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A B S T R A C T

Both sphingosine-1-phosphate receptor-2 (S1PR2) and cytosolic phospholipase A2 (cPLA2) are implicated in the
disruption of cerebrovascular integrity in experimental stroke. However, the role of S1PR2 in induction of cPLA2

phosphorylation during cerebral ischemia-induced endothelial dysfunction remains unknown. This study in-
vestigated the effect of S1PR2 blockade on oxidative stress-induced cerebrovascular endothelial barrier im-
pairment and explored the possible mechanisms. In bEnd3 cells, cPLA2 inhibitor CAY10502 as well as S1PR2
antagonist JTE013 profoundly suppressed hydrogen peroxide (H2O2)-induced changes of paracellular perme-
ability and ZO-1 localization. Besides p38, extracellular signal-regulated kinase (Erk) 1/2 is required for H2O2-
increased cPLA2 phosphorylation and endothelial permeability. Pharmacological and genetic inhibition of
S1PR2 significantly suppressed their phosphorylation in response to H2O2. Especially lentivirus-mediated
knockdown of S1PR2 inhibited H2O2-induced ZO-1 redistribution and paracellular hyperpermeability. Using the
permanent middle cerebral artery occlusion (pMCAO) mouse model, we found JTE013 pretreatment markedly
reduced Evans blue dye (EBD) extravasation and reversed the decrease in VE-cadherin, occludin, claudin-5 and
CD31 expression in infarcted hemisphere. Lentivirus-mediated S1PR2 knockdown also attenuated EBD extra-
vasation. Furthermore, JTE013 pretreatment attenuated neurological deficit, brain edema and infarction vo-
lume. Therefore, our findings suggest the protective effect of JTE013 on brain endothelial barrier integrity is
likely mediated by suppressing p38 and Erk1/2-dependent cPLA2 phosphorylation under oxidative stress.

1. Introduction

Blood-brain barrier (BBB) impairment is a progressive process in-
volved in ischemic stroke [1,2]. Within the neurovascular unit, the BBB
is a highly specialized brain endothelial structure, which is essential for
proper brain functions [3,4]. The specialized endothelial cells (ECs) of
BBB contain abundant junction proteins, which generate a paracellular
seal, allowing efficient transport of select molecules into the central
nervous system (CNS) [5–7]. Thus, in the development of cerebral
ischemia, EC impairment may contribute to the greatly increased BBB
permeability.

The endothelium is responsible for reactive oxygen species (ROS)
generation which occurs at the site of the BBB [8]. ROS production
increases after permanent and reversible MCAO [9], which mediates
oxidative stress and contributes to BBB breakdown [10–12]. H2O2, a

representative and stable ROS, modulates endothelial permeability
[13,14] and impairs the barrier function of cerebrovascular ECs
[15,16]. Thus, to mimic in vitro the effect of oxidative stress on cere-
brovascular endothelium [12], we exposed the bEnd3 cells to H2O2.

S1P, which is identified as a potent biolipid modulator of vascular
endothelial integrity, interacts with five specific G-protein-coupled re-
ceptors [17]. Among these receptors, S1PR1, S1PR2 and S1PR3 are
expressed in various cells including vascular ECs [18,19], whereas the
expression of S1PR4 is specifically abundant in immune cells and
S1PR5 is mainly expressed in the CNS [20]. Both S1PR1 and S1PR3 are
required for S1P-induced junction protein assembly [18], which is
needed for enhancement of vascular endothelial barrier function [17].
Strikingly, in the human cerebrovasculature S1PR5 activation enhances
EC barrier integrity [21]. On the contrary, activation of S1PR2 en-
hances vascular permeability through Rho-ROCK (Rho-associated
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kinase)-PTEN (phosphatase and tensin homolog deleted on chromo-
some 10) dependent pathways [19]. More importantly, S1PR2 plays a
critical role in the induction of cerebrovascular permeability after
ischemia-reperfusion (I/R) injury and matrix metalloproteinases
(MMP)-9 activation in brain ECs [22].

It is well established that the phosphorylation of cPLA2 by mitogen-
activated protein kinase (MAPK) on Serine-505 increases its catalytic
activity [23,24]. cPLA2 is a vital enzyme mediating arachidonic acid
(AA) release, which has been implicated in cerebral ischemia-induced
oxidative injury and cerebrovascular permeability change
[10,11,25,26]. Activation of MAPK, including p38 and Erk1/2, has
been reported to be involved in I/R damage after transient MCAO
(tMCAO) [10,27] and related to cPLA2 activity [10,11]. In lung epi-
thelial cells, S1P through S1PR3 promoted cPLA2 phosphorylation and
AA release via a flux of intracellular free calcium and MAPK and ROCK-
dependent pathways [28]. Besides, our previous data showed that S1P
release in vascular smooth muscle cells up-regulated cPLA2 expression
by activating S1PR3 [29]. Since S1PR3 and S1PR2 have opposite effects
on maintenance of endothelial function [18,19,21], we aimed to assess
the association of S1PR2 with cPLA2 in oxidative stress-induced en-
dothelial barrier impairment in this study.

