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Introduction

Abstract

Background and Aim: The incidence of non-alcoholic steatohepatitis (NASH)-related he-
patocellular carcinoma (HCC) is progressively increasing. However, the pathophysiology
and etiology of NASH progression to HCC are unknown. We hypothesized that steatosis
was the key factor in NASH-related hepatocarcinogenesis and aimed to evaluate the eftects
of long-term liver X receptor (LXR) agonist stimulation on hepatic steatosis induced by a
high-fat diet and oxidative stress.

Methods: We used an LXR agonist (T0901317) and CCly, to induce hepatic steatosis and
oxidative stress, respectively. C57BL/6 mice fed with a high-fat diet were treated with
either T0901317 + CCly (T09 + CCly group) or CCly alone (CCly group). T0901317
(2.5 mg/kg) and CCly (0.1 mL/kg) were intraperitoneally administered twice weekly for
24 weeks.

Results: The liver-to-body weight ratio was significantly higher in the T09 + CCl, group
than in the CCl, group. Mice in the T09 + CCl, group exhibited abnormal lipid metabolism
and NASH-like histopathological features. Additionally, all mice in the T09 + CCl, group
developed liver tumors diagnosed as well-differentiated HCC. The genes identified via
microarray analysis were related to NASH and HCC development.

Conclusions: By combining long-term LXR agonist stimulation with oxidative stress and a
high-fat diet, we successfully reproduced liver conditions in mice similar to those in
humans with NASH and progression to HCC. Our results provide new insight into
NASH-related HCC progression and therapy.

HCC.' However, the pathophysiology of NASH in the progression
to HCC is unknown.? We previously reported the establishment of

Because of the growing epidemic of obesity and diabetes, the
number of patients suffering from non-alcoholic steatohepatitis
(NASH) is increasing. Correspondingly, the percentage of
hepatocellular carcinoma (HCC) cases related to NASH is increas-
ing exponentially, and NASH may become a leading etiology of
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a novel NASH model by the administration of T0901317 in
a high-fat diet-induced and CCly-induced mouse model.®
T0901317 is a liver X receptor (LXR) agonist for treating hyper-
lipidemia; however, severe hepatic steatosis is a side effect.* The
pathological features of the novel NASH model resembled those
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of human NASH, and the severity of steatosis was remarkable. We
thus hypothesized that lipid deposition plays an important role in
NASH-related hepatocarcinogenesis. Lipid deposition is the result
of abnormal lipid metabolism in the liver. LXR is a nuclear
receptor and plays an important role in lipid metabolism. LXR is
involved in the control of major metabolic pathways for
cholesterol homeostasis and lipogenesis. Indeed, in a human
NASH patient study, LXR expression was correlated with the de-
gree of hepatic fat deposition, hepatic inflammation, and fibrosis.
As is known from the literature, both hepatic steatosis and fibrosis
represent independent risk factors for HCC development.®’
Additionally, insulin resistance results in increased levels of toxic
metabolites and inflammatory cytokines in the tissue environment.
Hepatocytes with increased inflammatory cytokine levels may
contribute to HCC by activating the AKT signaling pathway
and could have prognostic value in HCC.*® To evaluate the
long-term effect of steatosis, we combined a low dose of
T0901317 with a high-fat diet and a low dose of CCly for
24 weeks. The aim of this study was to investigate the effects of
long-term stimulation by T0901317, thereby revealing the influ-
ence of steatosis on the progression of NASH to HCC.

