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Effects of SIPR2 antagonist on blood pressure and
angiogenesis imbalance in preeclampsia rats
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Abstract. Preeclampsia (PE), a hypertensive multisystem
disorder, can lead to increased maternal and fetal mortality
and morbidity. Sphingosine-1-phosphate (S1P) plays various
roles, depending on the cell type, by binding to S1P recep-
tors (SIPR). The present study evaluated the changes of
S1PRs and investigated the potential role of SIPRs in
pregnancy-induced hypertension. PE rats were established
by reduced uterine perfusion pressure. The involvement
of SIPR2 was evaluated using JTE-013, a specific SIPR2
antagonist, in PE rats. After the treatment, inflammatory
cytokines were evaluated using enzyme linked immunosor-
bent assay, and the expression of vascular endothelial growth
factor (VEGF), inducible nitric oxide synthase (iNOS)
activation and endothelial nitric oxide synthase (eNOS) were
evaluated by reverse transcription-quantitative PCR and
western blotting. Results showed that SIPR2, but not SIPR1
and S1PR3, was significantly increased in the serum and
placenta tissues of PE rats. Notably, JTE-013 significantly
decreased blood pressure, attenuated infiltration of inflam-
matory cells and decreased inflammation, as indicated by the
decreased expression of inflammatory cytokines, including
tumor necrosis factor-a, interleukin-1p (IL-1f) and IL-6,
in placental tissues. Mechanistic studies demonstrated that
JTE-013 significantly increased the expression of VEGF and
decreased the expression of fms-like tyrosine kinase 1 in
placental tissue. Furthermore, JTE-013 prevented iNOS acti-
vation and increased eNOS in placental tissue. In summary,
the present study demonstrated that SIPR2 contributed to
hypertension and angiogenesis imbalance in PE rats.
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Introduction

Preeclampsia (PE) is the presence of new-onset hypertension
and proteinuria or other end organ damage that occurs after
20 weeks of pregnancy (1). In the clinical setting, this disease is
characterized by systolic blood pressure (SBP) =140 mmHg or
diastolic BP =90 mmHg, as well as proteinuria (=0.3 g/24 h) (2).
In humans, it is a hypertensive multisystem disorder, which
can lead to maternal and fetal mortality and morbidity (3),
and substantially contributes to prematurity of the fetus and
long-term cardiovascular disease in the mother (4).

It has been proposed that the development of PE is closely
associated with placenta formation, particularly in early preg-
nancy stages (5). Previous studies have reported that there are
several alterations that contribute to the development of PE,
including vascular dysfunction, oxidative stress and metabolic
abnormalities (6,7). In particular, it has been demonstrated that
placental vascular development is considerably altered (8-10),
and this vascular dysfunction in placenta tissues plays a critical
role in BP increase and PE (11,12). However, the molecular
mechanism underlying PE remains largely unknown.

Sphingosine-1-phosphate receptors (SIPR) are a class of
G-protein-coupled receptors, which participate in different
cellular responses, such as proliferation and apoptosis (13,14).
The S1PRs, SIPR1, SIPR2 and S1PR3 are widely expressed
in various tissues, while S1P4 is only found in lymphoid and
hematopoietic tissues, and SIP5 is mainly expressed in the
central nervous system (15). Increasing evidence suggests that
S1P is involved in BP, such as pulmonary arterial hypertension
(PAH) (16). For example, Chen et al (16) reported that SIP
levels were upregulated in the lungs of patients with PAH, and
that the pharmacological inhibition of sphingosine kinase 1
and SIPR2 prevents the development of hypoxia-mediated
pulmonary hypertension in rats. Thus, it was speculated that
S1P may regulate portal pressure. Ikeda ez al (17) demonstrated
that S1P increases portal pressure in isolated rat perfused liver,
and this effect is mediated by an increase in the activity of Rho
via a SIPR2-dependent mechanism.

Based on the critical role of SIP in BP regulation, it was
hypothesized that SIPRs may play a role in the development
of PE. Thus, the present study aimed to assess changes in the
levels of S1P, SIPR1, SIPR2 and S1PR3 in placenta tissues,
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and determine whether S1P plays a role in BP and angiogen-
esis imbalance using a PE rat model.

Materials and methods

Ethics statement. The present study was approved by the
Institutional Animal Care and Use Committee (IACUC)
of Shaoxing People's Hospital (Jinhua, China; approval
no. 20190713). The animal experiments were conducted
according to the TACUC Care and Use of Laboratory Animals
guidelines (18).

