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Cilostazol ameliorates ischemia/reperfusion-induced
tight junction disruption in brain endothelial cells by
inhibiting endoplasmic reticulum stress

Ding Nan, Haiqiang Jin, Jianwen Deng, Weiwei Yu, Ran Liu, Weiping Sun, and Yining Huang'
Department of Neurology, Peking University First Hospital, Beijing, China

ABSTRACT: Endoplasmic reticulum (ER) stress is essential for brain ischemia/reperfusion (I/R) injury. However,
whether it contributes to I/R-induced blood-brain barrier (BBB) injury remains unclear. cilostazol exerts protective
effects toward I/R-induced BBB injury, with unclear mechanisms. This study explored the potential role of ER
stress in I/R-induced endothelial cell damage and determined whether the therapeutic potential of cilostazol, with
respect to I/R-induced endothelial cell damage, is related to inhibition of ER stress. We found that exposing brain
endothelial cells (bEnd.3) to oxygen-glucose deprivation/reoxygenation (OGD/R) significantly activated ER stress
and diminished the barrier function of cell monolayers; treatment with the ER stress inhibitor 4-phenylbutyric acid
(4-PBA) or cilostazol prevented OGD/R-induced ER stress and preserved barrier function. Furthermore, OGD/R
induced the expression and secretion of matrix metalloproteinase-9 and nuclear translocation of phosphorylated
NEF-kB. These changes were partially reversed by 4-PBA or cilostazol treatment. In vivo, 4-PBA or cilostazol
significantly attenuated I/R-induced ER stress and ameliorated Evans blue leakage and tight junction loss. These
results demonstrate that I/R-induced ER stress participates in BBB disruption. Targeting ER stress could be a useful
strategy to protect the BBB from ischemic stroke, and cilostazol is a promising therapeutic agent for this process.—
Nan, D,, Jin, H,, Deng, J., Yu, W,, Liu, R,, Sun, W., Huang, Y. Cilostazol ameliorates ischemia/reperfusion-induced
tight junction disruption in brain endothelial cells by inhibiting endoplasmic reticulum stress. FASEB ].

33, 000-000 (2019). www.fasebj.org

KEY WORDS: Ischemia/reperfusion injury - blood-brain barrier disruption - endothelial cell - paracellular

permeability

Ischemic stroke is a common cause of death and disability
worldwide and exerts a tremendous economic burden on
society (1). Rapid recanalization is often chosen as a thera-
peutic strategy whenever conditions are favorable (2).
However, restoring cerebral blood supply can instead result
in reperfusion injury (3, 4). Blood-brain barrier (BBB) dis-
ruption after ischemia/reperfusion (I/R) is considered one
of the main mechanisms of hemorrhagic transformation
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(HT) after ischemic stroke. However, the mechanism of I/R
injury is still not clear, and effective methods for the pre-
vention of cerebral I/R injury have not been established.

Recent studies have revealed that endoplasmic reticu-
lum (ER) stress is an essential signaling event during neu-
ronal injury after I/R (5). The ER is the earliest site to respond
to cellular stress (6). Further, biologic stress can disturb the
function of the ER and activate the ER stress response (6).
Initially, ER stress leads to adaptations to the changing en-
vironment and the restoration of normal ER function (6).
However, when severe or persistent ER stress cannot be
corrected, cellular apoptosis is triggered (7). Cerebral ische-
mia was reported to disrupt ER function in neuronal cells,
and ER stress was found to induce calcium overload (8), the
cessation of protein synthesis (9), and apoptosis (10), which
might ultimately lead to neuronal cell death. Although
many studies on the effect of ER stress in neuronal cells exist,
little attention has been paid to the effect of ER stress on
endothelial cells and BBB disruption after I/R.

It was recently reported that cilostazol, an inhibi-
tor of type III phosphodiesterase, not only is neuro-
protective against ischemic stroke (11) but also has
protective effects on vascular endothelial cells (12-14).
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However, the molecular mechanisms associated with
cilostazol are not completely understood.

In this study, we aimed to explore the role of ER stress
in BBB disruption in the context of I/R injury, as well as
its possible associated mechanisms, to uncover effective
treatments for this process. Furthermore, in this study, we
verified that cilostazol exerts its protective effects on BBB
disruption after I/R injury by inhibiting ER stress.

