Oncotarget, 2017, Vol. 8, (No. 35), pp: 58353-58363

www.impactjournals.com/oncotarget/

Research Paper

Preventive effects of the sodium glucose cotransporter 2 inhibitor
tofogliflozin on diethylnitrosamine-induced liver tumorigenesis in
obese and diabetic mice

Koki Obara!, Yohei Shirakami'?, Akinori Maruta!, Takayasu Ideta!, Tsuneyuki
Miyazaki', Takahiro Kochi!, Hiroyasu Sakai!, Takuji Tanaka® Mitsuru Seishima?
and Masahito Shimizu*

1Department of Gastroenterology, Gifu University Graduate School of Medicine, Gifu, Japan
2Department of Informative Clinical Medicine, Gifu University Graduate School of Medicine, Gifu, Japan
3Department of Pathological Diagnosis, Gifu Municipal Hospital, Gifu, Japan

Correspondence to: Yohei Shirakami, email: ys2443@gifu-u.ac.jp

Keywords: sodium glucose cotransporter 2 (SGLT2), hepatocellular carcinoma (HCC), non-alcoholic fatty liver disease (NAFLD),
obesity, diabetes mellitus

Received: November 01, 2016 Accepted: March 11, 2017 Published: April 06, 2017

Copyright: Obara et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License
3.0 (CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and
source are credited.

ABSTRACT

Sodium glucose cotransporter 2 inhibitors are expected to ameliorate the
abnormalities associated with metabolic syndrome including non-alcoholic fatty liver
disease. In this study, we investigated the effects of the sodium glucose cotransporter
2 inhibitor tofogliflozin on the development of non-alcoholic fatty liver disease-related
liver tumorigenesis in C57BL/KsJ-+Lepr/+Lepr? obese and diabetic mice. The direct
effects of tofogliflozin on human liver cancer cell proliferation were also evaluated. Mice
were administered diethylnitrosamine-containing water for 2 weeks and were treated
with tofogliflozin throughout the experiment. In mice treated with tofogliflozin, the
development of hepatic preneoplastic lesions was markedly suppressed, and hepatic
steatosis and inflammation significantly reduced, as evaluated using the non-alcoholic
fatty liver disease activity score, in comparison with the control mice. Serum levels of
glucose and free fatty acid and mRNA expression levels of pro-inflammatory markers in
the liver were reduced by tofogliflozin treatment. Conversely, the proliferation of sodium
glucose cotransporter 2 protein-expressing liver cancer cells was not inhibited by this
agent. These findings suggest that tofogliflozin suppressed the early phase of obesity-
and non-alcoholic fatty liver disease-related hepatocarcinogenesis by attenuating chronic
inflammation and hepatic steatosis. Therefore, sodium glucose cotransporter 2 inhibitors
may have a chemopreventive effect on obesity-related hepatocellular carcinoma.

INTRODUCTION

Hepatocellular carcinoma (HCC) is a serious health
concern worldwide because it is the fifth most common
neoplasm and the third leading cause of cancer-related
deaths globally [1]. HCC is well known to develop
secondary to cirrhosis after chronic liver inflammation
mainly induced by sustained infection with the hepatitis B
or C viruses [2]. Recent epidemiological and experimental
studies have also revealed that metabolic syndrome
and obesity are critical risk factors for HCC [3]. Type

2 diabetes mellitus (T2DM) is a major complication of
obesity, which has a high and increasing prevalence [4].
In addition to cardiovascular and cerebrovascular events,
cancer is also a major cause of T2DM- and obesity-related
deaths [5—8]. Therefore, T2DM considerably increases the
risk of several kinds of malignancies, especially HCC, and
the pathophysiology induced by T2DM and obesity may
stimulate liver tumorigenesis [3, 9, 10].

Obesity promotes hepatic steatosis and inflammation
by producing pro-inflammatory cytokines such as tumor
necrosis factor (TNF)-a and interleukin (IL)-6, which
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Table 1: Body, liver, kidneys, and white adipose tissue weights of experimental mice

Relative wt (g/100g body wt) of:

Group no. Treatment No. of mice Body wt (g)
Liver Kidneys WAT*
1 DEN alone 8 49.6 +3.3° 48+04 1.0+0.1 4.6+0.7
DEN +
2 Tofogliflozin 7 52.0+3.0 42+0.6 1.0+0.1 47+0.5
1 mg/kg
DEN +
3 Tofogliflozin 7 48.5+3.5 35+£0.2¢ 1.2+0.1 46+04
10 mg/kg

* White adipose tissue of the periorchis and retroperitoneum.

®Mean + SD.

¢ Significantly different from group 1 by Tukey-Kramer multiple comparison test (P < 0.05).

are both closely related to liver carcinogenesis [10, 11].
Increased aberrant lipogenesis in the liver, which is
significantly linked to obesity and metabolic syndrome, is
also observed abundantly during liver carcinogenesis and
HCC progression [10]. Non-alcoholic fatty liver disease
(NAFLD) is considered to be closely associated with
obesity and metabolic syndrome and has become one of
the most common liver diseases in developed countries
[12]. Furthermore, close to 20% of patients with NAFLD
present with non-alcoholic steatohepatitis (NASH)
with hepatocyte injury, chronic liver inflammation, and
various degrees of fibrosis as well as an extensive risk of
developing liver cirrhosis and HCC [13].

Recent preclinical studies have proven that therapies
targeting obesity and related metabolic abnormalities such
as attenuation of chronic inflammation may be an effective
strategy to prevent T2DM- and NAFLD/NASH-related
liver carcinogenesis [14]. For instance, treatment with
pitavastatin, a drug used for hyperlipidemia, suppresses
obesity- and steatosis-related liver tumorigenesis in mice
by attenuating hepatic inflammation induced by excess
fat deposition [15]. Metformin, an antidiabetic agent,
also inhibits hepatic carcinogen diethylnitrosamine (DEN)-
induced liver tumorigenesis in obese and diabetic mice [16].

