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Abstract

Nonalcoholic fatty liver disease (NAFLD) is a condition
in which excess fat accumulates in the liver of a patient
without a history of alcohol abuse. Nonalcoholic steato-
hepatitis (NASH), a severe form of NAFLD, can progress
to liver cirrhosis and hepatocellular carcinoma. NAFLD
is regarded as a hepatic manifestation of metabolic
syndrome and incidence has been increasing worldwide
in line with the increased prevalence of obesity, type 2
diabetes, and hyperlipemia. Animal models of NAFLD/
NASH give crucial information, not only in elucidating
pathogenesis of NAFLD/NASH but also in examining
therapeutic effects of various agents. An ideal model
of NAFLD/NASH should correctly reflect both hepatic
histopathology and pathophysiology of human NAFLD/
NASH. Animal models of NAFLD/NASH are divided into
genetic, dietary, and combination models. In this paper,
we review commonly used animal models of NAFLD/
NASH referring to their advantages and disadvantages.
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INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is a condition in

which excess fat accumulates in the liver of a patient with-
out a history of alcohol abuse!". NAFLD is classified into
simple steatosis and nonalcoholic steatohepatitis (NASH).
In NASH, not only steatosis but also intralobular inflam-
mation and hepatocellular ballooning are present, often
accompanied by progressive fibrosis”. Long-standing
NASH may progtess to liver cirrhosis, and hepatocellular
carcinoma (HCC) may be an outcome"

NAFLD is regarded as a hepatic manifestation of meta-
bolic syndrome™”. NAFLD has been increasing worldwide
over recent decades in line with the increased prevalence
of obesity, type 2 diabetes, and hypetlipemia. NAFLD/
NASH is currently regarded as the most common chronic
liver disease worldwide. It is estimated that about 20%
of all adults have NAFLD and 2%-3% of adults have
NASH".

The pathogenesis of NASH has not been completely
elucidated, and treatments for NASH other than lifestyle
modification by diet and exercise have not been fully
established”. Studies of NAFLD/NASH using human
materials have limitations, because the occutrence and
progtression of NAFLD/NASH require a long period
of several decades, and ethical limitations exist in admin-
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istering drugs to patients or collecting liver tissues from
patients. Animal models of NAFLD/NASH give crucial
information, not only in elucidating the pathogenesis of
NAFLD/NASH but also in examining therapeutic ef-
fects of various agents. These animal models need to re-
flect correctly both the histopathology and pathophysiol-
ogy of human NAFLD/NASH. Recently, several review
articles on animal models of NAFLD/NASH have been
publishedw’m]. In this paper, we firstly review the histo-
pathology and pathogenesis of NAFLD/NASH, and
thereafter, we review current animal models of NAFLD/
NASH referring to their advantages and disadvantages,
with emphasis on a fructose-enriched diet model that was

established by us.

HISTOPATHOLOGY OF NAFLD

The most important histological characteristic of NAFLD
is steatosis of hepatocytes. Steatosis of hepatocytes is
classified into macrovesicular and microvesicular. Mac-

rovesicular steatosis is characterized by large vacuoles
occupying almost the entire cytoplasm and pushing the
nucleus to the periphery of the cell. Microvesicular ste-
atosis is characterized by multiple small lipid vacuoles, and
the nucleus is located at the center of the cell. Typically,
steatosis in NAFLD is centrilobular and macrovesicular.
However, steatosis may be present throughout the lobule,
and microvesicular steatosis may also be present. Steatosis
in more than 5% of hepatocytes is necessary for a diagno-
sis of NAFLD!"".

In NASH, not only steatosis but also intralobular in-
flammation and hepatocellular ballooning are present, and
this is usually accompanied by fibrosis. Mallory’s hyaline
(MH) may also be present. Intralobular inflammation in
NASH is typically mild and of a mixed type and includes a
small number of lymphocytes, macrophages, and neutro-
phils. Neutrophils tend to infiltrate in the area of marked
steatosis and around MH. Portal inflammation is usually
mild; however, relatively intense chronic inflammation
may be present in the portal area.

