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The role of sphingosine 1-phosphate (S1P) and its sphingosine-1-phosphate receptors (S1PRs) in non-
alcoholic steatohepatitis (NASH) is unclear. We aimed to analyze the role of S1P/S1PRs in a
Melanocortin-4 receptor (Mc4r)-deficient NASH murine model using FTY720, the functional antagonist
of S1PR1, S1PR3, S1PR4, and S1PR5, and JTE-013, the antagonist of S1PR2. We observed that, compared to
that in the control, the mRNA of S1pr1 tended to decrease, whereas those of S1pr2 and S1pr3 significantly
increased in Mc4r-knockout (KO) mice subjected to a Western diet (WD). While the fat area did not differ,
fibrosis progression differed significantly between control mice and mice in which liver SIPRs were
blocked. Lipidomic and metabolomic analysis of liver tissues showed that JTE-013-administered mice
showed elevation of S-adenosyl-.-methionine level, which can induce aberrant methylation due to
reduction in glycine N-methyltransferase (GNMT) and elevation in diacylglycerol (DG) and triacylglycerol
(TG) levels, leading to increased susceptibility to hepatocellular carcinoma (HCC). These phenotypes are
similar to those of Gnmt-KO mice, suggesting that blocking the S1P/S1PR2 axis triggers aberrant
methylation, which may increase DG and TG, and hepatocarcinogenesis. Our observations that the S1P/
S1PR2 axis averts HCC occurrence may assist in HCC prevention in NASH.

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

patients with NASH, lipid-related research, especially on sphingo-
sine 1-phosphate (S1P), is also increasing.

Owing to the recent development of drugs for hepatitis B and C
viruses, the prevalence of virus-related cirrhosis and hepatocellular
carcinoma (HCC) is rapidly decreasing in developing countries. In
contrast, non-alcoholic fatty liver disease (NAFLD) is becoming the
major etiology of chronic liver diseases, in which patients with non-
alcoholic steatohepatitis (NASH) are at high risk of developing liver
fibrosis and HCC [1]. Along with the increase in the number of
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S1P is a pluripotent bioactive signaling molecule generated by
the phosphorylation of sphingosine by sphingosine kinase (SPHK) 1
and 2. S1P can bind and activate a family of five sphingosine-1-
phosphate receptors (S1PR1-5), which can initiate a diverse
range of cellular responses, including cell growth, survival, differ-
entiation, migration, vascular integrity, lymphocyte trafficking,
immune responses. The distribution of S1PRs is tissue-specific: for
example, SIPR1-3 are expressed in various tissues including the
liver; in contrast, the expression of S1PR4 and S1PR5 is restricted to
specific organs but absent in the liver. In particular, SIPR4 is
expressed in the lung, thymus, and spleen, while S1PR5 is
expressed in the brain, skin, and spleen [2—4].

Reports show that, during disease progression in a mouse model
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Abbreviations

S1P sphingosine 1-phosphate

S1PR sphingosine-1-phosphate receptor
NASH non-alcoholic steatohepatitis
MC4R melanocortin-4 receptor

HFD high-fat diet

HCC hepatocellular carcinoma

KO knockout

SPHK sphingosine kinase

GNMT glycine N-methyltransferase
NAFLD non-alcoholic fatty liver disease
WD Western diet

SAMe S-adenosyl-L.-methionine

DG diacylglycerol

TG triacylglycerol

MCD methionine-choline-deficient diet
ND normal diet

PCR polymerase chain reaction

PC phosphatidylcholine

PEMT phosphatidylethanolamine N-methyltransferase

of high-fat diet (HFD)-induced NAFLD, the S1P level increases in the
liver [5]. Other studies have reported that the level of ceramide, the
precursor of S1P, increases in NAFLD patients. These studies sug-
gested that S1P played an important role in the pathophysiology of
NAFLD [6]. Certain agonists, or antagonists, such as FTY720 and JTE-
013, respectively, are used to analyze the role of the SPHK/S1P/S1PR
axis in disease models [3,7,8]. FTY720, a substrate for SPHK, leads to
the formation of phosphorylated FTY720, which competitively
binds to S1PR1, 3, 4, and 5, resulting in their internalization and
degradation, and eventually in the downregulation of S1PRs. Thus,
FTY720 is a pharmacological agonist that acts as a functional
antagonist by downregulating the S1P receptor. FTY720 is known to
modulate the immune system by egressing lymphocytes from
lymph nodes, and hence this drug is approved for treating multiple
sclerosis [9]. JTE-013 is an S1PR2 antagonist; however, the role of
S1PR2 has not been extensively investigated [8].