Animals. A total of 60 Sprague Dawley (SD) rats (30 males and
30 females; weight, 250-300 g; age, 7-9 weeks) were obtained
from Shanghai SLAC Laboratory Animal Co., Ltd. The rats
were housed at 22+2°C with a 12-h light-dark cycle and free
access to food and water. The ratio of male to female was 1:1.
Appearance of the sperm plug or sperms detected in vaginal
smear was regarded as gestational day (GD) 0.

In the first set of experiments, 20 pregnant SD rats
were randomly divided into four groups (n=5), as follows:
i) Control group; ii) model group; iii) SI1P group; and
iv) model + S1P group. In the model group, on GD 14, preg-
nant rats were anesthetized (~3% isoflurane in 2 1/min O,), the
uterus was exteriorized and silver clips were used to clamp
the abdominal aorta (above the kidneys) and branches of the
ovarian arteries to construct the reduced uterine perfusion
pressure (RUPP) rat model, as previously described (19).
Whereas, pregnant rats that underwent a sham procedure
were used as the control on GD 14. A 1 mM stock of S1P
(Sigma-Aldrich; Merck KGaA) was prepared in 10 mM
NaOH and diluted to desired S1P concentration in saline with
0.1% BSA (pH 7.8-8.0; Beyotime Institute of Biotechnology).
In the SIP group, pregnant rats were only administered with
S1P (0.1 mg/kg body weight) by intravenous injection in
the tail vein for 3 consecutive days after GD 14 (20). In the
model + S1P group, RUPP rats were administered with S1P
(0.1 mg/kg body weight) by intravenous injection in the tail
vein for 3 consecutive days after GD 14.

After 7 days (GD 21), the rats were euthanized with CO,
(CO, displacement rate was 25% vol/min) 3 weeks after the
last injection, followed by cervical dislocation. Caesarean
sections were performed on the rats and the placental tissues
were stored at -80°C for further assessment. The fetal weights,
placental weights, litter size and/or number of resorptions/preg-
nancy losses were not obviously changed in this RUPP model.

In the second set of experiments, twenty pregnant SD rats
were randomly divided into four groups (n=5) on GD 14, as
follows: i) Control group; ii) model group; iii) model + SIPR2
antagonist low (JTE-013, 2.5 mg/kg body weight) group; and
iv) model + S1PR2 antagonist high (JTE-013, 5 mg/kg body
weight) group. The control and model groups consisted of the
same mice as those used for these groups in the first set of
experiments. JTE-013 was intraperitoneally administrated at
the indicated concentration once every other day, until GD 21.
When the aforementioned animal experiments were finished,
animals were euthanized by 25% CO,.

BP measurement. SBP was measured using the BP-2000
Series II non-invasive tail-artery pressure measuring

instrument (Visitech Systems) every day from days 15-21 of
the pregnancy. Briefly, rats were fixed on the pre-heated plate
at 37°C, and the pressure-cuff was attached to the rat tail. Rat
tails were connected to the pressure sensor of the BP-2000
Series II instrument. SBP of the tail artery was measured in
each pregnant rat at least three times, and the average value of
each measurement was calculated.

Hematoxylin and eosin (H&E) staining. Harvested placental
tissues were immersed in 10% (v/v) buffered formalin overnight
at room temperature and subsequently embedded in paraffin.
Paraffin-embedded tissue samples were cut into 5-uym thick
sections and stained with H&E for 15 min at room tempera-
ture, according to standard protocols. Stained sections were
observed using a light microscope. The number of immune
cells was quantified using ImageJ software (version 1.8.0;
National Institutes of Health).

Enzyme-linked immunosorbent assay (ELISA). ELISA was
performed to detect serum S1P, inducible nitric oxide synthase
(iNOS), tumor necrosis factor-a (TNF-a), interleukin (IL)-1f
and IL-6 levels. The kits for S1P (cat. no. ML-Elisa-0470)
and iNOS (cat. no. CS-E01909) were respectively purchased
from Shanghai enzyme-linked Biotechnology Co., Ltd. and
Shanghai Ulva Biotechnology Co., Ltd. The kits for TNF-a
(cat. no. MTAOOB), IL-1f (cat. no. MLBOOC) and IL-6
(cat. no. D6050) were purchased from R&D Systems, Inc.

Measurement of NO. Serum NO was measured using the
NO assay kit (cat. no. EMSNO; Invitrogen; Thermo Fisher
Scientific, Inc.), according to the manufacturer's instructions.
Total NOx (nitrite + nitrate) was used as an indicator of NO
synthesis in serum (20).