Hepatocellular ballooning is a form of liver cell injury
recognized as a swollen hepatocyte with a rarefied cyto-
plasm. It is most apparent near steatotic liver cells, typi-
cally in zone 3.

MH is an eosinophilic and amorphous structure in
the cytoplasm of hepatocytes and is observed in alco-
holic hepatitis, NASH, chronic cholestasis, and HCC?,
MH in NASH is most frequently found in the areas of
perisinusoidal fibrosis in zone 3 and may be accompanied
by neutrophilic infiltration. MH in NASH is usually less
distinct than that in alcoholic hepatitis. Immunohisto-
chemically, MH is positive for cytokeratin (CK) 8, CK 18,
p62, and ubiquitin®.

Other pathological features that are often observed
in NASH include fat cysts and lipogranulomas, and gly-
cogenated nuclei frequently occur in hepatocytes in zone
1. Furthermore, megamitochondria and iron deposition
may be observed in NASH.
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Fibrosis usually originates in the perisinusoidal re-
gions of zone 3 (perisinusoidal fibrosis) and may also be
present in the periportal area. As the disease progresses,
bridging fibrosis and liver cirrhosis may develop. In the
process, steatosis and lesion activity may resolve, result-
ing in a diagnosis of “cryptogenic cirrhosis” (burn-out
NASH).

Brunt ez a/"” proposed the grading and staging system
of NASH, and the NASH Clinical Research Network de-
sighed and validated the NAFLD activity scorel'”. These
systems are frequently used in both clinical studies and ani-
mal experiments. Intralobular changes are milder and por-
tal inflammation is more severe in pediatric NAFLD than
in adult NAFLD"", Furthermore, steatosis in pediatric
NAFLD is not necessarily predominant in zone 310,

PATHOGENESIS OF NAFLD/NASH

The “two-hit” hypothesis proposed by Day ez al' is
widely accepted as the pathogenesis of NAFLD/NASH,;
the first hit causes fat accumulation in hepatocytes, and

the second hit causes inflammation and fibrosis. Fat accu-
mulation in the liver is closely associated with metabolic
derangements that are related to central obesity and in-
sulin resistance™. The most reproducible risk factors for
NAFLD/NASH are central obesity, insulin resistance,
fasting hyperglycemia, and hypertriglyceridemiam, and
NAFLD/NASH is regarded as a hepatic manifestation
of metabolic syndrome'™”,

Hepatic steatosis occurs when the rate of import or
synthesis of fatty acids by hepatocytes exceeds the rate
of export or catabolism™"*!. Accordingly, the following
4 mechanisms are possible causes of lipid accumulation
within the liver: (1) increased delivery and uptake into he-
patocytes of long-chain fatty acids (LCFA) due to excess
dietary intake or release from adipose tissue; (2) increased
de novo hepatic LCFA and triglyceride synthesis; (3) failure
of very low-density lipoprotein (VLDL) synthesis and tri-
glyceride export; and (4) failure of LLCFA elimination due
to impaired hepatic mitochondrial B—oxidation[zz].

Once steatosis has developed, the liver is sensitized;
thus, an inflammatory response may be precipitated by a
variety of stimuli®”, Oxidative stress, pro-inflammatory
cytokine [e.g., tumor necrosis factor (TNF)-o]-mediated
hepatocyte injury, altered lipid partitioning and hepato-
toxicity mediated by free fatty acids, abnormal intrahepat-
ic cholesterol loading, hyperinsulinemia, hyperleptinemia,
hypoadiponectinemia, and apoptosis are all thought to be
important second hits causing NASH***!,