MATERIALS AND METHODS
Cell culture and treatments

Immortalized brain microvascular endothelial cells (BMVECs)
derived from mice (bEnd.3) were purchased from the American
Type Culture Collection (ATCC; Manassas, VA, USA). Cells were
cultured in 25-cm? culture flasks (for multiplying), 6-well plates
(for Western blotting and RT-PCR), 24-well plates (for immu-
nofluorescence staining), and 96-well plates (for cell viability
and cytotoxicity assays). Transwell membrane inserts in 24-well
plates [for the measurement of transepithelial electrical resistance
(TEER) and paracellular permeability assays] were used at a
seeding density of 5.0 X 10* to 5.0 X 10° cells/well. Cells were
maintained in a humidified incubator (95% air/5% CO,; Thermo
Fisher Scientific, Waltham, MA, USA) with DMEM (Thermo
Fisher Scientific) supplemented with 10% fetal bovine serum
(Thermo Fisher Scientific), 100 U/ml penicillin, and streptomycin
(Thermo Fisher Scientific) at 37°C. bEnd.3 cells were used be-
tween passages 29 and 39.

Cells were pretreated with the ER stress inhibitor 4-phenyl-
butyric acid (4-PBA; MilliporeSigma, Burlington, MA, USA) or
cilostazol (Selleckchem, Houston, TX, USA) dissolved in DMSO
(MilliporeSigma) 1 h before oxygen-glucose deprivation (OGD)
and during OGD/reoxygenation (OGD/R).

OGD/R

OGD/R was induced as follows. Confluent cells were washed
twice with fresh medium, which was replaced with glucose-free
DMEM pregassed with 95% N,/5% CO, and then incubated
with 95% N,/5% CO, for 6 h. Cells were then reperfused by
placing them in the fresh normal DMEM and were maintained in
an incubator with 95% air /5% CO,. Control cells were incubated
with fresh normal medium for 6 h, reperfused, and maintained
with normal medium with 95% air /5% CO, in a manner identical
to that for OGD/R.

Cell viability and cytotoxicity measurements

Cell viability was determined by adding Cell Counting Kit 8
(CCK-8) reagent (1:10 dilution in medium; Dojindo, Kumamoto,
Japan) to cells after 6 h of OGD and 18 h of reperfusion. The
optical density of the plates was measured as the absorbance at
a wavelength of 450 nm using a microplate reader (Synergy 4,
BioTek Instruments, Winooski, VT, USA), and cell viability was
expressed as the percentage of optical density for cells exposed
to OGD/R to that of control cells. Doses of 4-PBA and cilostazol
were predetermined by testing serial doses in bEnd.3 cells ex-
posed to OGD/R; CCK-8 assays showed that 100 mM of 4-PBA
and 3 uM of cilostazol significantly improved cell viability after
OGD/R.

To measure cell death and cell lysis, lactate dehydrogenase
(LDH) activity in the cell culture medium was measured with
LDH Cytotoxicity Assay Kit (Beyotime, Shanghai, China). The
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absorbance intensity of LDH activity was measured at 490 nm
using a microplate reader, and cytotoxicity (%) was determined
as the fold change relative to control cell viability.

TEER

TEER was assessed to determine the integrity of brain endothelial
monolayers using the TEER detection system EVOM2 (World
Precision Instruments, Sarasota, FL, USA) with STX2 electrodes.
In brief, bEnd.3 cells were seeded in Transwell inserts of 24-well
platesata density of 5 X 10*/well and cultured until they reached
confluence, replacing the culture medium every 2 d. Prior to use,
the machine was calibrated; then, the longer electrode was placed
to touch the bottom of the dish, whereas the shorter electrode was
prevented from reaching the bottom of the insert. The readings
were corrected using Transwell inserts with no cells (subtracted
from each experimental measurement) and then standardized by
the area of the culture inserts.

Paracellular permeability assays

bEnd.3 cells were cultured on cell culture inserts at a density of
4 X 10*. OGD/R was performed when cultured cells were con-
fluent. After reoxygenation for 18 h, Na-F (1 mg/ml; Salibrobio,
Beijing, China) was added into the upper compartment and then
incubated for 30 min. The sample medium of the lower com-
partment was then removed and diluted 100-fold with PBS, and
fluorescence intensity was measured at excitation and emission
wavelengths of 485 and 525 nm, respectively, using a fluorescent
reader (BioTek Instruments).