Methods

Animals. Six-week-old male C57BL/6 mice were purchased
from Charles River Laboratories (Yokohama, Japan) and were
acclimated for 1 week before the start of the experiments. All mice
were housed in a temperature-controlled, humidity-controlled, and
ventilation-controlled vivarium and maintained on a 12-h light—
dark cycle under specific pathogen-free conditions. All mice were
allowed ad libitum access to water and a high-fat diet (5.24 kcal/g,
60 kcal% fat and 20 kcal% carbohydrate; D12492, Research Diets,
New Brunswick, NJ, USA). Mice were divided into two groups
(12 animals each): (i) Mice in the T09 + CCl, group were intraper-
itoneally injected with T0901317 (Cayman Chemical Co., Ann
Arbor, MI, USA) and CCl; (Wako Pure Chemical Industries,
Ltd., Osaka, Japan) solubilized in corn oil, and (ii) mice in the
CCly group were intraperitoneally injected with CCly alone. All
mice in both groups were administered with intraperitoneal (i.p.)
injections twice weekly. The CCly dose was 0.1 mL/kg (CCly :
corn oil = 1:39). The T0901317 dose was 2.5 mgkg
(T0901317 Dimethyl sulfoxide, phosphate-buffered sa-
line = 1:99). Mice were weighed twice weekly and periodically
assessed for signs of disease or morbidity. Mice were sacrificed
by exsanguination under isoflurane anesthesia. Blood samples
were collected from the inferior vena cava and centrifuged at
1200 g for 10 min to isolate serum. Each sample was stored at
—80 °C until analysis. The liver was quickly removed and imme-
diately fixed in 10% neutral buffered formalin for further histolog-
ical examination. Animal experiments were carried out humanely
after approval was obtained from the Institutional University
Experiment Committee of the University of Tsukuba and in
accordance with the Regulations for Animal Experiments of the
university and the Fundamental Guidelines for Proper Conduct
of Animal Experiments and Related Activities in Academic
Research Institutions under the jurisdiction of the Ministry of
Education, Culture, Sports, Science and Technology.
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Histological analysis. Fixed liver tissues were processed
and embedded in paraffin using standard methods. Liver tissues
were assessed in 2-pum paraffin sections stained with hematoxylin
and eosin (HE) to assess the extent of steatosis, inflammation, he-
patocellular ballooning, and nuclear atypia. Fibrosis was evaluated
by Masson’s trichrome (MT) staining. Lipid droplets in hepato-
cytes were evaluated by Oil Red O staining. Immunohistochemical
staining for F4/80 (ab100790; Abcam, Cambridge, MA, USA),
4-HNE (ab46545), CD34 (ab81289), AFP (ab46799), and
glypican 3 (ab66596) was performed. Liver specimens were
evaluated by an experienced pathologist to assess the severity of
hepatocellular steatosis, inflammation, and ballooning using the
following non-alcoholic fatty liver disease (NAFLD) activity
scores. To assess hepatocellular steatosis, specimens were classi-
fied as grade 0—3 according to the percentage of the hepatic paren-
chyma occupied by steatosis (grade 0: < 5%; grade 1: 6—33%;
grade 2: 34—66%; and grade 3: more than 66%). To assess inflam-
matory cell infiltration, specimens were classified as grade 0-3
according to the number of foci per 200x field (grade 0: 0; grade
1: 1-2; grade 2: 3—4; and grade 3: more than 4). To assess hepato-
cellular ballooning, specimens were classified as grade 0-2
(grade 0: no balloon cells; grade 1: few balloon cells; and grade
2: many cells/prominent ballooning). The area positive of Oil
Red O staining was measured using Image J software (U.S.
National Institutes of Health, Bethesda, Maryland, USA)."°

Insulin resistance. To assess insulin resistance, we per-
formed an insulin tolerance test (ITT) and calculated the homeo-
stasis model assessment of insulin resistance (HOMA-R) score.'"

Insulin tolerance test. Mice were fasted for 6 h before the in-
jection of insulin (Humulin R, 0.75 U/kg, i.p.) (Eli Lilly Co.,
Kobe, Japan). The blood glucose level in tail vein blood was
measured 0, 30, 60, 90, and 120 min after insulin injection.

Homeostasis model assessment of insulin resistance. As
another insulin resistance indicator, the HOMA-R score was calcu-
lated as follows: HOMA-R score = (fasting plasma glucose
value x fasting serum insulin value)/405.

The serum level of insulin was measured with an ultrasensitive
mouse insulin ELISA kit (Morinaga Institute of Biological Science,
Kanagawa, Japan).

Western blot analysis. Liver tissue was collected and im-
mediately frozen at —30 °C until use. Total protein was extracted
from liver tissue with a Minute Total Protein Extraction Kit for
Animal Cultured Cells and Tissues (#SD-001/SN-002; Invent
Biotechnologies, Inc., Eden Prairie, MN, USA). Protein concentra-
tions were estimated using densitometry. Samples were boiled at
95 °C for 3 min, and 15-puL aliquots of each sample were loaded
on 10% and 12% sodium dodecylsulfate—polyacrylamide gel
electrophoresis gels and transferred to nitrocellulose membranes
(Millipore, Bedford, MA, USA). Anti-FASN (#3180), anti-
pGSK-3b (#9336), anti-ERK (#9102), anti-cyclin D1 (#2922),
anti-p38 MAPK (#9211), and anti-GAPDH (#2118) (all from Cell
Signaling Technology, Beverly, MA, USA) primary antibodies
were used. A horseradish peroxidase-conjugated goat anti-rabbit
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secondary antibody was purchased from Zymed Laboratories
(San Francisco, CA, USA).

