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Inhibition of S1P Receptor 2 Attenuates Endothelial Dysfunction
and Inhibits Atherogenesis in Apolipoprotein E-Deficient Mice
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Aim: The bioactive lipid, sphingosine-1-phosphate (S1P), has various roles in the physiology and pathophysiol-
ogy of many diseases. There are five SI1P receptors; however, the role of each S1P receptor in atherogenesis is still
obscure. Here we investigated the contribution of S1P receptor 2 (S1P2) to atherogenesis by using a specific
S1P2 antagonist, ONO-5430514, in apolipoprotein E-deficient (4poe™ ") mice.

Methods: Apoe™'~ mice fed with a western-type diet (WTD) received ONO-5430514 (30 mg/kg/day) or vehi-
cle. To examine the effect on atherogenesis, Sudan IV staining, histological analysis, qPCR, and vascular reactiv-
ity assay was performed. Human umbilical vein endothelial cells (HUVEC) were used for in vitro experiments.

Results: WTD-fed Apoe™~ mice had significantly higher S1P2 expression in the aorta compared with wild-type
mice. S1P2 antagonist treatment for 20 weeks reduced atherosclerotic lesion development (p<0.05). S1P2
antagonist treatment for 8 weeks ameliorated endothelial dysfunction (p<0.05) accompanied with significant
reduction of lipid deposition, macrophage accumulation, and inflammatory molecule expression in the aorta
compared with vehicle. SIP2 antagonist attenuated the phosphorylation of JNK in the abdominal aorta com-
pared with vehicle (»p<0.05). In HUVEC, S1P promoted inflammatory molecule expression such as MCP-1 and
VCAM-1 (p<0.001), which was attenuated by S1P2 antagonist or a JNK inhibitor (»<0.01). S1P2 antagonist
also inhibited S1P-induced JNK phosphorylation in HUVEC (p<0.05).

Conclusions: Our results suggested that an S1P2 antagonist attenuates endothelial dysfunction and prevents
atherogenesis. S1P2, which promotes inflammatory activation of endothelial cells, might be a therapeutic target
for atherosclerosis.

Key words: Atherosclerosis, Inflammation, Endothelial function, S1P2 receptor, S1P

Abbreviations: Ach: acetylcholine, ANOVA: analysis of variance, Apoe™ : apolipoprotein E-deficient,
DMSO: dimethyl sulfoxide, HUVEC: human umbilical vein endothelial cell, ICAM-1: intercellular adhesion
molecule-1, MCP-1: monocyte chemoattractant protein-1, MOMA2: monocyte/macrophage marker-2,
qPCR: quantitative real-time PCR, S1P: sphingosine-1-phosphate, S1P2: S1P receptor 2, SNP: sodium
nitroprusside, VCAM-1: vascular cell adhesion molecule-1, WTD: western-type diet

of morbidity and mortality worldwide® ?. A crucial

1. Introduction factor in the development of atherosclerosis is vascular

Atherosclerosis, a chronic inflammatory disease, wall inflammation, which involves complex interac-
is characterized by thickening of the arterial wall and tions of modified lipoproteins, various bioactive sub-
is the primary cause of cardiovascular disease and cere- stances, inflammatory cells such as macrophages or
brovascular accidents, two of the most common causes foam cells, lymphocytes, endothelial cells, and smooth
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muscle cells>.

Sphingosine-1-phosphate (S1P), one of the bio-
active lipids, has various physiological and pathophysi-
ological roles®'V. Sphingosine-1-phosphate receptors,
G-protein-coupled receptors, mediate these roles of
S1P, contributing biological activities such as cell
growth, differentiation, proliferation, migration, and
barrier function in many cell types and tissues'*'®.
Numerous studies have shown the role of these S1P
receptors in vascular function and development'”.
S1P receptors 1-3 are widely expressed in vascular
cells, playing predominant roles in the vasculature®”.
Although some overlap is present, not only the expres-
sion pattern and signaling pathways but also the func-
tions of these receptors are diverse?"??. Among these
S1P receptors, S1P receptor 2 (S1P2) has various bio-
logical and pathobiological roles in the vasculature.
Previous studies demonstrated that S1P2 regulates
endothelial barrier integrity’ and angiogenesis®”.
Several studies have also demonstrated a role of S1P2
in atherogenesis. S1P2 deficiency inhibited pro-
inflammatory responses of macrophages and attenu-
ated atherogenesis in apolipoprotein E-deficient
(Apoe™") mice®. Moreover, the role of SIP2 in the
regulation of vascular tone has been reported®?¥.
Because several studies reported both vasodilatory and
vasoconstrictive effects, the role of SIP2 in vascular
tone seems to be bidirectional and dependent on the
vascular bed and disease context®?®. Vascular tone,
which is partially mediated by endothelial function, is
associated with the development of atherosclerosis.
Therefore, to investigate the role of SIP2 in the devel-
opment of endothelial dysfunction and atherosclerosis
in a hypercholesterolemic mouse model, we adminis-
tered a novel S1P2 antagonist to Apoe™ ™ mice in this
study.