Western blot analysis

Protein was isolated from cells, and a significant volume was
loaded, electrophoresed, and transferred to PVDF membranes
(MilliporeSigma). After blocking, membranes were incubated
overnight with antibodies against claudin-5, zonula occludens-1
(ZO-1), (1:1000; Abcam, Cambridge, United Kingdom), occludin,
activating transcription factor 6 (ATF-6; 1:1000; Proteintech, Chi-
cago, IL, USA), p-inositol-requiring enzyme 1-o (IRE1-o;; 1:1000;
Thermo Fisher Scientific), binding Ig protein (Bip), IRE1-a, phos-
phorylated(p) protein kinase RNA like ER kinase (PERK), PERK,
p-NF-kB, (1:1000; Cell Signaling Technology, Danvers, MA,
USA), and B-actin (1:5000; ZSGB-Bio, Beijing, China). After a
1-h incubation with horseradish peroxidase—conjugated sec-
ondary antibodies (1:6000; ZSGB-Bio), protein bands were
visualized using ECL (MilliporeSigma) with a detection system
(GBOX-CHEMI-XT4, GENE, Hong Kong, China). Densities of each
band were normalized to those of B-actin, whereas phosphorylated
proteins were normalized to those of total proteins, using Image]
software v.1.37 (National Institutes of Health, Bethesda, MD, USA).

RNA isolation and RT-PCR

Total RNA was isolated using Trizol reagent (Thermo Fisher Sci-
entific) and was reverse transcribed using reverse transcriptase
(Thermo Fisher Scientific) to produce cDNA. The cDNA was mixed
with Sybr Green Master Mix (Thermo Fisher Scientific) together with
PCR primers, and RT-PCR was performed using 7500 (Thermo
Fisher Scientific). PCR primers were as follows: mouse matrix
metalloproteinase-9 (MMP-9) (5'-ACGACATAGACGGGCAT-
CCA-3' and 5'-GCTGTGGTTCAGTTGTGGTG-3') and B-actin
(5'-ACTATCGGCAATGAGCGGTTCC-3' and 5'-AGCACTG-
TGTTGGCATAGAGGTC-3’). Relative fold changes were cal-
culated by the 22" method.
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ELISA

After treatment, the culture medium of each group was collected
and frozen at —80°C until analysis using an MMP-9 ELISA kit
(EIAab, Wuhan, China). For this, 100 pl of sample or standard
was added to each microplate well and then incubated for 2 h at
37°C. The liquid from each well was then removed, and then
100 pl of detection reagent A working solution was added to each
well without washing, and samples were incubated for 1 h at
37°C. After washing, 100 pl of detection reagent B working so-
lution was added and incubated for 1 h at 37°C. Next, after
washing, 90 ul of substrate solution was added, and samples
were incubated in the dark; 50 pl of stop solution was added
10-20 min later. The absorbance was measured at 450 nm using a
microplate reader.

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde and blocked in PBS
containing 0.1% Triton X-100 and 5% goat serum for 1 h. Then,
cells were incubated with primary antibodies against ZO-1 (1:50;
Proteintech), occludin (1:50; Proteintech), and claudin-5 (1:100;
Abcam) at 4°C overnight. Secondary antibodies conjugated with
FITC (1:100; ZSGB-Bio) were then applied to cells for 1 h. Cells
were mounted with mounting medium containing DAPI (ZSGB-
Bio) after washing. Fluorescence images were obtained using a
fluorescence microscope (Ti2E, Nikon, Tokyo, Japan).

Rat cerebral I/R model

Male Sprague-Dawley rats weighing 300-320 g were used for this
experiment, and the cerebral I/R model was generated. Briefly,
after anesthetizing with pentobarbital at 50 mg/kg via intra-
peritoneal injection, rats were sterilized following skin prepara-
tion. A 2-cm-long incision was made in the middle of the neck,
and the right common carotid artery, internal carotid artery, and
external carotid artery (ECA) were gently separated. Then, the
ECA was ligated and cut through. A silicon-coated 6-0 surgical
monofilament nylon suture was inserted 17 * 0.5 mm from the
origin of the ECA into the internal carotid artery to reach the circle
of Willis to occlude the origin of the right middle cerebral artery.
After 2 h of occlusion, the suture was withdrawn, and reperfu-
sion was initiated. Then, the incision was closed, and the animal
was allowed to recover. A total of 50 male Sprague-Dawley rats
were used in this study. Two of them were excluded because of
death at the second day after surgery. Animals were randomly
allocated to treatment groups, and the investigators performing
surgeries and euthanizing animals had no knowledge of the ex-
perimental group to which an animal belonged. All experiments
were performed according to the Guideline for the Care and Use
of Experimental Animals of Peking University First Hospital
(J201754).

