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Abstract

Objectives Patients with nonalcoholic fatty liver disease
are increasing worldwide, and preventive measures are an
urgent need and primary concern today.

Aim  This study aimed to develop and clarify the useful-
ness of the SHRSP5/Dmcr rat, derived from a stroke-prone
spontaneously hypertensive rat, as a novel animal model
for time-course analysis of steatohepatitis and the severe
fibrosis progression often observed in the disease.
Methods Ten-week-old male SHRSP5/Dmcr rats were
divided into six groups: half were fed a high-fat and high-
cholesterol-containing diet (HFC diet), and the others the
control, stroke-prone (SP) diet for 2, 8, and 14 weeks.
Results The HFC diet significantly increased serum
transaminase and gamma glutamyl transpeptidase
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activities, tumor necrosis factor alpha levels, and serum
and hepatic total cholesterol levels over time. In contrast,
this diet decreased serum albumin, glucose, and adipo-
nectin levels throughout or the later stage of the feeding
period, but did not influence serum insulin levels. Histop-
athologically, the HFC diet increased microvesicular stea-
tosis, and focal or spotty necrosis with lymphocyte
infiltrations were observed in the liver at 2 weeks, macro-
vesicular steatosis, ballooned hepatocytes with Mallory-
Denk body formation in some, and multilobular necrosis
and fibrosis at 8 weeks. Interestingly, this fibrosis formed a
honeycomb network at 14 weeks. These changes are very
similar to those observed in patients with non-alcoholic
steatohepatitis.

Conclusions SHRSP5/Dmcr rats appear to be a useful
model for analyzing the time-dependent changes of HFC
diet-induced steatohepatitis and fibrosis progression.

Keywords SHRSP5/Dmcr - High-fat and high-
cholesterol-containing diet - Non-alcoholic fatty liver
disease - Non-alcoholic steatohepatitis - Fibrosis

Abbreviations

ALT Alanine transaminase

AST Aspartate transaminase

CCl4 Carbon tetrachloride

DMN Dimethylnitrosamine

FFA Free fatty acid

y-GTP y-Glutamyl transpeptidase

H&E Hematoxylin and eosin

HOMA-IR Homeostasis model assessment-insulin
resistance

HFC High fat and cholesterol-containing

NAFL Non-alcoholic fatty liver

NAFLD Non-alcoholic fatty liver disease
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NAS Non-alcoholic fatty disease activity score
NASH Non-alcoholic steatohepatitis

SP Stroke-prone

SHRSP Stroke-prone spontaneously hypertensive rat
TC Total cholesterol

TG Triglyceride

TNFo Tumor necrosis factor o

TP Total protein

Introduction

Non-alcoholic fatty liver disease (NAFLD) includes a pro-
gressive liver disorder from non-alcoholic fatty liver
(NAFL) to non-alcoholic steatohepatitis (NASH) without a
history of alcohol abuse, which is increasingly observed as a
comorbidity of the metabolic syndrome phenotype [1].
During the progression of NAFLD, hepatocyte steatosis and
necrosis, infiltration of inflammatory cells, and fibrosis
consistently appear, and the fibrosis results in hepatic cir-
rhosis or, finally, in tumor formation. Indeed, of 73 patients
with NASH, 25% developed cirrhosis [2]; of 82 of those with
NASH, 7% hepatocellular carcinoma [3]. Actually, 9% of
382 patients with NASH were also diagnosed with hepato-
cellular carcinoma [4]. On the other hand, the percentage of
NASH in patients with NAFLD was approximately 60% [5].
Thirty-six percent of the patients with NAFLD were also
found to have severe fibrosis by biopsy [6].

