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Abstract
Non-alcoholic fatty liver disease (NAFLD) is the most 
common chronic liver disease in the Western world, 
and it persists at a high prevalence. NAFLD is charac-
terised by the accumulation of triglycerides in the liver 
and includes a spectrum of histopathological findings, 
ranging from simple fatty liver through non-alcoholic 
steatohepatitis (NASH) to fibrosis and ultimately cir-
rhosis, which may progress to hepatocellular carci-
noma. The pathogenesis of NAFLD is closely related 
to the metabolic syndrome and insulin resistance. 
Understanding the pathophysiology and treatment of 
NAFLD in humans has currently been limited by the 
lack of satisfactory animal models. The ideal animal 
model for NAFLD should reflect all aspects of the intri-
cate etiopathogenesis of human NAFLD and the typical 
histological findings of its different stages. Within the 
past several years, great emphasis has been placed on 
the development of an appropriate model for human 
NASH. This paper reviews the widely used experimen-
tal models of NAFLD in rats. We discuss nutritional, 
genetic and combined models of NAFLD and their pros 
and cons. The choice of a suitable animal model for 
this disease while respecting its limitations may help to 
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improve the understanding of its complex pathogenesis 
and to discover appropriate therapeutic strategies. Con-
sidering the legislative, ethical, economical and health 
factors of NAFLD, animal models are essential tools for 
the research of this disease.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Non-alcoholic fatty liver disease (NAFLD) is 
the most common chronic liver disease in the Western 
world, but its pathogenesis is still not fully understood. 
This paper reviews the commonly used experimental 
models of NAFLD in rats. We discuss nutritional, ge-
netic and combined models of NAFLD, and we highlight 
their pros and cons with special emphasis on nutritional 
models. To date, there is not an ideal model that re-
flects all aspects of the complex etiopathogenesis of 
human NAFLD and the typical histological features of 
its different stages. 
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INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is the most 
common chronic liver disease in the Western world, 
where its prevalence is estimated to be approximately 
20%-30% of  the adult population[1]. A steep increase in 
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the prevalence of  NAFLD correlates to increased obesity 
in the world. NAFLD is characterised by the accumula-
tion of  triglycerides in the liver and includes a spectrum 
of  histopathological findings, including simple fatty 
liver, non-alcoholic steatohepatitis (NASH), fibrosis and 
ultimately cirrhosis, which may progress to hepatocel-
lular carcinoma. The pathogenesis of  NAFLD is closely 
related to metabolic syndrome and insulin resistance. 
NAFLD is thought to be the hepatic manifestation of  
metabolic syndrome[2]. Despite intensive research over 
the past decades, the pathogenesis of  NAFLD is not 
completely understood, and treatment of  the disease has 
not been fully defined. 

PATHOGENESIS
NAFLD develops over years as a result of  the accumula-
tion of  different risk factors involving varying degrees 
of  genetic susceptibility. Nutritional habits, amount and 
composition of  diet, physical inactivity, chronic stress and 
lifestyle are the major non-genetic factors determining the 
manifestation and severity of  the disease. Similar to the 
pathogenesis of  metabolic syndrome, of  which NAFLD 
is a constituent[2], there is presumed to be a polygenic ge-
netic background to this disease[3]. The pathogenesis of  
NAFLD in humans is very complex, and there are many 
players in the field, each of  which may interact with one 
another. Moreover, some risk factors may be more or less 
pronounced and may arise or disappear over time. Cur-
rently, it is not fully understood why some patients with 
similar risk factors do not develop fatty accumulation, 
while others develop steatosis and steatohepatitis. The 
pathogenesis of  NAFLD appears to be unique in each 
patient, but the risk factors are likely to be the same. 

The natural history of  NAFLD has been not fully 
clarified and appears to be slow in most patients. The 
progress from simple steatosis to advanced stages of  the 
disease often takes years. It is not clear whether all pa-
tients with simple steatosis are at risk of  steatohepatitis 
or advanced fibrosis. In contrast to patients with simple 
steatosis, those with NASH have a higher risk of  death 
from cardiovascular and liver-related diseases[4]. NAFLD 
with elevated liver enzymes is associated with a clinically 
significant risk of  developing end-stage liver disease, and 
most NAFLD patients will develop diabetes or impaired 
glucose tolerance in the long term[4]. In the United States, 
an estimated one-third of  the population has NAFLD, 
and approximately 2%-5% have NASH[1]. 

The accumulation of  lipids in the liver results from 
an imbalance among hepatic lipid intake, synthesis, deg-
radation and secretion[5]. Fatty acids for the synthesis of  
triglycerides are acquired from different sources, includ-
ing de novo formation in the liver, from portal blood as 
free fatty acids (FFAs) and from circulating lipoproteins, 
mainly from chylomicrons. Insulin resistance plays a key 
role in the hepatic accumulation of  fats[5]. Serum FFAs 
are elevated by accelerated lipolysis in the peripheral 
adipose tissue and visceral fat in the state of  insulin re-
sistance. Hyperglycaemia caused by peripheral insulin 

resistance also promotes the synthesis of  fatty acids in 
the liver. The elevation of  chylomicrons is typical after 
intake of  food containing high amounts of  fats. Periph-
eral insulin resistance is often accompanied by increased 
insulin levels, and hyperinsulinaemia is known to inhibit 
the formation and secretion of  very low-density lipopro-
teins (VLDL) from the liver in NASH patients[6]. Another 
effect of  hyperinsulinaemia and hyperglycaemia is the 
inhibition β-oxidation of  fatty acids and the promotion 
of  lipogenesis in the liver[7]. Insulin is the primary stimu-
lator of  hepatic lipogenesis through activation of  the 
sterol regulatory element-binding protein-1c (SREBP-1c) 
transcription factor[8]. Insulin resistance is found in the 
majority of  patients with primary NAFLD and is more 
severe in NASH[9]. 