Reverse transcription-quantitative (RT-q)PCR. Following
treatment, placental tissues were collected from pregnant
rats and total RNA was extracted using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.). Total RNA was
reverse transcribed into cDNA using the SYBR PrimeScript™
RT-PCR kit (cat. no. RRO66A; Takara Bio, Inc.). gPCR was
subsequently performed for the SIPR1, SIPR2, S1PR3,
vascular endothelial growth factor (VEGF) and fms-like
tyrosine kinase 1 (Flt-1) genes using the Applied Biosystems
7500 Standard system (Thermo Fisher Scientific, Inc.). cDNA
equivalent to 100 ng total RNA was used for qPCR, using the
TagMan Universal PCR Master Mix (Applied Biosystems;
Thermo Fisher Scientific, Inc.). PCR thermocycling conditions
were as follows: 4 min at 95°C, followed by 30 sec at 95°C,
20 sec at 65°C and 30 sec at 72°C, for 35 cycles. The primer
sequences were as follows: SIPR1 forward, 5'-CAGCAAATC
GGACAATTCCT-3" and reverse, 5'-GCCAGCGACCAAGTA
AAGAG-3"; SIPR2 forward, 5"TGTATGGCAGCGACAAGA
GC-3' and reverse, 5'-ACCGAGGACCAGCGAGATG-3"
S1PR3 forward, 5'-GCCACCCGCCAGTCTTG-3' and reverse,
5'-GCCAGCTTCCCCACGTAAT-3"; VEGF forward, 5'-ACC
ATGAACTTTCTGCTC-3" and reverse, 5'-GGACGGCTT
GAAGATATA-3'; Flt-1 forward, 5“TTTGCATAGCTTCCA
ATAAAGTTG-3' and reverse, 5'-CATGACAGTCTAAAG
TGGTGGAAC-3'"; and GAPDH forward, 5-CACCACCAT
GGAGAAGGC-3' and reverse, 5'-CCATCCACAGTCTTC
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Figure 1. SIPR2 is increased in the serum and placental tissue of PE rats. (A) Measurement of SIP in serum via ELISA. (B) The expression of SIPR1, SIPR2
and S1PR3 in serum of control and PE rats was analyzed by reverse transcription-quantitative PCR analysis. (C) The effect of SIP on the expression of SIPR2
in the plasma of PE rats was analyzed via ELISA. (D) The effect of SIP on the expression of SIPR2 in the placental tissues of PE rats was analyzed by western
blotting. n=3. "P<0.05, “P<0.01 and “"P<0.001 vs. Control group; “P<0.05 and "#P<0.001 vs. Model group; *P<0.05 and 2**P<0.001 vs. SIP group. S1P,
sphingosine-1-phosphate; SIPR2, sphingosine-1-phosphate receptor 2; PE, preeclampsia; ELISA, enzyme-linked immunosorbent assay.

TGA-3'. The relative expression levels of mRNAs were normal-
ized to GAPDH, and were calculated with 2444 method (21).

Western blotting. Total protein was extracted from placenta
tissues using RIPA lysis buffer (Beyotime Institute of
Biotechnology), according to the manufacturer's instructions.
Total protein was quantified using the BCA Protein Assay kit
(cat. no. PO012S; Beyotime Institute of Biotechnology) and
10 ug protein/lane was separated via SDS-PAGE on a 8% gel.
The separated proteins were subsequently transferred onto
nitrocellulose membranes (EMD Millipore) and blocked with
0.5% non-fat milk for 1 h at room temperature. The membranes
were incubated with primary antibodies against S1PR2
(cat. no. 21180-1-AP; 1:1,000; ProteinTech Group, Inc.), VEGF
(cat. no. 66828-1-AP; 1:1,000; ProteinTech Group, Inc.), Flt-1
(cat. no. 13687-1-AP; 1:1,000; ProteinTech Group, Inc.), endo-
thelial (€)NOS (cat. no. ab76198; 1:1,000; Abcam) and B-actin
(cat.no. ab8226; 1:1,000; Abcam) overnight at 4°C. Following the
primary incubation, membranes were incubated with anti-rabbit
(cat. no. SA00001-2; 1:1,000; ProteinTech Group, Inc.) or
anti-mouse (cat. no. SA00001-1; 1:1,000; ProteinTech Group,
Inc.) HRP-conjugated secondary antibodies for 2 h at room
temperature. Protein bands were visualized using the enhanced
chemiluminescence kit (cat. no. GERPN2105; Millipore Sigma;
Merck KGaA) and semi-quantified using ImageJ 1.8.0 software
(National Institutes of Health).

