. One of the factors leading to
chronic liver disease and cryptogenic cirrhosis has been identified as NAFLD.

Multiple risk factors, including obesity, insulin resistance, diabetes mellitus,

Non-alcoholic fatty liver disease,
High-fat diet, Insulin resistance,
Dietary fat

hyperlipidemia, and hypertension-related cardiovascular disease, contribute to
the development of NAFLD. The pathogenesis of NAFLD involves a complex
interplay among several key pathological processes, including insulin resistance,
abnormal lipid metabolism, oxidative stress, inflammation, apoptosis, and
fibrosis. The initial stage of NAFLD, known as hepatic steatosis, manifests as
excessive fat accumulation within the liver. Although extensive research efforts
have led to the identification of these risk factors, there remains a limited
understanding of the disease initiation and the underlying molecular mechanisms
driving its progression. Animal models of NAFLD give crucial information, not
only in elucidating the pathogenesis of NAFLD but also in examining the
therapeutic effects of various agents. An ideal model of NAFLD should correctly
reflect both hepatic histopathology and the pathophysiology of human NAFLD.
This review summarizes diet-induced and genetic animal models, used in recent
years to add to the understanding of the mechanisms involved in NAFLD.
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INTRODUCTION: Non-alcoholic fatty liver
disease (NAFLD) is a prevalent chronic liver
condition that carries a significant metabolic risk of
several health issues, including dyslipidemia,
insulin resistance, obesity, and type Il diabetes.
NAFLD is a spectrum of fatty liver disease that
includes the three basic pathological subgroups of
liver steatosis, non-alcoholic steatohepatitis
(NASH), and fibrosis, and it is more common than
metabolic syndrome. Simple liver steatosis, which
is caused by a significant accumulation of fat in
liver cells, is the least serious stage .
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The global prevalence of NAFLD is estimated to be
25% and continues to rise worldwide in the setting
of the obesity epidemic. In India, the prevalence of
NAFLD ranges from 9% to 53% of the general
population. More recently, a population-based
study from coastal south India reported an overall
NAFLD prevalence rate of 49.8%; after controlling
for sex, body mass index (BMI), diabetes, and
metabolic syndrome, urban residence was found to
be associated with a higher risk for NAFLD 2,

There is currently no FDA  approved
pharmaceutical agent for the treatment of NAFLD.
A recommended intervention for NAFLD is a
lifestyle change, which includes calorie restriction
and increased physical activity. Pharmaceutical
treatments have included lipid-lowering
medications, insulin sensitizers, and antioxidants °.
Impaired insulin signaling increases fatty acid (FA)
production via lipolysis in white adipose tissue
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(WAT). The result is increased hepatic IR,
substrate overload, and increased de novo
lipogenesis, as well as increased triglyceride (TG)
build-up. WAT-generated FA accounts for
approximately 60% of FA in NAFLD with hepatic
TG build up. 15% come from diet, while 25%
come from enhanced de novo lipogenesis, which is
controlled by PPAR and the carbohydrate response
element-binding protein (CREB) *.

Simple steatosis, the most common type of
NAFLD, has long been thought to be a relatively
benign state of liver injury; however, human
studies show that fatty livers are more vulnerable to
injury from various causes and progress more
quickly to steatohepatitis, increasing the likelihood
of further liver-related morbidity and mortality °.
Due to ethical constraints in tissue collection, but
also therapeutic interventions (e.g., drug testing),
and because the occurrence of steatosis, but more
importantly the progression to later stages of the
disease (e.g., NASH, fibrosis, or cirrhosis), may
require a long period to study. Animal models
resembling conditions of the early stages of
NAFLD in humans (e.g., steatosis and
steatohepatitis). The current  review  will
concentrate primarily on NAFLD dietary and
genetic animal models °.

Animal Models of NAFLD: NAFLD usually
develops over time and is caused by a combination
of risk factors such as obesity, an inappropriate
dietary pattern (high fat and/or sugar intake),
inactivity due to a sedentary lifestyle, and possibly
genetic susceptibility. These factors cause a slew of
molecular changes in the human body ’. As a
result, the following criteria should be included in
animal models used to study the development of
NAFLD and its progression to later stages of the
disease such as NASH or even fibrosis and
cirrhosis: i) the pathogenic patterns and histological
changes found in various stages of human illness.
(i) The fundamental physiological changes
associated with disease progression in humans
(such as weight gain, insulin resistance, but also
decreased intestinal barrier. In addition to steatosis,
an appropriate NAFLD animal model should
exhibit signs of inflammation, liver cell damage
(such as ballooning hepatocytes), and fibrosis. In
addition to the elevated levels of bacterial
endotoxins commonly observed in NAFLD, the
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model should account for metabolic issues such as
obesity, insulin resistance, poor glucose tolerance,
dyslipidemia, and altered adipocytokine profiles &,

Dietary Fat Animal Models of NAFLD: Nutrition
plays an important role in the pathogenesis of
NAFLD. It has been proposed that different dietary
components influence the progression of NAFLD.
Fat accumulation stimulates lipolysis in adipocytes
and raises free fatty acid (FFA) levels, resulting in
lower plasma lipid clearance and increased -
oxidation in muscles °. In various preclinical
animal studies of NAFLD using various sources of
dietary lipids, the master role of specific types of
dietary fat in NAFLD progression has been
proposed and extensively discussed. Diverse
dietary  lipids have some  distinguishing
characteristics, including differences in fatty acid
composition, such as degree of saturation (e.g.,
saturated, mono- and polyunsaturated fatty acids).
Recent research suggests that elevated FFA,
particularly saturated fats (SFAs), may be involved
in lipotoxic mechanisms in animal models. Indeed,
SFAs have long been considered the most
dangerous of dietary lipids due to their toxic effect
on a variety of cell types. They can directly affect
hepatocytes via several mechanisms, including
death receptor signaling and ER stress initiation,
which results in intrinsic mitochondrial apoptosis,
receptor  motivation, the appearance  of
inflammasomes, and autophagy blockage. A small
sample study discovered that people with NASH
absorb more saturated fat and cholesterol and lower
%:)sorption of polyunsaturated fatty acids (PUFA)

High-fat Diet Induced NAFLD: High-fat diet
(HFD) associated obesity is greatly common in
patients with NAFLD which is emerging as one of
the most universal causes of liver disease
worldwide, especially in Western countries.
Despite its high prevalence, only a small proportion
of those affected will become inflamed, followed
by fibrosis and chronic liver diseases and the
majority of patients will only show simple
steatosis. According to epidemiological studies, a
high-fat diet may be a risk factor for the
development of obesity and insulin resistance.
Following a high-fat meal, large amounts of
chylomicron-TG are delivered to the liver and
undergo lipolysis in the lysosomes, resulting in the
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release of large amounts of FA. Steatosis, diabetes,
and obesity are all caused by an increase in dietary-
derived FA. These models are useful because they
do not require an unphysiological procedure to
produce NASH-like characteristics. As a result,
high-fat diets (HFD), with 30%-75% of total
calories derived from saturated fatty acids
(unsaturated fatty acids), have been proposed as a
useful tool for induced metabolic changes and
NAFLD .