To prevent an increase in the number of patients with
NAFLD, it is important to clarify the mechanism that leads
to NAFLD. Many approaches have been conducted; a high-
fat and high-cholesterol (HFC) diet has been used as an
essential causative factor to induce NAFLD in rodents [7].
In this animal model, the diet induced lipid accumulations
and an increase of pro-inflammatory cytokines such as
tumor necrosis factor « (TNFa) in the livers of the mice. In
addition, the feeding of a methionine- and choline-deficient
diet was shown to induce the development of fibrosis [8, 9].
However, obvious fibrosis with bridging that forms a
honeycomb network, which has been occasionally noted in
patients with NASH [10, 11], could not be observed. On
the other hand, analysis of the mechanism of hepatic
fibrosis has been conducted using dimethylnitrosamine
(DMN) or carbon tetrachloride (CCl)-administered animal
models [12-14]. In these chemically induced models, a
fibrotic response was manifested, but those models could
not help to identify the mechanism in the development
from NAFL to NASH due to the lack of a progressive
pathology. In other words, no dietary-induced models have
been developed for observing time-dependent progression
of NASH with bridging fibrosis.
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The stroke-prone spontaneously hypertensive rat,
SHRSP5/Dmcr, formerly called the arteriolipidosis-prone
rat, is the 5th substrain of SHRSP registered at the National
Bio Resource Center. In order to develop a model of
quickly accumulating arterial fat deposition, that is, arte-
riosclerosis, in response to an HFC diet, the new substrain
has been produced by selective brother—sister inbreeding of
SHRSP with stronger hypercholesterolomic responses
(about 600-900 mg/dl for females and 300-600 mg/dl for
males) to an HFC diet and water ad libitum for 1 week
[15]. Acute arterial fat deposits were microscopically
observed in mesenteric arteries [16]. At the 36th genera-
tion, pregnant female rats were given from Y. Yamori,
Emeritus Professor of Kyoto University, and the offspring
were obtained by caesarean delivery, that is, specific
pathogen-free. They were maintained up to the 46th gen-
eration at Kinjo Gakuin University. Although the original
aim was to develop the arteriosclerosis model rat in
response to an HFC diet, we had found marked enlarge-
ment and whitish color of the liver of the 47th generation.
Therefore, we focused our attention on the analysis of liver
damage caused by an HFC diet. SHRSP/5Dmcr strain was
characterized to have lower hypertension and stroke inci-
dences than those of the parent SHRSP one during the
inbreeding.

In order to clarify whether the SHRSP5/Dmecr might be
a pathologically appropriate novel rat model showing the
progression from steatohepatitis to severe fibrosis, we first
investigated the histopathological and biochemical changes
of liver function, lipid metabolism, inflammation, and
fibrosis over time in the rats fed an HFC diet for 2, 8, and
14 weeks, and compared the findings with those in
SHRSP5/Dmcr fed a control, stroke-prone (SP), diet
(Funabashi Farm, Chiba, Japan).

Materials and methods
Animals and feeding of HFC diet

This study was conducted according to the Guidelines for
Animal Experiments of the Kinjo Gakuin University Ani-
mal Center. All SHRSP5/Dmcr (49th generation) rats were
housed in a temperature- and light-controlled environment
(23 £ 2°C, 55 £ 5% humidity, 12-h light/dark cycle), and
maintained on a control chow (SP diet) [17], the compo-
sition of which is shown in Table 1, and tap water ad libi-
tum. After 1 week on the HFC diet (Funabashi Farm) [15],
males and females with high cholesterol levels (about
300-700 mg/dl for females and 100-300 mg/dl for males,
respectively) were mated, and we thus obtained 36 male
offsprings that at the age of 10 weeks were assigned to the
following six groups: three groups were fed the SP diet for
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Table 1 Nutrient components of SP [16] and HFC-containing diets
[15] (weight %)

Dietary groups

SP diet HFC-containing
diet
Feed formulation rate
SP diet 100 68
Palm oil - 25
Cholesterol -
Cholic acid -
Ingredients
Crude protein 20.8 14.1
Crude lipid 4.8 353
Crude fiber 32 22
Crude ash 5.0 34
Moisture 8.0 54
Carbohydrate 58.2 39.6

Total energy was 4.14 kcal/g in SP diet and 5.72 kcal/g in HFC-
containing diet

2, 8, and 14 weeks (control group) and the remaining were
fed the HFC diet for 2, 8, and 14 weeks. Calorie intakes
were not changed in the SP diet group throughout the
experiment (142 & 11, 139 4+ 2 and 140 + 4 kcal/day/2
rats at 2, 8, and 14 weeks, respectively, n = 3 cages), while
the intakes time-dependently decreased in the HFC diet
group (152 &£ 22, 97 4+ 26 and 55 + 12 kcal/day/2 rats at
2, 8, and 14 weeks, respectively, n = 3 cages). Since the
calorie intake in the HFC diet group was smaller than that of
the SP diet group at the first week, this may reflect on the
lower body weight in the former group rather than the latter
group at 2 weeks. Accordingly, sodium intakes in HFC diet
groups were lower than that of SP diet groups (134 + 11,
131 + 1.7 and 128 + 4.0 mg/day/2 rats in SP diet for 2, 8,
and 14 weeks, respectively; 111 £ 16, 71 £ 19, and
41 £ 8.8 mg/day/2 rats in the HFC diet for 2, 8, and
14 weeks, respectively, n = 3 cages). After 18-20 h fasting
from the last feeding, all rats were killed under anesthesia
by pentobarbital (70 mg/kg), and the blood and livers were
removed. A part of each liver was fixed in 4% buffered
paraformaldehyde, and the remaining was stored at —80°C.
Serum was collected after centrifuging the blood at
3,500 x g for 10 min and stored at —80°C until use.