Gene expression analysis. Liver tissue samples were
freshly collected and immediately frozen at 30 °C until use. The
frozen liver samples were homogenized, and total RNA was iso-
lated from whole cells using a NucleoSpin RNA kit (Takara Bio,
Inc., Otsu, Japan). The RNA concentrations were determined by
measuring the absorbance at 260/280 nm with a NanoDrop Spec-
trophotometer (Thermo Fisher Scientific, Inc., Wilmington, DE,
USA). The synthesis of complementary DNA was performed
using PrimeScript RT Master Mix (Takara, Shiga, Japan). The
primers for real-time polymerase chain reaction (PCR) were de-
signed using PRIMER EXPRESS software for Real-Time PCR ver.
3.0 (Applied Biosystems, Inc., Foster City, CA, USA) based on
the sequences available in GenBank. The primers were purchased
from Takara Bio, Inc. The Lp/ primer sequences were 5'-AGAG
GCTATAGCTGGGAGCAGAAAC-3’ and 5'-GCAAGGGCTAA
CATTCCAGCA-3'. The Lepr primer sequences were 5'-TCAT
GTGCCGGTACCCAGAG-3’ and 5’-ACCTAAGGGTGGATCG
GGTTTC-3’, and the Src primer sequences were 5'-CAGCGG
CGGTTTCTACATCA-3’ and 5'-GCTTGGATGTGGGACATAC
GG-3'. The glyceraldehyde 3-phosphate dehydrogenase (Gapdh)
primer sequences were 5'-TGTGTCCGTCGTGGATCTGA-3’
and 5’-TTGCTGTTGAAGTCGCAGGAG-3'. Gapdh was used
as an endogenous control. Quantitative real-time PCR was con-
ducted with 400-nM primers, 25 ng of cDNA template, and TB
Green Premix Ex Tax II (Takara, RR820A) in an Applied
Biosystems 7300 Real-Time PCR system.

Microarray analysis. Frozen liver samples were homoge-
nized, and total RNA was isolated from whole cells using a
NucleoSpin RNA kit (Takara Bio, Inc.). The RNA concentration
was determined by the absorbance at 260/280 nm with a
NanoDrop Spectrophotometer (Thermo Fisher Scientific, Inc.).
cDNA was synthesized using AMV Reverse Transcriptase
(Promega Corp., Madison, WI, USA) and random primers (Takara
Bio, Inc.). Briefly, a mixture of 1-mM dNTPs (Fermentas Life
Sciences, Inc., Burlington, ON, Canada), 0.025 pg/mL of random
primers, 0.25 U/mL of reverse transcriptase, and 500 ng of total
RNA was incubated at 30 °C for 10 min, 37 °C for 60 min, 95 °C
for 5 min, and 4 °C prior to storage at —80 °C. DNA microarray
analysis was conducted using RNA samples isolated from both
groups. Labeled ¢cDNA was synthesized from 100 ng of total
RNA using a GeneChip 3’ IVT Plus Reagent Kit (Affymetrix,
Inc., Santa Clara, CA, USA) according to the manufacturer’s rec-
ommended protocol. Fragmented and labeled cDNA (600 ng) was
hybridized to a SurePrint G3 Mouse Gene Expression ver. 2.0
8x60K Microarray Kit (Agilent, Inc., Santa Clara, CA, USA) for
17 h at 65 °C. The strips were washed and stained using a Low In-
put Quick Amp Labeling Kit (Agilent, Inc.) and scanned using a
DNA microarray scanner (Agilent, Inc.). Probe-level analysis, in-
cluding background subtraction and quantile normalization, was
conducted using the percentile shift algorithm with GeneSpring
GX 14.5 (Agilent, Inc.). The gene expression profile of the
T09 + CCl, group was compared with that of the CCl, group.
Genes with a change in expression of greater than twofold were
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classified as upregulated genes, and those with a change in expres-
sion of less than 0.5-fold were classified as downregulated genes.

Statistical analysis. All data are expressed as the
mean =+ standard deviation. Statistical analysis was conducted
using Graph Pad Prism 8 (Graphpad Software, Inc., San Diego,
CA). The Mann—Whitney U-test was used for comparisons
between two groups. P-values less than 0.05 were considered
significant. Intergroup differences were compared by one-way
analysis of variance with Tukey’s post hoc test.

Results

Body and liver weight. Figure 1la indicates the
liver-to-body weight ratio and body weight of the mice. The liver
weight and liver-to-body weight ratio were significantly higher in
the T09 + CCly group than in the CCl, group (Fig. S1: liver weight
at 24 weeks). The final body weight was increased in both groups
relative to the initial body weight, although mice in the T09 + CCly
group exhibited a gradual reduction in body weight gain after
20 weeks.

High efficiency of tumorigenesis. Figure 1b shows the
gross appearance of tumors from both groups. Mice in both groups
developed tumors; however, mice in the CCly group had fewer and
smaller tumors. In addition, all mice in the T0O9 + CCly group
developed tumors. Figure lc shows the increased efficiency of
tumorigenesis in the T0O9 + CCly group relative to that in the
CCly group. In addition, the maximum size and number of tumors
were significantly different between the groups.