ANIMAL MODELS OF NAFLD/NASH

An ideal animal model of NAFLD/NASH should reflect
hepatic histopathology and pathophysiology of human
NAFLD/NASH. Accordingly, the liver of the animal
model of NASH should show steatosis, intralobular
inflammation, hepatocellular ballooning, and, ideally,
perisinusoidal fibrosis in zone 3 and susceptibility to liver
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Model Obesity Insulin resistance Steatosis Steatohepatitis Fibrosis
SREBP-1c transgenic mice No (decreased adiposity) Yes Yes Yes Yes
Ob/ob mice Yes Yes Yes No (does not develop No (resistant to
spontaneously) fibrosis)
Db/ db mice Yes Yes Yes No (does not develop No (does not develop
spontaneously) spontaneously)
KK-AY mice Yes Yes Yes No (does not develop No (does not develop
spontaneously) spontaneously)
PTEN null mice No No Yes Yes Yes
PPAR-o knockout mice No No No (steatosis No No
occurs in the
starved state)
AOX null mice No No Yes Yes No
MATIA null mice No No Yes Yes Yes
Methionine and choline deficiency ~No (decreased weight Hepatic insulin Yes Yes (severe) Yes
and adiposity) resistance
High fat Yes Yes Yes Yes (mild) Yes
Cholesterol and cholate No (decreased weight) Hepatic insulin Yes Yes Yes
(atherogenic diet) resistance
Fructose No Yes Yes No/Yes No

SREBP: Sterol regulatory element binding protein; PTEN: Phosphatase and tensin homologue deleted on chromosome 10; AOX: Acyl-coenzyme A oxidase;

MAT1A: Methionine adenosyltransferase-1A; PPAR: Peroxisome proliferator-activated receptor.

tumors. Furthermore, the animal should show metabolic
abnormalities such as obesity, insulin resistance, fasting
hyperglycemia, dyslipidemia, and altered adipokine pro-
file. It is questionable whether the results of a study using
an animal model that does not completely fulfill these
conditions can be extrapolated to human disease. Animal
models of NAFLD/NASH are classified into genetic
models, nutritional models, and combination models of
genetic and nutritional factors. Numerous animal models
of NAFLD/NASH have been reported to date; howevet,
no animal model completely reflects hepatic histopathol-
ogy and pathophysiology of human NAFLD/NASH. It
1s, therefore, important to select the animal model that
best conforms to the aim of the study. Biochemical and
pathological characteristics of animal models described
in this paper are summarized in Table 1. As described be-
low, in many of the genetic models of NASH [e.g., sterol
regulatory element binding protein (SREBP)-1c transgen-
ic mice and phosphatase and tensin homologue deleted
on chromosome 10 (PTEN) null mice], hepatic steatosis
occurs first, and steatohepatitis develops later. Ob/ob,
db/db, and KK-A’ mice do not progtess to steatohepati-
tis spontaneously. On the other hand, in a dietary model
induced by methionine and choline deficiency, steato-
hepatitis occurs very quickly.

GENETIC MODELS

SREBP-1c transgenic mice

In the fat tissue of these mice, SREBP-1c, a lipogenic
transcription factor, is overexpressed. This creates a
model of congenital lipodystrophy in which severe insu-
lin resistance and diabetes develop secondary to impaired
adipose differentiation™. In these mice, decreased fat
tissue with lipid accumulation in the liver is observed,
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and marked hepatic steatosis occurs by 8 d of age. When
fed a standard diet, steatosis, lobular inflammation, and
perivenular and pericellular fibrosis develop at 20 ka;
ballooned hepatocytes and MH are also observed. These
mice appear to be appropriate for the lipodystrophy-
associated steatohepatitis model. However, it is ques-
tionable whether they can be used as a model for typical
NAFLD/NASH, because visceral fat characteristically
increases in human NAFLD/NASH.