Reperfusion strategy is the most effective therapy for stroke and I/R-
associated BBB injury has been intensively investigated [30]. Un-
fortunately, in practice, the effective therapeutic window limits the
reperfusion therapy for acute ischemic stroke [31]. Therefore, another
important problem to solve is whether S1PR2 blockade remains effec-
tive for ischemic injuries when the duration of ischemia is prolonged.
And hence we performed the pMCAO model in mice.

Here we report that both S1PR2 and cPLA2 activation mediate tight
junction alteration in response to H2O2, increasing the bEnd3 cell mono-
layer permeability. On the other hand, H2O2-increased serine-505 phos-
phorylation of cPLA2 and bEnd3 cell monolayer hyperpermeability de-
pend on the activation of p38 as well as Erk1/2. Moreover, blockade and
knockdown of S1PR2 protect endothelial barrier integrity during acute
cerebral ischemia in vivo. Therefore, S1PR2 antagonist appears to protect
brain ECs against oxidative stress-induced permeability change through
inhibiting the p38 and Erk1/2-dependent cPLA2 phosphorylation.

2. Materials and methods

2.1. Animals

Adult male C57BL/6 mice (6–8weeks, n=212) were purchased
from the Model Animal Research Center of Nanjing University
(Nanjing, China). In accordance with the guidelines of the Nanjing
Medical University's Regulations of Animal Experiments, mice were
raised in a pathogen-free barrier facility with a regulated 12-h light/
dark cycle with water and food ad libitum for 7 days before experiment
to adapt to the circumstances. All experiments were approved by the
Animal Experiment Committee of the Nanjing Medical University.

2.2. Cell cultures and chemicals

Mouse brain microvascular ECs bEnd3 (American Type Culture
Collection), passage 25–35, were grown as a monolayer in Dulbecco's
modified Eagle's medium supplemented with 10% fetal bovine serum at
37 °C in a humidified atmosphere of 5% CO2 and 95% air, as described
previously [22,32,33].

JTE013 was purchased from Santa Cruz Biotechnology. U0126,
SB203580 and FR180204 were obtained from Selleck. CAY10502 was
from Cayman.

2.3. Transendothelial permeability assay

Transendothelial permeability was measured as previously de-
scribed [14]. Briefly, bEnd3 cells (1× 10 [5]) were seeded on 24-well

hanging inserts (0.4 μm pore size, Millipore Millicell) in 24-well dishes
and cultured for 12 h. Then cells were serum-starved for 4 h and treated
with vehicle (DSMO) or indicated chemicals for 2 h prior H2O2 (2mM)
stimulation for 1 h. Immediately after H2O2 addition 5 μL of FITC-
dextran (molecular weight 40,000, Sigma-Aldrich, final concentration
1mg/mL) was added to the inserts. The inserts were taken out and
samples were taken from the lower dishes after H2O2 treatment. The
fluorescence intensity of FITC-dextran in the samples was measured in
duplicate per condition at 492/520 nm excitation /emission wave-
lengths.

2.4. Lentiviral constructs and short hairpin RNA (shRNA) for S1PR2

S1PR2 shRNA (shS1PR2) and negative control shRNA (shNC) len-
tivirus vectors with a red fluorescent protein (RFP) tag were obtained
from Genepharma (Shanghai, China). To generate the shS1PR2, a target
sequence was designed against mouse S1PR2: GCCATCGTGGTGGAGA
ATCTT. According to the manufacturer's instructions, bEnd3 cells were
incubated with lentivirus for 24 h and then the medium was changed.
After incubation for an additional 72 h, the knockdown efficiency at the
protein level was assessed by western blot analysis.

2.5. Immunofluorescence staining

Immunostaining procedure was performed as previously reported
[16]. The confluent cells were incubated with anti-ZO-1 (21773–1-AP)
(1:100, Proteintech) primary antibody at 4 °C overnight, followed by
incubation with the Alexa Fluor 488 (SA00006–2) or Alexa Fluor 594
(SA00006–4) -conjugated secondary antibody (1:100, Proteintech).
DAPI (KeyGEN BioTECH, Nanjing, China) was used to stain nuclei.

2.6. Animal surgery and drug administration

The pMCAO was performed following previously described methods
with minor modification [34]. Briefly, surgery was performed by a
dissecting surgical microscope. Body temperature was maintained
constant (37 ± 0.5 °C) with a heating pad and lamp. Under chloral
hydrate anesthesia (300mg/kg, i.p.), a nylon monofilament (6–0) with
with a round tip was gently inserted from the right external carotid
artery stump to the internal carotid artery and stopped at the origin of
the MCA. The distance from the bifurcation of internal/external carotid
artery to MCA was 10 ± 0.5mm. Successful occlusion was verified by
monitoring regional cerebral blood flow with laser Doppler flowmetry.
In the sham-operated mice, the nylon monofilament was inserted along
the internal carotid artery and then immediately withdrawn.

Animals were randomly assigned to the treatment groups. Vehicle
or JTE013 (30mg/kg) [22] was injected intraperitoneally 30min be-
fore the onset of pMCAO.