Body weight, blood pressure, and biochemical assay

Before the rats were killed, we measured their systolic blood
pressure by the tail-cuff method and then checked their body
weight. Serum glucose, total protein (TP), albumin, total
cholesterol (TC), triglyceride (TG), aspartate transaminase
(AST), alanine transaminase (ALT), free fatty acid (FFA),

type IV collagen 7S, y-glutamyl transpeptidase (GTP) and
insulin levels were measured by SRL, Inc. (Tokyo, Japan).
Serum TNFo and adiponectin were measured using kits from
R&D Systems (Minneapolis, MN, USA) and Otsuka phar-
maceuticals (Tokyo, Japan), respectively.

Lipid from livers was extracted using the method of
Folch et al. [18]. TG and TC in the liver were measured
using kits of TG-IE and T-Cho IE (Wako, Osaka, Japan),
respectively.

Histopathological analysis

Small blocks of liver tissues from each rat fixed in 4%
buffered paraformaldehyde were embedded in paraffin and
sliced into 4-um sections. Tissue sections were stained with
hematoxylin and eosin (H&E) or Azan, and examined
under a light microscope using the DMDI08 (Leica,
Wetzlar, Germany). Steatosis, inflammation, hepatocyte
ballooning [19], macrovesicular steatosis [20], and fibrosis
[21] were numbered according to the following classifica-
tions: (1) grade of steatosis: 0, none; 1, mild (5-33% of
parenchymal involvement by steatosis); 2, moderate
(33-66%); 3, severe (>66%); (2) lobular inflammations:
0, none; 1, mild; 2, moderate; 3, severe; (3) hepatocyte
ballooning: 0, none; 1, few ballooned cells; 2, many
cell-prominent ballooning; (4) macrovesicular steatosis:
same as steatosis scoring; and (5) fibrosis stage: 1, zone 3
perisinusoidal/pericellular fibrosis; 2, zone 3 perisinusoi-
dal/pericellular fibrosis with focal or extensive periportal
fibrosis; 3, zone 3 perisinusoidal/pericellular fibrosis and
portal fibrosis with focal or extensive bridging fibrosis;
4, cirrhosis. Then, the NAFLD activity scores (NAS) were
calculated according to the NASH Clinical Research Net-
work scoring system [19], which has been applied to high-
fat feeding rats [20].

Statistical analysis

Comparisons were made using two-way analysis of vari-
ance for the diet fed and duration of the feeding, followed
by the Tukey—Kramer HSD post hoc test of the differences
in duration of the feeding of SP or HFC diet, respectively,
and the ¢ test between groups fed SP and HFC diets at each
point. Values of p < 0.05 were considered to indicate
statistical significance.

Results
Changes in body and liver weight, and blood pressure

Body weight increased in the group fed the SP diet with the
increasing duration of the feeding, while the increase was
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moderate in the group fed the HFC diet compared to that of
the SP group (Table 2). Liver weight did not change in the
SP diet group throughout the duration of the diet feeding,
while in the HFC diet group, the weight significantly
increased at 2-, 8-, and 14-week feedings compared to that
of the SP diet. There were no changes in blood pressure in
the SP diet group during the experimental period, while the
HFC diet group exhibited significantly decreased blood
pressure at 14 weeks compared to the SP diet.

Serum biochemical assay

TP levels were not changed by HFC-diet feeding in the
follow-up periods, though the levels in the SP-diet group
were lower at 2 weeks than those at 8 and 14 weeks. The
HFC diet significantly decreased albumin levels at 8 and
14 weeks, which were also lower than those in the
respective SP-diet group. HFC diet did not influence
insulin levels in the follow-up periods. Glucose levels were
always lower in the HFC-diet group than in the SP-diet
group in the follow-up periods. The HFC diet did not
influence FFA levels except at 8 weeks. Interestingly, there
were no differences in TG levels between the SP and HFC
diet in the follow-up periods, though the levels were

significantly higher in HFC-diet group at 14 weeks than
those at 8 weeks. HFC diet dramatically increased serum
TC levels compared to those of the SP diet at all observed
periods, and the levels markedly increased by more than
10-fold at 14 weeks compared to the levels at 2 weeks.