2. Materials and Methods

2.1. Animals and Drug Administration

Apoe™ ™ mice (C57BL/6] background), a hyperc-
holesterolemic mouse model of atherosclerosis, and
C57BL/6] (wild type) mice were originally purchased
from The Jackson Laboratory and Japan SLC, Inc.,
respectively. S1P2 antagonist, ONO-5430514, was
supplied by ONO Pharmaceutical Co., Ltd. Process
of the development of ONO-5430514 was previously
published Y. In this study, we reported antagonistic
action of ONO-5430514; however, we cannot open

detail structure of it from the patent issue. From 8
weeks of age, male Apoe™'~ mice were fed a western-
type diet (WTD) and received S1P2 antagonist (30
mg/kg/day) by oral gavage for 20 weeks to examine its
effects on atherogenesis. To investigate the effect of
S1P2 antagonist on endothelial function at the early
stage of atherosclerosis, the same dose of S1P2 antago-
nist was administered to 8-week-old male Apoe™~
mice for 8 weeks. Vehicle-treated animals with WTD
served as the control. Mice were maintained under
controlled lighting (12 h light/dark) and temperature
(24C) conditions. All animal experimental procedures
conformed to the guidelines for animal experimenta-
tion of Tokushima University.

2.2. Antagonistic Action of ONO-5430514

Antagonistic action of ONO-5430514 was con-
firmed with the intracellular Ca** assay®. Briefly,
Chinese hamster ovary cells overexpressing human
LPA1, S1P3, S1P2, or LPA2 were incubated in Fura2-
AM solution (5 pM) [a Ham’s F12 medium contain-
ing 10% FBS, 20 mM HEPES buffer (pH 7.2-7.5),
and 2.5 mM probenecid] at 37C for 60 min, and
cells were then washed with Hank’s balanced saline
containing 20 mM HEPES buffer (pH 7.2-7.5) and
2.5 mM probenecid. Cells were immersed in the same
solution, and the intracellular calcium ion concentra-
tion was measured for 30 s without stimulation in a
fluorescence-based drug screening system. ONO-
5430514 (final concentration, 0.0025 pM to 0.08
pM) or a dimethyl sulfoxide (DMSO) solution was
then applied to cells. Three minutes later, S1P (final
concentration, 300 nM for S1P2 and S1P3) or oleoyl-
L-a-lysophosphatidic acid sodium salt (18:1-LPA;
final concentration, 100 nM for LPA1 and LPA2) was
added to wells, and the increase in the intracellular
calcium ion concentration before and 4 min after the
addition of S1P was measured with an interval of 3 s
(excitation wavelength, 340 nm and 380 nm; emission
wavelength, 540 nm). The antagonistic activity of
ONO-5430514 to each S1P or LPA receptor was cal-
culated by using following formula, wherein A is a
control value which was a peak value after addition of
S1P (final concentration, 300nM) or 18:1-LPA (final
concentration, 100nM) in the wells added DMSO
and B is an increased amount after the addition of
S1P or 18:1-LPA in the cells treated with ONO-
5430514:

Suppression (%) =[(A-B)/A] x 100
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IC50 values were calculated as the concentration
of ONO-5430514, showing 50% suppression. A
commercial available S1P2 antagonist, JTE-013 (Cay-
man Chemical Company), was used as the control for
showing antagonistic action of ONO-5430514 to
S1P2.

2.3. Blood Pressure and Laboratory Data

Blood pressure was measured as we described
previously®?. At the time of sacrifice, blood was col-
lected from the heart, and plasma was separated and
stored at —80C wuntil required for further analysis.
Plasma total cholesterol, high-density lipoprotein
(HDL) cholesterol, and triglyceride levels were meas-
ured at LSI Medience Corporation (Japan).