2.7. Neurological score assessment

Neurological scoring was performed by an independent investigator
blinded to the experimental groups at 24 h after MCAO according to a
5-point scale as previously described [34].

2.8. Measurement of infarct volume and brain edema

After assessment of neurological scores, cerebral infarct volumes
were measured as described previously [35]. Mice were euthanized and
brains were harvested rapidly. Seven coronal sections of the brain
(1mm thickness) were incubated in 2% 2,3,5-triphenyltetrazolium
chloride (TTC, Sigma-Aldrich) for 30min at 37 °C. Scanned images
were used to calculate infarct and edema ratios by image analysis
software (Image J, NIH). Difference between contralateral and ipsi-
lateral hemisphere volumes indicates brain edema development, and
therefore infarct ratios were calculated after normalization by the
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contralateral hemisphere and corrected for edema as reported pre-
viously [22].

2.9. EBD extravasation assay

At 12 h after MCAO, 2% EBD (Sigma-Aldrich) solution (4mL/kg) in
normal saline was administered intravenously. The animals were an-
esthetized 2 h later and perfused through the left ventricle with ice-cold
normal saline to remove intravascular dye. Brains were harvested,
sliced and scanned. The hemispheres were weighted and homogenized
in 50% trichloroacetic acid solution, then centrifuged at 20000g for
20min. Then the supernatant was diluted 4-fold with ethanol. The
extravascular EBD amount was calculated by measuring the fluores-
cence intensity (620/680 nm excitation/emission) of the supernatant.

2.10. Stereotactic injection

For all surgical procedures, mice were anesthetized. We carried out
the cortical injection of shNC or shS1PR2 lentivirus using a stereotaxic
instrument (RWD Life Science, Shenzhen, China) as previously de-
scribed with minor modification [35,36]. Each mouse was subjected to
three cortical injections in the right hemisphere (i.e., ipsilateral to the
MCAO) at the following coordinates: point 1, 1.5mm anterior to the
bregma, 2.5mm lateral, 2 mm deep; point 2, 0.5 mm posterior to the
bregma, 3mm lateral, 2 mm deep; point 3, 2mm posterior to the
bregma, 3mm lateral, 2 mm deep. 1 μL of lentivirus suspension con-
taining 1× 10 [9] TU/mL was injected in each point at a rate of 0.2 μL/
min. The needle was withdrawn over a course of 15min. Seven days
after injection of lentivirus, mice were perfused for histology or sub-
jected to pMCAO as described above.

2.11. Histology

As previously described [36], mice were anesthetized and perfused
transcardially. The brains were post-fixed in 4% paraformaldehyde (PFA)
for 24 h and then transferred to a 30% sucrose solution in phosphate
buffer solution (PBS) for 2 days. 20 μm thick coronal sections sliced on a
freezing microtome (Leica CM1950) were incubated with DAPI for
10min to label cell nuclei. Endogenous viral expression of fluorophores
was imaged on a fluorescence microscope (OLYMPUS IX70).

2.12. Western blot analysis

Protein extracts from brain tissues and cultured cells were prepared
and analyzed by western blot as reported previously [11,29]. Primary
antibodies were anti-phospho-p38 (Thr180/Tyr182) (#4511), anti-p38
(#8690), anti-phospho-cPLA2 (Ser505) (#2831), anti-CD31 (#77699)
(all 1:1000, Cell Signaling Technology), anti-cPLA2 (sc-454), anti-
phospho-Erk1/2 (Thr202/Tyr204) (sc-136,521), anti-Erk1/2 (sc-
514,302), anti-EDG5 (S1PR2) (sc-365,963) (all 1:500, Santa Cruz Bio-
technology), anti-Occludin (13409–1-AP), anti-PSD95 (20665–1-AP)
and anti-ZO-1 (21773–1-AP) (all 1:1000, Proteintech), anti-Claudin-5
(ab15106) and anti-VE-cadherin (ab205336) (1:1000, Abcam). Appro-
priate horseradish peroxidase-linked secondary antibodies (1:10000,
Proteintech) were used for detection by enhanced chemiluminescence
(Bio-Rad). To control sample loading and protein transfer, the PVDF
membranes (Roche) were stripped and reprobed with Tubulin-beta
antibody (10094–1-AP) (1:5000, Proteintech).

2.13. Statistical analysis

All values reported are mean ± SEM. For comparison between 2
groups, Statistical differences were evaluated by the unpaired Student t-
test. For comparison among multiple groups, statistical differences were
calculated by one-way ANOVA followed by Newman-Keuls test. The
neurological scores were analyzed with a nonparametric test (Mann-

Whitney U test). The criterion for statistical significance was set at
P< 0.05.

3. Results

3.1. S1PR2 antagonist and cPLA2 inhibitor suppress H2O2-induced
monolayer hyperpermeability and tight junction alteration in bEnd3 cells

To assess the effect of S1PR2 antagonist on H2O2-induced brain
endothelial permeability change, the penetration of high molecular
weight FITC-dextran across bEnd3 cell monolayer was measured by the
transwell assay. H2O2 stimulation led to a significant increase in para-
cellular permeability. And the pretreatment of S1PR2 antagonist
JTE013 markedly decreased H2O2-induced endothelial hyperperme-
ability without altering basal permeability (Fig. 1A). Interestingly,
pretreatment with the cPLA2 inhibitor CAY10502 also attenuated H2O2-
induced endothelial hyperpermeability (Fig. 1B).