Sodium-glucose cotransporter 2 (SGLT2) inhibitors
have been developed for T2DM treatment and act by
preventing the reabsorption of glucose filtered by the
glomeruli and increasing its urinary excretion [17, 18].
This action decreases blood glucose levels and improves
insulin resistance in patients with diabetes and several
rodent models of T2DM [19-21]. Tofogliflozin, an SGLT2
inhibitor, has been shown to ameliorate glucose tolerance,
improve dyslipidemia, and decrease liver triglyceride
(TG) content in diabetic and obese animal models [22,
23]. These findings suggest that SGLT2 inhibitors might
be useful agents for ameliorating metabolic abnormalities,
leading to the prevention of obesity- and diabetes-related
HCC development. However, detailed studies clarifying
the chemopreventive effects of SGLT2 inhibitors on liver
tumorigenesis have not yet been demonstrated.

Therefore, in the present study, we examined the
preventive effects of tofogliflozin on DEN-induced liver
tumorigenesis in C57BL/KsJ-+Lepr®/+Lepr® (db/db)
mice, which exhibit obesity and diabetes, focusing on
chronic inflammation and steatosis in the liver. We also
examined the potential direct effects of tofogliflozin on
human HCC cell line proliferation.

RESULTS

General observations

The relative liver weights of the mice treated with
high-dose tofogliflozin were significantly lower than
those of the untreated mice at the termination of the
experiment (Table 1, P < 0.05). Furthermore, tofogliflozin
administration did not cause any clinical symptoms of
toxicity. The histopathological examination also revealed
that tofogliflozin did not cause toxicity in the liver, kidney,
and spleen (Figure 1A and Supplementary Figure 1).

Effects of tofogliflozin on DEN-induced hepatic
pre-neoplastic lesions in db/db mice

Foci of cellular alteration (FCA) hepatic
preneoplastic lesions showing a basophilic cytoplasm and
hyperchromatic nuclei (Figure 1B), were observed in the
livers of DEN-administered mice at the termination of the
experiment. As shown in Table 2, treatment with high-dose
tofogliflozin significantly reduced the FCA incidence and
multiplicity (P < 0.05 each) compared to those in the mice
treated with DEN alone. Low-dose tofogliflozin treatment
also significantly reduced the FCA multiplicity (P < 0.05).

Effects of tofogliflozin on hepatic histopathology
in the experimental mice

Hematoxylin & eosin (H&E)-stained liver sections
of the experimental mice are presented in Figure 1A.
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Table 2: Effects of tofogliflozin on incidence and multiplicity of hepatic pre-neoplastic lesions in the
experimental mice

Group no. Treatment No. of mice Incidence Multiplicity”
1 DEN alone 8 8/8 (100%) 7.6+£3.9¢
2 DEN + Tofogliflozin 1 mg/kg 7 6/7 (86%) 3.9+3.0¢
3 DEN + Tofogliflozin 10 mg/kg 7 3/7 (43%)? 0.9 +£0.5¢

* Significantly different from group 1 by Fisher’s exact probability test (P < 0.05).

® Number of pre-neoplastic lesions per mouse.

¢Mean + SD.

4 Significantly different from group 1 by Tukey-Kramer multiple comparison test (P < 0.05).
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Figure 1: Effects of tofogliflozin on the development of pre-neoplastic lesions and histopathology in the liver of the
experimental mice. (A) Representative photomicrographs of hepatic pre-neoplastic lesions, foci of cellular alteration (FCA). (B)
Representative photomicrographs of H&E staining at high-power field (upper panels; bars, 200 um) and low-power field (lower panels;
bars, 50 pm) of liver sections from the DEN alone-treated control mice (Ctrl), low-dose tofogliflozin-treated mice (Low), and high-
dose tofogliflozin-treated mice (High) at the end of experiment. Ballooned hepatocytes are indicated by the black arrows. (C) Presence
of NAFLD activity score (NAS; steatosis, inflammation, and ballooning) was determined using histopathological analysis. Values are
expressed as mean + SD. "P < 0.05.
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Ballooning degeneration of the hepatocytes was observed
in the mice treated with DEN alone, which was markedly
improved by high-dose tofogliflozin. The histopathological
assessment scores of the hepatic steatosis and ballooning
degeneration of the hepatocytes were markedly lower in
the high-dose tofogliflozin-treated mice than they were
in the untreated mice (Figure 1C, P < 0.05). The score
evaluated by the NAFLD activity score (NAS) system
[24] of the high- and low-dose tofogliflozin-treated groups
were also significantly lower than that of the untreated
control group was (P < 0.05). Detailed NAS was described
in Supplementary Table 1. No obvious liver fibrosis was
observed in all groups in this experimental procedure.

Effects of tofogliflozin on mRNA expression
levels of pro-inflammatory markers in
experimental mouse livers

The effects of tofogliflozin on mRNA expression
levels of specific molecules associated with hepatic
inflammation were examined using quantitative real-
time reverse transcription-polymerase chain reaction
(qRT-PCR) analysis. As shown in Figure 2, the high-dose

tofogliflozin-treated mice showed a significant decrease
in mRNA expression levels of macrophage marker
F4/80 (P < 0.05). Since macrophages in the liver secrete
pro-inflammatory cytokines and increase in parallel
with the disease progression of mice steatohepatitis,
F4/80 can be considered as a kind of marker for liver
inflammation [25, 26]. Administration of high-dose
tofogliflozin also decreased the mRNA expression levels
of other inflammatory markers such as chemokine (C-C
motif) ligand 2 (CCL2), IL1-p, IL-6, and TNF-a, but the
differences were not statistically significant (P > 0.05).