2.4. Quantification of Atherosclerotic Lesions

The severity of atherosclerotic lesions in the aorta
was assessed as previously described®?. After perfusion
with 0.9% sodium chloride solution at a constant
pressure via the left ventricle, the heart and the whole
aorta were immediately removed. After removing tis-
sues surrounding the aorta, the thoracic aorta was
opened longitudinally and fixed with 10% neutral
buffered formalin. To quantify atherosclerotic lesions
in the aortic arch, en-face Sudan IV staining was per-
formed, and the percentage of Sudan IV-positive area
in the aortic arch was measured. The remaining tho-
racic aorta and the abdominal aorta were removed and
snap-frozen in liquid nitrogen for further analyses.

2.5. Histological and Immunohistochemical Analyses

Histological and immunohistochemical analyses
were performed on frozen sections of the aortic root.
The sections (at 5-pm intervals) were stained with Oil
Red O to detect lipid deposition. Moreover, sections
were incubated with monocyte chemoattractant pro-
tein-1 (MCP-1) antibody (BD Pharmingen), mono-
cyte/macrophage marker 2 (MOMA2) antibody (Bio-
Rad), or anti-vascular cell adhesion molecule-1
(VCAM-1) antibody (Abcam) followed by the avidin—
biotin complex technique and stained with a Vector
Red Substrate Kit (Vector Laboratories, Inc.). Each
section was counterstained with hematoxylin. The
ratio of positive area to plaque area was calculated in
three valve lesions in the aortic root and used for com-
parison®?.

2.6. Vascular Reactivity Assay

Analysis of vascular reactivity was performed as
we described previously®. In brief, the descending
thoracic aorta was cut into 2-mm rings with special

care to preserve the endothelium and was mounted in
organ baths filled with modified Krebs—Henseleit
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buffer (KHB; 118.4 mM NaCl, 4.7 mM KCl, 2.5
mM CaClz, 1.2 mM KH2PO4, 1.2 mM MgSOs4, 25
mM NaHCOs3, 11.1 mM glucose) aerated with 95%
O2 and 5% CO:2 at 37C. The preparations were
attached to a force transducer, and isometric tension
was recorded on a polygraph. Vessel rings were primed
with 31.4 mM KCl and were then pre-contracted with
phenylephrine, producing submaximal (60% of maxi-
mum) contraction. After the plateau was attained, the
rings were exposed to increasing concentrations of ace-
tylcholine (Ach; 10 -10 ™ M) and sodium nitroprus-
side (SNP; 10 °—10 “* M) to obtain cumulative concen-
tration—response curves.

2.7. Measurement of S1P

Measurement of SIP in plasma by liquid chro-
matography—tandem mass spectrometry (LC-MS/MS)
was performed as in a previous study®? with modifica-
tions. Plasma (10 pl) was mixed with 10 pl of S1P
(d17:1, 1 pM, an internal standard), and 100 pl of
ice-cold methanol was then added for extraction. The
extract was centrifuged at 15,000 rpm for 10 min and
transferred to an auto-injector vial for analysis. The
system consisted of a Q-Trap 6500 (SCIEX) equipped
with a Shimadzu LC-30AD HPLC system. A ZOR-
BAX Eclipse Plus C18 column (100 mm X 4.6 mm,
3.5 pm, Agilent Technologies) was used for sample
separation. The mobile phase consists of (A) metha-
nol/acetonitrile/water (1:1:3) and (B) isopropanol
both containing 5 mM ammonium acetate, 500 nM
EDTA, and 0.025% NH3 water with gradient of 0%
of B to 95% of B at a 0.4 ml/min flow rate. For moni-
toring and quantifying the level of S1P, the multiple
reaction monitoring method was developed with sig-
nature ion pairs Q1 (parent ion)/Q3 (characteristic
fragment ion), 366.1/250.1 for S1P (d17:1, internal
standard) and 380.3/264.2 for S1P (d18:1).