Rats were randomly assigned to 4 experimental groups as
follows: sham-treated, I/R, I/R + 4-PBA, and I/R + cilostazol.
Cilostazol was suspended in 0.5% carboxymethyl cellulose so-
dium salt (Salibrobio) and administered orally for 3 d before is-
chemia. The other group received the same amount of vehicle for
the same duration; the ER stress inhibitor 4-PBA (200 uM in 2 pl)
was injected into the right cerebral ventricle (from the bregma:
anterior—posterior, —0.8 mm; medial-lateral, 1.2 mm; dorsal-
ventral, 4.0 mm) with a Microsyringe (Hamilton, Bonaduz,
Switzerland) immediately after the onset of ischemia. The in-
jection rate was 0.5 w1/ min, and the cannula remained in place for
3 min after injection. The other group received the same amount
of vehicle for the same duration. The signs of a successful surgery
included the following: flexion or less grasping ability of the left
foreleg and spontaneous circling or toppling to the left. Rats were
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evaluated for clinical signs of stroke and scored as follows: 0, no
paralysis; 1, flexion of contralateral foreleg; 2, less grasping ability
of the left foreleg when lifted up; 3, circling when pulled; 4, cir-
cling spontaneously; 5, disturbance of consciousness and death.

Measurement of BBB disruption using Evans
blue dye

The integrity of the BBB was examined using Evans blue (EB) dye
extravasation. At 1 d after I/R, rats were injected via the tail vein
with 2% EB (4 ml/kg; MilliporeSigma) and euthanized through
an overdose of pentobarbital sodium 2 h later. Then, the rats were
transcardially perfused with 0.9% NaCl until the outflow fluid
from the right atrium was clear. Next, their brains were dissected,
weighed, and incubated in formamide solution in a 37°C water
bath. The EB that infiltrated into the brain tissue was then dis-
solved in the formamide solution. Next, 48 h later, the EB con-
centration in the formamide solution was measured using a
microplate spectrophotometer (Synergy 4; BioTek Instruments)
or perfused by saline followed by 4% paraformaldehyde. The
brains were removed and cut into 20-pm-thick sections with a
cryostat. The fluorescence of EB in spinal tissues was observed by
confocal microscopy.

Statistical analysis

All analyses were performed using SPSS 20.0 software (IBM
SPSS, Chicago, IL, USA). Results are expressed as means * SEM.
We used a 1-way ANOVA followed by a post hoc Bonferroni
multiple comparison test to compare the effects of each group
if the data exhibited a normal distribution and homogeneity of
variance. Otherwise, the differences were assessed by a non-
parametric test. Values of P < 0.05 were considered statisti-
cally significant.

RESULTS

OGD/R-induced brain endothelial cell injury
and tight junction disruption

To verify the effects of OGD/R on brain endothelial cells
using an in vitro method of I/R (Fig. 1A), cell viability and
cytotoxicity were examined in bEnd.3 cells exposed to 18 h
of reperfusion after 6 h of OGD. Cells exposed to OGD/R
showed significant changes in cell viability compared with
those maintained in control conditions (Fig. 1B, C). We
further examined the effects of OGD/R on endothelial
barrier function. OGD/R injury significantly decreased TEER
and increased paracellular permeability compared with
those in control conditions (Fig. 1D, E). Consistent with im-
paired paracellular permeability, levels of ZO-1 (0.69-fold
change), occludin (0.64-fold change), and claudin-5 (0.60-fold
change) were significantly decreased by OGD/R compared
with those in control conditions (Fig. 1F). Additionally, im-
munofluorescence staining for ZO-1, occludin, and claudin-5
(green) showed reduced expression after OGD/R (Fig. 1G).
These results suggest that the integrity of the endothelial
cell barrier could be disrupted by OGD/R, partly via the
down-regulation of tight junction (T]) proteins, indicating
that bEnd.3 cells exposed to 6 h of OGD and 18 h of reper-
fusion can serve as an i vitro I/R model for examining
transient ischemic stroke-induced TJ injury in brain endo-
thelial cells.
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OGD/R-induced ER stress in bEnd.3 cells