Effects of tofogliflozin on serum parameters
and insulin resistance and sensitivity in
experimental mice

As shown in Table 3, serum glucose and FFA
levels were significantly decreased in tofogliflozin-
treated mice (P < 0.05). Tofogliflozin treatment,
however, did not alter serum levels of insulin, attenuate
insulin resistance, or improve insulin sensitivity, which
were evaluated by calculating the homeostatic model
assessment of insulin resistance (HOMA-R) and the
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Figure 2: Effects of tofoglifiozin on the expression levels of mRNA involved in inflammation in the liver of the
experimental mice. Total RNA was isolated from the livers of the experimental mice, and expression levels of mRNA associated with
inflammation (CCL2, F4/80, IL1-p, IL-6, and TNF-a) were determined using quantitative real-time RT-PCR with specific primers. Values

are expressed as mean + SD. "P < 0.05.
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Table 3: Serum parameters in the experimental mice

Measurement Item G1 G2 G3
ALT (TU/1) 104 £45.2 100 +25.1 72.6 +13.1
Glucose (mg/dl) 493 + 101 364 +£92.7 285+ 75.4°
Insulin (nIU/ml) 24.5+13.7 42.1+£27.8 54.6 £ 18.0
HOMA-R® 31.2+21.6 37.1+£22.0 379+ 143
QUICKI! 0.25+0.01 0.25+0.02 0.24+£0.01
Total cholesterol (mg/dl) 125.1 £28.3 124.6 £12.7 110.5 +20.1
FFA (LEQ/D) 1907 + 163 1499 £ 122° 1494 + 245
TG (mg/dl) 114.3 £ 60.4 66.4£16.6 84.5+54.7
* Mean + SD.

b Significantly different from group 1 by Tukey-Kramer multiple comparison test (P < 0.05).
¢ HOMA-R, the homeostasis model assessment of insulin resistance.

4 QUICKI, quantitative insulin sensitivity check index.

quantitative insulin sensitivity check index (QUICKI),
in the present study [27, 28].

Protein expressions of SGLT2 and effects
of tofogliflozin on cellular proliferation and
production of cytokines in human cell lines

To evaluate whether tofogliflozin directly inhibits the
growth of HCC cells, we examined the expression levels of
SGLT?2 protein in four human HCC cell lines and Hc normal
human hepatocytes [29, 30] using western blot analysis
and performed cell proliferation assays in these cells. The
SGLT2 protein was detected in HepG2, Huh7, and JHH7
cells, but the protein was not expressed in HLE and Hc
cells (Figure 3A). The results of the 3-(4,5-dimethylthiazol-
2-yl)- 5-(3-carboxymethoxyphenyl)- 2-(4-sulfophenyl)-
2H-tetrazolium (MTS) assay showed that both high- and
low- concentrations of tofogliflozin did not inhibit the
proliferation of SGLT2-expressing Huh7 and JHH7 cells
(Figure 3B). Tofogliflozin treatment also did not significantly
change the proliferation of these HCC cells under
hyperglycemic and insulin resistance-mimicking conditions
(Figure 3C). In addition, the effects of tofogliflozin on
inflammatory markers were also examined in human cell
lines of hepatocyte Hc and macrophage THP-1. Tofogliflozin
treatment caused no significant change of the mRNA levels
of cytokines, such as IL-1p and IL-6, as well in these cell
lines (Supplementary Figure 2) although several significant
changes were observed in the levels of these cytokines under
hyperglycemic conditions.

DISCUSSION

Obesity, a serious global health problem, and its
related metabolic disorders including T2DM have been
recognized as major risk factors for the development of

HCC [27, 31, 32]. NAFLD is commonly associated with
metabolic syndrome and can progress to NASH, which in
turn leads to liver cirrhosis and HCC development [13].
Accumulating evidence indicates that NAFLD-induced
cirrhosis increases the risk of HCC development in the
absence of other risk factors [33]. Most NAFLD-related
HCCs are believed to develop secondary to a cirrhotic
liver, similar to other etiologies such as chronic hepatitis
virus infection [34]. However, recent evidence also
indicates that NAFLD is strongly associated with the
development of non-cirrhotic HCC [35]. In such cases, the
presence of metabolic syndromes, especially T2DM and
obesity, may promote the development of HCC [3, 9, 10].

The results of the present study provide the first
evidence that tofogliflozin, an antidiabetic SGLT2
inhibitor effectively prevents the development of the
early phase of DEN-induced liver tumorigenesis in obese
and diabetic db/db mice. SGLT2 inhibitors are a new
class of oral antidiabetic drugs, which act by reducing
hyperglycemia by promoting urinary glucose excretion
independently of the secretion or action of insulin [36].
It has been reported that tofogliflozin, a highly selective
SGLT?2 inhibitor [37], reduced the hepatic TG contents
in rodent models [22, 23]. Several studies have also
shown that other SGLT2 inhibitors such as ipragliflozin
and luseogliflozin, alleviate hepatic steatosis and
steatohepatitis in rodents with obesity and T2DM [38,
39]. Consistent with these reports, the present study
demonstrated that tofogliflozin significantly improved
hepatic steatosis and the NAS of DEN-treated db/db
mice. In addition, the expression levels of inflammatory
markers such as F4/80 were suppressed by this agent.
These findings are significant because excess lipid
accumulation in the liver and subsequent inflammation
accelerate hepatic tumorigenesis [11, 40, 41]. However,
the improvement of steatosis and attenuation of chronic
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inflammation may be a key mechanism of specific agents
that suppress obesity- and NAFLD/NASH-related liver
carcinogenesis [28, 42, 43]. Tofogliflozin may ameliorate
hepatic steatosis by decreasing serum FFA levels because
the high influx of FFA into the liver strongly induces
hepatic fat accumulation [11, 41].