HFD consumption is a risk factor for NAFLD.
Many animal models use HFD to cause NAFLD 2.
When a healthy individual consumes dietary fat,
the lipids are converted into triglycerides in the
intestine and packaged into chylomicrons for
delivery to surrounding tissues (mainly muscle and
adipose tissue). FAs are released by the topical

TABLE 1: HIGH FAT DIET-INDUCED NAFLD
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effect of lipoprotein lipase when chylomicrons
arrive at target tissues (LPL). Adipose tissue
extracts and stores free fatty acids from
chylomicrons; however, some FFAs (33-36% of
total delivery) overflow into the circulatory system
and become available for absorption by the liver.
However, hepatic steatosis develops in animals
within a few days of HFD exposure *.

This is not surprising given that the liver accepts
approximately 75% of the bloodstream from the
hepatic portal vein, which provides venous blood
from the esophagus, stomach, and intestines.
Furthermore, the typical American diet provides
the liver with up to 20 g of fat per day, accounting
for roughly half of the total triglyceride content **.
As a result, the liver is extremely vulnerable to
diet-induced steatosis.

Sr. Animal Diet composition The route, Postulated Biochemical Ref.
no. Dosing, and biological Evaluations
Study duration mechanisms
1. C57BL/6  HFD Contains 60% Orally, 100 Impaired Aspartate aminotransferase (AST), B
mice fat mg/kg/day, 16 Glucose and Alanine aminotransferase (ALT),
weeks Lipid High-density lipoprotein-
homeostasis cholesterol (HDL-C), Triglycerides
(TG), Total cholesterol (TC)
2. Wistar-  HFD contains 83% Orally, 25, 50, Oxidative Low-density lipoprotein (LDL), 16
albino of basal fodder, 100, and 200 stress TG, HDL, TC
rats 10% of lard, 5% mg/kg/ day,6
egg yolk powder, weeks
and 2% of
cholesterol
3. Albino HFD contains Orally, 45, 90, Visceral Liver index, Malondialdehyde o
Wistar 21.3% and 180 mg/kg,  obesity, Altered (MDA), Serum ALT, Free fatty
rats Protein,33.7% 6 weeks lipid acids (FFA), Insulin, Glucose,
Carbohydrate, 45% metabolism, Homeostatic model assessment of
fat Insulin insulin resistance (HOMA-IR)
resistance
4.  C57BL/6 HFD contains Orally,50 and Altered lipid Serum glucose,HDL-C, LDL-C, 18
J mice 45% fat 200mg/kg, metabolism, FFA, Insulin, Leptin, Adiponectin,
8 weeks Hepatic TG, TC, ALT, AST, HOMA-IR
steatosis
5. Sprague  HFD contains 40%  Orally, 40 and Increase liver Alkaline phosphatase 19
Dawley fat 80 mg/kg/day, fat and Hepatic ~ (ALP),Albumin (ALB), AST, ALT
rats 8 weeks insulin
resistance
6. Sprague  HFD contains 60%  Orally, 50 and Abnormal lipid Catalase (CAT), Glutathione 20
Dawley fat 100mg/kg/day accumulation, peroxidase (GPx), Superoxide
rats Oxidative stress  dismutase (SOD), ALT, TG, AST,
TC
7. Sprague— HFD contains 40% Orally, 125, Liver injury and  Creatinine, Uric acid, Glucose, TC, 2
Dawley beef tallow 250, and 500 Insulin AST, ALT, LDL, TG
rats mg per kg body resistance
weight per day, through
20 week oxidative stress
International Journal of Pharmaceutical Sciences and Research 5557
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High Fructose Diet-Induced NAFLD: Fructose is
a highly lipogenic sugar present in processed foods
and beverages in large amounts throughout the
world. Fructose can be found in its monosaccharide
form or can be bound to glucose with a
disaccharide bond in sucrose. High-fructose corn
syrup and sucrose (cane or beet sugar) are the
primary dietary sources of fructose because they
are commonly used to sweeten beverages and
processed foods. Even though fructose does not
raise insulin levels immediately, it does raise
insulin resistance, fasting glucose, and insulin
levels over time. In infusion/clamp studies, fructose
induces hepatic and extra-hepatic insulin resistance
in healthy adult humans, but the mechanism by
which insulin resistance is induced is unknown.
Consumption of high fructose increases visceral fat
in animal models %.

High-fructose diet upregulates the lipogenic
pathway via the activation of lipogenic enzymes
such as sterol regulatory element binding protein
(SREBP) and fatty acid synthase (FAS) resulting in
ectopic lipid accumulation and subsequent
lipotoxicity.  Fructose, either alone or in
combination with increased de novo lipogenesis,
may promote oxidative stress, in part through
mitochondrial ~ dysfunction and endoplasmic
reticulum (ER) stress, both of which contribute to
the development of an inflammatory process and
the progression of simple steatosis to NASH.
Fructose enters the liver rapidly and uncontrollably,
primarily through the glucose transporter (GLUT2).
This carbohydrate is preferentially converted into
fructose-1-phosphate (F1P) at the cellular level by
fructokinase, which has a high affinity for fructose,