To9 + CCIl,; group mice developed fatty liver,
steatohepatitis, and fibrosis in the background
liver tissue. Figure 2 shows the liver histological findings in
both groups. The normal liver structure was disrupted in the
T0O9 + CCly group. Based on the Oil Red O-stained and
MT-stained liver tissue slides, a greater extent of steatosis and
more severe fibrosis were observed in the T09 + CCl, group than
in the CCly group (Fig. 2a). Mice in the T09 + CCl,y group
developed macrovesicular hepatic steatosis, ballooned hepatocytes
with Mallory—Denk bodies, lobular inflammation, and fibrosis
(Fig. 2b). In addition, on the Oil Red O-stained liver slides, the
Oil Red O-positive area indicating steatosis, as calculated by
IMAGEJ software, was significantly higher in the T09 + CCl, group
than in the CCl, group (Fig. 2¢). Oxidative stress was measured by
immunostaining for 4-HNE, which is a marker of lipid peroxida-
tion. Oxidative stress in the CCly group was observed in zone 1.
In contrast, oxidative stress in the T09 + CCl, group was observed
in the central vein area (zone 3) (Fig. 2d). We also assessed the
severity of fibrosis by calculating the blue-stained area on the
MT-stained liver slides and found that the area of fibrosis was
significantly higher in the T09 + CCly group than in the CCly
group. Clinically, the severity of NASH is assessed by the NAFLD
activity score. In this study, the average NAFLD activity score was
significantly higher in the T09 + CCly group than in the CCl,
group (Fig. 2c¢).
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Figure 1  Liver-to-body weight ratio and gross appearance of livers and tumors. (a) Body weight and liver-to-body weight ratio (n = 9). Change in body
weight over 24 weeks (n = 6). «m «m, CCly; , T09 + CCl,. (b) Photographs of livers and tumors. Left panel, photographs taken at laparotomy; right
panel, photographs taken immediately after removal (bar length = 1 cm). (c) Maximum tumor size and tumor number (n = 9). The results are expressed
as the mean + SD and were compared with the Mann-Whitney U-test. [Color figure can be viewed at wileyonlinelibrary.com]

Abnormal lipid metabolism and insulin resis- immunostaining and evaluated FASN expression by Western blot-
tance. To assess the severity of lipid metabolism abnormalities ting. Figure 3a shows the crown-like structures of inflammatory
in the TO9 + CCly group, we performed histological F4/80 cells in abdominal adipose tissue and liver tissue. Western blot
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Figure 2 Histopathological features and typical scores of non-alcoholic steatohepatitis. (a) Hematoxylin and eosin (HE), Oil Red O, and Masson's
trichrome (MT) staining of tissues from representative mice in the CCl, and T09 + CCl, groups. Scale bar = 100 um. (b) Representative HE staining
of liver tissue from the T09 + CCl,; group depicting the individual components of steatohepatitis—ballooning, Mallory-Denk bodies, inflammation,
and macrovesicular steatosis. (c) Quantification of histological scores for steatosis, fibrosis, and non-alcoholic fatty liver disease (NAFLD) activity.
The results are expressed as the mean + SD and were compared with the Mann-Whitney U-test. (a) Oil Red O staining (n = 5). (b) MT staining
(n = 5). (c) NAFLD activity score (n = 7). (d) Representative 4-HNE immunostaining of liver tissue from the T09 + CCl; and CCls groups.
[Color figure can be viewed at wileyonlinelibrary.com] [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 3 Abnormal lipid metabolism and insulin resistance. (a) Representative F4/80 immunostaining of adipose tissue and liver tissue from the
T09 + CCl, group. (b) Fatty acid synthetase (Fasn) protein expression in the CCl, and T09 + CCl, groups. (c) Insulin tolerance test, area under the curve,
and homeostasis model assessment of insulin resistance (HOMA-R) score. -a-, T09 + CCly; -a-, CCly; =o-, normal chow. (d) Phospho-glycogen synthe-
tase kinase 3 (pGsk-3) protein expression in the CCl, and TO9 + CCl, groups. The results are expressed as the mean + SD and were compared with the
Mann-Whitney U-test. Scale bars: 100 um. [Color figure can be viewed at wileyonlinelibrary.com]

analysis of FASN, a regulator of lipid metabolism, showed
significantly upregulated Fasn expression in the T09 + CCl, group
compared with FASN expression in the CCl, group (Fig. 3b).
Insulin resistance was assessed by an ITT and the HOMA-R score
and was compared among the three groups (the T09 + CCly, CCly
and normal chow groups). The glucose level at 30, 60, 90, and
120 min after insulin injection was significantly higher in the
T09 + CCly group than in the normal chow group (Fig. 3¢). Addi-
tionally, the area under the curve in the T09 + CCly group was
significantly higher than that in the normal chow group. We also
assessed insulin resistance by the HOMA-R score. The
HOMA-R score in the T09 + CCl, group was significantly higher
than that in the normal chow group. Moreover, analysis of the
pGSK-3 protein level showed significant differences among the
groups (Fig. 3d).
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Pathological findings in tumors from the
TO09 + CCl, group. Figure 4a shows the pathological findings
from HE, CD34, AFP, and glypican 3 staining of tumors from the
T09 + CCly group. HE staining of tumors revealed steatohepatitic
features, considerable cellular and nuclear pleomorphism, and
atypical mitoses. Sinusoidal capillarization was ascertained in
tumors stained for CD34. Additionally, tumors from the
T09 + CCly group exhibited positive staining for AFP and
glypican 3.