The doses of tofogliflozin were thought to be
adequate in this study because they were decided
according to the data of the drug development in the
animal experimentation stage, which showed sufficient
antidiabetic effect without severe adverse reaction. This
might account for decreasing the levels of serum glucose

A Hc

and FFA. In terms of insulin, the serum levels tended to
be higher in tofogliflozin-treated groups although there
was no statistical significance. The observation appears
because tofogliflozin could preserve pancreatic B-cell
function through relatively appropriate control of serum
glucose level as previously reported [44], while chronic
hyperglycaemia caused B-cell dysfunction and impaired
insulin secretion in tofogliflozin-untreated control group.
Therefore, the values of HOMA-R and QUICKI, which
are calculated from the levels of serum glucose and
insulin, might not be remarkably altered by the treatment
with tofogliflozin.

HepG2 HLE Huh7 JHH7

SGLT2

GAPDH

B - Y
| —————

B Huh?

14
12

1
08
0.6
04
0.2

0

Cell Viability /control

Tofogliflozin (pM) 0

C Huh 7

14
12

1
08
0.6
04
0.2

0

Cell viability /control

Glucose (mg/dl)
Insulin (nM) 0 0 200
Tofogliflozin (uM) 0 0 0

0.1 1 10 50
280 280

200
10

JHH7

0.1 1 10 50

JHH7

280 280 280

0 0 200 200
0 0 0 10

Figure 3: Protein expression levels of SGLT2 in human hepatocyte and hepatoma cell lines and effects of tofogliflozin
on the proliferation of the HCC cells. (A) Total protein was extracted from cultured cells and equivalent amounts of protein (10 pg/
lane) were examined by western blot analysis. Primary antibodies for SGLT2 and GAPDH were used. GAPDH served as a loading control.
(B) Cell proliferation assay of Huh7 and JHH7 cells treated with different concentrations of tofogliflozin in vitro. (C) Cell proliferation
assay of Huh7 and JHH7 cells treated under normal glucose, high-glucose, high-glucose and high-insulin, and high-glucose and high-

insulin plus tofogliflozin conditions. Values are expressed as mean + SD.
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The major limitation of our present animal
experiment was that the sample size of the examination
was small. In addition, carcinogen-induced cancers and
gene-modified animals do not always represent human
disease case precisely. Further studies are required using
a large number of rodents in a proper model of the disease
to investigate whether this agent exhibit similar effects as
well.

Originally, SGLT2 was reported to be expressed
in the renal proximal tubules [45]. However, a recent
study demonstrated that certain types of cancer cells
express SGLT2 and its inhibition can decrease the
growth of cancer in vivo [46]. The present study also
revealed that SGLT2 protein was expressed in several
human hepatoma cell lines and, therefore, we examined
whether tofogliflozin directly inhibits the growth of these
cells, which possibly suppresses liver tumorigenesis. In
this study, tofogliflozin did not alter the proliferation of
hepatoma cell lines even under hyperglycemia- and insulin
resistance-mimicking culture conditions. These findings
suggest that tofogliflozin has no direct effect on the growth
of HCC cells and that the suppression of tumorigenesis
observed in the present study might have resulted from the
amelioration of NAFLD/NASH.

In this study, the effects of SGLT2 inhibition on
the expression levels of the SGLT2 were also examined
in vitro. Wang et al. [47] have reported that an SGLT2
inhibitor down-regulated the mRNA levels of SGLT2 in
brush border membrane. Similar to this paper, the SGLT2
mRNA levels were decreased in the human hepatoma cell
HepG?2 by the treatment of tofogliflozin (Supplementary
Figure 3A). However, the tofogliflozin treatment had no
effect on the SGLT2 levels in insulin resistance-mimicking
state (Supplementary Figure 3B). These results indicate
that the doses of tofogliflozin were considered to be
proper in our in vitro study and that the inhibitor may
function inadequately in insulin resistance-mimicking
medium condition. Since the SGLT2 protein levels were
up-regulated by SGLT2 inhibition contrary to mRNA
levels [47], further studies are necessary to investigate the
effects of SGLT inhibitors on the levels of the SGLTs in
cancerous and non-cancerous cells.

Finally, it should be emphasized that targeting
obesity and related metabolic abnormalities using
pharmaceutical and nutraceutical agents may be an
effective strategy for preventing liver carcinogenesis in
obese individuals and antidiabetic agents, in particular,
could be possible candidates for this purpose [16, 48].
Meta-analysis of observational studies showed that
metformin, which can inhibit obesity- and NAFLD/
NASH-related liver tumorigenesis in mice [16], is a
promising agent for reducing the risk of HCC development
[49]. Supplementation with branched-chain amino acids
and acyclic retinoid, which exerted preventive effects
on HCC development in clinical trials [32, 50], also
suppressed DEN-induced liver tumorigenesis in db/

db mice by improving hepatic steatosis and attenuating
chronic inflammation [28, 42].

In summary, tofogliflozin administration appears to
inhibit the progression of NAFLD and the early phase of
the related liver tumorigenesis. The results of the present
study further strengthen our hypothesis that targeting
obesity-induced pathologies such as hepatic steatosis and
chronic inflammation, may be effective for preventing
liver carcinogenesis in patients who are obese and diabetic
with a higher risk of HCC development [14].

MATERIALS AND METHODS

Animals and chemicals

Four-week-old male db/db mice were obtained from
Japan SLC Inc., (Shizuoka, Japan) and were humanely
maintained at the Gifu University Life Science Research
Center in accordance with the Institutional Animal Care
Guidelines. DEN was purchased from Sigma-Aldrich
Chemical Corp., (St. Louis, MO, USA) while tofogliflozin
was kindly provided by Kowa Co., Ltd. (Tokyo, Japan).