To elucidate the role of ER stress in OGD/R-induced cell
injury, ER stress-associated protein levels were assessed
during the reoxygenation period by collecting cells at vari-
ous reoxygenation times (0, 2, 4, 6,12, 18 h) after 6 h of OGD.
As shown in Fig. 2, cells exposed to reoxygenation af-
ter OGD exhibited increased levels of ER stress-related
proteins such as p-PERK, p-IREl-a, ATF-6, and Bip in a
time-dependent manner. These results suggest that OGD/
R induces ER stress in bEnd.3 cells during reoxygenation.

Pretreatment with cilostazol and 4-PBA
attenuates ER stress induced by OGD/R

To examine the protective effects of the ER stress inhibi-
tors 4-PBA and cilostazol on OGD/R-induced brain
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endothelial cell injury, bEnd.3 cells were pretreated with
vehicle, 4-PBA, or cilostazol for 1 h before and during
OGD/R. First, we examined the effects of a series of con-
centrations of 4-PBA or cilostazol on cell viability (Fig. 3A).
Cells were treated with vehicle (0.1% DMSO), 4-PBA (10, 50,
100, 200, 500 uM), or cilostazol (1, 3, 5, 10, 30 wM) during
OGD/R, and we found that 100 uM of 4-PBA or 3 M of
cilostazol could optimally reverse OGD/R-induced cyto-
toxicity, as well as a significant decrease in the release of
LDH compared with that for vehicle (Fig. 3B); thus, we
chose these concentrations for subsequent studies. Next,
we examined the effect of 4-PBA or cilostazol on ER
stress—related proteins in bEnd.3 cells during early (4 h)
reoxygenation periods after 6 h of OGD. After 4 h
of reperfusion, ER stress-related proteins were signifi-
cantly increased compared with those in control cells,
and this increase was significantly suppressed by 4-PBA
(vs. vehicle; Fig. 3C). In contrast, the significantly increased
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levels of ER stress-related proteins in vehicle-treated cells
were also significantly reduced by pretreatment with cil-
ostazol (vs. vehicle; Fig. 3C).

4-PBA and cilostazol protect brain endothelial
TJs from OGD/R

To examine whether the attenuation of ER stress exerts
protective effects on OGD/R-induced TJ disruption, en-
dothelial barrier function was tested after OGD/R with or
without treatment with 4-PBA or cilostazol. Both
4-PBA or cilostazol significantly attenuated OGD/
R-induced changes in paracellular permeability and TEER
(Fig. 4A, B). We also examined whether levels of the
transmembrane proteins ZO-1, occludin, and claudin-5
could be regulated by 4-PBA or cilostazol. The reduction in
Z0O-1, occludin, and claudin-5 protein levels by OGD/R
was significantly prevented by 4-PBA or cilostazol (vs.
vehicle; Fig. 4C). The conservation of T] proteins with
4-PBA or cilostazol in cells exposed to OGD/R was further
supported by immunofluorescence staining for ZO-1,
occludin, and claudin-5 (Fig. 4D). These results suggest

CILOSTAZOL INHIBITS I/R-INDUCED ER STRESS IN BRAIN ECS

that ER stress mediates the actions of I/R injury in brain
endothelial cells. We thus hypothesized that the protective
effect of cilostazol on I/R-induced endothelial cell injury
might be related to the attenuation of ER stress.

4-PBA or cilostazol reverses I/R-induced ER
stress and preserves the BBB in vivo

To further identify whether ER stress is related to I/R-
induced BBB disruption, we used an I/R injury model in
rats (Fig. 5A). As illustrated in Fig. 5B, intervention with
4-PBA or cilostazol successfully improved neurologic
performance after I/R. The permeability to EB was also
increased following I/R, a phenomenon that was partially
inhibited by 4-PBA or cilostazol (Fig. 5C). Western blotting
for TJ proteins to analyze the BBB structure was then per-
formed; after I/R, the expression of TJ proteins including
Z0-1, occludin, and claudin-5 decreased, and this decrease
was partly reversed by the administration of 4-PBA or cil-
ostazol (Fig. 5D). Similarly, Western blotting indicated that
ER stress was activated after I/R, and treatment with
4-PBA or cilostazol was found to reverse these changes
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(Fig. 5E). Together, our results suggest that ER stress is
related to the I/R-induced disruption of the BBB in vivo and
that attenuation of ER stress levels mediated by cilostazol
could be a potential strategy to reverse I/R injury.

