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Summary

Nonalcoholic steatohepatitis (NASH) is a current health issue
since the disease often leads to hepatocellular carcinoma;
however, the pathogenesis of the disease has still not been fully
elucidated. In this study, we investigated the pathophysiological
changes observed in hepatic lesions in STAM mice, a novel NASH
STAM mice, high fat-diet (HFD) fed mice, and
streptozotocin (STZ) treated mice were prepared, and changes

model.

over time, such as biological parameters, mRNA expression, and
histopathological findings, were evaluated once animal reached
5 7,
hyperglycemia and an

and 10 weeks of age. STZ mice presented with

increase in oxidative stress in
immunohistochemical analyses of Hexanoyl-lysine: HEL from
5 weeks, with fibrosis in the liver also being observed from
5 weeks. HFD mice presented with hyperinsulinemia from
7 weeks and the slight hepatosteatosis was observed at 5 weeks,
with changes significantly increasing until 10 weeks. STAM mice
at 10 weeks showed significant hepatic changes, including
hepatosteatosis, hypertrophic  hepatocytes, and fibrosis,
indicating pathological changes associated with NASH. These
results suggested that the increase in oxidative stress with
hyperglycemia triggered hepatic lesions in STAM mice, and
insulin resistance promoted lesion formation with hepatic lipid
accumulation. STAM mice may be a useful model for elucidating

the pathogenesis of NASH with diabetes.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is
presently recognized as the most common chronic liver
disease and a major hepatic health issue in the world
(Clark 2006, de Alwis and Day 2008, Zelber-Sagi et al.
2006). NAFLD is associated with obesity, diabetes,
insulin resistance, dyslipidemia, and hypertension (de
Alwis and Day 2008, Falck-Ytter ef al. 2001).

NAFLD presents with fatty liver pathology,
including simple steatosis, nonalcoholic steatohepatitis
(NASH), and cirrhosis, with 4-22 % of NAFLD patients
developing hepatocellular carcinoma (Ertle et al. 2011,
Greenfield er al. 2008). However, the pathogenesis of
NAFLD and the progression to fibrosis and chronic liver
disease remains poorly defined, and effective
pharmacological therapies, in particular for NASH, have
not been approved. The leading hypothesis for this liver
disease is the two-hit model (Day and James 1998). The
first hit is

hyperglycemia, insulin resistance, hyperlipidemia, and

initial metabolic changes, such as
lipid accumulation in the liver, leading to steatosis. The
second hit including genetic and environmental factors

triggers the progression to more severe liver pathologies.
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To elucidate
NAFLD/NASH, animal models
information. As NAFLD/NASH animal models,
ob/ob mice, db/db mice, KK-Ay mice, Zucker fatty (ZF)
rats, and Spontaneously Diabetic Torii (SDT) fatty rats

the complicated features of

offer important

develop spontaneous hepatic steatosis based on insulin
resistance and obesity (Ishii er al. 2015, Kucera and
Cervinkova 2014, Takahashi et al. 2012). Moreover,
dietary models, such as high fat- and fructose-fed models,
are well known as NAFLD/NASH models (Takahashi et
al. 2012). Recently, a NASH-derived hepatocellular
carcinoma (HCC) model (STAM model) was reported by
Fujii et al. (2013). The STAM model fulfills criteria for
HCC diagnoses and demonstrates the following features:
having at least 4 detectable tumor nodules, an average
tumor growth rate of 150 % from 16 to 20 weeks of age,
no visible metastases, and relatively preserved liver
function (Takakura et al. 2014).

In this
pathophysiological changes observed in hepatic lesions

study, we investigated the
during the early stages in STAM mice by comparing this
model with mice fed a high fat diet and/or treated with
streptozotocin (STZ).

Materials and Methods

Animals and chemicals

This experiment was conducted in compliance
with the Guidelines for Animal Experimentation at
biological/pharmacological research laboratories of Japan
Tobacco. Pathogen-free pregnant C57BL/6J mice (CLEA
Japan, Tokyo, Japan) at 14 days of age were purchased,
and male pups were used in this study. Four groups: the
STAM group, high fat diet-fed (HFD) group, STZ-treated
(STZ) group, and normal group, were prepared.