TABLE 2: HIGH FRUCTOSE DIET-INDUCED NAFLD
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is not controlled by insulin, and is induced by
fructose 2% Following that phosphorizes produced
from F1P by aldolase B can be converted into
glucose, lactate, and fatty acids 2. While the
lipogenic pathway is minor in physiological
conditions, it becomes very active after an acute
fructose load as the flux of fructose carbons into
lipogenic precursors increases, because F1P
formation bypasses the glycolysis regulatory site of
phosphofructokinase. Unregulated fructose entry
and metabolism into hepatocytes explain why, in
high fructose diets, significant amounts of this
carbohydrate continue to enter glycolysis, resulting
in excess acetyl-CoA production relative to liver
oxidative  capacities, promoting de novo
lipogenesis. High fructose consumption also leads
to an accumulation of glycolysis intermediates that
can be converted to glycerol-3-phosphate for use in
triglyceride (TG) synthesis by saturating the

glycolytic  pathway Chronic  fructose
consumption raises de novo lipogenesis by
activating several key transcription factors,

including Sterol Response Element Binding Protein
1c (SREBP1c) and Carbohydrate-Responsive
Element-Binding Protein (ChREBP) %°. As a result,
their key target enzymes regulating lipid syntheses,
such as Fatty Acid Synthase (FASN) and Acetyl-
CoA  Carboxylase  (ACC), increase, as
demonstrated in rodents fed a 60% high fructose
diet for eight weeks or a western diet containing
30% fructose for eight weeks?’. Fructose appears to
be the most potent lipogenic carbohydrate
contributing to the development of liver steatosis
because it is both a substrate and an activator of de
novo lipogenesis.

Sr. no. Animal Diet The route, Dosing, Postulated biological Biochemical Ref.
composition  and Study duration mechanisms evaluations
1. Sprague 20% fructose  Orally,100mg/kg and Increase adiposity Glucose, Insulin, TC, %
Dawley 400mg/kg, 10week TG, HOMA-IR
rats
2. Sprague 70% fructose Orally, Oxidative injury and Tumor necrosis factor-o. 2
Dawley 200 mg/rat/day, Inflammation (TNF-a), MDA, TG,
rats 5 weeks LDL-C, TC
3. Sprague 10% fructose ~ Orally, 40 mg /kg and Fatty liver, TC,HDL-C, LDL-C,  **3*
Dawley 31 mg/kg, 5 weeks hepatotoxicity, TG, MDA,
rats Increase inflammatory TNF-a
cytokines
4. Wistar rats ~ 60%fructose Orally,150 mg/kg,6  Increase hepatotoxicity = Serum AST, ALT, ALP, 3

weeks

Total bilirubin (TB),
Total protein and TC
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Methionine- and Choline-Deficient (MCD) Diet-
induced NAFLD: Mice fed an MCD diet are a
frequently used nutritional model of NASH, that
induces an elevation in aminotransferase and
hepatic histological changes characterized by
steatosis, focal inflammation, hepatocyte necrosis,
and fibrosis. The MCD diet normally contains
substantial amounts of sucrose (e.g., 40%) and low
amounts of fat [10%] but is deficient in methionine
and choline, both being essential factors in human
and animal nutrition. Previous research using a
choline-deficient ~ (methionine-containing)  diet
suggests that the pathogenesis of hepatic steatosis
may be due, at least in part, to impairment in
hepatic VLDL secretion. This assumption is
supported further by the fact that methionine and
choline are precursors to phosphatidylcholine, the
main phospholipid-coating VLDL particles. Thus,
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impaired VLDL secretion may play a role in MCD
diet-induced hepatic lipid accumulation in mice.
However, this model does not show increased FA,
obesity, or IR, which are all known features of
human NASH ¥4 As a result, following an MCD
diet causes hepatic steatosis. Additionally,
oxidative stress and changes in cytokines and
adipocytokines occur, all of which contribute to
liver injury. In general, the MCD diet is easy to
obtain and use, and it induces more severe
histopathology of NASH than other dietary models.
The degree of liver injury induced by an MCD diet
depends on the species, strain, and sex of the. In
recent study investigated the responses to an MCD
diet of male and female Wistar, Long-Evans, and
Sprague Dawley rats, as well as C57BL6 mice. The
Wistar strain and male sex were linked to the
highest level of steatosis in rats *.

TABLE 3: METHIONINE AND CHOLINE-DEFICIENT (MCD) DIET-INDUCED NAFLD

Sr. Animal The route, Dosing, Postulated biological Biochemical evaluations Ref.
no. and Study mechanisms
duration
1. C57BL/6J Orally, 50 and 150 Fat accumulation and ALT, AST, TG, TC %
mice mg/kg, 6 weeks Neutrophils infiltration
2. C57BL/6J Orally, 0, 0.1, 0.5, Hepatocyte ballooning TNF-a, Transforming growth factor- 87
mice and 1 mg/kg, 12 and Steatosis with mild ~ beta 1 (TGF-f1), Interleukin-1p (IL-1p),
weeks inflammatory cell C-reactive protein (CRP), a-Smooth
infiltration muscle actin (a-SMA), Matrix
metalloproteinase-2 (MMP-2) and
Matrix metalloproteinase -9 (MMP-9)
3. C57BL/6 mice Orally, Induction of TG, TC, HDL, LDL, %
2 weeks inflammatory cytokines TNF-o, Interleukin -6(1L-6)
and Oxidative stress
4. C57BL/6J Orally, 50 and 100 steatohepatitis with TG, TC, ALT, AST %
mice mg/kg/day, 4 weeks fibrosis
5. C57BLKS/) Orally, 10 and 100 Inflammation of Lactate dehydrogenase (LDH), ALT, 40

lar mg/kg/day, 3 weeks
Leprdb/Leprd
b (db/db) mice
6. Cb57BL/6 mice Orally,500
mg/kg/day,
4 weeks

hepatocytes and NASH

Histological changes
such as Hepatic steatosis,
Cellular inflammatory

AST, TC, HDL-C, TG, MDA, LDL-C

ALT, TG, MDA, Glutathione (GSH), 4
Real-time PCR(RT-PCR)

infiltrate and Hepatocyte

necrosis

Genetic Rodent Models of NAFLD:

Ob/ob Mice, db/db Mice, and Zucker Fatty Rats
(fa): One molecule that regulates mice's energy
balance is the obese (ob) gene. Ob/ob mice have
been extensively studied and represent a naturally
occurring model of NAFLD. These mice lack leptin
due to a mutation in the ob gene, which limits the
manufacturing of leptin. Ob/ob mice are
hyperphagic, sedentary, and develop extreme
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obesity in the absence of leptin. These mice have a
mutation in the ob gene, which encodes leptin,
resulting in hyperphagia and obesity. The
hepatocytes of these insulin-resistant mice
spontaneously become steatotic, making them a
valuable tool for studying. NAFLD Along with
severe IR, these mice have hyperinsulinemia,
which causes hyperglycemia and hyperlipidemia.
Most crucially, when given a typical diet, they
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acquire fatty livers on their own. However, despite
having considerable obesity, ob/ob mice do not
display steatohepatitis, including inflammation and
fibrosis, due to their leptin insufficiency .
Increased inducible nitric oxide synthase in ob/ob
mice muscle and liver cells and increased glucose
flux via the hexosamine pathway in muscle are two
mechanisms that can contribute to insulin
resistance. Leptin has a direct effect on ob/ob mice
skeletal muscle cells in-vitro, opposing insulin
lipid-incorporating effect. This improves insulin
resistance but does not cure it. Mitochondrial
dysfunction can result in intracellular fat
accumulation and lipotoxicity. Mitochondria are
deficient in ob/ob mice adipose tissue, liver,
skeletal muscle, and macrophages. Increased lipid
peroxidation in the vicinity of mitochondria has
been linked to the pathogenesis of lipotoxicity and
ob/ob mice have been linked to an increase in
hepatocyte reactive oxygen species production. In
ob/ob mice, inhibiting lipid peroxidation reduces
liver cell damage and it causes fatty liver and
NASH %,
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The well-characterized recessive mutation of
diabetes (db) also results in profound and early-
onset obesity. Mice with the db mutation show an
obese phenotype that is almost exactly that of ob/ob
mice. Because their leptin receptor (Ob-R) is
defective, db/db mice have higher serum levels of
leptin. Overeating causes macrovesicular hepatic
steatosis, significant obesity, and insulin resistance
in these mice. These obese mice, however, do not
develop fibrosis when fed a normal diet. This
model requires a second hit, such as a methionine
choline-deficient (MCD) diet, to induce
steatohepatitis symptoms such as fibrosis *%. The rat
gene fatty (fa) is a homolog of the mouse db gene,
and fa/fa rats are also thought to develop obesity
and diabetes as a result of a mutation in the Ob-R
gene locus. These rats, like db/db mice, develop
steatohepatitis symptoms after being induced with a
second hit. Obese (fa/fa) Zucker rats also have
hyperphagia, which leads to hyperinsulinemia,
hyperlipidemia, and the development of liver
steatosis due to leptin receptor loss *.

TABLE 4: MODEL OF OB/OB MICE, DB/DB MICE, AND ZUKAR FATTY RATS (FA)

Sr. no. Animal Diet Biochemical evaluations Ref.
1. Ob/ob mice AIN-93G diet Serum glucose, Serum insulin, HOMA-IR, Total lipid, TG, FFA,  ®
ALT, GSH
4. Ob/ob mice Basal diet RT-PCR, Total lipid, Triglycerides, TC, TG, ALT,Hepatic non- 4
esterified fatty acid (NEFA), Serum NEFA
5. Ob/ob mice and High-fat diet HOMA-IR, Glucose, Insulin, RT-PCR 8
C57BL/6J mice
7. Db/db Mice Normal diet ALT, AST, ALP, HDL-C,LDL-C, TG, TC, SOD, CAT and GSH 49
8. C57BL/6J mice Semisynthetic TG, TC, ALT, AST, Serum adiponectin, Insulin and Monocyte %0
and db/db mice AIN-76 Diet chemoattractant protein-1 (MCP-1) levels.
9. Db/db mice - Serum TG ,FFA, ALT, AST >t
11. Db/db mice Normal diet Serum levels of ALT, AST, TG, NEFA, TC, TG, Insulin, RT- 52
PCR
13. (fa/fa) Rats High-fat diet Glucose, Insulin, Sexual hormone binding globulin(SHBG), TC,  >*
TG, HDL, LDL, NEFAs
14. (fa/fa) Rats Standard Total protein, TC,ALB, ALT, AST >
laboratory diet
15. (fa/fa) Rats AIN-93 diet ALT,AST,ALP,TG,NEFA Insulin,Glucose %
16. (fa/fa) Rats Semisynthetic diet TG, ALT, ALP, AST, lactate dehydrogenase (LDH) %

Melanocortin 4 Receptor (MC4R): The
melanocortin 4 receptor (MC4R) gene is mainly
expressed in the feeding center of the
hypothalamus and regulates food intake and energy
expenditure. The MC4R gene is also known to be a
cause of hereditary obesity in  humans.
Furthermore, MC4R gene-deficient mice given a
high-fat diet are a NASH model that develops
NASH-like fibrosis in 20 weeks and HCC in about
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a year based on obesity complications such as
insulin resistance and dyslipidemia. The MC4R
gene also regulates the autonomic nervous system
and energy production in brown adipose tissue in
mice; thus, feeding regulation is likely to be the
cause of obesity in MC4R gene knockout (MC4R-
KO) mice. The MC4R gene is rarely expressed in
the liver, and its absence is an excellent
pathological model of fatty liver and NASH .

5560



Pawar et al., IJPSR, 2023; Vol. 14(12): 5555-5564.

E-ISSN: 0975-8232; P-ISSN: 2320-5148

TABLE 5: MODELS OF MELANOCORTIN 4 RECEPTOR (MC4R)

Sr. no. Animal diet Biochemical evaluations Ref.
1. MC4R-KO male mice High-fat diet Lipase, TG, Glucose, and Blood ketone levels, >
Serum insulin and HOMA-IR
2. MC4R-KO male mice Standard diet ALT, TG, FFA, TC, Adiponectin, Leptin >
3. MC4R-KO mice - AST, ALT, LDH, TG, TC %0
Sterol Regulator Element-Binding Protein 1c  obesity, glucosuria, hyperglycemia, and

(SREBP): Sterol regulatory element-binding
proteins (SREBPs) are a family of membrane-
bound transcription factors that principally regulate
lipid synthesis. An inherited lipodystrophic model
with IR and steatosis, transgenic mice expressing
nuclear SREBP-1c (nNSREBP-1c) in adipose tissue
under the control of the aP2 promoter,
spontaneously developed steatohepatitis. Despite
the absence of obesity, NSREBP-1c transgenic mice
have IR, hypertriglyceridemia, elevated levels of
transaminases, and mild inflammation, as seen on
histological liver specimens, which are consistent
with the findings in human NASH. In this model,
however, fibrosis is not observed °!. Steatosis,
mononuclear cell infiltration, pericellular fibrosis,
ballooning degeneration, and Mallory-Denk body
formation are seen in the livers of these transgenic
mice at 20 weeks or older, which is similar to that
seen in NASH. However, the mice exhibit
abnormal adipose tissue differentiation, significant
insulin resistance, and diabetes mellitus; thus, the
liver lesion may model steatohepatitis associated
with lipodystrophy rather than normal NASH.