2.8. Cell Culture Experiments

Human umbilical vein endothelial cells (HUVEC)
were purchased from Life Technologies and cultured
in EGM-2 (Lonza). HUVEC (passages 4-6) were
incubated with 0.1 to 1 pM S1P2 antagonist or 0.01
to 0.1 pM JNK inhibitor, SP600125 (Sigma-Aldrich),
for 2 h, and were then stimulated with 1 pM S1P in
EBM-2 (Lonza) containing 2% FBS.

2.9. Quantitative RI-PCR

Total RNA was extracted from the aorta and
HUVEC using a kit (illustra RNAspin RNA Isolation
Kit, GE Healthcare). cDNA was synthesized (Quanti-
Tect Reverse Transcription Kit, Qiagen), and quantita-
tive real-time PCR (qPCR) was performed on an
Mx3000P (Agilent Technologies) using Power SYBR
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Table 1. List of PCR primers

Sense Antisense
Mouse and Human
S1P1 5’- ATCATGGGCTGGAACTGCATCA-3’ 5’- CGAGTCCTGACCAAGGAGTAGAT -3’
S1P2 5’- CAGACGCTAGCCCTGCTCAAGA -3’ 5’- TAGTGGGCTTTGTAGAGGA -3’
S1P3 5’- ACAACCGCATGTACTTTTTCAT -3’ 5’- TACTGCCCTCCCTGAGGAACCA -3
Mouse
MCP-1 5’-CCACTCACCTGCTGCTACTCAT-3 5-TGGTGATCCTCTTGTAGCTCTCC-3’
VCAM-1 5’-CCCGTCATTGAGGATATTGG-3’ 5’-GGTCATTGTCACAGCACCAC-3’

F4/80 5-TGCATCTAGCAATGGACAGC-3’

NOX2 5-ACTCCTTGGGTCAGCACTGG-3’

B-actin 5’-CCTGAGCGCAAGTACTCTGTGT-3’
Human

MCP-1 5’-CCCCAGTCACCTGCTGTTAT-3

ICAM-1 5’-TGATGGGCAGTCAACAGCTA-3

VCAM-1 5’-GCTGCTCAGATTGGAGACTCA-3’

GAPDH 5-TGGGTGTGAACCATGAGAAG-3’

5-GCCTTCTGGATCCATTTGAA-3’
5-GTTCCTGTCCAGTTGTICTTCG-3’
5’-GCTGATCCACATCTGCTGGAA-3’

5-AGATCTCCTTGGCCACAATG-3’
5’-GGGTAAGGTTCTTGCCCACT-3’
5-CGCTCAGAGGGCTGTCTATC-3’
5-GCTAAGCAGTTGGTGGTGC-3’

Green PCR Master Mix (Applied Biosystems). Table
1 lists the sequences of primers. Data are expressed in
arbitrary units normalized by -actin or GAPDH.

2.10. Western Blot Analysis

RIPA buffer containing a protease inhibitor
cocktail and phosphatase inhibitors was used for the
preparation of protein lysates of HUVEC or aortic tis-
sue. SDS-PAGE and transfer were performed as we
described previously®. After blocking in 5% bovine
serum albumin for 1 h at room temperature, mem-
branes were incubated with primary antibody against
either phospho-SAPK/JNK, SAPK/JNK (Cell Signal-
ing Technology), or B-actin (Sigma) at 4C overnight.
After washing in TBS containing 1% Tween 20, the
membranes were incubated in horseradish peroxidase-
conjugated secondary antibody (Chemicon) for 1 h.
Antibody distribution was visualized with ECL Plus
reagent (GE Healthcare) using a luminescent image
analyzer (LAS-1000, Fujifilm). Expression of f-actin
was used as an internal control to confirm equivalent
total protein loading.

2.11. Statistical Analysis

All results are expressed as mean*SEM. Com-
parison of parameters between the two groups was
performed by unpaired Student’s rtest. Differences
between multiple groups were analyzed by one-way
analysis of variance (ANOVA) followed by Scheffe’s
post hoc analysis. Comparisons of dose-response
curves were made by two-factor repeated measures
ANOVA, followed by Tukey’s post hoc test for com-
parison between groups. A value of p<0.05 was con-

sidered statistically significant.

3. Results

3.1. Antagonistic Activity of ONO-5430514

The results of Ca*" assay demonstrated that
ONO-5430514 had enough low IC50, 0.0057 pM.
This is compatible with an authentic S1P2 antagonist,
JTE-013. Moreover, IC50 of ONO-5430514 to other
S1P or LPA receptors, such as LPA1, S1P3, and LPA2,
was obviously higher than that to S1P2. Table 2 sum-
marizes these data. These results indicated that ONO-
5430514 has good S1P2 antagonistic activity.