Ob/ob mice

Ob/ob mice possess a spontaneous mutation in the leptin
gene (leptin-deficient). Leptin is an adipokine produced
by white adipose tissue and operates on the hypothalamic
ventral median nucleus exerting a marked anorexic ef-
fect™. Ob/ob mice are hyperphagic, inactive, and ex-
tremely obese, and show hyperglycemia, insulin resistance,
and hyperinsulinemia®”. Ob/ob mice develop spontane-
ous hepatic steatosis”™; this does not, however, progress
to steatohepatitis spontaneously. Secondary insults such
as a methionine- and choline-deficient (MCD) diet, a high
fat (HF) diet, or low-dose lipopolysaccharide (endotoxin)
are needed to trigger steatohepatitis in ob/ob mice™",
Another feature of ob/ob mice is that they are protected
against fibrosis”" a phenomenon which led to the char-
acterization of leptin as an essential mediator of hepatic
ﬁbrogenesismjz]. Mutations in the ob gene are not preva-
lent in obese subjects or NASH patients, and leptin levels
correlate poorly with the development of NASH™,

Db/db mice

Db/db mice possess a natural mutation in the leptin re-
ceptor (Ob-Rb) gene[34J and, therefore, show normal or
elevated levels of leptin but are resistant to the effects of
leptin. These mice are obese, insulin resistant, and dia-
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betic, and develop macrovesicular hepatic steatosis. They
develop NASH when a second hit such as an MCD diet
is added”™. When db/db mice are fed an MCD diet, sig-
nificant liver fibrosis is observed as compared to that in
ob/ob mice™. The advantage of ob/ob and db/db mice
is that the phenotype of these mice simulates the human
condition of metabolic syndrome in many aspects. How-
evert, these mice have the disadvantage that they do not
spontaneously develop steatohepatitis or liver fibrosis.

KK-A" mice

A heterozygous mutation of the agouti gene (KK-4y/a)
results in a loss of melanocortin and an obese phenotype
due to hyperphagia from impaired hypothalamic appetite
suppressionm. Although these mice develop hepatic ste-
atosis in conjunction with obesity and insulin resistance,
significant steatohepatitis does not occur spontaneously.
It was reported that KK-A" mice exhibited increased
susceptibility to MCD diet-induced steatohepatitis, where
hypoadiponectinemia most likely played a key role in
exacerbation of both inflammatory and profibrogenic

[37]
responses .

PTEN 10 null mice

PTEN is a tumor suppressor gene encoding a lipid phos-
phatase whose major substrate is phosphatidylinositol-
3,4,5-triphosphate (PIP3). PTEN is a negative regulator
of several signaling pathways such as phosphatidylino-
sitol 3-kinase and serine-threonine protein kinase B
(PKB, or Akt)™. These pathways regulate apoptosis,
cell proliferation, and tumor formation™. Liver-specific
Pten knockout mice (AWCrePTEN flox/ flox mice) show
extensive hepatomegaly and steatohepatitis, and the his-
topathology is similar to that in human NASH®”, Steato-
sis is observed at 10 wk of age, and steatohepatitis with
fibrosis is observed at 40 wk. Hepatocellular adenomas
occur with an incidence of 47% by 44 wk, and by 74-78
wk, all of the livers show adenomas, whereas 66% de-
velop HCCs™. Pten knockout mice are hypersensitive to
insulin, and Pren null hepatocytes have high proliferative
activity in vitrd*”. The advantage of this model is that the
histological phenotype resembles that of human NASH.
The disadvantage of this model is that it is hypersensitive
to insulin.

Peroxisome proliferator-activated receptor-a. knockout
mice

Peroxisome proliferator-activated receptor-o. (PPAR-q)
is a key regulator of genes involved in peroxisomal, mi-
tochondrial, and microsomal fatty acid oxidation systems
in the liver, and a significant decrease in PPAR-q, is ob-
served in the HF diet model™. Fat does not accumulate
in the liver of mice with a homozygous mutation of the
PPAR-q, gene under conditions of normal feeding, but
in the starved state, hepatic steatosis occurs because fatty
acid oxidation is inhibited"”.
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Acyl-coenzyme A oxidase null mice