Experimental procedure and histopathological
examination

The animal experimental protocol was approved
by the Committee of Institutional Animal Experiments
of Gifu University. At 5 weeks of age, the mice were
randomly divided into three experimental groups and
treated as follows: DEN alone (Group 1, n = 8) and DEN
plus low- and high-dose tofogliflozin (1 and 10 mg/kg in
diet, Groups 2 and 3, respectively, n = 7 each). All the
mice were administered tap water containing 40 ppm DEN
for the first 2 weeks of the experiment. Mice in Group
1 were fed the basal diet (CRF-1, Oriental Yeast, Tokyo,
Japan) throughout the experiment. At 7 weeks old, the
mice in Groups 2 and 3 were fed a basal diet containing
low- and high-dose tofogliflozin, respectively until the end
of the experiment.

At 21 weeks old (after a 14-week tofogliflozin
treatment), all the mice were euthanized to analyze
the development of hepatic prencoplastic lesions
FCA. Maximum sagittal sections of three sublobes
(left lateral and medial and right medial lobes) were
histopathologically examined. For all experimental
groups, 4-um-thick formalin-fixed and paraffin-embedded
liver sections were stained with H&E for conventional
histopathology. The liver histology was evaluated using
NAS system [24].

RNA extraction and qRT-PCR analysis

Total RNA was isolated from the livers of the
experimental mice and cell lines as reported previously
[30, 51]. qRT-PCR analysis was performed using
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previously reported specific primers for CCL2, F4/80, IL-
1, IL-6, TNF-a, and 18S genes [51, 52]. Other primer
sequences are shown in Supplementary Table 2. Each
sample was analyzed using the LightCycler Nano (Roche
Diagnostics, GmbH, Mannheim, Germany) with FastStart
Essential DNA Green Master (Roche Diagnostics).
Parallel amplification of 18S was used as the internal
control.

Clinical chemistry

Blood samples were collected from the inferior vena
cava of the mice during euthanasia after an 8-hour fast and
were used for chemical analyses. Enzyme immunoassay
kits were used to determine serum insulin (Shibayagi,
Gunma, Japan), glucose (BioVision Research Products,
Mountain View, CA, USA), total cholesterol, and free
fatty acid (FFA, all Wako Pure Chemical, Osaka Japan)
levels according to the manufactures’ protocols. Serum
alanine aminotransferase (ALT) levels were measured
using a standard clinical automatic analyzer (type 7180,
Hitachi, Tokyo, Japan). Insulin resistance and insulin
sensitivity were determined by calculating the HOMA-R
and the QUICKI, respectively [27, 28].

Cell lines and culture conditions

The HepG2, HLE, Huh7, and JHH human hepatoma
cell lines and THP-1 human macrophage cell line were
obtained from the Japanese Cancer Research Resources
Bank (Tokyo, Japan). The Hc human normal hepatocyte
cell line was purchased from Cell Systems (Kirkland,
WA, USA). All cells, except for THP-1 in RPMI-1640,
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS, both Invitrogen, Waltham, MA, USA) and 1%
penicillin/streptomycin in an incubator at 37°C exposed
to a humidified atmosphere of 5% CO,.

Protein extraction and western blot analysis

Total protein was extracted from cultured cells, and
equivalent amounts of protein (10 pg/lane) were examined
using western blot as reported previously [53]. Primary
antibodies against SGLT2 (sc-98975) and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH, #2118) are obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA)
and Cell Signaling Technology (Danvers, MA, USA),
respectively. GAPDH served as a loading control.

Proliferation assays and cytokine production in
cell lines

Huh7 or JHH7 cells were seeded in 96-well plates
at a density of 3,000 cells. The following day, the medium
was changed to a serum-free medium and the cells were
treated with the indicated concentrations of tofogliflozin

and glucose or insulin or both for 48 hours. The cell
proliferation assays were performed using the MTS
assay (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. The cells Hc and THP-1 were
treated as previously reported [30, 54] and then total RNA
was isolated from the cells.

Statistical analysis

All the data are presented as mean + standard
deviation (SD) and were analyzed using the JMP 11.0
program (Statistical Analysis Software, SAS Institute
Inc., Cary, NC, USA). A one-way analysis of variance
(ANOVA) was used to compare the groups. If the ANOVA
indicated significant differences, the Tukey-Kramer
multiple comparison test was performed to compare mean
values among the groups. Fisher’s exact test was used to
compare the incidence of liver tumor, and all differences
were considered significant at a two-sided P-value < 0.05.
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ALT, alanine aminotransferase; ANOVA, analysis
of variance; CCL, chemokine (C-C motif) ligand; db/db,
C57BL/KsJ-tLepr®/+Lepr® ; DEN, diethylnitrosamine;
DMEM, Dulbecco’s modified Eagle’s medium; FBS,
fetal bovine serum; FCA, foci of cellular alteration;
FFA, free fatty acid; H&E, hematoxylin and eosin; HCC,
hepatocellular carcinoma; HOMA-R, homeostatic model
assessment of insulin resistance; IL, interleukin; NAFLD,
non-alcoholic fatty liver disease; NASH, non-alcoholic
steatohepatitis; NAS, NAFLD activity score; qRT-PCR,
quantitative real-time reverse transcription-polymerase
chain reaction; QUICKI, quantitative insulin sensitivity
check index; SGLT, sodium glucose cotransporter; TG,
triglycerides; TNF, tumor necrosis factor; T2DM, type 2
diabetes mellitus.

Author contributions

KO and YS designed and performed the experiments
and wrote the paper; AM, TI, TM, and TK performed the
experiments and participated in discussions of the study;
HS and M Seishima participated in discussions of the
study; TT evaluated histopathology; M Shimizu designed
the experiments and edited the draft.