HFC diet increased AST and ALT activities at 2 weeks
compared to those in the SP diet, and further increased at 8
(AST, 5.2-fold and ALT, 4.2-fold) and 14 weeks (9.5- and
7.7-fold, respectively) in a duration-dependent manner.
Serum y-GTP levels were under the detection limit (3 TU/1)
in all rats fed the SP diet in all follow-up periods and those
fed the HFC diet for 2 weeks. However, the values were
over 3 IU/1 in all rats fed the HFC diet for 8 and 14 weeks.
Moreover, the levels in the HFC diet group at 14 weeks
were higher than in the group at 8 weeks. There were no
changes in homeostasis model assessment-insulin resis-
tance (HOMA-IR) (data not shown) calculated by the
insulin and glucose values of all rats.

The SP diet did not influence TNF« levels, however, the
HFC diet significantly increased these levels at 2 weeks,
and further increased at 14 weeks of HFC. The HFC diet
increased serum adiponectin levels at 2 weeks, whereas the
levels decreased at 14 weeks compared to the levels of the
SP diet group.

Table 2 Body and liver weights, blood pressure, and various serum levels in rats fed SP- and HFC-containing diets

SP diet HFC diet

2 weeks 8 weeks 14 weeks 2 weeks 8 weeks 14 weeks
Body weight (g) 263 + 19 314 + 20° 327 + 23° 243 + 13° 268 + 14° 277 £ 19*°
Blood pressure (mmHg) 173 £ 13 175 + 6.7 180 + 12 161 + 14 168 + 18 136 + 13%b¢
Liver weight (g) 73 +£0.72 83 £ 0.76 8.7 + 0.87 11.6 + 3.8* 34.6 + 3.8*° 37.5 + 4.9°°
TP (g/dl) 5.8 £0.21 6.3 +0.17° 6.2 + 0.25° 6.3 + 0.12° 6.5 +0.24 6.4 +0.25
Albumin (g/dl) 4.1 4 0.08 44 4 0.10 42 40.15 4.1 4 0.12 3.0 £0.21*° 3.1 £ 0.12*°
Glucose (mg/dl) 132+ 93 158 + 18° 144 + 16 111 + 17° 95 + 7.4° 100 + 7.9
Insulin (ng/ml) 0.52 + 0.28 1.27 + 0.68 0.62 & 0.27 0.75 £ 0.43 0.78 & 0.34 0.40 + 0.38
FFA (LEQ/L) 452 + 64 432+ 79 477 + 140 566 + 174 328 + 51° 502 + 384
TG (mg/dl) 36 + 13 37+93 42 +77 41 £ 54 29 + 11 79 + 63°
TC (mg/dl) 51+ 1.6 61 £5.2 69 + 2.8 129 + 52° 266 + 157° 1593 + 884%b<
AST (1U/1) 122 4+ 12 105 £ 10 118 + 21 144 + 11° 545 + 209*° 1121 + 320*b°
ALT (1U/) 47+ 35 52 + 4.1 50 + 5.5 94 + 15° 220 + 66*° 387 + 87%0¢
Type IV collagen 7S (ng/ml) 3.7 +£0.36 3.7 +£0.28 3.5+ 023 3.7 +022 3.7 £0.33 47 4 0.27%0¢
y-GTP (IU/1) 15+ 04 1.5 £ 0° 1.5 £ 0¢ 15404 10.3 £ 2.0*° 13.8 £ 2.9%b°
TNF-o (pg/ml) 13+19 0.5 +0.49 20+20 72+ 1.9° 14.5 + 3.1 15.8 &+ 6.2*°
Adiponectin (pg/ml) 5.4 + 0.44 52+ 1.0 6.3 +0.79 7.4 + 0.95° 49 £23 4.0 + 0.58*°

Each figure represents the mean =+ SD (n = 6)

 Significant differences were observed between rats fed SP and HFC diets for the same period (p < 0.05)
® Significantly different from rats fed the respective diets for 2 weeks (p < 0.05)

¢ Significantly different from rats fed the respective diets for 8 weeks (p < 0.05)
9 When under the limit (3.0 TU/), the values used were half of the limit
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Serum collagen level

As an index of hepatic fibrosis [22], we measured type IV
collagen 7S levels of rats fed the SP and HFC diets. There
were no differences in the levels between both diet groups
at feeding periods of 2 and 8 weeks. In contrast, the values
in rats fed the HFC diet significantly increased after feed-
ing for 14 weeks.