Hepatic lesions in the STAM group were
induced by a single subcutaneous injection of 200 pg of
STZ (Sigma, MO, USA) 2 days after birth followed by
feeding with a 32 % fat high-fat diet (HFD32; CLEA
Japan, Tokyo, Japan) ad libitum after 4 weeks of age.
Mice in the HFD group were fed the high-fat diet
(HFD32) after 4 weeks of age. In mice in the STZ group,
a single subcutaneous injection of 200 pug of STZ was
administered 2 days after birth. Mice in the normal group
were fed a standard diet (CRF-1, Charles River Japan,
Yokohama, Japan). The mice were housed in a climate-
controlled room with a temperature of 23+3 °C, humidity
55+15 %, and a 12-h dark-light cycle.

Biochemical parameters

Body weight and biochemistry parameters in the
blood were monitored at 5, 7, and 10 weeks of age. Blood
samples were collected from the orbital venous plexus
under non-fasting conditions. Glucose, triglycerides
(TG), total cholesterol (TC), alanine aminotransferase
(ALT), and aspartate aminotransferase (AST) levels were
measured using commercial kits (Roche Diagnostics,
Basel, Switzerland) and an automatic analyzer (Hitachi
7180; Hitachi
Commercial ELISA kits were used to measure serum
insulin (Rat Insulin ELISA Kit; Morinaga Institute of

Biological Science, Yokohama, Japan).

High-Technologies, Tokyo, Japan).

Tissue sampling and histopathology

Necropsy was performed at 5, 7, and 10 weeks
of age. All animals were sacrificed by exsanguination
under isoflurane anesthesia. The livers were sampled for
gene  expression, hepatic lipid content, and
histopathological analysis. Samples for gene expression
and hepatic lipid content analyses were stored at -80 °C
until testing. For histopathological examinations, the
livers were immediately fixed in 10 % formalin neutral
buffer

buffer: 9, pH 7.4). After resection, the tissues were

solution (v/v, formaldehyde: 1, phosphate
paraffin-embedded using standard techniques and thin-
sectioned (3 to 5 um). The sections were stained with
hematoxylin and eosin (HE) and Sirius Red. These
samples were all examined histopathologically, and
findings were graded from normal (-) to severe (+++).
Immunohistochemical analysis of hexanoyl-lysine (HEL)
regarding the oxidative stress, malignancy and fibrosis
were performed in the liver section from 5 weeks of age
in all groups. Staining was visualized using DAB
Peroxidase Substrate kit (JalCA, Sizuoka, Japan) to
produce a brown reaction product indicating antigen
localization. Anti-mouse Hexanoyl-Lysine adduct (HEL,
JalCA, Sizuoka, Japan) was used for immunochemical

detection of hepatocyte in liver.

Hepatic TG and TC content

A portion of the liver weighing approximately
100 mg, 0.5 ml of methanol, and zirconia beads were
added to tubes. The liver portion was homogenized using
a mixer mill (MM300 Retsch) (25 Hz, 10 min). To the
homogenized solution, 1 ml of chloroform was added and
mixed thoroughly. The mixture was then centrifuged
(10000 x g, 5 min, 4 °C) and the resulting supernatant
collected. Solvents contained in 0.5 ml of the supernatant
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were dried under a stream of nitrogen gas. To the residue,
0.5 ml of 2-propanol was added, and the residue was
subsequently dissolved again. TG and TC concentrations
in the 2-propanol solution were determined using the
biochemistry automatic analyzer (Hitachi 7170S; Hitachi,
Tokyo, Japan).

mRNA quantification with real-time quantitative PCR
Total RNA was extracted from the livers of
animals at 5, 7, and 10 weeks of age. RNA was
cDNA using M-MLV
transcriptase and random primers (Invitrogen, Carlsbad,

transcribed  into reverse
CA). The reaction mixture was incubated for 10 min at
25°C, 1 h at 37 °C, and 5 min at 95 °C. Real-time PCR
quantification was performed in a 50-pul reaction mixture
with an automated sequence detector combined with ABI
Prism 7700 Sequence Detection System software
(Applied Biosystems, Foster City, CA). The reaction
mixture contained 50 ng of synthesized cDNA, 3.5 mM
MgCl,, 0.3 pM primers, 0.1 uM probes, and 1.25 units of
Ampli Taq Gold®. Cycle parameters were 10 min at
95 °C, followed by 40 cycles of 15 s at 95 °C and 60 s at
60 °C. The following primer and FAM-conjugated probe
were designed using Primer Express software (Applied
Biosystems): Tumor Necrosis Factor o (TNFa):
Forward:
AGACCCTCACACTCAGATCATCTTC;
Reverse:
ACTTGGTGGTTTGCTACGACG;
Probe:
CAAAATTCGAGTGACAAGCCTGTAGCCC),
and B-actin (purchased from Applied Biosystems). The
expression of Tissue Inhibitor of Metalloproteinase 1
(TIMP) (Mm0041818 ml) was confirmed using Taqman

Gene Expression Assays.

