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Background: The purpose of this study was to establish a Sprague-Dawley rat model of nonal-
coholic steatohepatitis (NASH) due to combined methionine and choline deficiency (MCD).
Methods: Eighty nine-week-old male Sprague-Dawley rats were randomized into two groups
(n=40), comprising an MCD diet group and a standard diet (control) group. After fasting blood
was collected, 10 rats from each group were scheduled to be sacrificed at weeks 4, 8, 12, and 16
from the start of the experiment. Body weight and liver wet weight were measured, and histological
examination of the liver was performed after hematoxylin and eosin and Oil Red O staining.
Results: In the MCD group, body weight and liver wet weight were decreased compared with
the control group, while serum levels of albumin, y-glutamyltranspeptidase, alkaline phosphatase,
and total bilirubin were increased, but serum levels of total cholesterol and triglycerides were
decreased. Histological examination of the liver revealed centrilobular hepatocellular fatty
change from as early as four weeks, with mild fibrosis after 12 weeks.

Conclusion: These findings suggested the onset of NASH with liver dysfunction and bile duct
damage in rats fed with the MCD diet. Increased fatty acid uptake and decreased cholesterol
secretion were considered to be important mechanisms by which the MCD diet promoted
intrahepatic lipid accumulation in this model.
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Introduction

Nonalcoholic fatty liver disease is one of the most common chronic liver disorders, and
covers a broad spectrum, ranging from simple steatosis to cirrhosis.' Nonalcoholic
steatohepatitis (NASH) is the part of this spectrum that forms the borderline between
the benign condition of steatosis and the serious condition of cirrhosis. NASH occurs
in patients without significant alcohol consumption, although it resembles alcoholic
liver disease histologically.>* Recent reports have indicated that patients with fatty liver
are more susceptible to developing cirrhosis and hepatocellular carcinoma, suggesting
that fatty liver is not actually benign.

The mechanisms involved in progression from a normal liver to NASH have been
clarified in various experimental models, such as animals with genetic hyperphagia,
animals on methionine and choline deficiency (MCD) diets, animals treated with
pharmacological agents that inhibit lipoprotein synthesis and secretion, and animals
fed a high-fat diet.>!! Histologically, NASH is defined by the presence of steatosis,
lobular inflammation, hepatocellular injury (ballooning degeneration), and progres-
sion to hepatic fibrosis.?
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Various rodent models have contributed to our
understanding of the histopathology of NASH. Mice are
suitable for molecular biology analysis, whereas rats are
commonly used for biochemical analysis. The Wistar strain
may be associated with the greatest degree of NASH, "% but
biochemical and histological changes have not been fully
examined in the Sprague-Dawley strain. MCD deficiency is
known to induce NASH in mice.'* Accordingly, the present
study was performed to establish a Sprague-Dawley rat model
of NASH due to MCD, followed by both biochemical and
histological characterization.

Materials and methods

Animal model

Eighty eight-week-old male Sprague-Dawley rats were
purchased from Charles River Laboratories Japan (Kana-
gawa, Japan). The animals were housed (two rats per cage)
in an animal room (temperature 24°C, humidity 50%, and
a 12-hour on/off light cycle) with free access to water and a
chow diet. After allowing one week for adaptation to the new
environment, the nine-week-old rats were randomized by the
stratified weight method into two groups (n=40) that received
either an MCD diet (Research Diets Inc, New Brunswick,
NJ) or a standard diet (Research Diets Inc). The MCD diet
contained neither methionine nor choline, while the standard
diet contained 5.1 g methionine per kg and 2.5 g choline
per kg. These groups were designated the MCD group and
the control group, respectively. Body weight was monitored
weekly. Food intake was assessed twice a week using the
following formula: (the amount of chow diet supplied dur-
ing a 24-hour period — the amount of chow diet remaining
during the same period in a cage)/2, because two rats were
housed in a cage. The total duration of the experiment was
16 weeks. This experiment was carried out at the laboratory
of Hamri Co Ltd (Ibaraki, Japan), which is approved by the
Association for the Assessment and Accreditation of Labora-
tory Animal Care. The experimental protocol was approved
by the Institutional Animal Care and Use Committee of
Hamri Co Ltd (Ibaraki, Japan).