Macroscopic and microscopic liver pathology

Macroscopically, the livers of rats fed the HFC diet for
2 weeks became white in color compared to those fed the
SP diet (Fig. 1). The whitish color in the HFC group further
developed with a longer feeding duration. After feeding for
14 weeks, the surface of the liver appeared to be uneven and
hard. In contrast, there was no obvious change in the liver of
rats fed the SP diet during all feeding periods.

In the liver of rats fed the SP diet, mild lymphocyte
infiltrations into the lobules were observed throughout the
feeding periods, but no steatosis and hepatocyte ballooning
were observed (Fig. 2a—c, g—i). In the liver of rats fed the
HFC diet for 2 weeks, microvesicular steatosis and lym-
phocyte infiltrations were observed in the whole area, and
focal or spotty necrosis with lymphocyte infiltrations were
observed in the interpericentral area (Fig. 2d, j), all of
which became more severe at 8 weeks. However, the
microvesicular steatosis accounted for most of the steatosis
(Fig. 2e). Additionally, disruption of the lobular structure,
macrovesicular steatosis, ballooned hepatocytes, and mul-
tilobular necrosis were observed in the interpericentral area
(Fig. 2k). Interestingly, eosinophilic Mallory-Denk bodies
were occasionally observed in the ballooned hepatocytes
(Fig. 2k). At 14 weeks on the HFC diet, macrovesicular
steatosis was observed more predominantly than

L

Fig. 1 Macroscopic photos of liver in rats fed SP diet for 2 weeks
(a), 8 weeks (b), and 14 weeks (c¢), or HFC diet for 2 weeks (d),
8 weeks (e), and 14 weeks (f)

microvesicular in the livers of rats, and increased in
severity over steatosis at 8 weeks (Fig. 2f). Ballooned
hepatocytes with eosinophilic Mallory-Denk bodies, mul-
tilobular necrosis with collapse were also observed by the
wide field-of-view of microscope (Fig. 2I).

Pericellular and perivenular fibrotic changes were
slightly observed in the liver of rats fed the HFC diet at
2 weeks (Fig. 3d). At 8-week feeding of the HFC diet,
bridging fibrosis was observed in the area along with sever
macrovesicular steatosis, inflammatory cell infiltrations
and ballooned hepatocytes (Fig. 3e). Interestingly, the
honeycomb networks were structured by fiber, and differ-
ent-sized nodules were also found in all microscope fields
in the livers of rats fed the HFC diet for 14 weeks (Fig. 3f).
Additionally, multilobular necrosis was observed along
with honeycomb fibrosis. In contrast, no such changes were
observed in the livers of rats fed the SP diet during the
follow-up periods (Fig. 3a—c).

NAS evaluation

We tried to score the hepatocyte changes induced by the
HFC diet according to Kleiner et al. [19] and Fisher et al.
[23], and calculated the NAS and fibrosis scores (Table 3).
The mean steatosis score was 2.9 at 2 weeks in rats fed the
HFC diet. This score remained unchanged with further
feeding of the diet. Significant macrovesicular steatosis
appeared at 8 weeks, and the score accounted for more than
half that of steatosis at 14 weeks. Although slight lobular
inflammation was observed in the liver of the rats fed the
SP diet, it did not increase even after longer feeding. The
HFC diet increased inflammatory cells at 2 weeks, but not
thereafter. This diet appeared to increase ballooned hepa-
tocytes at 2 weeks, and they significantly increased at 8 and
14 weeks. Thus, NAS were already around 5.0 by the HFC
diet for 2 weeks, and continued to increase with longer
duration of the diet. The SP diet did not influence the
fibrosis score, whereas the HFC diet significantly increased
it in a duration-dependent manner.