To further examine the effect of JTE013 and CAY10502 on en-
dothelial tight junction integrity, the localization of ZO-1 was examined
by immunofluorescence staining in the absence or presence of H2O2. As
shown in Fig. 1C and D, control ZO-1 had a continuous distribution at
cell junctions. H2O2 changed this distribution pattern to a more dis-
continuous one with loss of junctional localization, which was sup-
pressed by the pretreatment of CAY10502 as well as JTE013. However,
neither JTE013 nor CAY10502 affected the localization of ZO-1 alone.

3.2. Activation of p38 as well as Erk1/2 is required for H2O2-induced
cPLA2 phosphorylation in bEnd3 cells

To elucidate the relationship between MAPK activation and cPLA2

phosphorylation under oxidative stress, we stimulated bEnd3 cells with
H2O2 and analyzed the protein phosphorylation by western blot ana-
lysis. As shown in Fig. 2A, H2O2 treatment induced a sustained high
level of p38 phosphorylation. Erk1/2 phosphorylation increased within
5min after H2O2 treatment which caused continuous activation of
Erk1/2 phosphorylation up to 60min. And the maximal increase of
Erk1/2 activation was detected at 15min. Similar to Erk1/2, cPLA2

phosphorylation after H2O2 treatment also increased at 5min, achieved
the maximum at 15min, and was maintained for 60min.

Then we addressed whether Erk1/2 activation could directly con-
tribute to the regulation of cPLA2 phosphorylation after H2O2 treat-
ment. As shown in Fig. 2B, pretreatment with the specific MAPK/Erk
kinase (MEK) 1/2 inhibitor U0126 simultaneously suppressed H2O2-
induced increase in Erk1/2 and cPLA2 phosphorylation dose-depen-
dently. The selective Erk inhibitor FR180204 also inhibited H2O2-in-
duced concomitant increase in Erk1/2 and cPLA2 phosphorylation in a
dose-dependent fashion (Fig. 2C). At the same time, U0126 as well as
FR180204 did not significantly inhibit the phosphorylation of p38
(Fig. 2B and C).

Given that p38 is a kinase upstream of cPLA2, we next evaluated the
impact of p38 activation on H2O2-induced Erk1/2 and cPLA2 phos-
phorylation. The pretreatment of SB203580, a selective p38 inhibitor,
substantially decreased the phosphorylation of p38 and cPLA2 but not
Erk1/2 after H2O2 treatment (Fig. 2D). Moreover, pretreatment with
CAY10502 remarkably inhibited H2O2-induced increase in cPLA2

phosphorylation (Fig. 2D).

3.3. S1PR2 regulates H2O2-enhanced cPLA2 phosphorylation by inducing
p38 and Erk1/2 activation in bEnd3 cells

To investigate whether S1PR2 antagonist could inhibit oxidative
stress-induced cPLA2 phosphorylation, we pretreated bEnd3 cells with
JTE013 before H2O2 exposure. As shown in Fig. 3A-D, incubation with
H2O2 resulted in the phosphorylation of p38, Erk1/2 and cPLA2 in a
dose-dependent manner, which was significantly suppressed by JTE013
pretreatment. Moreover, neither H2O2 nor JTE013 changed the protein
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levels of ZO-1, CD31, VE-cadherin and occludin. Next, we confirmed
the role of S1PR2 in regulating cerebroendothelial permeability. The
pretreatment of FR180204 as well as JTE013 substantially attenuated
H2O2-induced bEnd3 cell monolayer hyperpermeability, which is con-
sistent with the mild effect of SB203580 and CAY10502 (Fig. 3E).

Using shS1PR2 lentivirus, we effectively knocked down S1PR2
protein expression (∼80% reduction) in bEnd3 cells (Fig. 4A-C). After
H2O2 stimulation, the phosphorylation levels of p38, Erk1/2 and cPLA2

were remarkably decreased in shS1PR2-infected cells (Fig. 4D-G).

3.4. S1PR2 knockdown suppresses H2O2-induced tight junction alteration
and monolayer hyperpermeability in bEnd3 cells

We next examined the localization of ZO-1 in the absence or pre-
sence of H2O2, to investigate the effect of S1PR2 knockdown on

endothelial tight junction integrity. As shown in Fig. 5A, both shNC-
infected and shS1PR2-infected cells exhibited a continuous distribution
of ZO-1 at cell junctions. H2O2 stimulation led to a discontinuous ZO-1
staining and pronounced disruption of cell junctions in shNC-infected
cells, which was inhibited by shS1PR2 treatment. Then we assessed the
critical role of S1PR2 in mediating H2O2-induced brain transendothelial
permeability change. H2O2 stimulation resulted in a significant increase
in paracellular permeability in shNC-infected cells, while shS1PR2
treatment markedly decreased H2O2-induced endothelial hyperperme-
ability without affecting basal permeability (Fig. 5B).