Some patients with simple steatosis progress to NASH. 
According to the “two-hit” theory[10], liver steatosis sensi-
tises hepatocytes to the second hits, leading to hepatocyte 
damage, inflammation and fibrosis. These second insults 
may be increased oxidative stress (induction of  micro-
somal cytochrome P450) and lipid peroxidation, mito-
chondrial dysfunction, cytokine/adipokine imbalance 
[tumour necrosis factor α (TNF-α), interleukin 6 (IL-6), 
adiponectin, leptin, resistin, etc.], lipotoxicity of  FFAs, 
hepatic accumulation of  cholesterol, lipopolysaccharide 
derived from GUT and the activation of  innate immu-
nity[10,11]. Exceeding defence and self-reparative mecha-
nisms of  hepatocytes lead to cell death. The importance 
of  particular factors and their interactions are still not 
fully understood. The main difference between simple 
steatosis and NASH is in the degrees of  hepatocyte 
injury and apoptosis[12]. Increased apoptosis is thought 
by some authors to be the third hit leading to advanced 
fibrosis and cirrhosis[13]. Overall chronic liver injury with 
a subsequent chronic regenerative response in the terrain 
of  NASH leads to the activation of  hepatic stellate cells 
and a fibrogenic response. With regards to fibrogenesis in 
NAFLD, special emphasis should be placed on chronic 
inflammation, oxidative stress/lipid peroxidation, leptin, 
adiponectin, platelet-derived growth factor, transforming 
growth factor β1 (TGF-β1), renin-angiotensin system 
and hepatocyte death[11]. The possible progression of  hu-
man NAFLD is briefly depicted in Figure 1. Recently, a 
more realistic concept of  the progression to NASH was 
introduced, which takes into account cumulative small 
pathogenic hits[14]. 

HISTOLOGY
NAFLD is histologically defined by the presence of  liver 
steatosis exceeding 5% of  hepatocytes, regardless of  
whether it is macrovesicular, mixed or microvesicular[15]. 
In adults, NAFLD is characterised predominantly by 
macrovesicular steatosis that is usually present in a zone 
3 or panacinar distribution[16]. NASH is defined by the 
presence of  hepatocellular ballooning (most frequently 
in zone 3), lobular or portal inflammation (lymphocytes, 
monocytes, eosinophils, and macrophages) and eventually 
fibrosis in the terrain of  steatotic liver[17]. The presence 
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of  a characteristic ballooning injury is the key feature to 
the diagnosis of  NASH. Hepatocyte apoptosis is often 
observed in NASH, and the severity of  steatohepatitis 
correlates with the degree of  apoptosis[18]. Examination 
of  histological samples from liver biopsies remains the 
gold standard for accurately assessing the degree of  ste-
atosis, necroinflammatory changes and fibrosis, and these 
may distinguish NASH from simple steatosis[19].

ANIMAL MODELS OF NAFLD
Understanding the pathophysiology and treatment of  
NAFLD in human beings has been limited by the lack 
of  satisfactory animal models. The ideal animal model 
for NAFLD should reflect all aspects of  the intricate 
etiopathogenesis of  human NAFLD and the typical 
histological findings of  its different stages. Until now, 
there was no such animal model. Thus, researchers have 
attempted to introduce a suitable model of  NAFLD, 
imitating at least the most important pathogenic and his-
tological features of  NAFLD. Animal models should be 
reproducible, reliable, simple, affordable and technically 
available with minimal disadvantages. Mice and rats have 
mostly been used as experimental animals of  NAFLD[20]. 
Most models have been genetic models, high-fat diets 
or choline-methionine-deficient diets. The development 
of  hepatic steatosis is common, and some also develop 
histological features of  steatohepatitis; only a minority 
progress to fibrosis[20]. 

In the past several years, great emphases have been 
placed on the development of  an appropriate model for 
human NASH. Most models successfully simulate the 
histological patterns of  the disease, but they often lack 
the important metabolic or genetic context of  human 
NASH (i.e., obesity, insulin resistance, hyperglycaemia, 

hyperinsulinaemia, dyslipidaemia, cytokine/adipokine im-
balance)[14]. 

It should also be mentioned that, according to the 
natural history and pathogenesis of  human NAFLD, 
there cannot be an ideal model. The progress from 
simple steatosis to NASH likely lasts years, and only a 
minority of  patients with simple fatty liver progress to 
steatohepatitis. Thus, the models of  steatohepatitis do 
not reflect this aspect even if  the shorter lifespan of  rats 
is taken into account. From this point of  view, models of  
chronic overnutrition with a spontaneous progression of  
steatosis to steatohepatitis may be more valid than other 
models[20]. Moreover, these models exhibit a more com-
plex interplay between metabolic abnormalities and liver 
injury[20]. 

In contrast to humans, data obtained from animal 
experiments are quite homogenous due to different 
sampling, even in wild type strains. Animal studies are 
generally performed on well-defined populations (species, 
strain, sex, weight or age, laboratory conditions, type of  
diet, etc.). In contrast, there is considerable heterogeneity 
in the human population, even if  the study is defined by 
sex, place, age, ethnicity, and weight. There remains high 
interindividual variability concerning genetic background, 
comorbidities, physical activity, medication, diet composi-
tion, life style, etc. Thus, the interpretability of  the data to 
humans is limited. Moreover, rodents have unique char-
acteristics that affect the development of  NAFLD and 
metabolic syndrome, which further hinder simple inter-
pretations of  the data. Crucial findings in animal models 
must be verified by clinical research when possible.