Measurement of tumor formation-related protein
levels. Figure 4b shows the results of the analysis of the pERK,
tERK, cyclin D1, and p38 MAPK levels in nontumor tissue and
tumor tissue from the T0O9 + CCly group. Figure 4b shows the

805

© 2020 The Authors. Journal of Gastroenterology and Hepatology published by Journal of Gastroenterology and Hepatology Foundation and John Wiley & Sons Australia, Ltd


http://wileyonlinelibrary.com

LXR, CCI4 and high fat induce NASH-HCC

HE staining
R

Y Shimizu et al.

b Nontumor Tumor
| pErk Cyclin D1 p38
pErk T T ——— * * *
} 1000 2.0 25+
- -+
Erk S 800+ . N 2047
I » - —_ ’ . 6\ i ] R
CyclinD1 ™= - - 6007 i S 04 o 15 — l
' 400 A x -+ % 1.0 .
| v —— J =
p38 MAP .——-:— —— 200 - —— 0.5 0. 0.5 ~
| 0 0
Gapdh s s |  — Nontumor Tumor Nontumor Tumor Nontumor Tumor
Lpl Lepr Src
c 4 - - 15 * 6 *
3] —
| 104 | 44
2]
1. | 0] 21 —
CCly T09+CCly o CCly T09+CCly CCly T09+CCly

Figure 4 Pathological findings and analysis of protein levels in tumors. (a) Representative hematoxylin and eosin (HE) staining and CD34, AFP, and
glypican 3 immunostaining in tumors from the T09 + CCl, group. (b) pErk, cyclin D1, and p38 MAP protein levels in nontumor and tumor tissues from
the T09 + CCl, group. The results are expressed as the mean + SD and were compared with the Mann-Whitney U-test. P < 0.05 for the comparison of
nontumor tissue versus tumor tissue. Scale bars: 100 um. (c) Upregulated expression of genes involved in non-alcoholic steatohepatitis-related carci-
nogenesis, shown by microarray analysis. (a) MRNA expression of Lp/in the liver. (b) mRNA expression of Leprin the liver. (c) mRNA expression of Src
in the tumor. The data are expressed as the mean + SD (n = 5). P < 0.05 versus the CCl, group. [Color figure can be viewed at wileyonlinelibrary.com]

increased levels of proliferation-related and cell cycle-related
proteins. Furthermore, the expression of a stress response-related
protein was suppressed in tumor tissue.

Microarray analysis comparing the CCIl; group
with the T09 + CCI, group. Tables 1-4 show the results
of the microarray analysis and the Ingenuity Pathway Analysis.
The results in the disease and disorders category for the back-
ground liver tissue between the two groups indicated inflamma-
tory and connective tissue disorders related to fibrosis in the
liver (Table 1). In addition, the hepatoxicity results in the top
toxicity function analysis suggested that all index items listed
were related to pathological conditions associated with NASH
(Table 1). Table 2 shows the results of the gene expression
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analysis of background liver tissue between the two groups.
Table 3 indicates the results of the gene expression analysis of tu-
mor tissue and adjacent non tumor tissue in T09 + CCly group.
The expression of Cd5/, which has been reported to be a promoter
gene in human HCC, was upregulated in the tumor tissue. Lpl, a
mediator of free fatty acid metabolism, and Ucp2, a regulator of
energy metabolism, are considered to be related to human NASH;
indeed, the expression of these genes was upregulated in the
T09 + CCly group. In addition, the expression of apoptosis sup-
pressor genes, such as Src and Fgr, was upregulated. Table 4 in-
dicates the results of the gene expression analysis of tumor tissue
in both group. The expression of Src and Fam83e, which are in-
volved in Rafl/Ampk signaling, was upregulated. In addition, the
expression of NASH-related genes, such as Lpl and Ucp2, was
upregulated.
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Table 1 Microarray analysis of genes related to NASH and NASH-associated HCC: The disease and disorders category and top toxicity functions of
hepatotoxicity were detected by IPA

P-value range No. of molecules
Disease and disorders
Inflammatory response 3.02x 10 %10 3.93 x 107 278
Immunological disease 1.95% 10 ° 10 1.94 x 10 % 270
Organismal injury and abnormalities 237 x10 %t04.18 x 10°%° 517
Connective tissue disorders 9.50 x 10" 103.38 x 10~ '° 126
Inflammatory disease 111 %10 °103.38 x 10 '° 199
Top toxicity functions of hepatotoxicity
Liver inflammation/hepatitis 1,00 x 100 t0 5.92 x 10°° 39
Liver damage 1.00 x 100 t0 3.67 x 10°° 33
Liver steatosis 6.18x 10 't07.62 x 10°° 28
Liver necrosis/cell death 551 x 10 102.23 x 10°* 25
Glutathione depletion in liver 452 %107 109.06 x 107* 8

Liver samples from two to four mice in the T09 + CCl, and CCl, groups were used for the microarray analysis.
HCC, hepatocellular carcinoma; IPA, Ingenuity Pathway Analysis; NASH, non-alcoholic steatohepatitis.