3.5. S1PR2 antagonist protects the interendothelial junctions from
disruption following ischemic stroke

To determine the in vivo effect of JTE013 on BBB disruption after

Fig. 1. S1PR2 antagonist and cPLA2 inhibitor suppress H2O2-induced endothelial hyperpermeability and ZO-1 redistribution in vitro. (A and B) Endothelial per-
meability was measured by the FITC-dextran assay. Fluorescence intensity was normalized to vehicle-treated cells. (C and D) Confocal images of ZO-1-im-
munolabeled (C, green. D, red) and DAPI-stained (blue) bEnd3 cells. After 4 h of serum starvation, cells were treated with vehicle, 1 μM JTE013 (A and C) or 1 μM
CAY10502 (B and D) for 2 h before 2mM H2O2 stimulation for 1 h. Scale bar, 20 μm. Data are presented as mean ± SEM, n=4/group. ⁎⁎⁎P<0.001 versus vehicle;
##P<0.01, ###P<0.001 versus vehicle + H2O2. (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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Fig. 3. S1PR2 antagonist JTE013 inhibits H2O2-enhanced cPLA2 phosphorylation by attenuating p38 and Erk1/2 activation in bEnd3 cells. (A) The lysates of
confluent bEnd3 cells pretreated with JTE013 (1 μM) for 2 h and then exposed to H2O2 at the concentrations indicated for 30min were immunoblotted with
antibodies indicated. (B-D) Quantification of p38, Erk1/2 and cPLA2 phosphorylation in (A). Data are obtained from at least 3 independent experiments and
represented as mean ± SEM. ⁎P<0.05, ⁎⁎⁎P<0.001 versus vehicle. (E) Blockade of S1PR2 and inhibition of p38, Erk1/2 and cPLA2 reduce H2O2-enhanced
endothelial permeability in vitro. After 4 h of serum starvation, cells were treated with vehicle, 1 μM JTE013, 10 μM SB203580, 10 μM FR180204 and 1 μM
CAY10502 for 2 h before 2mM H2O2 stimulation for 1 h. Endothelial permeability was measured by the FITC-dextran assay. Fluorescence intensity was normalized to
vehicle-treated cells. Data are mean ± SEM, n= 4/group. ⁎⁎⁎P<0.001 versus vehicle; ###P<0.001 versus vehicle + H2O2.

Fig. 2. Activation of p38 as well as Erk1/2 is ne-
cessary for H2O2-induced cPLA2 phosphorylation.
(A) H2O2 stimulates phosphorylation of p38, Erk1/2
and cPLA2. The lysates of confluent bEnd3 cells
treated with H2O2 (2mM) for the indicated time
periods were immunoblotted with antibodies in-
dicated. (B and C) Activation of Erk1/2 is required
for H2O2-induced cPLA2 phosphorylation.
Representative immunoblots show constitutive and
concomitant phosphorylated protein in lysates of
bEnd3 cells pretreated with U0126 (B) or FR180204
(C) for 2 h at the concentrations indicated and then
treated with H2O2 (2mM) for 30min. (D) Activation
of p38 is required for H2O2-induced cPLA2 phos-
phorylation. The bEnd3 cells were treated with ve-
hicle, 10 μM SB203580 or 1 μM CAY10502 for 2 h
before 2mM H2O2 stimulation for 30min.
Representative images from 4 independent experi-
ments are shown.
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Fig. 4. S1PR2 knockdown inhibits H2O2-enhanced cPLA2 phosphorylation by attenuating p38 and Erk1/2 activation in bEnd3 cells. (A) RFP-positive cells indicate
the successful infection of shS1PR2 lentivirus. (B) S1PR2 expression was detected by western blot analysis after 96 h of infection. (C) Quantification of S1PR2 in (B).
(D) The lysates of lentivirus-infected bEnd3 cells exposed to H2O2 (2mM) for 30min were immunoblotted with antibodies indicated. (E-G) Quantification of p38,
Erk1/2 and cPLA2 phosphorylation in (D). Scale bar, 50 μm. Data are obtained from at least 3 independent experiments and represented as mean ± SEM. ⁎⁎P<0.01,
⁎⁎⁎P<0.001 versus shNC. ##P<0.01, ###P<0.001 versus shNC + H2O2.