This review attempts to describe and briefly sum-
marise the existing experimental models of  NAFLD in 
rats. The paper is mainly focused on commonly used rat 
models of  NAFLD in vivo. We discuss nutritional, genetic 
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Intact liver

Simple steatosis

NASH

Advanced fibrosis

Cirrhosis

Genetic susceptibility,
dietary factors,
lifestyle, etc .

Oxidative stress,
lipid peroxidation,
mitochondrial dysfunction,
cytokines, adipokines, etc .

Chronic hepatocyte injury,
chronic inflammation,
liver regeneration,
TGF-β1, activation of stellate cells, etc .

Hepatocellular
carcinoma

Figure 1  Schematic diagram of the possible progression of non-alcoholic fatty liver disease. TGF-β1: Transforming growth factor β1; NASH: Non-alcoholic 
steatohepatitis. 
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varying degrees and patterns[23-25], while in others, HFD 
did not lead to the development of  fat accumulation in 
the liver[26]. Moreover, HFD led to histopathological he-
patic changes similar to human NASH in several other 
experiments[27-29]. Studies also differ in regards to the 
development of  insulin resistance, obesity and dyslipi-
daemia, and other known pathogenic factors of  human 
NAFLD. These studies vary in the time of  feeding; rat 
strain; sex and age of  rats; the amount of  energy derived 
from fats; the origin of  fats; the ratio of  saturated (SFA), 
monounsaturated (MUFA) and polyunsaturated (PUFA) 
fatty acids; and the proportion of  ω-3 and ω-6 PUFA. 
Regarding the composition of  fats, fatty acids consider-
ably influence the expression of  many genes, particularly 
in the liver[30]. Diets also vary in the composition of  non-
fat nutrients (the percentage of  proteins and saccharides; 
the ratio of  mono-, oligo- and polysaccharides). Most di-
ets are fed ad libitum, but in some papers, controlled feed-
ing via intragastric cannula was used[27]. All laboratory ro-
dent species are susceptible to the induction of  metabolic 
alterations upon HFD feeding[31]. HFDs are not only 
used for the induction of  fatty liver changes[32] but are 
also employed as models of  metabolic syndrome, dyslipi-
daemia, obesity and insulin resistance[22]. Because insulin 
resistance is one of  the most important pathogenic fac-
tors of  NAFLD[2], feeding rats with a HFD is legitimate 
and more closely resembles the pathogenesis of  human 
NAFLD than genetic models and nutrient-deficient diets. 

There are interstrain differences in the susceptibility 
of  rats to HFD. Examination of  3 strains of  male rats fed 
a HFD (71% of  kcal fat) for 3 wk showed that all three 
strains developed steatosis affecting > 66% of  liver cells, 
but the histological patterns were different[24]. Microve-
sicular, mixed, and macrovesicular steatosis were found 
in Lewis, Wistar, and Sprague-Dawley rats, respectively. 
Moreover, the highest degree of  fibrosis, hepatocyte 
damage, and reduced blood flow velocity in central veins 
were observed in the Sprague-Dawley strain[24]. Another 
study compared Lewis and Sprague-Dawley rats of  both 
genders fed a HFD for 3 wk. The livers of  all experimen-
tal groups on a HFD demonstrated evidence of  steatosis, 
but similarly to the previous article, Lewis rats developed 
microvesicular steatosis, whereas Sprague-Dawley rats 
presented macrovesicular steatosis accompanied by pro-
nounced fibrosis[25]. This experiment also confirmed the 
higher susceptibility of  male rats (of  both strains) to the 
development of  steatosis[25], which corresponds to obser-
vations in humans, where NAFLD is preferentially found 
in men or postmenopausal women[33]. Our previous 
observations showed that HFD (71% of  kcal fat) feed-
ing does not differ in the degree and pattern of  steatosis 
and liver triglyceride content in male Sprague-Dawley 
and Wistar rats, respectively[23]. It was also confirmed 
that the time of  feeding and the amount of  dietary fats 
corresponded to the degree of  liver pathology and other 
markers of  liver tissue injury[28,34]. 

In 2006, Buettner et al[35] compared the metabolic and 
molecular effects of  different HFDs. They fed male Wi-
star rats with a HFD containing 42% of  energy in fats. 

They used four different sources of  fats-lard (comparable 
quantities of  SFA and MUFA), olive oil (mainly MUFA), 
coconut fat (mainly SFA) and fish oil (mainly ω-3 PUFA). 
Histopathological samples of  the livers of  rats fed by 
diets containing lard, olive oil and coconut fat exhibited 
mainly microvesicular steatosis without inflammation or 
fibrosis. These diets also up-regulated key genes of  lipid 
synthesis. In contrast, the major enzymes of  fatty acid 
oxidation were down-regulated in these groups. SREBP-
1c was up-regulated in all HFDs, but peroxisome prolif-
erator activated receptor-α (PPAR-α), the major regulator 
of  fatty acid oxidation, was up-regulated only in the liver 
of  rats fed a diet containing ω-3 PUFA. The diets based 
on lard and olive oil induced more pronounced obesity 
and insulin resistance and the highest accumulation of  
fats in the liver. In another study, a beneficial effect of  ω-3 
PUFA was shown[34]. Giving ω-3 PUFA reduced the his-
tological severity of  HFD-induced NAFLD in Sprague-
Dawley rats.