Melanocortin-4 receptor (Mc4r)-deficient mice fed HFD or
Western diet (WD) are reported to act as a NASH mouse model with
a phenotype similar to that of human NASH. MC4R is expressed in
the hypothalamic nuclei and functions to regulate food intake and
body weight; thus, this knockout (KO) mouse cannot control
appetite and shows features similar to those observed in humans
with NASH, such as obesity, insulin resistance, and liver steatosis.
Steatohepatitis with fibrosis was observed 28 weeks after birth
when HFD was started 8 weeks post-birth. In addition, HCC is often
detected in this model approximately 1 year after birth. Thus, we
can evaluate the effectiveness of certain drugs used for treating
steatosis, fibrosis, and carcinogenesis in NASH using this mouse
model [10—12].

In this study, we aimed to analyze the role of the SPHK/S1P/S1PR
axis in steatosis, fibrosis, and carcinogenesis using Mc4r-KO NASH
mouse model, and FTY720 and JTE-013.

2. Methods
2.1. Mice and diet
Mc4r-KO mice with a C57BL/6] background were provided by

Joel K Elmquist (University of Texas Southern Medical Center, Dal-
las, TX, USA). Seven-week-old C57BL/6] male mice were purchased

from Charles River (Yokohama, Japan). Individual cages housed four
randomly selected mice in a 12-h day/night cycle, and the animals
were allowed free access to food and water. All animal experiments
were conducted in compliance with the regulations and approved
by the Institutional Animal Care and Committee at the Niigata
University.

We evaluated two different NASH mouse models: WD (Research
Diets, Inc., New Brunswick, NJ, USA)-fed Mc4r-KO mice. Mice were
fed with WD from 8 weeks of age and followed up to 6 weeks, 20
weeks, and 52 weeks after starting the WD. ND; CE-2, CLEA Japan,
Inc., Tokyo, Japan)-fed Mc4r-KO mice were used as the control
group. (Supplemental Fig. 1).

2.2. FTY720 and JTE-013

To identify the role of S1PRs in NASH, we used FTY720/fingoli-
mod (Cayman Chemical, Ann Arbor, MI, USA) as a functional
antagonist that binds to four of the S1P receptors (S1PR1, S1PR3,
S1PR4, and S1PR5) and JTE-013 (Cayman Chemical) as the antag-
onist of SIPR2. After feeding mice WD for 16 weeks, therapy with
FTY720, JTE-013, or vehicle was performed for 4 weeks. FTY720 and
JTE-013 were administered intraperitoneally at 10 mg/kg twice a
week for 4 weeks. The mice were analyzed after eight injections
(Supplemental Fig. 2).

2.3. Statistical analysis

Statistical analysis was performed using the GraphPad Prism6
software (GraphPad Software Inc., La Jolla, CA, USA). Data have been
presented as the mean + standard deviation. The results were
assessed using the Student’s t-test. Differences between groups
were analyzed using one-way analysis of variance. Differences were
considered significant when P < 0.05.