KKAy Mice: KKAy mice (also called lethal
yellow KK mice) were originally developed by
crossing KK mice with yellow obese mice (Ay
mice). Because of the antagonism between
melanocortin receptor 4 (MC4R) and ectopic
expression of the agouti protein, KKAy mice (the
yellow offspring obtained from a cross of black KK
females with obese yellow Ay males) are obese,
hyperglycaemic, hyperinsulinemic, hyper-
triglyceridemic,  hypercholesterolemic, insulin
resistant, and exhibit steatosis with inflammation
(steatohepatitis). The phenotype of KKAy mice,
including altered adipokine expression, is similar to
that of metabolic syndrome in humans, indicating
that this strain could be useful as a model of
metabolic syndrome-related NASH®.

Tsumura-Suzuki  obese  Diabetes  Mice:
Tsumura—Suzuki obese diabetes (TSOD) male
mice spontaneously develop diabetes mellitus,
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hyperinsulinemia without any special treatments,
such as gene manipulation. Therefore, TSOD is
regarded as a polygenic model of metabolic
syndrome. As NAFLD/NASH is associated with
metabolic syndrome, determined whether these
mice develop NAFLD/NASH. They observed
microvesicular steatosis, hepatocellular ballooning,
and Mallory—Denk bodies in the livers of 4-month-
old mice, with increasing severity over time.
Interestingly, small liver nodules with high
cellularity and the absence of portal tracts were
frequently observed after 12 months. Most of the
nodules showed nuclear and structural atypia and
mimicked human HCC. Recently, it has been
suggested that splenic iron accumulation is
involved in the development of NASH in TSOD
mice. Although TSOD mice provide a natural
model of NAFLD, the mice take a long time to
develop the disorder, and the severity of steatosis
and inflammation is mild ®.

CONCLUSION: As summarized and discussed in
this review, many animal models, particularly
rodent models of NAFLD have been developed and
used in recent years to unrevealed the molecular
mechanisms involved in the onset but also in the
progression of this liver disease. However, the
available models, be it in-vivo mimic certain
disease aspects found in humans and markedly
differ in regards to the degree of hepatocellular
damage and metabolic alterations associated with
the development of the disease.

Nevertheless, when chosen carefully, in-vivo
models can be used to verify hypotheses on
mechanisms underlying the development of
NAFLD and as tools to test new therapeutic and
prevention strategies. The future aim should be to
develop animal models that more closely reflect the
histopathology and pathophysiology found in
humans with NAFLD, thereby, increasing the
knowledge of the molecular mechanisms involved
in the onset but also the progression of NAFLD and
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providing the basis for the development of better
therapeutic approaches to the disease.

ACKNOWLEDGMENT: We  take this
opportunity to express our profound gratitude to
Management and Principal, P.E.S. Modern College
of Pharmacy, Nigdi, Pune for providing all
facilities required for the completion of this work.

CONFLICTS OF INTEREST: There are no
conflicts of interest. The authors alone are
responsible for the content and writing of this
article.

REFERENCES:

1. Loomba R, Friedman SL and Shulman Gl: Mechanisms
and disease consequences of nonalcoholic fatty liver
disease. Cell 2021; 184(10): 2537-64.

2. Younossi ZM, Golabi P, de Avila L, Paik JM, Srishord M,
Fukui N, Qiu Y, Burns L, Afendy A and Nader F: The
global epidemiology of NAFLD and NASH in patients
with type 2 diabetes: A systematic review and meta-
analysis. Journal of Hepatology 2019; 71(4): 793-801.

3. German MN, Lutz MK, Pickhardt PJ, Bruce RJ and Said
A: Statin Use is Protective against Hepatocellular
Carcinoma in Patients with Nonalcoholic Fatty Liver
Disease: A Case-control Study. Journal of Clinical
Gastroenterology 2020; 54(8): 733-40.

4. Buzzetti E, Pinzani M and Tsochatzis EA: The multiple-hit
pathogenesis of the non-alcoholic fatty liver disease
(NAFLD). Metabolism 2016; 65(8): 1038-48.

5. Federico A, Rosato V, Masarone M, Torre P, Dallio M,
Romeo M and Persico M: The role of fructose in non-
alcoholic steatohepatitis: Old relationship and new
insights. Nutrients 2021; 13(4): 1314-19.

6. Busnatu SS, Salmen T, Pana MA, Rizzo M, Stallone T,
Papanas N, Popovic D, Tanasescu D, Serban D and Stoian
AP: The role of fructose as a cardiovascular risk factor: an
update. Metabolites 2022; 12(1): 67-64.

7.  Mahzari M and Mamun A: Does consumption of refined
carbohydrates predict the incidence of type 2 diabetes
mellitus? A systematic review and meta-analysis.
Romanian Journal of Diabetes Nutrition and Metabolic
Diseases 2020; 27(2): 168-79.

8. Arrese M, Cabrera D, Kalergis AM and Feldstein AE:
Innate immunity and inflammation in NAFLD/NASH.
Digestive Diseases and Sciences 2016; 61: 1294-1303.

9. Ullah R, Rauf N, Nabi G, Ullah H, Shen Y, Zhou YD and
Fu J: Role of Nutrition in the Pathogenesis and Prevention
of Non-alcoholic Fatty Liver Disease: Recent Updates.
International Journal of Biological Sciences 2019; 15(2):
265-76.

10. Alwahsh SM and Gebhardt R: Dietary fructose as a risk
factor for non-alcoholic fatty liver disease (NAFLD).
Archives of Toxicology 2017; 91: 1545-63.