3.2. S1P2 Antagonist Prevented Atherosclerosis in
Apoe™’” Mice

S1P2 expression increased in Apoe™™ mice fed
with WTD for 20 weeks compared with age- and sex-
matched wild-type mice fed with normal chow (p<
0.05). The expression of S1P1 and S1P3 was also
higher in Apoe"/ ~ mice; however, it did not reach sta-
tistical significance (Fig.1A). S1P2 antagonist treat-
ment for 20 weeks decreased the development of
atherosclerotic lesions in the aortic arch compared
with the vehicle group (43.9%0.42 vs 31.9%0.24%, p
<0.05) (Fig.1B). S1P2 antagonist treatment also
decreased mRNA expression of inflammatory mole-
cules (e.g., MCP-1 and VCAM-1), a macrophage
marker, F4/80, and an NADPH subunit, NOX2, in
the aorta (Fig.1C). S1P2 antagonist did not affect
metabolic parameters in Apoe”’~ mice, as shown in

Table 3.
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Table 2. Antagonistic activity of ONO-5430514

ONO-5430514

(M) %Inhibition AV IC50

S1P2/EDG-5 0.0025 39 37 38 0.0057

0.008 53 58 56

0.025 74 69 71

0.08 83 83 83
LPA1/EDG-2 0.025 -4 4 0 >0.8

0.08 -10 -8 -9

0.25 -10 -5 -8

0.8 -2 -4 -3
S1P3/EDG-3 0.025 -13 -6 -10 >0.8

0.08 4 6 5

0.25 2 13 8

0.8 -1 4 2
LPA2/EDG-4 0.025 1 -2 0 >0.8

0.08 8 4 6

0.25 4 1 2

0.8 0 - 1

(1M)
JTE-013
(M) %]Inhibition AV IC50

S1P2/EDG-5 0.0008 20 10 15 0.0053

0.0025 35 36 35

0.008 60 58 59

0.025 80 79 80

0.08 85 83 84

0.25 89 91 90

0.8 95 96 95

2.5 100 100 100

(M)

3.3. S1P2 Antagonist Ameliorated Endothelial
Dysfunction in Apoe™'~ Mice

To investigate the mechanism by which S1P2
antagonist attenuates atherogenesis, we examined the
effects of S1P2 antagonist on endothelial function and
vascular inflammation, an initial steps in atherogene-
sis. Endothelium-dependent vasodilation in response
to Ach was significantly impaired in Apoe™ ™ mice after
8-week WTD feeding compared with that in age- and
sex-matched wild-type mice fed with normal chow.
There was no difference in plasma S1P level between
Apoe™'™ mice and wild-type mice in this study (1.07 *
0.14 vs. 1.11+0.06 pM, p=0.85). However, S1P2
antagonist administration ameliorated the impairment
of endothelium-dependent vasodilation at this time
point (Fig.2A). On the other hand, endothelium-
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independent relaxation in response to SNP did not
differ between the treated and vehicle groups
(Fig. 2B). S1P2 antagonist inhibited the phosphoryla-
tion of JNK in the atherosclerotic aorta, suggesting
that S1P2 antagonist inhibits JNK activation
(Fig.2C). Administration of S1P2 antagonist for 8
weeks did not cause a difference in metabolic parame-
ters between the 2 groups (Table 4).

Administration of S1P2 antagonist for 8 weeks
reduced mRNA expression of MCP-1 (p<0.05),
VCAM-1, F4/80, a macrophage marker, and NOX2,
an NADPH subunit (p<0.01, respectively) in the
abdominal aorta compared with the vehicle group
(Fig.2D). Furthermore, histological analyses demon-
strated that S1P2 antagonist attenuated the expression
of MCP-1 and VCAM-1 in atherosclerotic plaques
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Fig.1. S1P2 antagonist reduced atherosclerosis in Apoe™'~ mice
(A) S1P2 expression increased in Apoe™'~ mice fed with WTD compared with wild-type mice fed with nor-
mal chow. The expression of SIP1 and S1P3 was higher in Apoe™'~ mice compared with wild-type mice;
however, it did not reach statistical significance. (B) En-face Sudan IV staining showed that S1P2 antago-
nist administration for 20 weeks to Apoe™'~ mice significantly decreased the development of atherosclerosis
in the aortic arch (n=13-15, per group). (C) qPCR demonstrated that administration of S1P2 antagonist
for 20 weeks decreased the expression of inflammatory molecules in atherosclerotic thoracic aorta compared
with vehicle (n=13-15, per group). Bar, 1 mm. *; p<0.05. All values are mean + SEM.