Preparation of specimens

The animals to be sampled at weeks 4, 8, 12, and 16 after the
start of the experiment (10 animals per group) were randomly
grouped at baseline. After fasting for 12 hours, blood was
scheduled to be collected and the animals were planned to be
sacrificed by exsanguination after being anesthetized via inha-
lation of 2%—3% isoflurane (Mylan Inc, Tokyo, Japan) using
a Table Top Laboratory Animal Anesthesia System (V1 Type

VetEquip Inc, CA) at weeks 4, 8, 12, and 16 after the start of
the experiment. However, two rats from the control group died
before 12 weeks and one rat each from the control and MCD
groups died before 16 weeks. Necropsies by veterinarians did
not show any clear etiology of death in these four rats. After
sacrifice, the liver was isolated from each animal. Blood sam-
ples were processed for biochemical analysis, while the livers
were kept in 10% neutral buffered formalin and processed for
histological analysis after the wet weight was measured with an
electronic balance (A and D Company, Tokyo, Japan).

Analysis of biochemical parameters

Serum levels of total protein, albumin, albumin/globulin
ratio, aspartate aminotransferase, alanine aminotransferase,
gamma-glutamyltranspeptidase, alkaline phosphatase, total
bilirubin, direct bilirubin, total cholesterol, and triglycerides
were measured by standard techniques.

Histological examination of liver
Formalin-fixed and paraffin-embedded liver tissue was
cut into 4 um sections and stained with hematoxylin and
eosin and Oil Red O stains. Histological examination was
performed under an Olympus light microscope (Olympus,
Tokyo, Japan). The hematoxylin and eosin-stained sections
were used to assess hepatocellular fatty change, fibrosis,
inflammatory cells, microgranulomas, congestion, and
hepatocyte necrosis, while Oil red O staining was employed
to detect fat.'>"”

Statistical analysis

Results are expressed as means and standard deviation.
Before comparison of biochemical data between the two
groups, the F-test was used to assess the homogeneity of
variance. If the variance was homogeneous, the Student’s
t-test was applied. If the variance was not homogeneous,
Welch’s test was applied. Comparison of liver histological
scores was performed using Fisher’s Exact test. All statisti-
cal analyses were done with Excel Analysis 2008 Software
(Social Survey Research Information Co Ltd, Tokyo, Japan)
on a Windows computer. Significance was accepted at
P < 0.05 for all analyses.

Results

Body weight and food intake

Figure 1 shows that body weight continued to increase in the
control group, but gradually decreased in the MCD group.
After seven days, body weight was significantly lower in the
MCD group than in the control group.
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Figure | Body weight of the MCD and control groups during the |6-week study period.

Notes: Data are expressed as means + standard deviation. Body weight of the rats was measured weekly. Weight significantly decreased in the MCD group compared with
the control group. **P < 0.001 vs control.

Abbreviation: MCD, methionine and choline deficiency.
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Figure 2 Food intake of the MCD and control groups during the |6-week study period.

Notes: Data are expressed as means * standard deviation. Food intake was assessed twice a week using the following formula: (amount of chew diet supplied during 24-hour
period —amount of chow diet that remained during the same period in a cage)/2, because two rats were housed in a cage. Food intake was significantly decreased in the MCD
group compared with the control group. **P < 0.001 vs control.

Abbreviation: MCD, methionine and choline deficiency.
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Figure 2 shows that daily food intake was sustained during
the 16-week period in the control group, but rapidly decreased
in several days and was persistant thereafter in the MCD
group. After several days, daily food intake was significantly
lower in the MCD group than in the control group.