Table 2 Microarray analysis of genes related to NASH and NASH-associated HCC: Eleven genes related to NASH were differentially expressed be-
tween the T09 + CCl, and CCl, groups

Relation Gene symbol Gene name (description) Fold change P-value Regulation
Oxidative stress Cd14 CD14 antigen 2.525 0.042 Upregulation
Dnmt3b DNA methyltransferase 3B 2.043 0.014 Upregulation
Gstm2 Glutathione S-transferase Mu 2 2.101 0.044 Upregulation
Pil3cd Phosphatidylinositol 3-kinase catalytic delta polypeptide 2.088 0.011 Upregulation
Hepatic steatosis Acot1 Acyl-CoA thioesterase 1 2.124 0.014 Upregulation
Lpl Lipoprotein lipase 6.301 0.005 Upregulation
Trib3 Tribbles homolog 3 (Drosophila) 0.395 0.044 Downregulation
Hepatic fibrosis Lepr Leptin receptor 6.455 0.038 Upregulation
Lgals3 Lectin, galactose binding, soluble 3 2.049 0.038 Upregulation
Inflammation Tfre Transferrin receptor 2.725 0.005 Upregulation
Fegrd Fc receptor, IgG, low affinity IV 2.379 0.004 Upregulation

Liver samples from two to four mice in the T09 + CCl, and CCl, groups were used for the microarray analysis.
HCC, hepatocellular carcinoma; NASH, non-alcoholic steatohepatitis.

Table 3 Microarray analysis of genes related to NASH and NASH-associated HCC: Eight genes related to HCC and NASH were differentially
expressed between tumor tissue and adjacent nontumor tissue in the T09 + CCl, group

Relation Gene symbol Gene name (description) Fold change P-value Regulation
Hepatocellular carcinoma Cfp Complement factor properdin 2.688 0.009 Upregulation
Cd>sl CD5 antigen-like 2.371 0.003 Upregulation
Vsig4 V-set and immunoglobulin domain containing 4 2.346 0.014 Upregulation
Sirt3 Sirtuin 3 0.487 0.036  Downregulation
NAFLD Lpl Lipoprotein lipase 5.12 0.009 Upregulation
Ucp2 Uncoupling protein 2 2121 0.042 Upregulation
Apoptosis | Src Rous sarcoma oncogene 3.755 0.025 Upregulation
Far Gardner-Rasheed feline sarcoma viral (Fgr) oncogene homolog 3.142 0.004 Upregulation

Liver samples from two to four mice in the T09 + CCl, and CCl, groups were used for the microarray analysis.
HCC, hepatocellular carcinoma; NASH, non-alcoholic steatohepatitis.
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Table 4 Microarray analysis of genes related to NASH and NASH-associated HCC: Four genes related to HCC and NASH were differentially

expressed in tumor tissue between the T09 + CCl, and CCl4 groups

Relation Gene symbol Gene name (description) Fold change P-value Regulation
Hepatocellular carcinoma Fam83e Family with sequence similarity 83, member E 9.419 0.004 Upregulation
Src Rous sarcoma oncogene 3.7565 0.003 Upregulation
NAFLD Lpl Lipoprotein lipase 3.790 0.048 Upregulation
Hepatic fibrosis Lepr Leptin receptor 2.455 0.033 Upregulation

Liver samples from two to four mice in the T09 + CCl, and CCl, groups were used for the microarray analysis.

HCC, hepatocellular carcinoma; NASH, non-alcoholic steatohepatitis.

Real-time polymerase chain reaction analysis
of genes associated with non-alcoholic
steatohepatitis-related hepatocarcinogenesis.
Figure 4c shows the results of the real-time PCR analysis. The ex-
pression of three genes (Lp/, Lepr, and Src), which were detected
by microarray analysis, was upregulated in the T09 + CCl, group.
The mRNA expression of these genes was significantly upregu-
lated in the TO9 + CCl, group compared with the CCl, group.

Discussion

Non-alcoholic steatohepatitis is an emerging major cause of nonvi-
ral HCC and may account for a large percentage of HCC cases
worldwide.'> NASH is histologically characterized by the pres-
ence of steatosis, inflammation, hepatocyte injury (ballooning),
and/or fibrosis. In particular, hepatic steatosis plays a crucial role
in the progression of NASH.'* Hepatic steatosis is caused by the
activity of several nuclear receptors, such as FXR, PPAR, and
LXR.'" Ahn ef al.’ and Zhou et al."” reported that LXR plays a
key role in hepatic steatosis via the induction of lipogenesis in
NASH patients. Xiong reported that T0901317 inhibited the devel-
opment of HCC in HCC cell line-derived xenografts. However, the
amount of T0901317 used was 25 mg/kg/day, which was 10 times
greater than that used in our study.'® In the present study,
T0901317 was a very important reagent in reproducing the meta-
bolic disorder observed in human NASH to cause NASH-related
hepatocarcinogenesis. Various studies have shown the importance
of insulin resistance and oxidative stress in NASH-related
hepatocarcinogenesis. However, the role of LXR activation in
the development of NASH-related HCC has been less thoroughly
investigated. We investigated the contribution of LXR agonists to
the etiology of NASH and NASH-related hepatocarcinogenesis.