Acyl-coenzyme A oxidase (AOX) is the rate-limiting en-
zyme of peroxisomal -oxidation of LCFA. 40X null
(AOX -/-) mice have defective peroxisomal B-oxidation
of LCFA, which accumulate in the liver and lead to
steatohepatitis. 40X -/- mice begin to exhibit microve-
sicular fatty change of hepatocytes in zones 2 and 3 of
liver lobules at 7 d of age[43]. By 30 d of age, the A0X -/-
mouse liver shows increased severity of steatosis of liver
parenchymal cells and concomitant occurrence of focal
inflammatory cell infilerate™. At 2 mo of age, clusters of
hepatocytes with peroxisome-rich eosinophilic granular
cytoplasm are observed in periportal areas'”. By 4-5 mo
of age, increased expressions of PPAR-q, cytochrome
P450 (Cyp) 4al10 and Cyp 4al4, and increased levels of
H20: are observed™. However, compensative increase
of fatty acid oxidation is observed by 6-7 mo of age, and
hepatic steatosis recovers by regeneration of hepatocytes.
AOX -/- mice develop hepatocellular adenomas and
HCCs by 15 mo of age[m.

Methionine adenosyltransferase-1A null mice
Methionine adenosyltransferase-1A (MAT1A) is a liver-
specific rate-limiting enzyme of methionine metabolism
and catalyzes the formation of S-adenosylmethionine.
MATITA null mice have decreased levels of antioxidants,
including glutathione, and decreased expressions of
genes involved in lipid oxidation such as Cyp 4al0 and
Cyp 4a14™. MAT1.A4 null mice spontaneously develop
steatohepatitis after 8 mo of age, and proliferation of he-
patocytes increases, resulting in tumor development[45’46].
The mice are susceptible to choline-deficient diet-induced
fatty liver at 3 mo of age[45]. Although MAT7.A null mice
are hyperglycemic, their insulin levels are normal and they
do not appear to develop other features of metabolic
syndrome[46J

DIETARY MODELS OF NASH

Methionine and choline deficiency

The MCD diet contains high sucrose and fat (40% su-
crose, 10% fat) but lacks methionine and choline, which
are essential for hepatic B-oxidation and production of
VLDL?. In addition, choline deficiency impairs hepatic

VLDL secretion™. As a result, lipid is deposited in the
[48,49]

liver. Furthermore, oxidative stress
cytokines and adipocytokines™
the liver injury. Antagonizing oxidative stress by increas-
ing antioxidant capacities attenuates the degtree of steato-
hepatitis and stresses the importance of reactive oxygen
species in this model”".

Serum alanine aminotransferase (ALT) level is consis-
tently increased after MCD-diet feeding in mice™. Steato-
hepatitis occurs at day 10°?, and perisinusoidal fibrosis is
observed by 8-10 wk in mice"™*’. After 10 wk of MCD
feeding, extensive macrovesicular steatosis is observed in

and changes in
occur, contributing to
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all areas except for the periportal region, and many necro-
inflammatory foci containing lymphocytes and neutrophils
are observed in mice”™. Although the MCD model causes
more severe inflammation, oxidative stress, mitochondrial
damage, apoptosis, and fibrogenesis than other animal
nutritional models of NASH", the severity of NASH
in rodents fed the MCD diet may depend on the species,
gender, and strain of the animal®™. Kirsch ez /" com-
pared the effects of MCD diet using male and female Wi-
star, Long-Evans, and Sprague-Dawley rats, and C57BL/6
mice. As a result, the Wistar strain and the male sex were
associated with the greatest degree of steatosis in rats. Of
the groups studied, male C57BL/6 mice developed the
most inflammation and necrosis, and best approximated
the histological features of NASH.

The main disadvantage of the MCD model is that the
metabolic profile of the model is opposite to that of typ-
ical human NASH. Namely, mice fed the MCD diet show
significant weight loss (often, more than 20% weight
loss after 3 wk), low fasting blood sugar, peripheral in-
sulin sensitivity, low serum insulin and leptin levels, and
unchanged or increased serum adiponectin levels™"?*",
To improve these problems, genetically obese mice, such
as ob/ob and db/db mice, are occasionally used as the
MCD-fed animal. The main advantages of the MCD diet
are that it is easy to obtain and use.