Serum biochemical parameters

Figure 3 shows that the serum total cholesterol and
triglyceride levels were significantly lower and the albu-
min/globulin ratio was significantly higher after four
weeks in the MCD group than in the control group. Serum
v-glutamyltranspeptidase and total bilirubin levels were sig-
nificantly higher after eight weeks in the MCD group than in
the control group. Serum albumin levels were significantly
higher at weeks 4, 8, and 16 in the MCD group than in the
control group. Serum alanine aminotransferase levels were
significantly lower at weeks 4, 8, and 12 in the MCD group
than in the control group, but did not differ significantly

at 16 weeks between the two groups. Serum total protein,
aspartate aminotransferase, and direct bilirubin levels did
not differ significantly between the two groups during the
16-week study period.

Liver histology

Table 1 shows the results obtained by histological examination
of'the liver. Centrilobular hepatocellular fatty change was not
observed during the 16 weeks in the control group, but was
found from as early as four weeks and persisted until 16 weeks
in the MCD group. Mild fibrosis was not observed during the
16 weeks in the control group, but was found after 12 weeks
in the MCD group. Diffuse hepatocellular fatty change was
not observed during the 16-week period in the MCD group,
but was found at four and eight weeks in the control group.
Periportal hepatocellular fatty change was not observed after
12 weeks in the MCD group, but was found at 12 weeks in
the control group.
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Figure 3 Biochemical markers of the MCD and control groups at weeks 4, 8, 12, and |6 after the start of the experiment.

Notes: Data are expressed as means * standard deviation. In the MCD group, serum levels of albumin, y-glutamyltranspeptidase, alkaline phosphatase, and total bilirubin were
increased compared with those in the control group. Conversely, serum levels of total cholesterol and triglycerides were decreased. *P < 0.05 vs control; *P < 0.001 vs control.
Abbreviations: AST, aspartate aminotransferase; ALT, alanine aminotransferase; y-GTP, y-glutamyltranspeptidase; ALP, alkaline phosphatase; T-Bil, total bilirubin; D-Bil,
direct bilirubin; TC, total cholesterol; TG, triglyceride; TP, total protein; ALB, albumin; A/G, albumin/globulin; MCD, methionine and choline deficiency.
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Table | Histopathology: incidence of microscopic lesions

Control (n =10) MCD (n=10)
After 4 weeks
Grade - + ++ + - + ++ +H+
Hematoxylin-Eosin
Diffuse hepatocellular fatty change 6 4 0 0 10 0 0 0*
Periportal hepatocellular fatty change 0 0 0 0 0 0 0 0
Centrilobular hepatocellular fatty change 10 0 0 0 0 0 0 10%*
Fibrosis 0 0 0 0 0 0 0 0
Inflammatory cell infiltration 9 | 0 0 10 0 0 0
Centrilobular hepatocyte necrosis 0 0 0 0 0 0 0 0
Microgranulomas 8 2 0 0 10 0 0 0
Oil red O positive 8 2 0 0 0 0 0 10
Control (n=10) MCD (n=10)
After 8 weeks
Grade - + ++ + - + ++ ++
Hematoxylin-Eosin
Diffuse hepatocellular fatty change 5 4 | 0 10 0 0 0*
Periportal hepatocellular fatty change 0 0 0 0 0 0 0 0
Centrilobular hepatocellular fatty change 10 0 0 0 0 0 0 10%*
Fibrosis 10 0 0 0 8 2 0 0
Inflammatory cell infiltration 10 0 0 0 8 2 0 0
Centrilobular hepatocyte necrosis 9 0 0 | 10 0 0 0
Microgranulomas 9 | 0 0 10 0 0 0
Oil red O positive 4 6 0 0 0 0 0 10
Control (n = 8) MCD (n=10)
After 12 weeks
Grade - + ++ +H+ - + ++ +++
Hematoxylin-Eosin
Diffuse hepatocellular fatty change 7 | 0 0 10 0 0 0
Periportal hepatocellular fatty change 4 4 0 0 10 0 0 0%
Centrilobular hepatocellular fatty change 8 0 0 0 0 0 0 10%*
Fibrosis 8 0 0 0 5 5 0 0%
Inflammatory cell infiltration 8 0 0 0 7 3 0 0
Centrilobular hepatocyte necrosis 0 0 0 0 0 0 0 0
Microgranulomas 5 3 0 0 10 0 0 0
Oil red O positive 5 3 0 0 0 0 0 10
Control (n=9) MCD (n=9)
After 16 weeks
Grade - + ++ -+ - + ++ +++
Hematoxylin-Eosin
Diffuse hepatocellular fatty change 7 2 0 0 9 0 0 0
Periportal hepatocellular fatty change 5 4 0 0 9 0 0 0
Centrilobular hepatocellular fatty change 9 0 0 0 0 0 0 9
Fibrosis 9 0 0 0 | 7 | 0%
Inflammatory cell infiltration 9 0 0 0 9 0 0 0
Centrilobular hepatocyte necrosis 6 2 | 0 9 0 0 0
Microgranulomas 6 3 0 0 9 0 0 0
Oil red O positive 5 4 0 0 0 0 0 9