Statistical analysis

The results of biological parameters are
expressed as the mean = standard deviation (SD).
Statistical analyses of differences between mean values
were performed using a Tukey Kramer test. Differences

were considered significant at p<0.05.

Results

The STAM group showed decreases in body
weight and blood insulin levels in comparison with the

normal group, and mice in the HFD group showed
obesity and hyperinsulinemia in comparison with the
STAM group during the experimental period (Body
weight at 10 weeks of age: HFD, 37.5+3.5 g vs. STAM,
21.1£1.9 g, Blood insulin level at 10 weeks of age: HFD,
2.54+0.86 ng/ml vs. STAM, 0.3340.13 ng/ml) (Figs 1A
and 1C). Mice in both the STAM and STZ groups
showed significant hyperglycemia from 5 weeks of age
(STAM, 594.3+108.3 mg/dl, STZ, 472.5+126.3 mg/dl,
HFD, 253.5+15.0 mg/dl), and the hyperglycemia was
sustained during the experimental period (Fig. 1B). Blood
TG and TC levels in the STZ group gradually increased
in comparison with the normal group during the
experimental period. Blood TC levels in the HFD group
also increased over time; however, TG levels did not
change in comparison with the normal group during the
experimental period (Figs 1D and 1E). Blood ALT levels
in the STAM and STZ groups significantly increased at
5 or 7 weeks of age in comparison with the normal group,
and the level in the HFD group tended to increase,
although this increase was not significant (Fig. LF).
Changes in blood AST levels followed a similar pattern
as blood ALT levels (data not shown).

Relative liver weights in the STAM group
showed significant increases during the experimental
period, and the weights in the STZ group showed
significant increases at 7 and 10 weeks of age in
comparison with the normal group; however, the weights
in the HFD group did not show increases in comparison
with the normal group (Fig. 2A). Hepatic TG content in
the STAM and HFD groups showed significant increases
in comparison with the normal group during the
experimental period, and TC content also showed an
increase or a tendency to increase (Figs 2B and 2C). Mice
in the STZ group did not show significant increases in
hepatic lipid content. Changes in the mRNA expression
of TNFa, an inflammation related factor, and TIMPI,
a fibrosis related factor, were determined for each group
(Figs 2D and 2E). Both TNFa and TIMP1 mRNA
in the HFD and STZ groups showed
atendency to increase in comparison with the normal

expression

group; however, the changes were not significant. TNFa
and TIMP1 mRNA expression in the STAM group also
showed a tendency to increase in comparison with the
normal group, and TNFa expression at 10 weeks of age
significantly increased in comparison with the normal

group (Fig. 2D).
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Fig. 1. Changes in body weight and biochemistry parameters in STAM, HFD, STZ, and Normal groups. (A): Body weight; (B): Glucose;
(C): Insulin; (D): TG; (E): TC; (F): ALT. Data represent means + SD (n=7-8). * p<0.05, ** p<0.01; significantly different from the

Normal group.

Liver histopathologies were examined by
HE staining, and Sirius Red staining to evaluate fibrosis
(Table 1, Figs3 and 4). In STAM mice, moderate or
severe changes in hepatosteatosis were observed from
5 weeks of age, and moderate or severe changes in

hypertrophic hepatocytes from 7 weeks of age and

significant changes in fibrosis were observed until
10 weeks of age. In mice in the HFD group, slight
hepatosteatosis was observed from 5 weeks of age, and
moderate or severe changes in hypertrophic hepatocytes
were observed at 10 weeks of age. Moreover, the fibrosis
in the HFD group was observed from 7 weeks of age. In



2017 Hepatic Lesions in STAM Mice 795

oy )
ESTAM
150 0 o 5000
20 oSTZ =
ED ANormal g 4000 +
- =% *
= 100 &
2 2 3000
z g
- 3.
2 £ 2000
g ™
= = 1000
%]
3
0 0
5W TW 10W
®) (E)
50000 -
)
Z 40000 |-
F
% g
Eﬂ 2 30000 -
= F
o g
= < 20000 |-
- = 10000 -
0
5W TW 10W

©

Liver TC (mg/g)
@

SW W 10W

Fig. 2. Changes in liver weight (A), hepatic TG (B) and TC (C) content, and hepatic TNFa (D) and TIMP1 (E) mRNA expression in
STAM, HFD, STZ, and Normal groups. Data represent means + SD (n=7-8). * p<0.05, ** p<0.01; significantly different from the
Normal group.