HF diet

Lieber e a/* reported a diet model of NASH by using
an HF diet (71% of energy from fat, 11% from carbo-
hydrates, and 18% from proteins). Rats fed this diet ad
libitum for 3 wk showed elevated plasma insulin levels
reflecting insulin resistance. Rats fed the HF diet devel-
oped marked panlobular steatosis, and the hepatic lipid
concentrations of these rats were approximately twice
those of control rats fed the standard Lieber-DeCatli diet
(35% fat, 47% carbohydrates, and 18% protein). Like hu-
man NASH, the rats fed the HF diet developed oxidative
damage in the liver. When dietary consumption was re-
stricted, steatosis and inflammation in the liver, oxidative
stress, and plasma insulin levels were decreased. Feeding
of an HF emulsion to Sprague-Dawley rats also induced
changes closely resembling human NASH'. In the lon-
gitudinal study by Ito e al®, chronic administration of an
HF diet (60% of calories from fat) caused steatohepatitis
in male C57BL/6] mice.

Intragastric overfeeding of mice with an HF diet up
to 85% in excess of standard intake for 9 wk has been
reported to replicate the histopathological and pathogenic
features of NASH™. Overfed C57BL./6 mice became
obese (71% higher body weight), had increased visceral fat
(white adipose tissue: WAT), and showed hyperglycemia,
hyperinsulinemia, hyperleptinemia, glucose intolerance,
and insulin resistance. Almost half (46%) of the animals
developed NASH, and their plasma ALT levels showed
9- to 10-fold increases. Neutrophilic infiltration and peti-
sinusoidal fibrosis reminiscent of human NASH were ob-
served. The WAT exhibited increased TNF-q and leptin
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expressions and reduced adiponectin expression.

An HF diet is widely used to cause hepatic steatosis
and NASH in experimental animals. However, it seems
that the HF diet model produces variable results with re-
gard to the degree of steatosis, inflammation, and fibro-
sis, and the results depend on rodent species and strain,
the fat content in the diet, the composition of dietary fat,
and the duration of treatment. For example, Sprague-
Dawley rats appear susceptible to steatohepatitis develop-
ment when fed an HF diet, and this is likely associated
with their susceptibility to diet-induced obesity™. On the
other hand, it was reported that long term high saturated
fat feeding did not induce hepatic steatosis and NASH in
Wistar rats'®”. In mice, it was reported that BALB/c male
mice accumulated more hepatic lipid than C57BL/6]
male mice when fed an HF diet"””. In general, compared
with the MCD model, the degree of liver injury in the
HF model is less severe”. Among the HF models, the
histopathology and pathophysiology of the intragastric
overfeeding method most resemble those of human
NASH. However, this method is difficult to implement,
because it requires specific equipment and expertise. The
optimization of the composition of the HF diet to reli-
ably cause NASH in animals by ad /ibitum administration
warrants future investigation. Recently, Ogasawara ez al®
reported a combined model of HF diet and gold thio-
glucose (GTG) administration. GTG is known to induce
lesions in the ventromedial hypothalamus, leading to hy-
perphagia and obesity. They administered GTG intraperi-
toneally to C57BL/6 mice, and thereafter, fed an HF diet
to the mice for 12 wk. As a result, obesity with increased
abdominal adiposity, glucose intolerance, insulin resis-
tance, and steatohepatitis with hepatocyte ballooning,
MH, and pericellular fibrosis were induced.

Cholesterol and cholate

Matsuzawa ¢t a/*” fed mice an atherogenic diet contain-
ing 1.25% cholesterol and 0.5% cholate and observed the
progressive formation of steatosis, inflammation, and
fibrosis in a time-dependent manner over 6-24 wk. In the
model, hepatocellular ballooning, characteristic of human
NASH, was observed at 24 wk. When 60% fat (cocoa
butter) was added to the diet, development of these his-
topathological features was accelerated, and hepatocel-
lular ballooning was observed at 12 wk. Furthermore,
the atherogenic diet induced oxidative stress. Thus, it is
conceivable that a combination diet of HF, cholesterol,
and cholate in animals would cause histological features
reminiscent of human NASH. However, the mice fed
this diet were systematically insulin sensitive, albeit they
showed hepatic insulin resistance. In fact, the mice lost 9%
body weight during the experiment and had small epidid-
ymal fat pads and low plasma triglyceride levels compared
with those in control mice. Therefore, this model appears
to differ from human NASH in metabolic status.