Further description of the materials and methods used are

provided in supplemental information.
3. Results

3.1. Expression pattern of S1P receptors and Sphk during the
development of steatohepatitis

Initially, we analyzed the mRNA expression pattern of S1pr1—3
and Sphks using Mc4r-KO mouse. WD was started from 8 weeks of
age, and the mice were analyzed 20 weeks later. Animals of the
same age on a normal diet (ND) were compared (Supplemental
Fig. 1). In this study, Siprl expression tended to decrease
(P = 0.13), while S1pr2 (P = 0.03) and S1pr3 (P = 0.04) expression
increased significantly compared to that of the control. Although
the Sphkl expression was significantly higher than that in the
control (P < 0.01), Sphk2 expression did not change significantly
(P = 0.23) (Fig. 1A). Next, we analyzed the expression pattern of
Siprs and Sphks for 1 year. During the follow-up, S1pr1 expression
decreased significantly; in contrast, S1pr2 expression increased
significantly (P < 0.05), whereas that of Sipr3 did not change
appreciably. Sphk1 expression increased significantly with time,
whereas that of Sphk2 decreased significantly (P < 0.01) (Fig. 1B).
These results showed that during NASH development, S1P pro-
duction and the expression pattern of S1prs changed significantly,
which implied that SIPR1-and S1PR2-related signals were impor-
tant for the pathophysiology of NASH.

Blocking of S1P by FTY720 and JTE-013 Tended to Deteriorate
Liver Damage and Fibrosis Progression.

To analyze the role of SIPR1-3 in Mc4r-KO mice, we used
FTY720, which can block all signals except for S1PR2, and JTE-013,
which blocks S1PR2. Mc4r-KO mice were fed with ND or WD from 8
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Fig. 1. Expression pattern of S1P receptors and sphingosine kinases (Sphks) during the development of steatohepatitis in different non-alcoholic steatohepatitis mouse models. Data
have been presented as means + standard deviation. (A) Changes in the mRNA expression pattern in Mc4r-KO mice fed with WD (ND; n = 8, WD; n = 7) compared to control mice.
(B) mRNA expression changes with time in Mc4r-KO mice fed with WD (n = 4—7) (*P < 0.05, **P < 0.01, n.d. no significant difference).

weeks after birth and were analyzed 20 weeks later; during the last
4 weeks, vehicle (WD-vehicle), FTY720, or JTE-013 were adminis-
tered intraperitoneally twice a week in the WD groups
(Supplemental Fig. 2). Mice fed with WD tended to have high liver-
to-body weight ratio and serum levels of aspartate transaminase,
alanine transaminase, and total cholesterol. Mice in the JTE-013 and
FTY720 groups tended to have high serum levels of aspartate
transaminase (AST) and alanine transaminase (ALT), which, how-
ever, was not significant compared to that of the WD-vehicle group
(Fig. 2A). Real-time Polymerase Chain Reaction (PCR) analysis using
liver tissues revealed that mice fed with WD also tended to have
high levels of inflammatory cytokines and growth factors such as
116, Tnfa, and Tgfb, and chemokines such as Cxcl2, Ccl2, and Cxcr4.
Mice in the JTE-013 and FTY720 groups tended to express high
levels of Tnfa, Tgfb, Cxcl2, Ccl2, and Cxcr4 in the liver, which, how-
ever, was not significant compared to that in the WD-vehicle group
(Supplemental Fig. 3). These results showed that mice in the WD
group, especially those subjected to JTE-013 and FTY720 treatment,
tended to show high levels of inflammation. Next, fat accumulation
in the liver was evaluated by calculating the fat area in the liver
tissue; however, we did not detect any significant difference in fat

accumulation in these tissues (Fig. 2B and E). However, the number
of hepatic crown-like structure (hCLS), which is F4/80+ and is
involved in the development of hepatic inflammation and fibrosis
in Mc4r-KO mice fed with a WD, and TUNEL + cells were signifi-
cantly increased in the JTE-013 and FTY720 groups compared to
that in the WD-vehicle group (P < 0.01) (Fig. 2C and F and
Supplemental Fig. 4) [13]. Finally, fibrosis was evaluated using
Sirius Red staining and real-time PCR on liver tissues. Samples from
both JTE-013 and FTY720 groups showed higher fibrosis area than
those from the WD-vehicle group after Sirius Red staining
(P < 0.01) (Fig. 2D and G), and the same tendency was observed in
the real-time PCR analysis of Timpl, Mmp2, and Collal
(Supplemental Fig. 5). These results demonstrated that, although
not all differences were statistically significant, blockade of the
SPHK/S1P/S1PR axis tended to adversely affect liver inflammation
and fibrosis.