Hepatic lipids

Because lipid accumulations were histopathologically
observed in the liver of the rats fed the HFC diet, we mea-
sured hepatic TG and TC levels. The SP diet did not influence
hepatic TG and TC levels throughout the observed periods
(Fig. 4a-b). Hepatic TG levels in rats fed the HFC diet were
significantly higher than those fed the SP diet. Long-term
(14 weeks) feeding of the diet, however, decreased the TG
levels compared with those in 2-week feeding. In contrast,
hepatic TC levels of the rats fed the HFC diet were consid-
erably higher than those in the SP diet, and the levels
increased with the increasing duration of the feeding.
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Fig. 2 H&E staining of liver in rats fed SP and HFC diets [original
magnifications were x 100 (a—f) and x400 (g-1)]. Liver from rats fed
SP diet for 2 (a, g), 8 (b, h) and 14 weeks (c, i); liver from rats fed
HFC diet for 2 (d, j), 8 (e, k), and 14 weeks (f, 1). Lipid deposition
(microvesicular steatosis predominantly) and focal or spotty necrosis
with lymphocyte infiltrations (arrows) were observed in the liver of
rats fed the HFC diet for 2 weeks (d, j). Extensive lipid deposition

Discussion

In this study, we demonstrated that such a diet, referred to
as the HFC diet, caused severe lipid accumulation and mild

@ Springer

(macrovesicular steatosis predominantly) and multilobular necrosis in
the liver of rats fed the HFC diet for 8 weeks (e, k). In addition to
these findings, fibrosis was suspected in the liver of rats fed the HFC
diet for 14 weeks (f, 1). Mallory-Denk bodies (yellow arrows) were
also observed in ballooned hepatocytes from rats fed the HFC diet for
8 and 14 weeks (k, 1)

inflammation with an NAS evaluation around 5.0 in
2 weeks in the liver of SHRSP5/Dmcr rats. In addition to
these observations, we noted ballooned hepatocytes with
Mallory-Denk bodies and mild fibrosis at 8 weeks of
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Fig. 3 Azan staining of liver sections from each group (original
magnifications x 100). The livers of rats fed the SP diet for 2 (a), 8 (b),
and 14 weeks (c), and HFC diet for 2 (d), 8 (e), and 14 weeks (f).

Table 3 NAS and fibrosis scores

Extensive fibrosis (arrows) was evident in the liver of the rats fed the
HFC diet for 8 weeks (e), and fiber septa of honeycomb fibrosis
(arrows) was evident in the liver of the rats fed the diet for 14 weeks (f)

Diet Duration Total NAS  Steatosis Lobular Hepatocyte Macrovesicular Fibrosis stage
(weeks) inflammation ballooning steatosis
0-3) (0-3) 0-3) (0-2) 0-3) 0-4)
SP 2 1.0+ 038 03 +£0.37 0.8 +£0.38 0 + 0.00 0 + 0.00 0 £ 0.00
SP 8 08 +0.10 02+0.16 0.6+0.14 0 + 0.00 0 + 0.00 0 + 0.00
SP 14 1.0+ 041 0.1 £0.12 09 +£041 0 £ 0.08 0 + 0.00 0 £ 0.00
HFC 2 49 £+ 1.10° 29 £0.14* 1.3 +£0.53 0.7 + 1.17 0 + 0.00 0.3 £+ 0.32%
HFC 38 5.1+ 0.85* 3.0 +£0.00° 1.3+ 043" 0.9 + 0.45* 1.6 £ 0.64*° 2.5 £ 0.79*°
HFC 14 5.7 £0.86 3.0 £0.00° 1.9 + 047° 0.7 £ 0.51* 2.0 + 0.81*° 3.0 £ 0.07*°

Total NAS indicates the sum of steatosis, lobular inflammation, and hepatocyte ballooning scores. Each figure represents the mean + SD (n = 6)

# Significant differences were observed between the respective SP and HFC diets (p < 0.05)

° Significantly different from the respective rats fed each diet for 2 weeks (p < 0.05)

feeding, and more macrovesicular steatosis and honeycomb
fibrosis formations of different sizes along with bridging
necrosis at 14 weeks. These histopathological findings
were confirmed to be very similar to those observed during
the progression of NASH in patients [10, 11]. The bal-
looned hepatocytes and Mallory-Denk bodies were thought
to be markers for NASH [10, 24]. According to the fibrosis
classification [21], hepatic histopathological changes were
designated as stage 2 in the rats fed the HFC diet for
8 weeks, and stage 3 in those on the diet for 14 weeks.
Thus, HFC diet really induced severe fibrosis in SHRSP5/
Dmcr rats, which could hardly be induced in the other