ACKNOWLEDGMENTS
We thank Dr. Hiroyasu Ito for his excellent technical

support and Mss. Miho Yagi, Chiyoko Sano, Hitomi
Fujisawa, and Eriko Kunishima for secretarial assistance.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

www.impactjournals.com/oncotarget

58360

Oncotarget



FUNDING

The work is supported by Grants-in-Aid from the

Ministry of Education, Science, Sports and Culture of
Japan (Grant No. 25460988, 26860498, and 16K19336);
JSPS Core-to-Core Program, A. Advanced Research
Networks.

REFERENCES

10.

11.

12.

13.

Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D.
Global cancer statistics. CA Cancer J Clin. 2011; 61:69-90.

de Martel C, Maucort-Boulch D, Plummer M, Franceschi
S. World-wide relative contribution of hepatitis B and C
viruses in hepatocellular carcinoma. Hepatology. 2015;
62:1190-200.

Calle EE, Kaaks R. Overweight, obesity and cancer:
epidemiological evidence and proposed mechanisms. Nat
Rev Cancer. 2004; 4:579-91.

The global challenge of diabetes. Lancet. 2008; 371:1723.

Cade WT.
macrovascular diseases in the physical therapy setting. Phys
Ther. 2008; 88:1322-35.

Calle EE, Rodriguez C, Walker-Thurmond K, Thun
MI. Overweight, obesity, and mortality from cancer in a
prospectively studied cohort of U.S. adults. N Engl J Med.
2003; 348:1625-38.

Giovannucci E, Harlan DM, Archer MC, Bergenstal RM,
Gapstur SM, Habel LA, Pollak M, Regensteiner JG, Yee
D. Diabetes and cancer: a consensus report. Diabetes Care.
2010; 33:1674-85.

Renehan AG, Tyson M, Egger M, Heller RF, Zwahlen M.
Body-mass index and incidence of cancer: a systematic
review and meta-analysis of prospective observational
studies. Lancet. 2008; 371:569-78.

El-Serag HB, Hampel H, Javadi F. The association between

Diabetes-related  microvascular  and

diabetes and hepatocellular carcinoma: a systematic review
of epidemiologic evidence. Clin Gastroenterol Hepatol.
2006; 4:369-80.

Park EJ, Lee JH, Yu GY, He G, Ali SR, Holzer RG,
Osterreicher CH, Takahashi H, Karin M. Dietary
and genetic obesity promote liver inflammation and
tumorigenesis by enhancing IL-6 and TNF expression. Cell.
2010; 140:197-208.

Siegel AB, Zhu AX. Metabolic syndrome and hepatocellular
carcinoma: two growing epidemics with a potential link.
Cancer. 2009; 115:5651-61.

Du S, Wang C, Jiang W, Li C, Li Y, Feng R, Sun C. The
impact of body weight gain on nonalcoholic fatty liver
disease and metabolic syndrome during earlier and later
adulthood. Diabetes Res Clin Pract. 2016; 116:183-91.

Dam-Larsen S, Becker U, Franzmann MB, Larsen
K, Christoffersen P, Bendtsen F. Final results of a

14.

15.

16.

17.

18.

19.

20.

21.

22.

long-term, clinical follow-up in fatty liver patients. Scand J
Gastroenterol. 2009; 44:1236-43.

Shimizu M, Tanaka T, Moriwaki H. Obesity and
hepatocellular targeting  obesity-related
inflammation for chemoprevention of liver carcinogenesis.
Semin Immunopathol. 2013; 35:191-202.

Shimizu M, Yasuda Y, Sakai H, Kubota M, Terakura D,
Baba A, Ohno T, Kochi T, Tsurumi H, Tanaka T, Moriwaki
H. Pitavastatin suppresses diethylnitrosamine-induced liver
preneoplasms in male C57BL/KsJ-db/db obese mice. BMC
Cancer. 2011; 11:281.

Ohno T, Shimizu M, Shirakami Y, Baba A, Kochi T,
Kubota M, Tsurumi H, Tanaka T, Moriwaki H. Metformin
suppresses diethylnitrosamine-induced liver tumorigenesis
in obese and diabetic C57BL/KsJ-+Leprdb/+Leprdb mice.
PLoS One. 2015; 10:¢0124081.

Imamura M, Nakanishi K, Suzuki T, Ikegai K, Shiraki R,
Ogiyama T, Murakami T, Kurosaki E, Noda A, Kobayashi
Y, Yokota M, Koide T, Kosakai K, et al. Discovery
of Ipraglifiozin (ASP1941): a novel C-glucoside with
benzothiophene structure as a potent and selective sodium
glucose co-transporter 2 (SGLT2) inhibitor for the treatment
of type 2 diabetes mellitus. Bioorg Med Chem. 2012;
20:3263-79.

Tahara A, Kurosaki E, Yokono M, Yamajuku D, Kihara R,
Hayashizaki Y, Takasu T, Imamura M, Qun L, Tomiyama
H, Kobayashi Y, Noda A, Sasamata M, Shibasaki M.
Pharmacological profile of ipragliflozin (ASP1941), a novel

carcinoma:

selective SGLT2 inhibitor, in vitro and in vivo. Naunyn
Schmiedebergs Arch Pharmacol. 2012; 385:423-36.
Fonseca VA, Ferrannini E, Wilding JP, Wilpshaar W,
Dhanjal P, Ball G, Klasen S. Active- and placebo-controlled
dose-finding study to assess the efficacy, safety, and
tolerability of multiple doses of ipragliflozin in patients with
type 2 diabetes mellitus. J Diabetes Complications. 2013;
27:268-73.

Tahara A, Kurosaki E, Yokono M, Yamajuku D, Kihara R,
Hayashizaki Y, Takasu T, Imamura M, Li Q, Tomiyama
H, Kobayashi Y, Noda A, Sasamata M, Shibasaki M.
Effects of sodium-glucose cotransporter 2 selective
inhibitor ipraglifiozin on hyperglycaemia, oxidative stress,
inflammation and liver injury in streptozotocin-induced type
1 diabetic rats. J] Pharm Pharmacol. 2014; 66:975-87.