3.2. Blocking of S1PR2 by JTE-013 increased susceptibility to HCC

Next, we analyzed tumor formation using the same model, as
mentioned above. Intriguingly, tumor formation was observed only
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Fig. 2. Therapeutic effect of FTY720 and JTE-013 in WD-fed Mc4r- KO mice. Data have been presented as means + standard deviation. (A) Liver-to-body weight ratio and serum
levels of aspartate transaminase (AST), alanine transaminase (ALT), and total cholesterol (T-Cho) were analyzed. (B) Hematoxylin and eosin staining (scale bar: 100 um) and (C)
Immunohistochemical analyses for F4/80 have been shown (scale bar: 100 um). Black arrows reveal hepatic crown-like structures (hCLS). (D) Sirius Red staining (scale bar: 500 pm).
(E) Fat accumulation in the liver evaluated by calculating the area of fat in the liver tissue. (n = 7—8) (F) Number of hCLS. (n = 7—8) (G) The frequency of occurrence of Sirius Red-

stained area were analyzed using Image J (n = 7—8) (*P < 0.05, **P < 0.01). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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in the JTE-013 group (3 of 8 mice, 37.5%) but not in other groups,
including the FTY720 group (Fig. 3A). One tumor was formed per
mouse, and tumors were not observed in other organs. Pathological
analysis of the tumor revealed fat accumulation, and the tumor was
similar to well-differentiated HCC (Fig. 3B). We also evaluated the
cell growth potential using Ki-67 staining; results showed that the
number of Ki-67+ tumor cells was approximately 20 cells/field and

was significantly higher than that in non-tumor cells (Fig. 3C). Thus,
blocking S1PR2 with JTE-013 increased the susceptibility to HCC. To
further analyze the mechanisms underlying this phenomenon,
lipidomics and metabolomics analyses were performed using in-
dividual liver tissues.

Blocking of S1PR2 by JTE-013 Showed the Same Phenotype as
That in Gnmt-KO Mice.
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Fig. 3. Hepatocellular carcinoma (HCC) after FTY720 or JTE-013 administration. Data have been presented as means + standard deviation. (A) The number of mice with HCC was
calculated. (B) Hematoxylin and eosin (HE) staining and immunohistochemical analysis for Ki-67 have been shown (Upper panels; HE staining, lower panels; Ki-67 staining, scale
bar: 500 um). (C) Number of immune-positive cells for Ki-67 in the tumor area and non-tumor area have been shown (**P < 0.01). i.p., intraperitoneal.
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First, lipidomics was performed to analyze the lipid profile. The
differences between the two groups were analyzed using a differ-
ential map. Compared to ND-control mice, a wide range of changes
were observed in Mc4r-KO mice fed with WD. In WD-fed mice, the
FTY720 group and WD-control group did not differ significantly;
however, the JTE-013 and WD-control groups, especially the JTE-
013 and FTY720 groups, differed considerably (Supplemental
Fig. 6). The heat map and metabolic map revealed that mainly
diacylglycerol (DG) and some triacylglycerol (TG) accumulated in
the liver (Fig. 4A). For example, a comparison of the JTE-013 group
with the FTY720 group revealed that the levels of DG (38:4),
arachidonate (20:4), and DG (38:3) had increased (Supplemental
Fig. 7). These results revealed that the lipid content, mainly those
of DG and TG, in the liver, were increased by blocking the SPHK/
S1P/S1PR2 axis.