11. Softic S, Cohen DE and Kahn CR: Role of Dietary
Fructose and Hepatic De Novo Lipogenesis in Fatty Liver
Disease. Digestive Diseases and Sciences 2016; 61(5):
1282-93.

12. Jensen VS, Hvid H, Damgaard J, Nygaard H, Ingvorsen C,
Wulff EM, Lykkesfeldt J and Fledelius C: Dietary fat
stimulates the development of NAFLD more potently than

International Journal of Pharmaceutical Sciences and Research

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

E-ISSN: 0975-8232; P-ISSN: 2320-5148

dietary fructose in Sprague—Dawley rats. Diabetology &
Metabolic Syndrome 2018; 10(1): 1-3.

Radzikowska U, Rinaldi AO, CelebiSozener Z, Karaguzel
D, Wojcik M, Cypryk K, Akdis M, Akdis CA and
Sokolowska M: The influence of dietary fatty acids on
immune responses. Nutrients 2019; 11(12): 2990-95.
Lindeboom L, Nabuurs ClI, Hesselink MK, Wildberger JE,
Schrauwen P and Schrauwen-Hinderling VB: Proton
magnetic resonance spectroscopy reveals increased hepatic
lipid content after a single high-fat meal with no additional
modulation by added protein. The American Journal of
Clinical Nutrition 2015; 101(1): 65-71.

Chao J, Cheng HY, Chang ML, Huang SS, Liao JW,
Cheng YC, Peng WH and Pao LH: Gallic acid ameliorated
impaired lipid homeostasis in a mouse model of a high-fat
diet and streptozotocin-induced NAFLD and diabetes
through the improvement of f-oxidation and ketogenesis.
Frontiers in Pharmacology 2021; 11: 1-14.

Davoodi I, Rahimi R, Abdollahi M, Farzaei F, Farzaei
MH, Memariani Z and Najafi F: Promising effect of Rosa
damascena extract on high-fat diet-induced nonalcoholic
fatty liver. Journal of Traditional and Complementary
Medicine 2017; 7(4): 508-14.

Ramadan Ol, Nasr M, Abd El-Hay OM, Hasan A, Abd-
Allah EE, Mahmoud ME, Abd-Allah FM, Abuamara TM,
Hablas MG, Awad MM and Diab M: Potential protective
effect of Zingiber officinale in comparison to rosuvastatin
on high-fat diet-induced non-alcoholic fatty liver disease
in rats. Open Access Macedonian Journal of Medical
Sciences 2022; 10(A): 916-23.

JiaY, Kim S, Kim J, Kim B, Wu C, Lee JH, Jun HJ, Kim
N, Lee D and Lee SJ: Ursolic acid improves lipid and
glucose metabolism in high-fat-fed C57BL/6J mice by
activating peroxisome proliferator-activated receptor alpha
and hepatic autophagy. Molecular Nutrition &Food
Research 2015; 59(2): 344-54.

Mashmoul M, Azlan A, Mohtarrudin N, Mohd Yusof BN,
Khazaai H, Khoo HE, Farzadnia M and Boroushaki MT:
Protective effects of saffron extract and crocin
supplementation on fatty liver tissue of high-fat diet-
induced obese rats. BMC Complementary and Alternative
Medicine 2016; 16(1): 1-7.

Lee GH, Peng C, Park SA, Hoang TH, Lee HY, Kim J,
Kang Sl, Lee CH, Lee JS and Chae HJ: Citrus Peel Extract
Ameliorates High-Fat Diet-Induced NAFLD via
Activation of AMPK Signaling. Nutrients 2020; 12(3):
673-88.

Dwivedi DK and Jena GB: NLRP3 inhibitor glibenclamide
attenuates high-fat diet and streptozotocin-induced non-
alcoholic fatty liver disease in the rat: studies on oxidative
stress, inflammation, DNA damage, and insulin signaling
pathway. Naunyn-Schmiedeberg's Archives of
Pharmacology 2020; 393(4): 705-16.

Alwahsh SM and Gebhardt R: Dietary fructose as a risk
factor for non-alcoholic fatty liver disease (NAFLD).
Archives of Toxicology 2017; 91: 1545-63.

Sindhunata DP, Meijnikman AS, Gerdes VE and
Nieuwdorp M: Dietary fructose as a metabolic risk factor.
American Journal of Physiology-Cell Physiology 2022;
323(3): 847-56.

Mortera RR, Bains Y and Gugliucci A: Fructose at the
crossroads of the metabolic syndrome and obesity
epidemics. Frontiers in Bioscience-Landmark 2019; 24(2):
186-211.

Herman MA and Samuel VT: The Sweet Path to
Metabolic Demise: Fructose and Lipid Synthesis. Trends
in Endocrinology and Metabolism 2016; 27(10): 719-30.

5562



Pawar et al., IJPSR, 2023; Vol. 14(12): 5555-5564.

26.

217.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

International Journal of Pharmaceutical Sciences and Research

Jegatheesan P, Beutheu S, Ventura G, Nubret E, Sarfati G,
Bergheim | and De Bandt JP: Citrulline and Nonessential
Amino Acids Prevent Fructose-Induced Nonalcoholic
Fatty Liver Disease in Rats. The Journal of Nutrition 2015;
145(10): 2273-79.

Jegatheesan P, Beutheu S, Freese K, Waligora-Dupriet AJ,
Nubret E, Butel MJ, Bergheim | and De Bandt JP:
Preventive effects of citrulline on Western diet-induced
non-alcoholic fatty liver disease in rats. The British
Journal of Nutrition 2016; 116(2): 191-203.

Muhammad N, Ibrahim KG, Ndhlala AR and Erlwanger
KH: Moringa oleifera Lam. prevents the development of
high fructose diet-induced fatty liver. South African
Journal of Botany 2020; 129: 32-39.

Al-Okbi SY, Mohamed DA, Hamed TE and Esmail RS:
Rice bran oil and pumpkin seed oil alleviate oxidative
injury and fatty liver in rats fed high fructose diet. Polish
Journal of Food and Nutrition Sciences 2014; 64(2): 127-
33.