Hunting for a new high-fat animal model of NASH
In 2004, Lieber et al[29] introduced a new high-fat model 
of  NASH in rats. Feeding Sprague-Dawley rats a liquid 
HFD (71% of  kcal fat) for 3 wk incurred liver steatosis, 
inflammation and mitochondrial abnormalities without 
a significant elevation of  serum transaminases. The his-
tological observations were accompanied by increased 
hepatic TNF-α and TNF-α mRNA, collagen type 1 and 
procollagen mRNA, induction of  cytochrome P450 2E1 
and elevated markers of  lipid peroxidation. Although 
there was no difference in final bodyweight, plasma insu-
lin concentrations were increased. In this work, a control 
group received a diet containing 35% of  kcal fat without 
significant liver changes[29], but a diet containing 35% of  
kcal fat is thought to be a high-fat diet for rats[22]. Our 
study showed that Wistar rats fed a diet with 35% of  kcal 
fat exhibited considerable microvesicular steatosis[23]. Sig-
nificant steatosis was not found in Sprague-Dawley rats, 
although the liver triglyceride content was significantly 
increased (3-fold)[23]. Using similar or equivalent diets in 
Sprague-Dawley rats, we[23] and others[36] failed to repro-
duce the histological picture of  NASH, even when the 
time of  feeding was extended to 5 or 6 wk.

In another study, feeding male Sprague-Dawley rats a 
high-fat emulsion by gavage for 6 wk successfully induced 
obesity, insulin resistance, hyperlipidaemia, hepatic steato-
sis, pericentral necrosis, inflammation and mitochondrial 
lesions[27]. These findings were accompanied by lipid per-
oxidation, elevated expression of  cytochrome P450 2E1, 
reduced PPAR-α in the liver, and high aminotransferase 
activity and serum TNF-α levels[27]. This model repro-
duces several characteristics of  human NASH but also 
introduces several limitations, such as forced overfeeding, 
high content of  polyunsaturated fatty acids, technical re-
quirements and skills.

Another attempt to establish a rat model of  NASH 
used total enteral nutrition to overfeed male Sprague-
Dawley rats a HFD (5%-70% of  kcal corn oil) for 21-65 
d[28]. The hepatic triglyceride content was dependent on 
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the percentage of  corn oil in the diet. Histopathological 
findings of  NASH (steatosis, macrophage infiltration, 
apoptosis, and focal necrosis) were present in the 70% 
corn oil group. In this group, markers of  lipid peroxida-
tion, TNF-α expression, expression of  cytochrome P450 
2E1 in the liver and serum alanine aminotransferase (ALT) 
were elevated. Although the intragastric infusion of  HFD 
results in pathology that is clinically similar to NASH, the 
method of  feeding does not reflect human NAFLD.

During the last few years, there has been an upswing 
of  HFD models of  NASH[28,34,37,38]. These models suc-
cessfully induce histopathological patterns of  human 
NASH and the main metabolic perturbations of  meta-
bolic syndrome. The histological picture shows liver 
steatosis, lobular inflammatory infiltrates, hepatocyte ne-
crosis and apoptosis, hepatocyte ballooning, and zone 3 
fibrosis. Other characteristic features of  NAFLD/meta-
bolic syndrome are also observed (visceral obesity, insulin 
resistance, dyslipidaemia, elevated hepatic cytochrome 
P450 2E1 and TNF-α expression, oxidative stress and 
lipid peroxidation, increased serum ALT, and decreased 
adiponectin and PPAR-α expression).

The majority of  nutritional HFD models of  NASH 
use fat with high amounts of  corn oil, which mainly con-
tains PUFA, of  which > 98% are ω-6 PUFA. In contrast, 
saturated or monounsaturated fats are primarily found in 
the human diet. Thus, the use of  such diets does not cor-
relate with the dietary aetiology of  NAFLD in humans. 
Moreover, ω-6 PUFAs exert proinflammatory character-
istics in the body and enhance lipid peroxidation[39]. When 
male Wistar rats were fed ad libitum with a HFD contain-
ing mainly SFA (67% of  energy from fats, coconut fat 
or butter) for 14 wk, neither liver steatosis nor increased 
liver triglyceride content were induced[26]. 

In conclusion, there is a high variability in the differ-
ent diets and experimental protocols. Choosing suitable 
diet compositions, durations of  feeding, strains and sexes 
of  rats are crucial events in the experimental design. The 
Sprague-Dawley strain and male gender appear more sus-
ceptible to the development of  NAFLD by HFD feeding. 
The specific mechanisms of  interstrain differences have 
not been fully clarified. Using a HFD with high amounts 
of  ω-6 PUFA can induce histopathological changes simi-
lar to NASH with some features of  metabolic syndrome, 
but liver inflammation may be at least partially caused by 
the proinflammatory effect of  ω-6 PUFA. Another limit-
ing factor may be the lower reproducibility of  nutritional 
models of  NASH based on HFD in different laboratories.

High-cholesterol and high-fat, high-cholesterol diets 
(atherogenic diets)
Diets with supplemented cholesterol (up to 3% w/w) 
were originally used for the study of  atherosclerosis 
pathogenesis. It was observed that diets containing cho-
lesterol, particularly with the combination of  higher fat 
and cholic acid in the chow, induced fatty liver changes. 
Dietary cholesterol is an important risk factor for the 
progression of  simple steatosis to NASH in a mouse 

model[40]. Thus, the employment of  high-fat, high-cho-
lesterol diets has become popular for the induction of  
NAFLD in rats. Atherogenic diets may be easily prepared 
by the addition of  extra fat and cholesterol (i.e., 10% w/w 
lard and 2% w/w cholesterol) to standard pellet chow, and 
they induce liver steatosis, necrosis, hepatocyte balloon-
ing, steatohepatitis and fibrosis[41-43]. Furthermore, obe-
sity, dyslipidaemia, insulin resistance and elevated serum 
aminotransferases accompany these liver changes.