mice in the STZ group, the hepatic fibrosis was observed  chemical examinations, HEL, an indicator of oxidative
from 5 weeks of age (6 mice in 8 mice), and very slight  stress, positive cells were detected in tissues of the STZ
changes in hepatosteatosis and hypertrophic hepatocytes  group, but not detected in the normal group (Figs 31-3L).
were observed at 10 weeks of age. In immunohisto-
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Table 1. Histopathological findings in livers from 4 groups using C57BL6 mice.
STAM group
5 weeks of age 7 weeks of age 10 weeks of age
Animal No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 MN 17 18 19 20 21 22 23 24
Zﬁ’:;jte“"”"s fatty o0 5y & 2% 3¢ 24 24 4+ 2+ 4+ 4 20 3+ 24+ 2+ 3+ 2+ 3+ 4+ 3+ 2+ 2+
Hypertrophy hepatocyte
(vacuolation/fatty + + £ £ 2+ + + + 2+ + 2+ 2+ 2+ 2+ 2+ 2+ 3+ 2+ 3+ + 2+ 2+ 2+
change)
Fibrosis + £+ £ +* 4+ £ + +£ 4+ £ £ - + £ + + + £ 2+ + £ + 4+
HFD group
5 weeks of age 7 weeks of age 10 weeks of age
Animal No. 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48
Hepatosteatosis (fatty .\ 44 ¢ . 4 4 3% 4 26 4+ 4 20 2+ 3+ 3+ 3+ 3+ 3+ 2+
change)
Hypertrophy hepatocyte
(vacuolation/fatty - -+ - - - £ - - ++ + - £ + - + + 2+ 2+ 24+ 24+ 3+ +
change)
Fibrosis - - - - - - - - + + - + - - - + - - + + +  + - +
STZ group
5 weeks of age 7 weeks of age 10 weeks of age
Animal No. 49 50 51 52 53 54 55 56 57 58 59 60 61 MN 63 64 65 66 67 68 69 70 71 72
Hepatosteatosis (fatty oo+ L4 ) ) ) ) o+ . L 4 oo+ o+ o+ 444
change)
Hypertrophy hepatocyte
(vacuolation/fatty - -+ - - £ - - £ £ £+ £ - + + + + + + + + - +
change)
Fibrosis + + + - + - + + + + + + + - - - + - + + + + +
Normal group
5 weeks of age 7 weeks of age 10 weeks of age
Animal No. 73 74 75 76 77 78 79 80 81 82 83 84 85 MN 87 88 89 90 91 MN 93 94 95 96
Hepatosteatosis (fatty S o o ) ) o ) o
change)
Hypertrophy hepatocyte
(vacuolation/fatty - - - - - - - - - - - - - - - - - - - - - -
change)
Fibrosis R - - - - - - - - -

Grade: £ Very slight, + Slight, 2+ Moderate, 3+ Severe. MN: missing number. Fibrosis was evaluated using Sirius red staining.

Discussion

Recently, the incidence of NAFLD has increased
worldwide with the increased prevalence of obesity, type
2 diabetes, and dyslipidemia, and approximately 10 % of
NAFLD patients develop NASH, in which hepatic
steatosis is related to inflammation and hepatocyte
apoptosis (Bugianesi et al. 2002, Clark 2006, Day and
James 1998). Furthermore, NASH leads to fibrosis, liver
cirrhosis, and eventually hepatocellular carcinoma.
the for NASH

progression, the first hit is lipid accumulation in

According to two-hit hypothesis
hepatocytes via metabolic disorders, and the second hit is
a combination of multiple factors, including genetics,
insulin resistance, oxidative stress, and inflammation

(Day and James 1998, Dowman et al. 2010). However,

the precise mechanism for the progression from hepatic
steatosis to NASH has yet to be elucidated.