Next, we performed a metabolomics analysis. We observed that
the S-adenosyl-.-methionine (SAMe) level had increased, and that
of S-adenosyl-L.-homocysteine had decreased in the JTE-013 group
(Fig. 4B). The first step in mammalian methionine metabolism is
the conversion to SAMe and transfer of the methyl group of SAMe
to various substances, such as DNA, RNA, histones, and small
molecules such as glycine, guanidinoacetate, and phosphatidyl-
ethanolamine, with the formation of S-adenosyl-.-homocysteine.
S-adenosyl-i-homocysteine is an inhibitor of many SAMe-
dependent methyltransferases. Glycine N-methyltransferase
(GNMT) is one of the key enzymes involved in methionine and
SAMe metabolism, and Gnmt-KO mice, characterized by highly
elevated SAMe and methionine levels, have been reported to
develop steatosis, fibrosis, and HCC [14,15]. As the SAMe level had
increased and the S-adenosyl-L-homocysteine level had decreased
in the JTE-013 group, and liver tumor formation was observed only
in this group, we suspected that GNMT levels in this group would
be low. Thus, Western blot analysis was performed, and, expect-
edly, the GNMT levels in the liver of the JTE-013 group were low
(Fig. 4C). These results suggested that blocking the SPHK/S1P/
S1PR2 axis increased the susceptibility to HCC by decreasing the
GNMT level. Martinez-Una et al. reported that, when hepatic SAMe
accumulation occurs in Gnmt-KO mice, an adaptive route of phos-
phatidylcholine (PC) synthesis via the phosphatidylethanolamine
N-methyltransferase (PEMT) pathway was stimulated to reduce
SAMe, and the excess DG generated was catabolized, leading to TG
synthesis and steatosis [15]. Thus, we determined the status of PC
and phosphatidylethanolamine (PE) in the JTE-013 group and
found that PC/PE ratio in the liver tended to increase in the JTE-013
group as compared to other groups (Supplemental Fig. 8,
Supplemental Fig. 9). All these results revealed that blocking S1PR2
with JTE-013 promoted a phenotype similar to that observed in
Gnmt-KO mice (Fig. 4D).

4. Discussion

This study provides the first evidence connecting the blockage
of the SPHK/S1P/S1PR2 axis to SAMe elevation, which is involved in
methionine metabolism. The following occurred when the SPHK/
S1P/S1PR2 axis was blocked in the NASH mouse (Mc4r-KO) model:
1) DG and TG levels increased in liver tissues, as observed using
lipidomics; 2) SAMe level was increased, and GNMT level was
decreased in the liver tissues, as observed using metabolomics and
western blotting, respectively; and 3) susceptibility to HCC
increased, as observed using liver histology. These results corrob-
orated the previously reported phenotype of Gnmt-KO mice, in
which SAMe accumulation was observed, resulting in aberrant
methylation due to the lack of catalysis of SAMe by GNMT, and

subsequently increasing the susceptibility to HCC. Reports show
that GNMT is absent in HCC, and its mRNA levels are significantly
lower in the livers of patients at risk of developing HCC; hence,
GNMT has been proposed to be a tumor susceptibility gene for liver
cancer [14,15]. Furthermore, as an adaptive response to hepatic
SAMe accumulation, PC synthesis via the PEMT pathway is stimu-
lated, and the excess DG generated is catabolized in this Gnmt-KO
mouse, leading to TG synthesis and steatosis (Fig. 4E; highlight).
GNMT protein may be downregulated when liver damage occurs. In
this study, we showed that Mc4r-KO mice in the FTY720 group had
nearly the same levels of liver damage (transaminase levels, area of
fat in the liver, and frequency of fibrosis area) as those in the JTE-
013 group; however, the GNMT levels and lipid contents and
occurrence of HCCs clearly differed between these groups. Thus,
liver damage alone did not determine the levels of GNMT, and the
difference was caused by differences in the FTY720 and JTE-013
groups (the signals of SIP/S1PR axis). These observations clearly
show the new interface between the SPHK/S1P/S1PR axis and
cancer progression in NASH, which will be beneficial for preventing
steatosis and cancer in the future.