Yokono M, Takasu T, Hayashizaki Y, Mitsuoka K, Kihara
R, Muramatsu Y, Miyoshi S, Tahara A, Kurosaki E, Li Q,
Tomiyama H, Sasamata M, Shibasaki M, Uchiyama Y.
SGLT?2 selective inhibitor ipragliflozin reduces body fat
mass by increasing fatty acid oxidation in high-fat diet-
induced obese rats. Eur J Pharmacol. 2014; 727:66-74.

Obata A, Kubota N, Kubota T, Iwamoto M, Sato H, Sakurai
Y, Takamoto I, Katsuyama H, Suzuki Y, Fukazawa M, Ikeda
S, Iwayama K, Tokuyama K, et al. Tofogliflozin improves
insulin resistance in skeletal muscle and accelerates

WWw

.impactjournals.com/oncotarget

58361

Oncotarget



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

lipolysis in adipose tissue in male mice. Endocrinology.
2016; 157:1029-42.

Suzuki M, Takeda M, Kito A, Fukazawa M, Yata T,
Yamamoto M, Nagata T, Fukuzawa T, Yamane M, Honda
K, Suzuki Y, Kawabe Y. Tofogliflozin, a sodium/glucose
cotransporter 2 inhibitor, attenuates body weight gain and
fat accumulation in diabetic and obese animal models. Nutr
Diabetes. 2014; 4:e125.

Kleiner DE, Brunt EM, Van Natta M, Behling C, Contos
MIJ, Cummings OW, Ferrell LD, Liu YC, Torbenson
MS, Unalp-Arida A, Yeh M, McCullough AJ, Sanyal AJ,
Nonalcoholic Steatohepatitis Clinical Research Network.
Design and validation of a histological scoring system
for nonalcoholic fatty liver disease. Hepatology. 2005;
41:1313-21.

Jindal A, Bruzzi S, Sutti S, Locatelli I, Bozzola C,
Paternostro C, Parola M, Albano E. Fat-laden macrophages
modulate  lobular inflammation in  nonalcoholic
steatohepatitis (NASH). Exp Mol Pathol. 2015; 99:155-62.

Szabo G, Csak T. Inflammasomes in liver diseases. J
Hepatol. 2012; 57:642-54.

Imai K, Takai K, Nishigaki Y, Shimizu S, Naiki T, Hayashi
H, Uematsu T, Sugihara J, Tomita E, Shimizu M, Nagaki
M, Moriwaki H. Insulin resistance raises the risk for
recurrence of stage I hepatocellular carcinoma after curative
radiofrequency ablation in hepatitis C virus-positive
patients: a prospective, case series study. Hepatol Res.
2010; 40:376-82.

Iwasa J, Shimizu M, Shiraki M, Shirakami Y, Sakai H,
Terakura Y, Takai K, Tsurumi H, Tanaka T, Moriwaki H.
Dietary supplementation with branched-chain amino acids
suppresses diethylnitrosamine-induced liver tumorigenesis
in obese and diabetic C57BL/KsJ-db/db mice. Cancer Sci.
2010; 101:460-7.

Qin XY, Wei F, Tanokura M, Ishibashi N, Shimizu M,
Moriwaki H, Kojima S. The effect of acyclic retinoid on
the metabolomic profiles of hepatocytes and hepatocellular
carcinoma cells. PLoS One. 2013; 8:¢82860.

Shirakami Y, Shimizu M, Adachi S, Sakai H, Nakagawa
H, Hara Y, Moriwaki H.
(-)-Epigallocatechin gallate suppresses the growth of human

T, Yasuda Y, Tsurumi

hepatocellular carcinoma cells by inhibiting activation of
the vascular endothelial growth factor-vascular endothelial
growth factor receptor axis. Cancer Sci. 2009; 100:1957-62.

El-Serag HB, Tran T, Everhart JE. Diabetes increases the
risk of chronic liver disease and hepatocellular carcinoma.
Gastroenterology. 2004; 126:460-8.

Muto Y, Sato S, Watanabe A, Moriwaki H, Suzuki K,
Kato A, Kato M, Nakamura T, Higuchi K, Nishiguchi
S, Kumada H, Ohashi Y, Long-Term Survival Study
Group. Overweight and obesity increase the risk for liver
cancer in patients with liver cirrhosis and long-term oral
supplementation with branched-chain amino acid granules
inhibits liver carcinogenesis in heavier patients with liver
cirrhosis. Hepatol Res. 2006; 35:204-14.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Baffy G, Brunt EM, Caldwell SH. Hepatocellular carcinoma
in non-alcoholic fatty liver disease: an emerging menace. J
Hepatol. 2012; 56:1384-91.

Parkin DM, Bray F, Ferlay J, Pisani P. Global cancer
statistics, 2002. CA Cancer J Clin. 2005; 55:74-108.

Ertle J, Dechene A, Sowa JP, Penndorf V, Herzer K, Kaiser
G, Schlaak JF, Gerken G, Syn WK, Canbay A. Non-
alcoholic fatty liver disease progresses to hepatocellular
carcinoma in the absence of apparent cirrhosis. Int J Cancer.
2011; 128:2436-43.

Tahrani AA, Barnett AH, Bailey CJ. SGLT inhibitors in
management of diabetes. Lancet Diabetes Endocrinol. 2013;
1:140-51.

Utsunomiya K, Shimmoto N, Senda M, Kurihara Y, Gunji
R, Kameda H, Tamura M, Mihara H, Kaku K. Japanese
study of tofogliflozin with type 2 diabetes mellitus
patients in an observational study of the elderly (J-STEP/
EL): a 12-week interim analysis. J Diabetes Invest. 2016;
7:755-63.