rodents [8]. It is of considerable interest that patients with
nonobese and nondiabetic NASH generally consumed high
amounts of cholesterol and saturated fatty acid [25].
Insulin resistance and obesity are common features in
patients with NAFLD [26]. Collison et al. [27] reported
that the SHRSP rat itself had insulin resistance, importantly
suggesting that SHRSP5/Dmcr rats may also have this
resistance. However, SHRSP5/Dmcr rats did not exhibit
obesity, and the increase in their body weight was rather
small. Carbohydrate intake was quite small in the HFC diet
compared to the SP diet. Indeed, serum glucose levels were
significantly lower in the HFC-diet group than those in the
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Fig. 4 TG (a) and TC (b) levels in the liver. Open square shows rats
fed the SP diet, and closed square shows rats fed the HFC diet. Values
are expressed as the mean + SD (n = 6). *Significant differences
were observed between rats fed SP and HFC diets (p < 0.05)

SP diet group. Thus, the HFC diet group did not increase
the HOMA-IR values. Additionally, blood pressure in HFC
diet groups was not higher than that of the SP diet groups,
which may be, in part, because of the decreased sodium
intake in the former. Nevertheless, the diet did induce
ballooned hepatocytes with Mallory-Denk bodies and
severe fibrosis in the liver of SHRSP5/Dmcr rats, sug-
gesting that the HFC diet may lead to hepatitis and severe
fibrosis in some cases independently of insulin resistance.
We could not clarify the effect of latent insulin resistance
in SHRSP5/Dmcr.

Matteoni et al. [2] classified NAFLD into four catego-
ries: type 1 (fatty liver alone), type 2 (fat accumulation
and lobular inflammation), type 3 (fat accumulation and
ballooning degeneration) and type 4 (fat accumulation,
ballooning degeneration, and either Mallory hyaline or
fibrosis). According to this classification, the liver of rats
fed the HFC diet for 2 weeks was already classified as type
2, then as type 3 or type 4 by 8 weeks, while that by
14 weeks was obviously type 4. These results again sug-
gest that in SHRSP5/Dmcr rats, the HFC diet induced all
pathological stages classified by Matteoni et al. [2] during
14 weeks.
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There are many reports concerning animal models of
steatohepatitis or fibrosis. In these cases, several kinds of
high-fat diet or methionine- and choline-deficient diet have
been used [8, 9], and lipid infiltration, inflammation, and
activation of stellate cells were found to occur during the
steatohepatitis progression. Thus, these animal models
were shown to be of benefit to clarify the mechanism, but
could not develop typical fibrosis such as honeycomb
network in different nodular sizes.

On the other hand, animal models of DMN or CCl,
administration have been used for analyzing the mecha-
nism of hepatic fibrosis seen in patients with NASH
[12-14]. In these animal models, the portion of typical
fibrosis with honeycomb network formed with different
sizes of nodule was located at the area of the stellate cells,
suggesting a relationship between stellate cell activation
and fibrosis. Although the mechanism of fibrosis has been
partially solved using these chemically induced animal
models, the relation to the progression of steatosis and
inflammation, which are usually observed in patients with
NASH, remains unclear. Recently, CCl, was administered
to nuclear factor-kappa B1 (p50) knockout mice twice
weekly for 12 weeks to investigate the mechanism of
inflammation and fibrosis [28]. In this animal model, both
inflammation and fibrosis were induced, but the charac-
teristic honeycomb fibrosis could not be induced. The
influence of nutritional factors was not considered in these
animal models.

More recently, another animal model to evaluate the
mechanism of NASH progression has been developed.
When phosphatase and tensin homolog-deficient mice were
killed at 40 weeks of age [29, 30], the steatohepatitis,
Mallory-Denk bodies, and sinusoidal fibrosis observed
were very similar to the histopathological findings of
human NASH [10, 11, 24]. However, in this mouse model,
the characteristic honeycomb fibrosis was not observed at
that age.

In contrast, our established animal model was character-
ized by developing steatosis and inflammation, hepatocyte
ballooning with Mallory-Denk bodies, and honeycomb
fibrosis at only 14 weeks of HFC feeding, suggesting the
SHRSP5/Dmcr rat could be a unique experimental model
exhibiting the overall pathology of steatohepatitis and fibrosis
progression just by simple dietary manipulation.