Table 3. Effects of S1P2 antagonist on metabolic parameters after 20 weeks of treatment

Control (N=13) S1P2 antagonist (N=15) p-value
Body weight, g 442%15 41.6%1.7 0.1
Blood glucose, mg/dL 142.7+8.3 128.25+8.3 0.22
Total cholesterol, mg/dL 1633.3%£103.4 1462.73+£101.4 0.25
Triglyceride, mg/dL 72.5%4.5 59.1+23.9 0.1
HDL-cholesterol, mg/dL 31.2%2.3 32.2+3.4 0.8
Heart rate, bpm 710.8+13.1 732.7+8.9 0.17
Systolic BB, mmHg 113.1%£5.0 107.4%3.8 0.37
Diastolic B, mmHg 77.33+3.6 77.47 £2.0 0.98

HDL; high-density lipoprotein, BP; blood pressure. All values are mean = SEM.
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Fig.2. S1P2 antagonist ameliorated vascular inflammation and endothelial dysfunction in Apoe™~
mice

(A and B) Vascular reactivity of aortic rings to Ach (A) or SNP (B) was determined after 8 weeks of S1P2
antagonist or vehicle administration. Vehicle-treated Apoe™'~ mice showed an impaired endothelial response
compared with age- and sex-matched wild-type mice fed with normal chow. S1P2 antagonist significantly
ameliorated endothelium-dependent vasodilation compared with vehicle-treated Apoe™ ™ mice. Vasorelax-
ation in response to SNP did not differ among the three groups. (n=14, per group). (C) Western blot anal-
ysis showed that SIP2 antagonist suppressed phosphorylation of JNK in the aorta of Apoe™~ mice com-
pared with the vehicle group, while there was no difference in total JNK expression (=16, per group). (D)
qPCR demonstrated that administration of S1P2 antagonist for 8 weeks decreased the expression of inflam-
matory molecules in atherosclerotic thoracic aorta compared with the vehicle (2=16, per group). *, p<
0.05, and **, p<0.01 vs. vehicle. All values are mean = SEM.

Table 4. Effects of S1P2 antagonist on metabolic parameters after 8 weeks of treatment

Control (N=16) S1P2 antagonist (N=16) p-value
Body weight, g 30.3+0.4 30.1£0.4 0.68
Blood glucose, mg/dL 131.0£3.5 133.6%£3.4 0.59
Total cholesterol, mg/dL 1068.1 £106.2 1126.2%113.9 0.71
Triglyceride, mg/dL 82.6%14.46 106.5%+12.6 0.22
HDL-cholesterol, mg/dL 14.8+1.7 19.1+2.1 0.12
Heart rate, bpm 693.3+8.7 687.6%x18.3 0.77
Systolic BB, mmHg 109.8+2.8 110.2%3.1 0.93
Diastolic BB, mmHg 68.4+2.1 69.2+3.2 0.83

HDL; high-density lipoprotein, BP; blood pressure. All values are mean = SEM.
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Fig.3. Effect of S1P2 antagonist on characteristics of atherosclerotic plaques

Histological analyses of atherosclerotic lesions in the aortic root of Apoe™'~mice treated with S1P2 antago-
nist or vehicle for 8 weeks. (A-C) Immunostaining against MCP-1 (A), VCAM-1 (B), and MOMA2 (C)
demonstrated that S1P2 antagonist reduced the expression of MCP-1 and VCAM-1 and decreased the
accumulation of macrophages (n=16, per group). (D) Oil Red O staining demonstrated that S1P2 antago-
nist reduced lipid deposition compared with the vehicle. Bar, 500 pm. **, p<<0.01, and ***, p<<0.001. All

values are mean + SEM.

(Fig.3A and 3B) (»p<0.01, respectively). Associated
with the reduction of a chemokine and an adhesion
molecule, SIP2 antagonist reduced the accumulation
of macrophages as determined by the expression of
MOMA2 (p<0.01) (Fig.3C) and lipid deposition in
the lesions (»<0.001) (Fig.3D).