Fig. 5. S1PR2 knockdown suppresses H2O2-induced ZO-1 redistribution and brain endothelial hyperpermeability in vitro. (A) Confocal images of ZO-1-im-
munolabeled (green) and DAPI-stained (blue) bEnd3 cells. (B) Endothelial permeability was measured by the FITC-dextran assay. After 96 h of infection, the
lentivirus-infected bEnd3 cells were serum-starved for 4 h and then exposed to H2O2 (2mM) for 1 h. The fluorescence intensity was normalized to vehicle-treated
shNC-infected cells. Scale bar, 20 μm. Data are presented as mean ± SEM, n=4/group. ⁎⁎⁎P<0.001 versus shNC+vehicle; ###P< 0.001 versus shNC + H2O2.
(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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ischemic injury, we used the pMCAO mouse model and measured BBB
leakage using EBD extravasation assay (Fig. 6A). After 12 h of MCAO,
EBD extravasation ratio was significantly increased in vehicle-treated
mouse brain compared with the sham group, and JTE013-treated mice
exhibited a dramatic decrease in EBD extravasation ratio (Fig. 6B). To
further examine the effect of JTE013 on cerebral vascular EC junction
disruption, we detected the total protein levels in the ischemic brain by
western blot analysis. As shown in Fig. 6C and Supplementary Fig. 1A-
D, the significant increase in protein levels of claudin-5, occludin, VE-
cadherin and CD31 was observed in ipsilateral hemispheres of JTE013-
treated mice compared with vehicle-treated mice at 12 h after the onset
of pMCAO. Nonetheless, JTE013 treatment did not reverse the sig-
nificant decrease in the synaptic protein PSD95 level in the ipsilateral
hemispheres (Supplementary Fig. 1E).

3.6. S1PR2 knockdown prevents the BBB disruption following ischemic
stroke

We next tested whether S1PR2 was directly responsible for the BBB
damage after cerebral ischemia. Mice were unilaterally injected in the
cortex with either shNC or shS1PR2 lentivirus. Seven days later, we
observed bright RFP expression at the injection sites (Fig. 7A) and
found that shS1PR2 lentivirus effectively reduced the S1PR2 expression
in the cortex of mice (Fig. 7B and C). Then we induced ischemia in the
right hemisphere by pMCAO and measured EBD extravasation
(Fig. 7D). As compared with shNC lentivirus, the treatment of shS1PR2
lentivirus significantly suppressed EBD extravasation in the ipsilateral
hemispheres after 12 h of MCAO (Fig. 7E).

3.7. S1PR2 antagonist decreases brain edema, infarction volume and
neurological deficit in ischemic stroke

To evaluate the in vivo effect of JTE013 on cerebral ischemic injury,
we subjected mice to pMCAO and conducted TTC staining (Fig. 8A). As

compared with the control mice, a dramatic decrease in both total
cerebral edema ratio (Fig. 8B) and infarct ratio (Fig. 8C), was observed
at 24 h after the onset of pMCAO in the JTE013-treated mice. In ad-
dition, ischemia-induced neurological deficits were also decreased in
JTE013-treated mice at 24 h after MCAO (Fig. 8D).

4. Discussion

The normal BBB protects the neuronal cells efficiently from many
harmful substances, while BBB breakdown, a common hallmark of is-
chemic damage, is associated with elevated cerebrovascular endothelial
permeability [4]. ROS produced by the ECs of BBB can mediate oxi-
dative stress, influencing endothelial barrier function, but the pathways
involved are incompletely understood. On the other hand, a detailed
understanding of the endothelial barrier dysfunction in ischemic injury
is important to develop novel therapeutic approaches for cere-
brovascular protection. In this study, we have identified a role for
S1PR2 in a signaling cascade leading to enhanced endothelial perme-
ability triggered by H2O2, a cell-permeant ROS. To summarize our
major findings, we could show that: [1] In bEnd3 cells, both S1PR2 and
cPLA2 activation mediate tight junction alteration and monolayer per-
meability increase in response to H2O2. [2] The activation of p38 as
well as Erk1/2 regulates H2O2-induced phosphorylation of cPLA2 and
hyperpermeability in vitro. [3] S1PR2 in vivo mediates brain en-
dothelial barrier impairment during acute ischemia.

S1PR2 has a crucial role in regulating vascular endothelial perme-
ability. Its activation in ECs induced disruption of AJs and enhanced
paracellular permeability, whereas JTE013 treatment attenuated H2O2-
evoked rat lung edema [19]. Specifically in the mouse tMCAO, S1PR2
which is up-regulated in cerebral microvessels in the ispilateral hemi-
spheres activates the MMP-9, exacerbating BBB disruption and neuro-
vascular injury [37], whereas blockade or knockout of S1PR2 improved
the cerebrovascular integrity after I/R injury [22], indicating that cer-
ebral ischemia could activate S1PR2 in the cerebrovascular

Fig. 6. S1PR2 antagonist JTE013 protects the inter-
endothelial junctions from disruption in cerebral
ischemia. (A) Brain coronal slices of representative
animals. Blue area showed extravasated EBD. (B)
Quantification of extravascular EBD (n=8/group).
Ipsilateral/contralateral (IL/CL) ratios are plotted.
Scale bar, 5 mm. Data are mean ± SEM.
⁎⁎⁎P<0.001 versus sham; ##P<0.01 versus ve-
hicle. (C) Western blot analysis from vehicle or
JTE013-treated mice after 12 h of MCAO.
Representative images of the indicated protein are
shown (n=3/group). I indicates ipsilateral hemi-
sphere; C, contralateral hemisphere. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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endothelium. Under oxidative stress, in contrast to the elusive role of
S1PR2 in regulating cerebrovascular endothelial permeability, the ac-
tivated cPLA2 contributes to ROS generation in permeability responses.
After focal I/R, the p38 inhibition in the brain decreased cPLA2 phos-
phorylation and EBD leakage, evidencing that endothelial AA formation
increased ROS formation and stroke-induced cerebrovascular perme-
ability [10]. And cPLA2 modulates the early ischemic cerebral injury
after tMCAO via phosphorylation of p38 and Erk1/2 [11]. Furthermore,
cPLA2 inhibition [26] and knockout [11,25] reduced transient focal
ischemic brain damage in mice. Nevertheless, little is known about the
precise relationship between S1PR2 and cPLA2 activation.