High-fructose/sucrose diet
A shift in the eating habits of  Western countries in recent 
decades has been characterised by an increase in mono- 
and disaccharides, primarily sucrose (50% fructose) and 
fructose (i.e., candy, soft drinks). Fructose and other 
saccharides in excess are known to promote de novo lipo-
genesis. In humans, higher amounts of  fructose in the 
diet are associated with metabolic syndrome, obesity and 
NAFLD[44]. Fructose promotes protein fructosylation and 
the formation of  reactive oxygen species in the liver[44]. 
For rat models of  metabolic syndrome or NAFLD, fruc-
tose or sucrose can be added into the diet or drinking 
water. A fructose-enriched diet induces steatosis and, in 
some experiments, inflammation and periportal fibro-
sis[45-47]. The histopathological findings were accompanied 
by insulin resistance, dyslipidaemia, elevated proinflamma-
tory cytokines and markers of  hepatic lipid peroxidation.

Combined diets 
Various “fast food” diets containing higher amounts 
of  fat and fructose are used to induce NAFLD in rats. 
Moreover, these diets can be supplemented with choles-
terol or trans-fatty acids. Feeding male Wistar rats a high-
fructose, high-fat diet together with fructose in the drink-
ing water for 16 wk resulted in marked obesity, impaired 
glucose tolerance, dyslipidaemia, hyperinsulinaemia, 
increased plasma leptin and liver steatosis, inflammation, 
and fibrosis[48]. The cardiovascular system (increased sys-
tolic blood pressure, endothelial dysfunction, inflamma-
tion, fibrosis and hypertrophy of  the left ventricle), kid-
neys (inflammation and fibrosis) and pancreas were also 
affected. 

The cafeteria diet is a special combined diet that more 
accurately reflects the variety of  highly palatable, energy 
dense, unhealthy foods in Western countries. Feeding a 
cafeteria diet is a better model for human obesity and 
metabolic syndrome compared to a simple HFD[49]. Male 
Wistar rats fed standard chow with concurrently offered 
cafeteria food (cookies, cereals, cheese, processed meats, 
crackers, etc.) ad libitum for 15 wk developed hyperpha-
gia, resulting in severe obesity and prediabetes (glucose 
and insulin intolerance). This diet induced panlobular 
microvesicular steatosis, steatohepatitis and chronic in-
flammation in white and brown adipose tissues. Liver 
histopathological and metabolic alterations were more 
pronounced in the cafeteria diet compared to the lard-
based HFD[49]. Voluntary feeding a cafeteria diet closely 
reflects the etiopathogenesis of  human NAFLD.
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According to the point of  view of  changing eating 
behaviour in Western populations, combined diets (high-
fructose, high-fat diet or cafeteria diet) are the most 
relevant model for metabolic syndrome and NAFLD in 
rats. 

Methionine- and choline-deficient diet 
One of  the most commonly used dietary models of  
NAFLD and NASH is the methionine- and choline-
deficient diet (MCDD). Choline is an essential substance 
that is involved in many metabolic reactions in rats (e.g., 
methylation or transport of  lipids). It is used for the for-
mation of  many biologically important compounds, such 
as phosphatidylcholine, sphingomyelin and acetylcholine. 
In humans, choline deficiency can be found in malnutri-
tion, alcohol abuse or during pregnancy and lactation, 
and it may lead to the development of  hepatic steato-
sis[50]. When choline is lacking in the diet, methionine 
can be used for the synthesis of  choline. The absence of  
both choline and methionine substantially disturbs the 
formation of  phosphatidylcholine. Phosphatidylcholine 
is essential for the normal formation of  VLDL and its 
secretion from the liver[51]. Feeding rats a MCDD results 
in a rapid accumulation of  triglycerides in the liver with 
the subsequent development of  steatohepatitis and fibro-
genesis[52]. In contrast to MCDD, a choline-deficient diet 
with sufficient supplementation of  methionine does not 
result in the blockage of  VLDL secretion, thereby lead-
ing to steatosis with a lower degree of  inflammation in 
the rat liver[52,53].

In 2006, Veteläinen et al[52] described in a detail course 
of  histological changes in an MCDD model in Wistar rats. 
At 1 wk, feeding MCDD induced mainly microvesicular 
steatosis with a macrovesicular component, predominant-
ly in the acinar zone 3. At 3 wk, the pattern of  steatosis 
changed to macrovesicular and scattered foci of  inflam-
matory cells. At 5 wk, diffuse and extensive macrovesicu-
lar steatosis with foci of  mononuclear inflammatory cells 
together with the occasional spotty necrosis occurred. At 
7 wk, extensive macrovesicular steatosis, accumulation of  
cellular debris and numerous clusters of  inflammatory 
cells developed. At this time, increased perivenular fibrosis 
with occasional centrilobular fibrosis was reported. Bio-
chemically confirmed hepatic steatosis was accompanied 
by the accumulation of  cholesterol in the liver[52].