Fructose
NAFLD/NASH is regarded as a hepatic manifestation of
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Figure 1 Liver histology of rats fed a high-fructose diet for 5 wk. A: Hepat-
ic steatosis, mainly distributed in zone 1, is observed (azan stain, x 40); B: Both
macrovesicular and microvesicular steatosis are evident as well as scattered
necroinflammatory foci (arrows) (hematoxylin and eosin stain, x 200).

metabolic syndrome. Experimental animals fed a fructose-
enriched diet are recognized as good models of metabolic
syndrome. We examined livers of Wistar rats fed a high-
fructose (70%) diet for 5 wk and found significantly
higher macrovesicular steatosis (Figure 1A) and intralobu-
lar inflammation (Figure 1B) grades, liver:body weight
ratios, and hepatic triglyceride concentrations than those
in control rats"", In this study, the distribution of steatosis
in the rats fed a high-fructose diet was characteristically
predominant in zone 1. This pattern differs from that of
human adult NAFLD, in which steatosis is usually pre-
dominant in zone 3. Rats fed a high-fructose diet showed
significantly higher expressions of interleukin (IL)-6
protein and TNF-a protein in the liver compared with
those in control rats (unpublished data). By adding plant
leaf extract to the high-fructose diet, hepatic fatty change
(Figure 2) and expression of 1L-6 protein in the liver were
completely suppressed (unpublished data).

Other groups also reported induction of NAFLD/
NASH by fructose in experimental animals. Acker-
man ¢ al" found that male Sprague-Dawley rats fed a
fructose-enriched (60%) diet developed macrovesicular
and microvesicular steatosis in the liver. Armutcu ez a/™
reported that male Wistar albino rats provided with drink-
ing water containing 10% fructose for 10 d developed
macrovesicular and microvesicular steatosis but did not
develop inflammation in the liver. In mice, by adding 30%
fructose to the drinking water, 3- to 4-fold increases in
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Figure 2 Liver histology of rats fed a high-fructose diet + plant leaf ex-
tract. Hepatic fatty change is completely suppressed by the plant leaf extract
(hematoxylin and eosin stain, x 40).

hepatic triglyceride levels and marked increases in hepatic
steatosis and weight were observed at 8 wk™. Recently,
it was reported that C57BL/6 mice fed a high-fat high-
carbohydrate diet and provided with drinking water con-
taining 55% fructose for 16 wk developed a NASH-like
phenotype with significant fibrosis as well as obesitymj.
Inflammation caused by endogenous toxins of fructose
metabolites is suggested as one of the mechanisms of the

second hit in the pathogenesis of NASH™!

COMBINED MODEL OF GENETIC
MODIFICATION AND NUTRITIONAL/
DIETARY CHALLENGES

Many animal models combine naturally occurring genetic
mutations or targeted gene modifications with dietary or
chemical challenges so that the histopathology and patho-
physiology of the models more closely resemble those of
human NAFLD. Sahai ¢z 2/ fed an MCD diet to ob/ob
and db/db mice and observed that db/db mice had
significantly higher serum ALT levels and more severe
hepatic inflammation and fibrosis than those in ob/ob
and wild-type mice. PPAR-a null mice fed an MCD diet
show mote severe steatohepatitis than that in wild-type
mice fed the same diet”"”. Many other models combin-
ing genetic abnormalities with nutritional challenges have

been reported”™ ™.

CONCLUSION

As reviewed in this paper, many animal models of NASH
have been developed to date. These animal models do
not replicate the full spectrum of the disease in humans;
however, they can be used in verifying hypotheses on the
pathogenesis of NASH and in performing interventional
studies. We hope that animal models which more closely
reflect the histopathology and pathophysiology of human
NASH will be developed in the future, and information
on pathogenesis and treatment of NASH will increase by
using these models.
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