Komiya C, Tsuchiya K, Shiba K, Miyachi Y, Furuke S,
Shimazu N, Yamaguchi S, Kanno K, Ogawa Y. Ipragliflozin
improves hepatic steatosis in obese mice and liver
dysfunction in Type 2 diabetic patients irrespective of body
weight reduction. PLoS One. 2016; 11:e0151511.

Qiang S, Nakatsu Y, Seno Y, Fujishiro M, Sakoda H,
Kushiyama A, Mori K, Matsunaga Y, Yamamotoya T,
Kamata H, Asano T. Treatment with the SGLT2 inhibitor
luseogliflozin improves nonalcoholic steatohepatitis in a
rodent model with diabetes mellitus. Diabetol Metab Syndr.
2015; 7:104.

Yang S, Lin HZ, Hwang J, Chacko VP, Diehl AM. Hepatic
hyperplasia in noncirrhotic fatty livers: is obesity-related
hepatic steatosis a premalignant condition? Cancer Res.
2001; 61:5016-23.

Powell EE, Jonsson JR, Clouston AD. Steatosis: co-factor
in other liver diseases. Hepatology. 2005; 42:5-13.
Shimizu M, Sakai H, Shirakami Y, Iwasa J, Yasuda Y,
Kubota M, Takai K, Tsurumi H, Tanaka T, Moriwaki H.
inhibits
liver tumorigenesis in obese and diabetic C57BLKS/J-
+(db)/+Lepr(db) mice. Cancer Prev Res. 2011; 4:128-36.

Shimizu M, Sakai H, Shirakami Y, Yasuda Y, Kubota M,
Terakura D, Baba A, Ohno T, Hara Y, Tanaka T, Moriwaki
H. Preventive effects of (-)-epigallocatechin gallate on
diethylnitrosamine-induced liver tumorigenesis in obese
and diabetic C57BL/KsJ-db/db Mice. Cancer Prev Res.
2011; 4:396-403.

Nagata T, Fukuzawa T, Takeda M, Fukazawa M, Mori T,
Nihei T, Honda K, Suzuki Y, Kawabe Y. Tofogliflozin, a
novel sodium-glucose co-transporter 2 inhibitor, improves

Acyclic  retinoid diethylnitrosamine-induced

renal and pancreatic function in db/db mice. Br J Pharmacol.
2013; 170:519-31.

Chao EC, Henry RR. SGLT?2 inhibition--a novel strategy for
diabetes treatment. Nat Rev Drug Discov. 2010; 9:551-9.

www.impactjournals.com/oncotarget

58362

Oncotarget



46.

47.

48.

49.

50.

Scafoglio C, Hirayama BA, Kepe V, Liu J, Ghezzi C,
Satyamurthy N, Moatamed NA, Huang J, Koepsell H,
Barrio JR, Wright EM. Functional expression of sodium-
glucose transporters in cancer. Proc Natl Acad Sci U S A.
2015; 112:E4111-9.

Wang XX, Levi J, Luo Y, Myakala K, Herman-Edelstein
M, Qiu L, Wang D, Peng Y, Grenz A, Lucia S, Dobrinskikh
E, D'Agati VD, Koepsell H, et al. SGLT2 expression is
increased in human diabetic nephropathy: SGLT2 inhibition
decreases renal lipid accumulation, inflammation and the
development of nephropathy in diabetic mice. J Biol Chem.
2017;292:5335-48.

Ideta T, Shirakami Y, Miyazaki T, Kochi T, Sakai H,
Moriwaki H, Shimizu M. The dipeptidyl peptidase-4
inhibitor teneligliptin attenuates hepatic lipogenesis via
AMPK activation in non-alcoholic fatty liver disease model
mice. Int J Mol Sci. 2015; 16:29207-18.

Singh S, Singh PP, Singh AG, Murad MH, Sanchez W. Anti-
diabetic medications and the risk of hepatocellular cancer:
a systematic review and meta-analysis. Am J Gastroenterol.
2013; 108:881-91; quiz 92.

Muto Y, Moriwaki H, Ninomiya M, Adachi S, Saito A,
Takasaki KT, Tanaka T, Tsurumi K, Okuno M, Tomita
E, Nakamura T, Kojima T. Prevention of second primary

51.

52.

53.

54.

tumors by an acyclic retinoid, polyprenoic acid, in patients
with hepatocellular carcinoma. Hepatoma Prevention Study
Group. N Engl J Med. 1996; 334:1561-7.

Shirakami Y, Shimizu M, Kubota M, Ohno T, Kochi T,
Nakamura N, Sumi T, Tanaka T, Moriwaki H, Seishima M.
Pentoxifylline prevents nonalcoholic steatohepatitis-related
liver pre-neoplasms by inhibiting hepatic inflammation and
lipogenesis. Eur J Cancer Prev. 2016; 25:206-15.

Miyazaki T, Shirakami Y, Kubota M, Ideta T, Kochi T, Sakai
H, Tanaka T, Moriwaki H, Shimizu M. Sodium alginate
prevents progression of non-alcoholic steatohepatitis and
liver carcinogenesis in obese and diabetic mice. Oncotarget.
2016; 7:10448-58. doi: 10.18632/oncotarget.7249.
Shirakami Y, ME, WS.
Diethylnitrosamine-induced  hepatocarcinogenesis  is
suppressed in lecithin:retinol acyltransferase-deficient

Gottesman Blaner

mice primarily through retinoid actions immediately
after carcinogen administration. Carcinogenesis. 2012;
33:268-74.

Park EK, Jung HS, Yang HI, Yoo MC, Kim C, Kim KS.
Optimized THP-1 differentiation is required for the

detection of responses to weak stimuli. Inflamm Res. 2007;
56:45-50.

www.impactjournals.com/oncotarget

58363

Oncotarget