Statistical analysis. Statistical analysis was performed using
SPSS 21.0 software (IBM Corp.). Data are presented as the

mean =+ standard deviation. The Kolmogorov-Smirnov test was
used to detect the normality of all data. Unpaired Student's
t-test was used to compare differences between two groups.
One-way analysis of variance and Tukey's post hoc test were
used to compare differences between multiple groups. P<0.05
was considered to indicate a statistically significant difference.

Results

SIPR?2 is increased in the serum and placental tissues of PE
rats. The expression levels of SIP, SIPR1, SIPR2 and S1PR3
were detected in PE rats. As presented in Fig. 1A, SIP serum
expression was significantly upregulated in PE rats compared
with the control rats. As presented in Fig. 1B, SIPR1 and
S1PR3 mRNA expression levels were significantly down-
regulated, whereas SIPR2 mRNA expression was significantly
upregulated in the serum of PE rats compared with the control
rats. Consistently, SIPR2 expression levels in the serum and
placental tissues were significantly upregulated in PE rats
compared with the control rats, and SIP significantly increased
S1PR2 expression levels in PE rats (Fig. 1C and D).

Inhibition of SIPR2 with JTE-013 decreases BP in PE rats.
The present study assessed whether SIPR2 activation was
involved in increased BP in PE. As presented in Fig. 2A and B,
BP significantly increased in PE rats compared with the control
rats. However, BP significantly decreased in PE rats pretreated
with JTE-013. High dose JTE-013 displayed an enhanced
effect on decreasing BP compared with low dose.
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Figure 2. Inhibition of SIPR2 with JTE-013 decreases BP in PE rats. Effect of JTE-013 on (A) SBP and (B) DBP in PE rats in tail-cuff measurement. n=3.
“P<0.05, "P<0.01 and ""P<0.001 vs. Control group; “P<0.05, "P<0.01 and "*P<0.001 vs. Model group; “P<0.05 vs. Model + SIPR2 antagonist low group.
S1PR2, sphingosine-1-phosphate receptor 2; PE, preeclampsia; BP, blood pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure.

Inhibition of SIPR2 with JTE-013 prevents iNOS activation
and increases eNOS. The effect of SIPR2 inhibition on the
NO (Fig. 3A), iNOS (Fig. 3B) and eNOS (Fig. 3C) signaling
pathways was assessed. The serum NO and iNOS levels were
significantly upregulated in PE rats. Conversely, eNOS expres-
sion in the placenta tissue was significantly downregulated
in PE rats. Notably, these effects were reversed following
treatment with JTE-013. High dose JTE-013 displayed an
enhanced effect on decreasing serum NO and iNOS levels
compared with low dose.

JTE-013 regulates VEGF and Flt-1 expression in placental
tissues. The effect of SIPR2 inhibition on the changes in
VEGF and Flt-1 expression levels in placental tissues was
assessed. As presented in Fig. 4A and B, VEGF mRNA and
protein expression levels were significantly downregulated
in the placental tissues of PE rats. Conversely, Flt-1 mRNA
and protein expression levels were significantly upregulated
in the placental tissues of PE rats. Notably, these effects
were reversed following treatment with JTE-013. High dose
JTE-013 displayed an enhanced effect on increasing VEGF
expression and decreasing Flt-1 expression compared with low
dose.

JTE-013 attenuates pathological changes in placental tissues
and increases the expression of inflammatory cytokines. The
effect of SIPR2 inhibition on inflammation and pathological

changes in placental tissues in PE was assessed. As presented
in Fig. 5A, there was significant inflammation in the placental
tissues of PE rats compared with the control rats, as indicated
by the increased expression levels of inflammatory cytokines,
including TNF-a, IL-1p and IL-6. As presented in Fig. 5B,
there was significant infiltration of inflammatory cells in the
placental tissues of PE rats, as demonstrated by H&E staining.
Notably, these effects were reversed following treatment with
JTE-013. High dose JTE-013 displayed an enhanced effect on
suppressing inflammation compared with low dose.

Discussion

The results of the present study demonstrated that SIPR2
expression was upregulated in placental tissues, and that the
inhibition of SIPR2 with JTE-013 decreased BP, inflamma-
tion and the infiltration of inflammatory cells. These results
are consistent with previous findings, suggesting that SIP can
induce its receptor, SIPR2, to inhibit the migration of tropho-
blast cells (22). In addition, another study demonstrated that
expression of the anti-angiogenic factor, SIPR2, in villi tissue
was upregulated in patients with PE (23).