Solanki ND, Vadi K and Patel S: Alleviating effect of
Ficus racemosa in high-fat-high-fructose diet-induced
non-alcoholic fatty liver disease. Indian Journal of
Physiology and Pharmacology 2021; 65(1): 12-20.
Al-Okbi SY, Mohamed DA, Hamed TE and Edris AE:
Protective effect of clove oil and eugenol microemulsions
on fatty liver and dyslipidemia as components of metabolic
syndrome. Journal of Medicinal Food 2014; 17(7): 764-71.
Mengesha T, Gnanasekaran N and Mehare T:
Hepatoprotective effect of silymarin on fructose-induced
non-alcoholic fatty liver disease in male albino Wistar rats.
BMC Complementary Medicine and Therapies 2021;
21(1): 1-3.

Zhang H, Leveille M, Courty E, Gunes A, N. Nguyen B
and Estall JL: Differences in metabolic and liver
pathobiology induced by two dietary mouse models of
non-alcoholic fatty liver disease. American Journal of
Physiology-Endocrinology and Metabolism 2020; 319(5):
863-76.

Stankovic MN, Mladenovic D, Ninkovic M, Ethuricic I,
Sobajic S, Jorgacevic B, de Luka S, Vukicevic RJ and
Radosavljevic TS: The effects of a-lipoic acid on liver
oxidative stress and free fatty acid composition in
methionine-choline  deficient diet-induced NAFLD.
Journal of Medicinal Food 2014; 17(2): 254-61.

Li X, Wang TX, Huang X, Li Y, Sun T, Zang S, Guan KL,
Xiong Y, Liu J and Yuan HX: Targeting ferroptosis
alleviates methionine-choline deficient (MCD)-diet-
induced NASH by suppressing liver lipotoxicity. Liver
International: Official J of the International Association for
the Study of the Liver 2020; 40(6): 1378-94.

Cui S, Pan XJ, Ge CL, Guo YT, Zhang PF, Yan TT, Zhou
JY, He QX, Cheng LH, Wang GJ, Hao HP and Wang H:
Silybin  alleviates hepatic lipid accumulation in
methionine-choline deficient diet-induced non-alcoholic
fatty liver disease in mice via peroxisome proliferator-
activated receptor a. Chinese Journal of Natural Medicines
2021; 19(6): 401-11.

Lee HS, Son WC, Ryu JE, Koo BA, Kim YS:
Standardized Salvia miltiorrhiza extract suppresses hepatic
stellate cell activation and attenuates steatohepatitis
induced by a methionine-choline deficient diet in mice.
Molecules 2014; 19(6): 8189-8211.

38. Wang Y, Li J, Zhuge L, Su D, Yang M, Tao S and Li
J: Comparison between the efficacies of curcumin and
puerarin in C57BL/6 mice with steatohepatitis induced by
a methionine- and choline-deficient diet. Experimental and
Therapeutic Medicine 2014; 7(3): 663-8.

39.

40.

41.

42,

43.

44,

45,

46.

47,

48.

49.

50.

51.

52.

E-ISSN: 0975-8232; P-ISSN: 2320-5148

Chen P, Li Y and Xiao L: Berberine ameliorates non-
alcoholic fatty liver disease by decreasing the liver lipid
content via reversing the abnormal expression of MTTP
and LDLR. Experimental and Therapeutic Medicine 2021;
22(4): 1-8.

Son YJ, Jung DS, Shin JM, Kim M, Yoo G and Nho CW:
Yellow loosestrife (Lysimachia vulgaris var. davurica)
ameliorates liver fibrosis in db/db mice with methionine-
and choline-deficient  diet-induced nonalcoholic
steatohepatitis. BMC Complementary Medicine and
Therapies 2021; 21(1): 1-11.

Davaatseren M, Hur HJ, Yang HJ, Hwang JT, Park JH,
Kim HJ, Kim MS, Kim MJ, Kwon DY and Sung MJ:
Dandelion leaf extract protects against liver injury induced
by methionine- and choline-deficient diet in mice. Journal
of Medicinal Food 2013; 16(1): 26-33.

Stoyell-Conti FF, Irigoyen MC, Sartori M, Ribeiro AA,
Dos Santos F, Machi JF, Figueroa DM, Rodrigues B and
De Angelis K: Aerobic training is better than resistance
training on cardiac function and autonomic modulation in
female ob/ob mice. Frontiers in Physiology 2019; 10:
1464-74.

Pileggi CA, Parmar G and Harper ME: The lifecycle of
skeletal muscle mitochondria in obesity. Obesity Reviews
2021; 22(5): 1-20.

Ma H, Jiang T, Tang W, Ma Z, Pu K, Xu F, Chang H,
Zhao G, Gao W, Li Y and Wang Q: Transplantation of
platelet-derived  mitochondria  alleviates  cognitive
impairment and mitochondrial dysfunction in db/db mice.
Clinical Science 2020; 134(16): 2161-75.

Kato Y, Sakoh M, Nagai T, Yoshida A, Ishida H, Inoue N,
Yanagita T and Nagao K: Ozonated Olive Oil Alleviates
Hepatic Steatosis in Obese Zucker (fa/fa) Rats. Journal of
Oleo Science 2022; 71(4): 599-607.

Choi HN, Jang YH, Kim MJ, Seo MJ, Kang BW, Jeong
YK and Kim JI: Cordyceps militaris alleviates non-
alcoholic fatty liver disease in ob/ob mice. Nutrition
Research and Practice 2014; 8(2): 172-6.

Maeda H, Hosomi R, Yokoyama T, Ikeda Y, Nishimoto A,
Tanaka G, Shimono T, Kanda S, Nishiyama T, Yoshida M
and Fukunaga K: Dietary Alaska pollock protein
attenuates liver steatosis and alters gut microbiota in
leptin-deficient ob/ob mice. Journal of Functional Foods
2020; 75: 1-11.

Moreira GV, Azevedo FF, Ribeiro LM, Santos A,
Guadagnini D, Gama P, Liberti EA, Saad M and Carvalho
C: Liraglutide modulates gut microbiota and reduces
NAFLD in obese mice. The Journal of Nutritional
Biochemistry 2018; 62: 143-54.

Yang H, Yang T, Heng C, Zhou Y, Jiang Z, Qian X, Du L,
Mao S, Yin X and Lu Q: Quercetin improves non-
alcoholic fatty liver by ameliorating inflammation,
oxidative stress, and lipid metabolism in db/db mice.
Phytotherapy Research 2019; 33(12): 3140-52.