The feeding of the HFC diet decreased the serum
albumin levels in the rats at 8 and 14 weeks. In humans, the
decrease is also reported with increasing serum type IV
collagen 7S levels [5]. In the rats fed the HFC diet, the
decrease in albumin level was preceded by an increase in
type IV collagen 7S at 14 weeks. However, it should be
noted that the consumption of protein in rats fed the HFC
diet might be lower than that on the SP diet. Although
serum AST, ALT, and TC levels were increased at 2 weeks
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on the HFC diet, serum type IV collagen 7S increased only
at 14 weeks, somewhat behind the histopathological find-
ings. Taken together, serum AST and ALT and/or TC
levels may be good biomarkers for the steatohepatitis
progression, because in patients diagnosed as NASH, these
elements have been reported to increase [31], though TC
levels may not be always increased in the patients [25].

In our results, the increase in hepatic TG levels after
feeding of HFC diet for 2 weeks decreased along with the
continual feeding of the diet for 14 weeks. Yamaguchi
et al. [32] reported that diacylglycerol acyltransferase 2
inhibitor, which inhibits the synthesis of TG from fatty
acids, exacerbated oxidative stress and fibrosis. Therefore,
they suggested that TG itself may not be hepatotoxic, and
may have a role in preventing progressive liver damage. In
our steatohepatitis and severe fibrosis novel model rats, the
decrease in the hepatic TG with HFC diet may be related to
the progression of fibrosis. Of course, further study is
warranted. Serum TG levels also did not increase at 2 and
8 weeks in HFC-diet group regardless of the great amount
of diet intake. The total hepatic TG levels of SHRSP5/
Dmer rats fed the HFC diet exponentially increased
(142 £ 33.4, 152 £ 59.9, and 136 * 26.6 mg/liver in SP
diet for 2, 8, and 14 weeks, respectively; 632 =+ 287,
1,243 + 454, and 1,051 £ 373 mg/liver in HFC diet for 2,
8, and 14 weeks, respectively) following the extreme
increase in liver weights. This would suggest that serum
FFA might be used for the synthesis of hepatic TG. Since
microsomal triglyceride transporter protein, the transporter
protein of TG from liver to blood, was not induced by the
HFC diet, TG in the serum could not be increased by the
feeding. Thus, serum FFA might be used to synthesize of
TG at 8 weeks in the liver of the HFC-diet group, which
may be, in part, owing to the decrease in the serum level.
Of course, further elucidation of the molecular mechanism
is warranted in a future study.

In contrast, not only serum but also the hepatic TC level
increased with the progression of steatohepatitis and
fibrosis in the rats fed the HFC diet. After feeding for
14 weeks, the serum level was more than 1,500 mg/dl.
Serum TC levels are generally high in patients with NA-
FLD [33] or NASH [34]. The synthesis of sterol regulatory
element-binding protein-2- and steroidogenic acute regu-
latory protein-mRNA were higher in NASH than in non-
NASH individuals [35], suggesting an enhancement of TC
synthesis in the patients. On the other hand, there is a report
that the serum TC value cannot be related to the severity of
fibrosis in human NASH [36]. Thus, the role of TC should
be further investigated in the progress of NASH with
advanced fibrosis. In SHRSP5/Dmcr rats used in this
experiment, high intake of cholesterol may influence not
only TC synthesis but also the metabolism and excretion in
the liver (Naito et al., in preparation).

In our study, HFC diet time-dependently increased serum
TNFoa, which is important in the procession of inflammation
and fibrosis: HFC diet may down-regulate 5' AMP-acti-
vated protein kinase and peroxisome proliferator-activated
receptor o signaling via TNFa [37], and thereby induce
inflammation (nuclear factor-kappa B) and fibrosis (trans-
forming growth factor f, smooth muscle actin o, etc.).
Although serum adiponectin levels increased 2 weeks after
feeding of the HFC diet, the levels decreased thereafter. In
contrast, serum adiponectin levels were reported to decrease
with feeding of the high-fat diet throughout the observed
periods (for 1, 2, 4, and 8 weeks) [38]. We could not clarify
why adiponectin levels increased after feeding of the HFC
diet for 2 weeks in this experiment, and further study
including the molecular mechanism is needed. The key
point is that the increased serum adiponectin levels were
reproducibly observed. Additionally, the levels appeared
not to be associated with liver TG in C57B1/6 mice [39].

In conclusion, we have developed a unique animal
model of steatohepatitis and fibrosis progression as
observed in patients with NASH using SHRSP5/Dmcr rats
fed an HFC diet. This model may be useful to investigate
the mechanism and treatment of human NASH without
obesity.
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