Notes: —, no change; +, slight; ++, moderate; +++, severe. The incidence was analyzed by Fisher’s exact probability test. *P < 0.05, **P < 0.0l vs control.

Abbreviation: MCD, methionine and choline deficiency.

Representative liver findings

Figure 4 shows representative histological images of the liver,
including normal liver stained with hematoxylin and eosin,
hepatocellular fatty change stained with hematoxylin and eosin,
and Oil Red O, and hepatocellular fatty change plus moderate
fibrosis stained with hematoxylin and eosin, and Oil Red O.

Discussion

The purpose of the present study was to establish a
Sprague-Dawley rat model of NASH created by MCD,
with the animals being subjected to both biochemical and
histological analyses. Histological examination of rats fed
a MCD diet confirmed centrilobular fatty change in the
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Figure 4 Representative histological images of the liver. (A) No abnormal findings after four weeks in rats fed a standard diet. The liver was stained with hematoxylin
and eosin (magnification x160). (B) Centrilobular hepatocellular fatty change after four weeks in rats fed an MCD diet. The liver was stained with hematoxylin and
eosin (magnification x160). (C) Centrilobular hepatocellular fatty change after four weeks in rats fed an MCD diet. Staining with Oil Red O (magnification x|60).
(D) Centrilobular hepatocellular fatty change and moderate fibrosis after 16 weeks in rats fedan MCD diet. The liver was stained with hematoxylin and eosin (magnification x160).
(E) Centrilobular hepatocellular fatty change after 16 weeks in rats fed an MCD diet. Staining with Oil Red O (magnification x160).

Abbreviation: MCD, methionine and choline deficiency.

liver from as early as four weeks, with mild fibrosis after
12 weeks. Measurement of serum biochemical param-
eters showed evidence of liver dysfunction and bile duct
damage characterized by increased levels of albumin,
v-glutamyltranspeptidase, alanine aminotransferase, and
total bilirubin in rats fed the MCD diet.

NASH is defined by the presence of steatosis, lobular
inflammation, hepatocellular injury (ballooning degen-
eration), and progression to hepatic fibrosis.? The “two-hit”
theory is currently the most widely accepted explanation for
progression of NASH.'® The first hit is accumulation of fatty
acids in the liver caused by several mechanisms (steatosis).!®
Steatosis involves relatively minor pathological changes and
is easily reversible.'® However, secondary cellular stress
can cause steatosis to progress to steatohepatitis, which is
characterized by inflammation and fibrosis.'*** Histological
examination of the liver in our rat model of NASH confirmed
the presence of both steatosis and moderate fibrosis.