Ahmad A, Ali T, Kim MW, Khan A, Jo MH, Rehman SU,
Khan MS, Abid NB, Khan M, Ullah R and Jo MG.
Adiponectin ~ homolog  novel  osmotin  protects
obesity/diabetes-induced NAFLD by upregulating
AdipoRs/PPARa signaling in ob/ob and db/db transgenic
mouse models. Metabolism 2019; 90: 31-43.

Su ML, He Y, Li QS, Zhu BH: Efficacy of Acetylshikonin
in Preventing Obesity and Hepatic Steatosis in db/db Mice.
Molecules 2016; 21(8): 976-90.

Tsuruta Y, Nagao K, Shirouchi B, Nomura S, Tsuge K,
Koganemaru K and Yanagita T: Effects of lotus root (the
edible rhizome of Nelumbo nucifera) on the development
of non-alcoholic fatty liver disease in obese diabetic db/db

5563



Pawar et al., IJPSR, 2023; Vol. 14(12): 5555-5564.

53.

54.

55.

56.

57.

58.

mice. Bioscience, Biotechnology, and Biochemistry 2012;
76(3): 462-66.

Tan 'Y, Kim J, Cheng J, Ong M, Lao WG, Jin XL, Lin YG,
Xiao L, Zhu XQ and Qu XQ: Green tea polyphenols
ameliorate non-alcoholic fatty liver disease through
upregulating AMPK activation in high fat fed Zucker fatty
rats. World J of Gastroenterology 2017; 23(21): 3805-14.
Sui Y, Kong X, Fan R, Ye Y, Mai H, Zhuo S, Lu W, Ruan
P, Fang S and Yang T: Long-term treatment with
metformin in the prevention of fatty liver in Zucker
diabetic fatty rats. Diabetology & Metabolic Syndrome
2019; 11(1): 1-9.

55. Matsumoto Y, Fujita S, Yamagishi A, Shirai T, Maeda
Y, Suzuki T, Kobayashi KI, Inoue J and Yamamoto Y:
Brown Rice Inhibits Development of Non-alcoholic Fatty
Liver Disease in Obese Zucker (fa/fa) Rats by Increasing
Lipid Oxidation via Activation of Retinoic Acid Synthesis.
The Journal of Nutrition 2021; 151(9): 2705-13.

Kundu A, Dey P, Park JH, Kim IS, Kwack SJ and Kim
HS: EX-527 prevents the progression of high-fat diet-
induced hepatic steatosis and fibrosis by upregulating
SIRT4 in Zucker rats. Cells 2020; 9(5): 1101-25.

Morgan DA, McDaniel LN, Yin T, Khan M, Jiang J,
Acevedo MR, Walsh SA, Ponto LL, Norris AW, Lutter M,
Rahmouni K and Cui H: Regulation of glucose tolerance
and sympathetic activity by MC4R signaling in the lateral
hypothalamus. Diabetes 2015; 64(6): 1976-87.

Morita S, Sakamaki A, Koyama K, Shibata O, Owaki T,
Oda C, Kimura A, Nakaya T, Ohbuchi K, Nahata M,
Fujitsuka N, Sakai N, Abe H, Kamimura K and Terai S:
Daisaikoto improves fatty liver and obesity in
melanocortin-4 receptor gene-deficient mice via the
activation of brown adipose tissue.Scientific Reports 2022;
12(1): 10105-14.

59.

60.

61.

62.

63.

E-ISSN: 0975-8232; P-ISSN: 2320-5148

Yamada T, Kashiwagi Y, Rokugawa T, Kato H, Konishi
H, Hamada T, Nagai R, Masago Y, Itoh M, Suganami T
and Ogawa Y: Evaluation of hepatic function using
dynamic contrast-enhanced magnetic resonance imaging in
melanocortin 4 receptor-deficient mice as a model of
nonalcoholic steatohepatitis. Magnetic Resonance Imaging
2019; 57: 210-7.

Yoshioka N, Tanaka M, Ochi K, Watanabe A, Ono K,
Sawada M, Ogi T, Itoh M, Ito A, Shiraki Y, Enomoto A,
Ishigami M, Fujishiro M, Ogawa Y and Suganami T: The
sodium-glucose cotransporter-2 inhibitor Tofogliflozin
prevents the progression of nonalcoholic steatohepatitis-
associated liver tumors in a novel murine model.
Biomedicine & Pharmacotherapy 2021; 140: 111738-50.
Horbelt T, Knebel B, Fahlbusch P, Barbosa D, de Wiza
DH, Van de Velde F, Van Nieuwenhove Y, Lapauw B,
Thoresen GH, Al-Hasani H and Muller-Wieland D: The
adipokine sFRP4 induces insulin resistance and
lipogenesis in the liver. Biochimica et Biophysica Acta
(BBA)-Molecular Basis of Disease 2019; 1865(10): 2671-
84.

Li S, Qian Y, Xie R, Li Y, Jia Z, Zhang Z, Huang R, Tuo
L, Quan Y, Yu Z and Liu J: Exploring the protective effect
of  ShengMai-Yin and Ganmaidazao  decoction
combination against type 2 diabetes mellitus with
nonalcoholic fatty liver disease by network pharmacology
and validation in KKAy mice. Journal of
Ethnopharmacology 2019; 242: 1-14.

Murotomi K, Arai S, Uchida S, Endo S, Mitsuzumi H,
Tabei Y, Yoshida Y and Nakajima Y: Involvement of
splenic iron accumulation in the development of
nonalcoholic steatohepatitis in Tsumura Suzuki Obese
Diabetes mice. Scientific Reports 2016; 6: 22476-85.

How to cite this article:
Pawar NG, Gadekar GJ, Bhandare PA, Mansoori MA and Bandawane DD: In-vivo models of non-alcoholic fatty liver disease. Int J Pharm
Sci & Res 2023; 14(12): 5555-64. doi: 10.13040/1JPSR.0975-8232.14(12).5555-64.

All © 2023 are reserved by International Journal of Pharmaceutical Sciences and Research. This Journal licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License.

This article can be downloaded to Android OS based mobile. Scan QR Code using Code/Bar Scanner from your mobile. (Scanners are available on Google

Playstore)

International Journal of Pharmaceutical Sciences and Research

5564