Feeding rats with MCDD results in malnutrition; 
thus, rats lose weight, and the weight of  the liver propor-
tionally decreases[52]. Liver injury induced by MCDD is 
accompanied by elevated serum transaminases and proin-
flammatory cytokines, such as IL-1β, IL-6 and TNF-α[54]. 
Due to hepatic blockage of  VLDL, serum levels of  
triglycerides and cholesterol are reduced[52]. In contrast 
to the pathogenesis of  human NAFLD, MCDD does 
not induce insulin resistance in rats[52,55]. Feeding MCDD 
increases lipid peroxidation and lowers the hepatic con-
tent of  reduced glutathione (GSH)[52,56]. The lack of  me-
thionine may be partially responsible for the decreased 
glutathione synthesis. An increase in oxidative stress and 

lipid peroxidation precedes the onset of  steatohepatitis 
in MCDD-fed rats, and lipid peroxidation corresponds to 
hepatocellular damage and increased hepatic TNF-α[52]. 
By contrast, liver regeneration following a 2/3 partial 
hepatectomy in Wistar rats is not significantly impaired 
by MCDD feeding[57]. Liver mitochondria from MCDD 
rats show higher oxidative activity but a lower efficiency 
of  oxidative phosphorylation; thus, mitochondrial ATP 
synthesis efficiency was decreased[58]. Liver mitochondria 
isolated from MCDD-fed rats exhibit higher hydrogen 
peroxide production, decreased respiratory control index 
of  complex Ⅰ, up-regulation of  uncoupling protein-2, 
increased permeability of  the inner mitochondrial mem-
brane for H+ and, as a consequence, a reduction in mito-
chondrial membrane potential[56,59,60]. 

In a study by Kirsch et al[61], species (rat and mouse), 
strain (Wistar, Long-Evans and Sprague-Dawley rats, and 
C57/BL6 mice) and sex differences were investigated in 
an MCDD model of  NASH. The degrees of  steatosis, 
hepatic lipid content and serum ALT activity were signifi-
cantly higher in male rats than in female rats. Wistar rats 
had higher liver lipid levels, serum ALT levels, and liver 
mass/body mass ratios than Long-Evans and Sprague-
Dawley rats. The mechanisms underlying these strain 
differences are uncertain. Feeding rats with MCDD for 
4 wk induced only minor necrosis and inflammation, 
and fibrosis was absent[61]. In contrast to mice, rats fed 
MCDD develop steatohepatitis more slowly[21,61].

The choline-deficient, L-amino acid-defined (CDAA) 
diet has similar characteristics as the MCDD. The CDAA 
diet contains a low amount of  methionine; thus the 
mechanism by which this diet induces typical hepatic 
changes is similar to MCDD. Feeding a CDAA diet in-
duces liver steatosis, which is followed by more severe 
steatosis with inflammation, increased oxidative stress and 
fibrosis, cirrhosis, preneoplastic lesions and hepatocel-
lular carcinoma[62-64]. Similar to MCDD, rats fed a CDAA 
diet do not develop typical characteristics of  metabolic 
syndrome. This model may be employed for the study of  
hepatocarcinogenesis from steatohepatitis.

Although the MCDD model is one of  the best de-
fined rat models of  NASH and is widely used to study 
NASH, it does not reflect several causative features of  
human NASH[65]. In contrast to humans, rats fed MCDD 
lose weight, have low serum triglyceride and cholesterol 
levels and have normal insulin sensitivity. This model 
induces changes in the liver by nutritional deficiency and 
does not reflect the metabolic profile and aetiology of  
NAFLD in humans. MCDD imitates several histopatho-
logical features of  human NAFLD, but the distribution 
of  steatosis may vary. Depending on the time of  feed-
ing, MCDD induces hepatic steatosis, steatohepatitis or 
fibrosing steatohepatitis and thus simulates the histologi-
cal picture of  NAFLD. This model is more suitable for 
studying the consequences of  fat accumulation, inflam-
mation, oxidative stress and fibrogenesis in the liver 
than the complex pathogenesis of  human NAFLD. In 
contrast to most other NAFLD models, MCDD induces 
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reproducible histological changes with significant in-
flammation and fibrogenesis. In conclusion, the MCDD 
model mimics only histopathological features but lacks 
the main aetiopathogenic factors of  human disease.

Choline-deficient diet 
Choline-deficient diet (CDD) induces hepatic steatosis, 
and the degree of  steatosis is dependent upon the time 
of  feeding[52]. In contrast to MCDD, CDD-fed rats do 
not develop severe fibrosis, and the inflammation is of  
a lower extent[52]. The accumulation of  fats in the liver is 
accompanied by non-significant changes or mild eleva-
tions in serum transaminases[52,53]. Feeding CDD for 90 d 
leads to the development of  moderate fibrotic alterations 
in the liver of  male Wistar rats[53]. Liver steatosis in this 
model is characterised by the development of  obesity, 
dyslipidaemia (increase in plasma concentrations of  tri-
glycerides and cholesterol) and insulin resistance after 7 
wk[52]. Hepatic GSH and lipid peroxidation were reported 
to be unaltered[52]. In contrast, Vendemiale et al[66] and 
Hensley et al[67] showed a greater mitochondrial content 
of  oxidised lipids and proteins, lower concentration of  
glutathione and increased mitochondrial ROS formation. 
The activity of  mitochondrial complex Ⅰ, mitochondrial 
ATP synthase activity and hepatic ATP levels were sig-
nificantly reduced in the fatty livers of  CDD-fed rats[66,67].

In summary, the CDD and MCDD are two distinct 
models in rats, which differ not only in their histological 
findings but also in the metabolic and other character-
istics of  rats (insulin resistance, inflammatory response, 
oxidative stress)[52]. CDD induces fatty liver accompanied 
by metabolic alterations typical of  metabolic syndrome. 

GENETIC MODELS
Genetic models can be further subdivided into natu-
rally occurring genetic models and models of  induced 
genetic mutations. There is a variety of  genetic models 
of  NAFLD in mice[68]. In view of  the polygenic genetic 
background of  this disease[3], monogenic mouse models 
of  NAFLD do not fully replicate the etiopathogenesis 
of  human NAFLD, but they may provide valuable re-
sults concerning particular events in the pathogenesis of  
NAFLD. Moreover, genetically modified mice are less 
available and more expensive. In contrast to mice, there 
are very few genetically modified rats. 