The pathophysiology of NASH caused by MCD has been
elucidated using mice fed an MCD diet. Nuclear factor-xB,
tumor necrosis factor-a, peroxisomal proliferator active
receptor-y, o.-smooth muscle actin, transforming growth

factor-B1, and connective tissue growth factor have been
reported to play a role in the occurrence of NASH.?!? Insulin
resistance and oxidative stress have also been suggested to have
an association with NASH in rodents fed an MCD diet.!***%
The MCD diet has been reported to cause accumula-
tion of lipids in the liver and an increase of serum alkaline
phosphatase levels in mice,'* and the increase of alkaline
phosphatase suggests bile duct damage and cholestasis.
However, biochemical changes have not been fully examined
in previous rodent models of NASH. In our rat model of
NASH, both body weight and liver wet weight were decreased.
Serum levels of albumin, y-glutamyltranspeptidase, alkaline
phosphatase, and total bilirubin were increased, suggesting
liver dysfunction and bile duct injury, while serum levels of
total cholesterol and triglycerides were decreased. Serum
alanine aminotransferase levels did not differ significantly
at 16 weeks between the MCD and control groups. Alanine
aminotransferase may be less responsive to MCD than alka-
line phosphatase in rodents, as reported in a previous study.'
Increased fatty acid uptake and decreased very low-density
lipoprotein secretion were considered to be important mecha-
nisms by which the MCD diet promoted intrahepatic lipid
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accumulation in this model.?® This may explain low levels of
total cholesterol and triglycerides in blood.

Because of the current epidemics of obesity and diabetes
mellitus,”” nonalcoholic fatty liver disease has become the
most common cause of chronic liver disease.?®?* Hossain et al*
found that patients with NASH were more likely to be male
and have higher levels of alanine aminotransferase, aspartate
aminotransferase, and triglycerides, but lower levels of
high-density lipoprotein cholesterol, and that male gender,
Caucasian ethnicity, diabetes mellitus, and increased levels
of aspartate aminotransferase and alanine aminotransferase
were predictors of moderate to severe fibrosis.*® Poynard
et al’' also reported that patients with NASH were older
and had higher levels of 02 macroglobulin, aspartate ami-
notransferase and alanine aminotransferase, glucose, and
triglycerides, as well as a higher fibrosis stage and steatosis
grade.’! There appears to be a discrepancy of biochemical
changes, including alanine aminotransferase and triglycer-
ides, between rodents and patients with NASH despite the
similar liver histology. Patients with NASH may have fatty
liver and release triglycerides from the liver into the circula-
tion, whereas rats with NASH may sequester triglycerides
from the blood in the liver. Thus, changes in body weight and
serum total cholesterol and triglycerides in our rat model of
NASH created by combined MCD did not resemble those
in patients with NASH.

One possible explanation for weight loss in the MCD
group could be MCD-induced suppression of stearoyl-
coenzyme A desaturase-1 in the liver, which likely contrib-
utes to hypermetabolism and weight loss, and induces hepatic
steatosis.*?> Another possible explanation could be low food
intake. Either a deficiency or an excess of methionine has
been reported to depress both food consumption and body
weight gain in chicks,* suggesting that methionine may
control appetite in terms of food intake in animals.

In conclusion, a model of NASH was created by feed-
ing Sprague-Dawley rats an MCD diet for 16 weeks.
Histological examination of the liver confirmed the occur-
rence of centrilobular fatty change and moderate fibrosis.
Biochemical analysis showed liver dysfunction and bile duct
damage characterized by increased serum levels of albumin,
v-glutamyltranspeptidase, alkaline phosphatase, and total
bilirubin, but decreased serum levels of total cholesterol
and triglycerides. We have illustrated the characteristics of a
Sprague-Dawley rat model of NASH created by MCD from
both the histological and biochemical perspectives. Further
studies are needed to reveal the mechanism for the disease
in a Sprague-Dawley rat model of NASH.
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