Notably, MAPKs, p38 and Erk1/2, activation in the A549 human
lung epithelial cell line, partially mediated extracellular S1P-induced
cPLA2 phosphorylation and AA release [28]. Thus, we proposed a me-
chanism in which S1PR2, via MAPK-dependent cPLA2 activation, reg-
ulates cerebrovascular endothelial barrier integrity under oxidative
stress, thus promoting neurovascular injury (Fig. 9). To verify our hy-
pothesis, we chose to study the bEnd3 cells, a representative in vitro
murine BBB model [12,22,32,33], and investigated whether the selec-
tive S1PR2 antagonist JTE013 [19,22,38] could protect endothelial
barrier integrity during acute focal ischemia using the mouse pMCAO
model.

By activation of the Erk1/2 pathway, but not p38 pathway, H2O2

influences paracellular permeability of porcine brain-derived micro-
vascular ECs [16]. Erk1/2, activated by MEK1/2, regulates cPLA2

phosphorylation and AA release, which mediates cerebral ischemia-
induced oxidative injury [11]. Importantly, both PD98059 [27] and
U0126 [39], widely applied to block MEK1/2/Erk1/2 pathway, re-
duced tMCAO-induced cerebral injury. Our results showed that H2O2 in
bEnd3 cells induced the phosphorylation of Erk1/2 and cPLA2 with a
similar time course. Moreover, we revealed that FR180204, a selective

Fig. 7. S1PR2 knockdown prevents BBB breakdown during stroke. (A) The representative fluorescence images of the cortices infected with shS1PR2 lentivirus vectors
expressed RFP (red) and stained with DAPI (blue). Scale bar, 50 μm. (B) S1PR2 expression in the cortex of mice was detected by western blot analysis after 7 days of
infection. Representative images of the indicated protein are shown (n=3/group). (C) Quantification of S1PR2 in (B). (D) Brain coronal slices of representative
animals. Blue area showed extravasated EBD. (E) Quantification of extravascular EBD (n=8/group). Ipsilateral/contralateral (IL/CL) ratios are plotted. Scale bar,
5 mm. Data are mean ± SEM.⁎⁎P<0.01 versus shNC. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 8. S1PR2 antagonist JTE013 protects against pMCAO-induced cerebral
edema, neuronal injury and neurological deficits. (A) Representative images of
TTC staining of seven, 1-mm-thick brain coronal slices 24 h after MCAO. Edema
(B) and infarct (C) ratios were calculated by image analysis and reported as a
ratio of the contralateral hemisphere. (D) Neurological scores were measured at
24 h after MCAO. Scale bar, 5 mm. Data are mean ± SEM, n= 8/group.
⁎P<0.05, ⁎⁎P<0.01 versus vehicle.
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Erk1/2 inhibitor [40], inhibited H2O2-induced concomitant Erk1/2 and
cPLA2 phosphorylation in a dose-dependent manner, like U0126. And it
should be noted that neither U0126 nor FR180204 could affect the
phosphorylation of p38 in response to H2O2, confirming that the Erk1/2
activation is directly required for the cPLA2 phosphorylation in H2O2-
stimulated brain microvascular ECs. Although H2O2 stimulation in-
duced a sustained high level of p38 phosphorylation in vitro, the se-
lective p38 inhibitor SB203580 attenuated cPLA2 phosphorylation, in-
dicating that p38 is also the direct upstream kinase of cPLA2

phosphorylation, which does not depend on Erk1/2. Concurring with
these observations, p38 inhibition led to a decrease in H2O2-enhanced
bEnd3 monolayer permeability, though less robustly than Erk1/2 in-
hibition. In this regard, the more robust effect of Erk1/2 inhibtion on
endothelial permeability change under oxidative stress could be medi-
ated by downstream factors other than cPLA2. Together, our results
clearly showed that Erk1/2 and p38 were involved in H2O2-enhanced
cPLA2 phosphorylation and brain endothelial permeability, respec-
tively.