OGD/R-induced ER stress is involved in
activation of the NF-xB-MMP-9 cascade
and MMP-9 secretion

To further elucidate the mechanisms associated with
ER stress—-induced disruption of TJs, changes in the
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levels of MMP-9 were tested because this enzyme has
been shown to degrade T] proteins (claudin-5, occludin,
and ZO-1) both in cultured brain endothelial cells and
in animal models of focal cerebral ischemia. MMP-9 levels
in the medium and mRNA levels were examined using
bEnd.3 cells during early (4 h) and late (18 h) reperfusion
periods after 6 h of OGD. After 4 h of reoxygenation,
MMP-9 levels in the medium were slightly increased,
whereas at 18 h, MMP-9 levels were further significantly
increased compared with those in control cells; further-
more, this increase was significantly reversed by either
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4-PBA or cilostazol (Fig. 6A). RT-PCR showed that
MMP-9 mRNA expression was increased in cells treat-
ed with OGD/R, and this change was reversed by the
administration of 4-PBA or cilostazol (Fig. 6B). These
data indicate that OGD/R stimulates MMP-9 expression
and secretion in endothelial cells, whereas pre-exposure
of endothelial cells to 4-PBA or cilostazol can attenuate
this.

We next investigated signaling molecules that mediate
OGD/R-induced MMP-9 expression. Because it has been
reported that NF-kB is the major transcription factor that
induces the expression of MMP-9, experiments were car-
ried out to determine whether OGD/R-induced ER stress
is associated with regulation of the NF-«B pathway.
Western blotting suggested that OGD/R induces the
up-regulation of nuclear p-NF-kB, both in the early and
late stages of reoxygenation; moreover, these increases
were successfully altered by 4-PBA or cilostazol treat-
ment (Fig. 6C).

DISCUSSION

The leakage of blood via disruption of the BBB plays an
important role in HT. However, despite its clinical signif-
icance, no effective treatment for HT has been identified.
The BBB comprises a layer of tightly connected BMVECs
that interact with other brain cells including astrocytes,
neurons, and pericytes (15). The bEnd.3 cells used in this
study are mouse-derived BMVECs and are well accepted
as an in vitro model for BBB investigations (16). In the
present study, we performed OGD/R using bEnd.3 cells
to mimic I/R injury in vitro, together with an in vivo I/R
model.

In our current study, we made the following obser-
vations: 1) OGD/R induced brain endothelial cell injury
and TJ disruption, accompanied by the activation of ER
stress; 2) ER stress was involved in the disruption of T]s
after OGD/R, and the protective effect of cilostazol in-
volved inhibiting ER stress after OGD/R; 3) inhibition
of ER stress might prevent BBB damage by suppressing
the up-regulation and translocation of NF-kB and re-
ducing the expression and secretion of MMP-9. Taken
together, our results provide evidence that BBB damage
is reduced by inhibiting the activation of ER stress
during cerebral I/R.

First, we tested whether the conditions used in this
study could mimic I/R injury-induced BBB disrup-
tion. OGD for 6 h followed by 18 h of reoxygenation
inhibited the viability of bEnd.3 cells and reduced
the expression of TJs, resulting in reduced endothe-
lial barrier integrity, decreased TEER, and increased
paracellular permeability. Moreover, during the reox-
ygenation period, ER stress was activated. Ischemia-
induced energy depletion rapidly disrupts ER calcium
homeostasis and subsequently impairs protein folding,
which ultimately can lead to cell death (17). Even
during reperfusion, ER stress-related protein levels
were continuously elevated, suggesting the persistent
activation of ER stress. To our knowledge, studies on
I/R-induced ER stress in the brain have focused mainly