The Zucker fatty rats
One of  the most commonly used models of  NAFLD 
in rats is a genetic model of  the obese Zucker rats (the 
Zucker fatty rats, fa/fa rats, ZFR). ZFR have a natural 
mutation in the leptin receptor (fa allele), which decreases 
the affinity of  the receptor for leptin and alters signal 
transduction[69]. ZFR are homozygotes for the fa allele, 
while heterozygotes for the fa allele (lean Zucker rats) 
serve as controls. Leptin is a peptide hormone secreted 
from adipose tissue, which participates in the regulation 
of  feeding behaviour and energy expenditure[70]. This 
hormone is also involved in the modulation of  cell death 

and fibrogenesis[71]. Thus, the mutation in the leptin re-
ceptor leads to leptin resistance. ZFR are widely used as 
an animal model of  genetic obesity and metabolic syn-
drome[22]. ZFR develop severe obesity and are hyperlepti-
naemic, hyperphagic, inactive, obese and insulin-resistant 
(hyperinsulinaemia, mild hyperglycaemia, hyperlipidae-
mia)[72,73]. ZFR rats are also used as a model of  insulin 
resistance. Hyperlipidaemia in ZFR is characterised by 
increased VLDL and high-density lipoproteins (HDL) 
without significant changes in low-density lipoprotein 
(LDL) cholesterol but with reduced expression of  the 
hepatic LDL receptor[74,75]. It was also observed that the 
systolic arterial blood pressure increased (at 28 wk)[76], 
and plasma adiponectin levels were higher[73] in ZFR than 
in lean controls.

Macrovesicular or microvesicular steatosis is present 
in ZFR without signs of  progression to steatohepatitis[77]. 
The accumulation of  fat in the liver of  Zucker obese rats 
is localised to the periportal area[78]. The liver of  obese 
Zucker rats have lower amounts of  GSH and vitamin 
E and decreased activity of  catalase[79]. The regenerative 
capacity of  the liver of  fa/fa rats is significantly decreased 
after 2/3 partial hepatectomy[80]. As a consequence of  
leptin resistance, increased expressions of  SREBP-1c 
and the carbohydrate response element binding protein 
(ChREBP) were reported[81,82]. The elevations of  SREBP-
1c mRNA was accompanied by increased expression of  
lipogenic enzymes and the accumulation of  triglycerides 
in the liver[81].

As in ob/ob mice, ZFR do not spontaneously develop 
steatohepatitis, and they require a “second hit” for the 
progression of  steatosis to steatohepatitis. A second hit 
could be exposure to lipopolysaccharide[77], a combination 
of  diet rich in disaccharide and low-dose lipopolysaccha-
ride[83], a high-fat diet[78] or the combination of  MCDD 
with a high fat diet[84].

Because the dietary models (except MCDD) more 
closely resemble the pathogenesis of  human NAFLD 
compared to the genetic models, the use of  dietary inter-
ventions for genetic models has become more popular. 
After feeding fa/fa rats a high-saturated fat diet (60% of  
energy of  diet derived from lard) for 8 wk, more severe 
micro- and macrovesicular steatosis and steatohepatitis 
developed[78]. Liver injury was accompanied by fasting 
hyperglycaemia and increased serum activity of  ALT, 
TNF-α and TGF-β, increased collagen deposition, and 
greater activation of  hepatic stellate cells. Markers of  oxi-
dative stress, such as lipid peroxidation, protein carbonyls, 
glutathione, and antioxidant enzymes, were significantly 
aggravated in ZFR fed a high-fat diet. 

A special genetic model of  obesity with type 2 dia-
betes, the Zucker diabetic fatty (ZDF) rats, was derived 
from ZFR by the selective breeding of  hyperglycaemic 
ZFR. ZDF male rats typically develop hyperinsulinaemia, 
peripheral insulin resistance, hyperglycaemia and non-
insulin dependent diabetes by 12 wk of  age[85,86]. ZDF 
females are more resistant to the spontaneous develop-
ment of  diabetes, and the induction of  type Ⅱ diabetes 
in female ZDF rats is successful only when they are fed a 
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high-fat diet[87].
ZFR partially simulates human metabolic syndrome 

(obesity, insulin resistance, dyslipidaemia, hyperinsu-
linaemia, steatosis), but they have several disadvantages. 
Because leptin or leptin receptor mutations are rare in 
humans[88], ZFR do not reflect the multifactorial etio-
pathogenesis of  human NAFLD. Moreover, ZFR do not 
spontaneously develop steatohepatitis and are resistant to 
liver fibrosis. ZFR require further interventions for the 
progression from simple steatosis to steatohepatitis.

There are several other rat models utilising altered 
leptin pathways in which hepatic steatosis develops. 
These are spontaneously hypertensive obese rats (Ko-
letsky’s rats), stroke-prone spontaneously hypertensive 
rats (SHRSP5/Dmcr) or corpulent JCR:LA-cp rats, 
which have a recessive mutation in the leptin receptor 
gene that blocks expression of  the protein[89]. These 
rats exhibit several similar phenotypic characteristics to 
ZFR. They are hyperphagic, obese, hyperlipidaemic and 
insulin resistant[90,91]. Although they develop simple fatty 
liver[91,92], these models have not been widely employed 
for the study of  NAFLD. The exposure of  stroke-prone 
spontaneously hypertensive rats to a high-fat, high-cho-
lesterol diet results in steatosis, necrosis with lymphocyte 
infiltrations, hepatocyte ballooning with Mallory-Denk 
bodies and fibrosis[93].
 