We previously conducted similar experiments to establish a
novel mouse model of NASH using an LXR agonist, a high-fat
diet, and a low dose of CCl,.> Liver specimens in past models ex-
hibited pathological features resembling those of human NASH;
however, carcinogenesis did not occur. Moreover, the tissues of
mice subjected to the previous protocol exhibited severe damage
after 4 weeks. Thus, we reduced the volume of T0901317 and
CCly and decreased the frequency of T0901317 administration
to make a completely different protocol for modeling
hepatocarcinogenesis in NASH. In previous reports, models
consisting of an LXR agonist and a high-fat diet did not exhibit
fat accumulation. Thus, we compared the CCly—high-fat diet
model and the CCl,—high-fat diet—LXR agonist model.

Various mouse models of NASH-related HCC have been
reported. However, few models have recapitulated all of the
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metabolic and histological features. For example, mice treated
with a methionine/choline-deficient diet have traditionally been
used in NASH studies. However, these mice exhibit body weight
loss and do not develop insulin resistance.'” Additionally,
combined chronic treatment with CCl; and a choline/L-amino
acid-deficient diet for up to 9 months can induce NASH and
HCC."® However, these reports lacked a blinded quantitative as-
sessment of the three features of the NAFLD activity score, which
is used routinely in human studies. Furthermore, only 30% of
these mice developed tumors in the liver at 24 weeks. In this study,
mice in the T09 + CCl, group did not exhibit weight loss and had a
high liver-to-body weight ratio. Furthermore, all mice in the
T09 + CCl, group developed multiple tumors in the liver that were
diagnosed as HCC by an experienced pathologist.

In clinical settings, NASH is diagnosed only by the histological
findings of liver biopsy specimens. We compared the NAFLD
activity score and the degree of fibrosis between the two groups
to assess the influence of LXR. High NAFLD activity scores and
specific histological findings of human NASH, such as ballooning
and Mallory—Denk bodies, were observed only in the T09 + CCly
group. Ahn e al.® reported that the intensity and extent of LXR ex-
pression were positively correlated with lobular inflammation, he-
patocellular ballooning, the NAFLD activity score, and the degree
of intrahepatic fibrosis. Additionally, the results of 4-HNE immu-
nostaining suggested that the oxidative stress observed in zone3 in
the T09 + CCly group may be associated with the pathological fea-
tures of NASH in humans, in which the fibrotic area is likely to be
observed in zone 3. Our results show that the hepatic phenotype
of mice with NASH could be similar to that of humans with
NASH with LXR activity. Therefore, LXR activity is presumed
to be a key factor in the etiology and development of NASH.

Non-alcoholic fatty liver disease, including NASH, is consid-
ered to be a hepatic component of metabolic syndrome because
it is closely associated with metabolism.>>*' Abnormal lipid
metabolism causes excessive lipid flux, resulting in direct
lipotoxicity and the generation of reactive oxygen species.”? We
evaluated local macrophage recruitment reflecting abnormal lipid
metabolism in the liver by F4/80 staining. The characteristic find-
ing of crown-like structures was observed in the liver under condi-
tions of abnormal lipid metabolism.>® Under these conditions,
macrophages are found around dead adipose tissue. Indeed, mice
in the T09 + CCly group showed crown-like structures in the liver.
Additionally, the accumulation of Fasn was revealed by Western
blotting. Such metabolic dysregulation can promote chronic in-
flammation in adipose tissue and cause insulin resistance,>*
which also leads to an imbalance in the gain and loss of fat and
disrupted cholesterol and lipid homeostasis in the liver.>*?’
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Additionally, insulin resistance influences glucose homeostasis.
GSK-3, a key enzyme in glycogen synthesis, regulates
transcription factors to modulate insulin signaling and glucose
homeostasis.”® In this study, after administration of the LXR
agonist, increased levels of p-GSK3 and FASN were observed,
and the ITT showed an increase in the severity of insulin
resistance. These results suggest that LXR agonists may be the
key factor in disrupting glucose and lipid homeostasis to recapitu-
late NASH etiology.