Interendothelial cell junction proteins modulate paracellular per-
meability [6,41] and physical properties of BBB [3]. And the loss of TJ
and AJ proteins induced by cerebral ischemia enhanced BBB perme-
ability [42]. The transmembrane protein claudin-5, occludin and ZO-1
are essential molecules participating in the formation of BBB structural
component TJs [7], while AJs are mainly formed by interactions of VE-
cadherin between adjacent cells and required to maintain vascular
endothelial integrity [6,41]. Additionally, CD31 which is highly ex-
pressed at EC junctions influences barrier stabilization [43]. Our in
vitro data demonstrated that H2O2 stimulation at a high concentration
(2mM) [44], which did not affect the junction protein expression in
bEnd3 cells, increased the permeability to FITC-labeled dextran.
Moreover, ZO-1 junctional localization was no longer obvious at the
region where ECs were not in contact. These results are consistent with
the report that H2O2 increases paracellular permeability accompanied
with redistribution of ZO-1 [15]. Meanwhile, our data suggested that
cPLA2 inhibitor CAY10502 [45] as well as S1PR2 antagonist JTE013
pretreatment partially reversed the changes of paracellular perme-
ability and ZO-1 subcellular localization induced by H2O2, indicating
that both S1PR2 and cPLA2 could regulate the permeability of cere-
brovascular endothelium in response to exogenous oxidative stress.
Furthermore, our findings that shS1PR2-infected bEnd3 cells, in the
presence of H2O2, exhibited a continuous ZO-1 distribution at cell
junctions and a dramatic decrease in paracellular hyperpermeability
also raise the intriguing possibility that S1PR2 targeting could be
beneficial to prevent the development of brain EC barrier impairment
under oxidative stress.

Then we found that JTE013 abrogated H2O2-evoked phosphoryla-
tion of p38, Erk1/2 and cPLA2, and confirmed the involvement of

S1PR2 in this process by RNA interference experiments, supporting our
hypothesis that S1PR2 regulates H2O2-enhanced brain EC permeability
via p38-cPLA2 and Erk1/2-cPLA2 pathway. As a highly stable mem-
brane-associated ROS [14], H2O2 up-regulates the activity of sphingo-
sine kinase, leading to intracellular S1P generation and its subsequent
release in ECs [46]. However, S1P attenuated H2O2-induced p38
phosphorylation and caspase-3 activation in vascular ECs [47]. And S1P
was protective for chronic intermittent hypoxia-induced endothelial
cell injury involving increased intracellular ROS [48]. Because the
oxygen and glucose deprivation of 6 h followed by reperfusion of 6 h
resulted in upregulation of S1PR2 messenger RNA in bEnd3 cells [22],
H2O2 simulation of only 30min or 1 h might not be sufficient to en-
hance the expression of S1PR2 in our in vitro studies. Thus, we believe
that H2O2 could directly activate S1PR2 signaling pathway or mem-
brane translocation at the cell surface. Although the bEnd3 cell line is a
well-established in vitro model of murine cerebrovascular endothelium
[12,22], it is not clear whether other BBB-associated cell types such as
astrocytes, pericytes, and neurons might be implicated in ROS activa-
tion of endothelial S1PR2 under oxidative stress.

To validate the in vitro observations in vivo, we used the permanent
focal cerebral ischemia model. JTE013 administration decreased the
cerebrovascular EBD extravasation and reversed the decrease in en-
dothelial junction protein levels in ipsilateral hemispheres after
pMCAO, implying that S1PR2 activation impairs BBB integrity through
endothelial cell-cell adhesion in ischemic injury. Moreover, blockade of
S1PR2 by JTE013 did not inhibit the decrease in the synaptic protein
PSD95 expression level after pMCAO, suggesting that S1PR2 is not
critical for the direct regulation of neuronal injury in ischemic stroke.
Then using the RNA interference, we investigated the direct regulatory
role of S1PR2 in ischemic BBB damage. In the ipsilateral cortex of mice,
the S1PR2 knockdown attenuated the EBD extravasation after pMCAO,
indicating an amelioration of BBB breakdown. However, further in-
vestigation with EC-specific gene-deficient mice would be required to
confirm the precise role of S1PR2 in regulating cerebrovascular en-
dothelial permeability.

Consistently, our results suggested that JTE013 reduced total brain
edema which is the sum of cytotoxic and vasogenic edema in perma-
nent focal cerebral ischemia in mice. We also found it reduced infarc-
tion volume and improved neurological outcome, suggesting that
S1PR2 antagonist reduces neuronal injury after I/R of tMCAO [22] as
well as in the acute phase of pMCAO. The previous studies using tMCAO
[10,11,25–27,39] supports our signaling findings in vitro, and p38 ac-
tivation and cPLA2 expression is related to BBB disruption in pMCAO
[49]. Thus, it may be speculated that blockade of S1PR2, through
suppression of p38 and Erk1/2-dependent cPLA2 phosphorylation,
could decrease cerebral ischemia-enhanced endothelial permeability in
vivo.

Fig. 9. Schematic diagram of the protective effect of S1PR2 antagonist on endothelial barrier integrity impairment after cerebral ischemia.
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5. Conclusion

In the present study, we provide evidence that pharmacological
blockade and gene knockdown of S1PR2 ameliorated H2O2-enhanced
endothelial permeability via the attenuation of p38 and Erk1/2-de-
pendent cPLA2 phosphorylation in vitro and brain endothelial barrier
impairment in pMCAO in vivo. Our data suggest that S1PR2 regulates
oxidative stress-induced endothelial barrier impairment, and S1PR2-
MAPK-cPLA2 signaling could be considered as a potential pathway for
the treatment of oxidative stress-related ischemic diseases such as
stroke.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cellsig.2018.09.019.
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