3.4. S1P2 Antagonist Inhibited S1P-Induced
Expression of Inflammatory Molecules in Endothelial
Cells

The effects of SIP on the expression of inflam-
matory molecules in HUVEC were examined because
the expression of S1P receptors on HUVEC was con-
firmed by qPCR (Fig.4A). S1P promoted the expres-
sion of mRNA of inflammatory molecules such as

MCP-1, VCAM-1, and ICAM-1 in HUVEC, while
pretreatment with S1P2 antagonist inhibited these
responses (Fig. 4B—D). The results of western blotting
indicated that S1P stimulated the phosphorylation of
JNK, suggesting that S1P activates JNK signaling in
endothelial cells. S1P2 antagonist suppressed the JNK
activation induced by S1P (Fig. 4E).

3.5. Inhibition of JNK Ameliorated Endothelial
Inflammation

To confirm the contribution of JNK signaling to
S1P-induced inflammatory activation of endothelial
cells, HUVEC were treated with S1P in the presence
or absence of a JNK inhibitor (SP600125). S1P pro-
moted the expression of VCAM-1, ICAM-1, and
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Fig.4. S1P2 antagonist suppressed S1P-induced inflammation in endothelial cells

(A) Results of gPCR demonstrated that HUVEC express S1P receptors. (B—-D) HUVEC preincubated with
0.1-1 pM S1P2 antagonist for 2 h were stimulated with 1 pM S1P for 4 h. qPCR demonstrated that SIP
promoted the expression of inflammatory molecules such as MCP-1 (B), ICAM-1 (C), and VCAM-1 (D)
in HUVEQ, all of which were attenuated by S1P2 antagonist. (E) HUVEC preincubated with 1 pM S1P2
antagonist for 30 min were stimulated with 1 pM SIP for 4 h. S1P induced JNK phosphorylation in
HUVEC, which was significantly inhibited by S1P2 antagonist (z=38, per group). There was no difference
in total JNK expression in all conditions. * 2<0.05; o £<0.01; and ok £<0.001. All values are

mean * SEM.

MCP-1, while SP600125 significantly reduced S1P-
induced inflammatory molecule expression in
HUVEC (Fig.5A-C). This result suggested that S1P
signaling involved JNK activation.

4. Discussion

Atherosclerosis is a chronic inflammatory disease that
involves various cellular and molecular processes® > * 3.
Vascular inflammation, which induces endothelial
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dysfunction and atherogenesis, is an attractive thera-
peutic target for atherosclerotic diseases®> ¥. In the
present study, we demonstrated that treatment with
S1P2 antagonist decreased the development of athero-
sclerotic lesions in Apoe”’~ mice. S1P2 antagonist
reduced inflammation in the aorta and improved
endothelium-dependent vascular response, suggesting
that S1P2 antagonist has protective effects on
endothelial function in Apoe_/ ~ mice. In fact, in vitro
studies using HUVEC demonstrated that S1P pro-
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Fig.5. Inhibition of JNK suppressed S1P-induced endothelial cell activation

(A-C) HUVEC were incubated with 0.01 to 0.1 pM SP600125, a JNK inhibitor, for 2 h and were then
stimulated with 1 pM S1P for 4 h. qPCR showed that JNK inhibitor decreased MCP-1 (A), ICAM-1 (B),
and VCAM-1 (C) expression in HUVEC stimulated by S1P (z=8, per group). * 2<0.05; o 2<0.01;

and ***, p<0.001. All values are mean = SEM.

moted inflammatory activation of endothelial cells as
determined by the expression of inflammatory mole-
cules, which was blocked by S1P2 antagonist. These
data together suggest that S1P2 may have a crucial
role in vascular inflammation and atherogenesis and
that S1P2 is a potential therapeutic target for athero-
sclerosis.