Recently, the pathobiology of S1P is being extensively investi-
gated for identifying new therapeutic targets in acute and chronic
liver diseases, including NAFLD. The role of S1P in acute and chronic
liver disease is controversial. Although many studies have sug-
gested that S1P contributes to liver damage by recruiting and
activating the immune cells that cause it, some studies have
demonstrated its protective role in hepatocyte apoptosis [16,17].
Several papers have also analyzed the specific role of S1PRs using
FTY720 and JTE-013 in models of acute and chronic liver damage.
S1PR1 is often reported to be related to the regulation of trafficking
and activation of immune cells. Kaneko et al. reported that FTY720
and KRP203, functional antagonists of S1PR1, protected from
concanavalin-A-mediated T cell-dependent acute liver injury by
reducing the recruitment of inflammatory cells [18]. Another study
reported that FTY720 reduced the liver/body weight ratio along
with hepatic inflammation, fibrosis, and hepatocyte ballooning in
the NAFLD mouse model [9], indicating that FTY720 played a pro-
tective role. However, in our study, 4 weeks of administration of
FTY720 did not improve liver inflammation, steatosis, and fibrosis.
Hence, we assumed that 4 weeks of FTY720 administration were
not sufficient to observe the abovementioned effect. In addition,
these differences might have arisen due to variations in the mouse
model used. We believe that further studies custom-designed for
the situation are required to determine the role of S1PR1 or FTY720
in liver diseases. Compared to studies on S1PR1, those on S1PR2 are
limited in number. Wang et al. reported that, when S1PR2 was
blocked using JTE-013 in the CCl4-induced liver fibrosis model, a
significant attenuation of serum ALT levels, exosome number,
collagen I mRNA expression, Sirius Red staining, and a-smooth
muscle actin and collagen I protein expression was observed in the
liver tissue compared to that in mice treated with CCl4 alone [19].
Another study reported that, in a bile duct ligation-induced liver
fibrosis model, JTE-013 significantly reduced total bile acid levels
after serum and cholestatic liver injury [20]. In our study, we did
not observe the protective effect, which, however, might be due to
the mouse model used. Nagahashi et al. reported the expression of
genes encoding S1PR2 in primary mouse hepatocytes differentially
upregulated genes encoding enzyme/nuclear receptors involved in
sterol and lipid metabolism. Both S1pr2-KO and Sphk2-KO mice
rapidly developed fatty livers on HFD with an accumulation of
cholesterol and TG. Furthermore, they observed that both S1pr2-KO
and Sphk2-KO mice on ND also accumulated lipids in the liver,
although to a considerably lesser extent than those in mice on HFD.
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from our results regarding the mechanism underlying the development of HCC after the sphingosine-1-phosphate receptor (S1PR) 2 blockage. SAMe, S-adenosyl-.-methionine;
SAH, S-adenosyl-L-homocysteine; DG, diacylglycerol; TG, triacylglycerol. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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They speculated that the genes involved in the transport and
metabolism of lipids (i.e., Apob and Cpt1a) were not upregulated in
the liver of Sphk2-or S1pr2-deficient animals, leading to fatty liver
development [21]. Our study also suggests that blocking S1PR2
with JTE-013 in Mc4r-KO mice resulted in the accumulation of DG
and TG in the liver. This observation, together with the results of
Nagahashi et al. suggests that the SPHK/S1P/S1PR2 axis can be a
target for the treatment of liver steatosis.

The function of S1P, which is related to cell proliferation, dif-
ferentiation, angiogenesis, chemotaxis, and migration, is naturally
related to cancer biology. Each of these S1PRs appears to be tissue-
specific and has demonstrated to be involved in the regulation of
cell proliferation and survival in various cancer types.

The roles of SIPR2 in cancer remain controversial. SIPR2 has
been reported to act both as anti- and pro-cancer receptor. For
instance, in melanoma, glioblastoma, and B-cell lymphoma, S1PR2
acts as an anticancer receptor. On the other hand, the role of S1PR2
as a carcinogenic receptor has been reported in prostate cancer. A
review on the role of SIPR2 in cancer mentions that the effect of
this receptor on tumor growth and progression is cell type-specific,
possibly due to its coupling with particular G proteins, which reg-
ulates biological functions [22]. Thus, despite the context-specific,
controversial evidence, we report the anticancer receptor activity
of S1PR2 in the liver of the NASH mice. Although we did not detect
cancer in other organs, we shall investigate further the occurrence
of cancer in other organs.

The main limitation of this study was that, although our findings
supported the previously reported phenotype of the Gnmt-KO
mouse, which showed SAMe accumulation and aberrant methyl-
ation due to the lack of the SAMe catalysis by GNMT, resulting in
increased susceptibility to HCC, we could not identify the pathway
connecting S1PR2 and GNMT downregulation.

This study provides the first evidence connecting the blockage
of the SPHK/S1P/S1PR2 axis with the acceleration of the occurrence
of HCC. We believe that our findings on the antioncogenic activity
of S1PR2 receptor will pave the way for the identification of target
drugs to reduce the occurrence of HCC among patients with NAFLD.
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