Several animal models have been developed to
understand the pathogenesis of NAFLD/NASH. The
STAM model is the first animal model that is
a NASH-derived HCC model expected to establish
pharmacological intervention against HCC (Fujii et al.
2013, Takakura et al. 2014). HCC in the STAM model is
reportedly equivalent to stages B to C disease classified
in accordance with the Barcelona Clinic Liver Cancer
staging system for humans (Takakura et al. 2014). We
investigated the pathophysiological features of early
hepatic lesions, from hepatic steatosis to fibrosis, by
comparing the onset of lesions and progression among
three groups, the STAM group, HFD group, and STZ

group.
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Fig. 3. Liver histopathology at 5 and 10 weeks of age. (A, E): STAM group; (B, F): HFD group; (C, G): STZ group; (D, H): Normal
group. Hematoxylin and eosin (HE) staining. Bar=100 pm. Immunohistochemistry of hexanoyl-lysine (HEL) in the liver at 5 weeks of
age. (I): STAM group; (3): HFD group; (K) STZ group; (L): Normal group. Bar=100 pm.

In comparison of histopathological findings in
livers among three groups, hepatosteatosis, hypertrophy
hepatocyte, and fibrosis were observed from 5 weeks of
age in the STAM group; however, the fibrosis was not
observed at 5 weeks of age in the HFD group. On the other
hand, the fibrosis was observed from 5 weeks of age in the
STZ group with the increase of blood glucose level.
Moreover, the changes of hepatosteatosis and hypertrophy
hepatocyte in the HFD group were enhanced periodically
from 5 to 10 weeks of age; however those changes in the
STZ group were very slight at 10 weeks of age.

In this study, the STAM group showed hepatic

lesions, such as  hepatosteatosis,  hypertrophic
hepatocytes, and fibrosis, as previously reported. STZ
group showed significant hyperglycemia and hepatic
fibrosis at 5 weeks of age; however, the HFD group did
not show fibrosis at 5 weeks of age. Moreover, the
oxidative stress marker of HEL was detected in the
hepatocytes of animals in the STZ group, and
inflammation-related mRNA also tended to increase at
5 weeks of age. Initial hepatic lesions, including fibrosis,
in STAM mice are considered to be caused by oxidative
with

hyperglycemia reportedly leads to the production of

stress sustained  hyperglycemia. = Chronic
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reactive oxygen species (ROS) and oxidative stress.
Hyperglycemia induces the overproduction of NADH and
mitochondrial ROS that inhibit glyceraldehyde
3-phosphate dehydrogenase (GAPDH) activity (Giacco
and Brownlee 2010, Paradies et al. 2014, Yan 2014). The
oxidative stress is considered to be an important factor in
causing lethal hepatocyte injury associated with
NAFLD/NASH. ALT levels at 5 weeks of age in the
STZ group tended to increase, and the inflammation may
be induced by oxidative stress. The increase of TIMP1
may also be associated with the development of hepatic
fibrosis. High glucose reportedly increases the expression
of mRNA and protein of matrix metallopeptidase 1
(MMP1) (Yang et al. 2009). Overt hyperglycemia was
observed at 10 weeks of age in the STZ group.
Carbohydrate content in the diet (crude fat, 32 % and
nitrogen free extracts, 29.4 % in the high-fat diet vs.
crude fat, 5.4 % and nitrogen free extracts, 55.3 % in the
standard diet) and/or the food intake pattern may be
related with the significant increase of blood glucose
levels. It is necessary to pay attention to background of
hyperglycemia at 10 weeks of age in the STZ group.
Mice in the HFD group showed obesity,
hyperinsulinemia, and hypercholesterolemia, and these

changes enhanced over time. Furthermore, the HFD
group showed significant increases in lipid accumulation
in the liver. Obesity, insulin resistance, and dyslipidemia
are major factors that affect the development from
hepatic steatosis to NASH (de Alwis and Day 2008).
Insulin resistance is related with overt fat accumulation in
ectopic tissues, such as the liver, and increased
circulatory free fatty acids, which promote inflammation
and endoplasmic reticulum stress, leading to fibrosis
(Asrih and Jornayvaz 2015). It is reported that changes of
hepatic lipid profiles, such as increases in acylcarnitine
and diacylglycerol levels, were observed in STAM mice
toward the fibrosis stage (Saito et al. 2015). Qualitative
changes in hepatic lipids are also related with the
development from hepatic steatosis to NASH.

In conclusion, increases in oxidative stress with
hyperglycemia triggered hepatic lesions in STAM mice,
and insulin resistance promoted lesion formation with
hepatic lipid accumulation, leading to NASH. STAM
mice may be a useful model for elucidating the
pathogenesis of NASH with diabetes.

Conflict of Interest
All authors are employees of Japan Tobacco Inc.

Fig. 4. Sirius Red staining in the liver at 5, 7 and 10 weeks of age. (A, E and I): STAM group; (B, F and J): HFD group; (C, G and K):

STZ group; (D, H and L): Normal group. Bar=100 pm.
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