Previous studies have investigated the pathophys-
iological roles of S1P and S1P receptors in the devel-
opment of atherosclerosis using animal experiments.
In the vasculature, SIP1-3 are widely expressed and
play dominant roles?”. For example, SIP1 has athero-
protective effects. Stimulation of S1P1 induces a phe-
notypic change of macrophages to an anti-inflamma-
tory phenotype®. Moreover, pharmacological activa-
tion of SIP1 attenuates the development of athero-
sclerosis in a hyperlipidemic mouse model®’. On the
other hand, S1P3 has proatherogenic effects. Activa-
tion of the S1P3 receptor promotes recruitment of
monocytes/macrophages, accelerating inflammation
and atherosclerosis®®. Previous studies demonstrated
that S1P2 also has proatherogenic effects. S1P2 recep-
tor deficiency attenuated inflammatory activation of
macrophages, leading to inhibition of the develop-
ment of atherosclerotic lesions in Apoe™'™ mice®. In
addition, S1P2 regulates vascular tone, although the
role of SIP2 in vascular tone is bidirectional and is
dependent on the vascular bed and disease con-
text®2®). Vascular tone, which is partially controlled
by endothelial function, is associated with the devel-

opment of atherosclerosis. Therefore, we investigated
the role of S1P2 in the development of endothelial
function and atherogenesis, using a novel S1P2 antag-
onist in Apoe™'~ mice in this study.

In this study, S1P2 antagonist clearly attenuated
the development of atherosclerotic lesions in Apoe™~
mice. This result is consistent with previous studies®.
Other studies showed that inflammatory stimuli
increase the expression of S1P2 in endothelial cells,
which promotes vascular inflammation®” “. Moreo-
ver, a previous study demonstrated that senescent
endothelial cells increase S1P2 expression”. We dem-
onstrated an increase of S1P2 expression in the athero-
sclerotic aorta and a reduction of vascular inflamma-
tion and atherosclerosis by S1P2 antagonist. These
results suggest that SIP2 is involved in atherogenesis,
at least partially, in our mouse model and may be a
potential therapeutic target for vascular inflammation
and atherosclerosis.

We also demonstrated that S1P2 antagonist
improved endothelium-dependent vasodilation in
Apoe™ ™ mice. Using a different mouse model, another
S1P2 antagonist (JTE-013) also attenuated endothe-
lial dysfunction under high glucose conditions*". In
this study, we demonstrated that S1P2 antagonist
decreased the phosphorylation of JNK, which is an
important regulator of vascular inflammation and
endothelial function®?, in treated animals. In i vitro

experiments, SIP promoted the expression of inflam-
matory molecules in HUVEC, which was blocked by

639



Ganbaatar et al.

a JNK inhibitor, SP600125. S1P2 antagonist also
inhibited S1P-induced JNK phosphorylation in
HUVEC. Notably, the concentration of SI1P used in
in vitro experiment was compatible with plasma con-
centration of S1P in Apoe™'~ mice. These results indi-
cate that S1P2 signaling impaired endothelium-
dependent vasodilation at least partially via JNK sign-
aling. Previous studies showed that, in the vasculature,
smooth muscle cells preferentially express S1P2,
inducing vascular contraction' #%. However, in our
present study, we did not observe an effect of S1P2
antagonist on endothelium-independent vasodilation
induced by SNP. Previous studies indicated that the
role of S1P2 in vascular tone is bidirectional and is
dependent on the vascular bed and disease con-
text??¥. Therefore, this might explain our present
result. Further studies are needed to clarify the role
and function of S1P2 signaling in the regulation of
vascular tone.

In addition, we examined plasma level of S1P
using a LC-MS/MS. In this study, the plasma level of
S1P was not different between Apoe™~ mice and wild-
type mice. Previous studies showed that hyperlipi-
demic mice had higher plasma S1P level and that
plasma LDL level correlates with S1P level in
humans®9. There are several differences in experi-
mental protocols between previous studies and our
present study, which may explain the discrepancy.
Moreover, the aorta of Apoe™’~ mice and HUVEC
express S1P receptors other than S1P2. There still are
controversies regarding the role and level of S1P%7;
thus, further studies are needed to establish therapeu-
tic strategies targeting S1P signaling in atherosclerotic
disease.

In summary, the results of our study demon-
strated that S1P2 antagonist decreased the develop-
ment of atherosclerotic lesions in Apoe™~ mice. Inhi-
bition of S1P2 attenuated pro-inflammatory activa-
tion of endothelium. S1P-mediated S1P2 signaling in
endothelial cells contributed to the expression of
inflammatory molecules and the development of
endothelial dysfunction, at least partially. Our results
may provide novel therapeutic options for atheroscle-
rosis.
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