Previous studies have reported that VEGF plays akey role in
vasculogenesis and angiogenesis, both of which are important
in the development of the placenta (24,25). Increasing evidence
suggests that VEGF expression is downregulated (26,27), and
the placenta produces elevated levels of VEGF receptor (Flt-1),
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Figure 3. Effect of JTE-013 on serum NO and iNOS and the expression of eNOS in placental tissues. (A) Summarized data showing the inhibitory effect of
JTE-013 on serum NO levels in PE rats. (B) Summarized data showing the inhibitory effect of JTE-013 on serum iNOS levels in PE rats. (C) Summarized data

showing that JTE-013 prevented the decreased expression of eNOS in placental tissues of PE rats. n=3. "P<0.05, “P<0.01 and

"P<0.01 and "P<0.001 vs. Model group; *P<0.05 and 2**P<0.001 vs. Model +
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P<0.001 vs. Control group;
S1PR2 antagonist low group. SIPR2, sphingosine-1-phosphate receptor 2; PE,

preeclampsia; iNOS, inducible nitric oxide synthase; eNOS, endothelial nitric oxide synthase; NO, nitric oxide.
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Figure 4. JTE-013 inhibits the PE model-induced expression levels of VEGF and Flt-1 receptor in PE rats. (A) Summarized data showing the inhibitory effect
of JTE-013 on the PE model-induced mRNA levels of VEGF and Flt-1 in reverse transcription-quantitative PCR assay. (B) Representative western blotting
images and summarized data showing the inhibitory effect of JTE-013 on the PE model-induced protein levels of VEGF and Flt-1 in the placental tissues of PE
rats. n=3. "P<0.05 and ""P<0.001 vs. Control group; "P<0.05, ”P<0.01 and "*P<0.001 vs. Model group; 2*P<0.01 and 2**P<0.001 vs. Model + SIPR2 antagonist
low group. SIPR2, sphingosine-1-phosphate receptor 2; PE, preeclampsia; VEGF, vascular endothelial growth factor; Flt-1, fms-like tyrosine kinase 1.

which captures free VEGF (28). It has also been reported that
eNOS expression is downregulated in PE (29). These changes
result in insufficient placental VEGF and eNOS expression,
and endothelial dysfunction, thereby resulting in the initiation
and development of PE (26-28). Amaral et al (30) demon-
strated that iNOS expression is upregulated in PE rats, and
that inhibition of iNOS significantly decreases RUPP-induced
increase of plasma 8-isoprostane. Consistent with these find-
ings, the results of the present study demonstrated that SIPR2
inhibition significantly increased VEGF and eNOS expression
levels, and decreased the expression of iNOS and Flt-1 in
placental tissues.

It has been reported in previous literature that oxida-
tive stress is higher in women with PE, and at the same
time, the relationship between PE and the inflammatory
response has also attracted more attention (31). Notably, it
has been reported that oxidative stress and inflammation
increase in PE, and it may be a cause and consequence of
the cellular pathology (32,33). PE is the excessive inflamma-
tory response of women to pregnancy. Generally, there are
different degrees of inflammatory responses in patients with
PE and normal pregnancy, but the inflammatory reaction in
PE is overactivated, and the level of inflammatory factors is
significantly higher than that in women undergoing a normal
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Figure 5. JTE-013 attenuates pathological changes in placental tissues and decreases inflammation in PE rats. (A) Summarized data showing the inhibitory
effect of JTE-013 on the increased expression of serum TNF-a, IL-1f3 and IL-6, as determined by an enzyme-linked immunosorbent assay. (B) Summarized
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low group. PE, preeclampsia; TNF-a, tumor necrosis factor-a; IL-, interleukin; SIPR2, sphingosine-1-phosphate receptor 2; lab, labyrinth; JZ, junctional zone;

de, decidua.

pregnancy (34). Serum levels of inflammatory mediators, such
as IL-6, INF-y, CRP and TNF-a, in patients with PE during
early stages of pregnancy are significantly higher than those in
healthy pregnant women (35). In the present study, it was also
have found that the inflammatory cytokines (TNF-a, IL-1p
and IL-6) were increased in PE rats, which was reversed by
SIPR2 inhibition.

In conclusion, the results of the present study suggested
that SIPR2 played a critical role in the initiation and devel-
opment of PE by modulation of VEGF, eNOS and iNOS
expression levels. Taken together, these results provide a novel
pharmacological target for the prevention and treatment of
PE. A key limitation of the present study is that Flt-1 expres-
sion was only detected in placental tissues, not in plasma.



The measured plasma Flt-1 level may further strengthen the
present conclusion.
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