Compared with patients with simple steatosis, patients with
NASH have a greatly increased risk of progression to HCC.*
Clinically, NASH-related HCC is often diagnosed as moderately
or well differentiated. The diagnosis of well-differentiated HCC
is frequently difficult, even for expert pathologists.? To assess tu-
mors accurately, we used immunostaining for CD34, AFP, and
glypican 3. Because HCC is a hypervascular tumor, the vascular
endothelium typically stains positive for CD34.3° Additionally,
the combination of glypican 3 and AFP was helpful for accurately
distinguishing HCC from adenoma.*® We verified the tumors from
the TO9 + CCly group as well-differentiated HCC by HE staining
and immunostaining for CD34, AFP, and glypican 3. However,
the tumors from the CCl, group did not exhibit staining (data not
shown). Thus, mice in the T09 + CCly group could have
developed well-differentiated HCC tumors. Clinical reports on
NASH-related HCC have noted upregulated ERK signaling in car-
cinoma tissue.>' The ERK signaling pathway normally transduces
extracellular signals to regulate fundamental cellular processes,
including proliferation, differentiation, and cell survival*?
In contrast, dysregulated ERK signaling may induce
hepatocarcinogenesis through the overexpression of oncogenes,
such as cyclin D1.** In this study, we found the upregulated
expression of both ERK and cyclin D1 by Western blotting.
Moreover, p38 MAPK expression was elevated in the tumor
tissue. p38 MAPK usually plays an important role in the coordina-
tion of cellular stress responses in normal cells.** In contrast, the
stress response mediated by p38 MAPK could be altered in tumor
cells, favoring tumor progression.>> Thus, these changes were
presumed to lead to the contribution of the inappropriate stress
response to hepatocarcinogenesis in mice in the T09 + CCly group.

Moreover, our microarray analysis of noncancerous background
liver tissue compared with cancerous tissue showed significantly
upregulated expression of genes related to NASH. Oxidative stress
has been verified to play an important role in mediating liver injury
through at least two mechanisms: direct cell injury and indirect
changes in cell signaling pathways.%’37 These findings suggest
that the transcriptomic features of NASH were represented by
the administration of LXR. In the microarray analysis of tumor
tissue from the TO9 + CCly and CCly groups, the expression of
Src and Fam83e, which are involved in Rafl/Ampk signaling,
was upregulated (Table 4). These changes have also been reported
in human HCC.*® Additionally, in tumor tissue, the expression of
NASH-related genes, such as Lp/ and Ucp2, was upregulated;
thus, the tumor tissue exhibited features of NASH. Furthermore,
we confirmed that the expression of three genes (Lp/, Lepr, and
Src) associated with NASH-related hepatocarcinogenesis was
significantly upregulated in the T09 + CCly group (Fig. 4c). Lp/
is related to lipid metabolism, and its overexpression causes
liver-specific insulin resistance and exacerbates the accumulation
of TG in the mouse liver.>* Leptin modulates appetite and body
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weight, and Lepr (leptin receptor) has been shown to be positively
correlated with the stage of hepatic fibrosis and insulin resistance
in NASH.*® Numerous reports have shown that Src is a key mes-
senger in many cellular pathways related to RAS/RAF/MEK/ERK
signaling, which plays important roles in regulating proliferation,
differentiation, survival, invasion, metastasis, and angiogenesis.
The expression and activity of Src are correlated with advanced
malignancy and poor prognosis in a variety of human cancers.*'
Thus, the expression of several genes related to the development
of NASH and hepatocarcinogenesis was found to be upregulated
in the T09 + CCly group. Therefore, these data support the conclu-
sion that mice in the T0O9 + CCl, group exhibited transcriptomic
features of NASH-related HCC.

There are possible limitations to this study. First, we could not
assess when carcinogenesis began. We assessed the liver at 12
and 22 weeks to determine when carcinogenesis began. Compared
with mice at 22 weeks, mice at 12 weeks showed relatively normal
liver cells and sinusoidal structures, and more severe fibrosis was
observed in the liver at 22 weeks than at 12 weeks. Additionally,
two-thirds of the mice had a tumor in the liver (Fig. S2: histopath-
ological findings in mouse liver 12 and 22 weeks). However, these
tumors did not show immunostaining for CD34 (data not shown).
Thus, these tumors were considered benign tumors. Therefore, the
liver of mice at 22 weeks exhibited features of NASH; however, it
is unknown when hepatocarcinogenesis began. Second, the trigger
of hepatocarcinogenesis remains unclear. We assessed the
differences in the tumors between the CCl; group and the
T09 + CCl, group and detected upregulated Src expression in
the T09 + CCl, group. However, there were many differences that
were determined not to be the main trigger of carcinogenesis.
When and how carcinogenesis begins are subjects for future
research.

Data availability statement. The datasets generated
and analyzed during the current study are available from the
corresponding author upon reasonable request.
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Supporting information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Figure S1. Liver weight. Liver weight in the CCl4 and T09-CCl4
groups (n = 9). The results are expressed as the mean = SD and
were compared with the Mann—Whitney U test. P < 0.05 vs the
CCly group.

Figure S2. Histological findings of livers from the T09 + CCl,
group at 12 weeks and 22 weeks. Representative MT staining of
liver tissue from the T09 + CCl, group at 12 weeks and 22 weeks.
The open triangle indicates steatosis, and the closed triangle indi-
cates fibrosis. Scale bars: 100 um
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