Transgenic spontaneously hypertensive rats 
overexpressing SREBP-1a 
Recently, a new transgenic model of  SREBP-1a overex-
pression was introduced in the spontaneously hyperten-
sive rat[94]. SREBP-1 gene polymorphisms are associated 
with obesity, severe insulin resistance and type 2 diabetes 
in humans[95]. Transgenic spontaneously hypertensive rats 
(SHR) overexpressing SREBP-1a rats are non-obese, but 
they spontaneously develop hypertension, fatty liver, and 
several important characteristics of  metabolic syndrome 
(hyperinsulinaemia, hyperglycaemia, hypertriglyceridae-
mia, and hypercholesterolaemia)[94]. Biochemical examina-
tion confirmed the accumulation of  triglycerides in the 
liver and found elevated hepatic levels of  cholesterol[94]. 
Transgenic SHR overexpressing SREBP-1a rats fed with 
a high-fructose diet exhibit significantly increased oxi-
dative stress in the liver (enhanced lipid peroxidation, 
decreased activities of  antioxidative enzymes and lower 
glutathione), which was more pronounced in older rats[96]. 
Similarly, the progression of  histopathological findings 
was age-dependent. Centrilobular steatosis without in-
flammation was observed at 2 mo of  age, whereas promi-
nent fatty changes accompanied by focal liver cell necro-
sis and inflammatory infiltrate similar to human NASH 
were found after 16 mo[96]. Transgenic SHR overexpress-
ing SREBP-1a rats may provide a tool for studying the 
pathogenic mechanisms and treatment of  metabolic syn-
drome associated with NAFLD[94].

Otsuka Long-Evans Tokushima fatty rats 
Otsuka Long-Evans Tokushima fatty rats (OLETF) were 
obtained in 1984 by the selective breeding of  an outbred 

colony of  Long-Evans rats exhibiting a diabetic pheno-
type (polyuria, polydipsia, obesity). OLETF rats have a 
deletion in the promoter region of  the gene encoding the 
cholecystokinin-1 (CCK-1) receptor and in the first and 
second exons of  this gene, resulting in low or absent ex-
pression of  CCK-1 receptor mRNA[97]. A control strain, 
the LETO rats, which originated from the same colony 
of  rats, expresses the CCK-1 receptor and does not ex-
hibit the phenotype of  OLETF rats. CCK-1 participates 
in satiety control in the hypothalamus; thus, OLETF 
rats exhibit hyperphagia, and they are mildly obese, hy-
perlipidaemic, hyperglycaemic (after the age of  18 wk), 
hyperinsulinaemic, insulin resistant and have diabetes 
mellitus[55,98-100]. Serum concentrations of  leptin and IL-6 
are elevated, while adiponectin is lower in these rats[98]. 
OLETF rats are used as a model for metabolic syndrome 
with diabetes[22]. OLETF rats spontaneously develop liver 
steatosis when fed a standard diet ad libitum[100]. At 22-38 
wk of  age, micro- and macrovesicular steatosis (with a 
maximum at approximately 30 wk) and hepatocyte bal-
looning without collagen deposition or fibrosis were 
observed, but the steatosis disappeared after 42 wk[100]. 
mRNA expressions of  lipogenic genes, such as SREBP-
1c and ChREBP, were significantly elevated in the liver 
of  OLETF rats prior to the onset of  hepatic steatosis (10 
wk) and then gradually decreased to control values (50 
wk)[100]. Contrarily, PPAR-α is down-regulated in younger 
OLETF rats (12 and 28 wk)[101].

For the induction of  steatohepatitis in OLETF rats, 
MCDD or a combined diet with choline and methionine 
deficiency and high-fat content can be used[55,102]. In the 
OLETF rats, MCDD induces hepatic lobular inflam-
mation and perivenular and pericellular fibrosis in zone 
3 with increased expression of  TGF-β1 and activation 
of  stellate cells[102]. The advantage of  a combination of  
MCDD and HFD in OLETF rats is the development of  
steatohepatitis with enhanced insulin resistance, more 
pronounced inflammation and fibrosis (pre-cirrhosis), 
and increased mRNA expression of  lipogenic genes[55]. 
In contrast to the finding of  Ota et al[55], Song et al[100] 
described hepatocyte ballooning in OLETF (and LETO) 
rats only when a combined diet (MCDD + HFD) was 
used. 

Similar to the Zucker fatty rats, OLETF rats do not 
reflect the etiopathogenesis of  human NAFLD (mutation 
in CCK-1 receptor). OLETF rats are recommended at 
the age of  22-38 wk as animal models of  hepatic steato-
sis, but they are not a suitable model for NASH without 
an additional dietary hit.

Prague hereditary hypercholesterolaemic rats
Prague hereditary hypercholesterolaemic rats were 
crossbred from Wistar rats as a model for polygenic hy-
percholesterolaemia induced by dietary cholesterol (2% 
w/w cholesterol diet). Hypercholesterolaemia is caused 
by the elevation of  cholesterol in VLDL, intermediate-
density lipoproteins, and LDL but not in HDL[103]. When 
fed standard chow, serum cholesterol is only mildly el-
evated[103]. In contrast to 5% dietary fat alone (standard 
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chow), a high cholesterol diet in these rats induces the 
development of  fatty liver and the accumulation of  cho-
lesterol[103]. Thus, the presence of  cholesterol in the diet 
is necessary for the development of  fatty liver. This com-
bined model of  fatty liver is also not widely used.

CONCLUSION
Although there is not an ideal model for human non-
alcoholic fatty liver disease that reflects all the clinical, 
histological, aetiological and pathogenic aspects of  hu-
man disease, choosing an appropriate model for studying 
particular events of  NAFLD while respecting its limita-
tions has contributed greatly to the understanding of  
this disease, its progression and treatment. Considering 
the legislative, ethical, economical and health factors of  
NAFLD, animal models are and will continue to be an 
essential tool for further research of  this disease.
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