CILOSTAZOL INHIBITS I/R-INDUCED ER STRESS IN BRAIN ECS

on neuronal cells (18-20) and astrocytes (21, 22) in vitro
and in vivo. To date, the mechanisms responsible for
ER stress associated with I/R-induced BBB disruption
have remained unclear. Chen et al. (23) reported that
the activation of ER stress induced by A-f,_4, disrupts
the TJs of bEnd.3 cells in a receptor for advanced gly-
cation end products—dependent manner. In addition,
activation of ER stress mediated by methamphetamine
was found to disrupt BBBs and induce endothe-
lial cell damage, which further induced mitochon-
drial dysfunction, and it was found that 4-PBA could
be an effective treatment for methamphetamine-
induced BBB disruption (24). The activation of ER
stress induced by diabetes exacerbates the disruption
of blood-spinal cord barrier after spinal cord injury,
and inhibition of ER stress by 4-PBA might have a
beneficial effect on the integrity of the blood-spinal
cord barrier in diabetic spinal cord injury rats, leading
to improved recovery (25). However, studies on ER
stress—related endothelial cell injury after I/R are lim-
ited. Having observed the relevance of ER stress with
respect to I/R injury, we postulated that the inhibi-
tion of this response might be protective against
I/R-induced cerebral injury. To corroborate this hy-
pothesis, 4-PBA, a chemical chaperone, was selected
as an ER stress inhibitor and administered concur-
rently with ischemic exposure and reperfusion. 4-PBA
is a Food and Drug Administration-approved drug
used for children with urea cycle disorders (26). Fur-
thermore, it was reported to protect against ischemic
brain injury by inhibiting ER stress-mediated apopto-
sis and inflammation (27). The dose of this drug used in
this study was in accordance with the dose-effect re-
lationship between 4-PBA and OGD/R based on cell
viability assessments using CCK-8 in vitro and in vivo
performed in other studies (28). In the present study,
this ER stress inhibitor prevented OGD/R-induced
endothelial cell injury and T] disruption with changes
to paracellular permeability, TEER, and TJ protein
levels in vitro. Furthermore, results were consistent
with an in vivo study, indicating that ER stress mediates
I/R injury in endothelial cells.

Our study also showed that the protective effects of
ER stress inhibition on T] protein levels are associated
with the inhibition of NF-kB-MMP-9 activation dur-
ing the reperfusion period. To our knowledge, this
is the first study to demonstrate that the inhibition
of ER stress after I/R is involved in the protective ef-
fects against T] disruption by inhibiting signaling
molecules activated by ischemic insult. Among sev-
eral signaling molecules that affect T] protein levels,
we focused on NF-kB-MMP-9 because these mole-
cules are associated with ischemia-induced disrup-
tion of the BBB. MMP-9 has been shown to degrade
TJ proteins (claudin-5, occludin, and ZO-1) in cul-
tured brain endothelial cells and in animal models of
focal cerebral ischemia (29, 30). High-plasma MMP-9
concentrations during the acute phase of cerebral in-
farction are considered an independent predictor of
HT in stroke patients (31, 32). Experimental data in-
dicate that, except for infiltrating leukocytes (often
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neutrophils), BMVECs are key cellular indicators of
brain MMP-9, at least during the early phase after
focal cerebral ischemia (30, 33). Similarly, in the pre-
sent study, we found that OGD/R stimulates MMP-9
expression and secretion in endothelial cells, whereas
inhibition of ER stress reverses these changes. The
translocation of NF-«kB, which is the major transcrip-
tion factor that regulates MMP-9 expression, to the
nuclei was observed after OGD/R, and this change
was reversed by inhibiting ER stress. Meanwhile,
translocation of ATF-6 was reported to participate
in the regulation of the NF-«kB pathway, probably
by up-regulating the transcription of genes that acti-
vate this pathway (34). Therefore, our data demon-
strate that ER stress might modulate the activation
of the NF-kB-MMP-9 cascade and MMP-9 secretion.

It was reported that cilostazol has protective effects
on vascular endothelial cells (12-14). In addition, in-
creasing evidence has shown that cilostazol also ex-
erts a protective effect by promoting BBB integrity (35,
36). Therefore, it is necessary to evaluate the benefits
of preischemia cilostazol administration and the un-
derlying molecular mechanisms. Concerning the BBB
and the protective effects of cilostazol on I/R, we
suppose that this might be related to the attenuation of
ER stress.

In the present study, we further studied the role
of cilostazol in protection against I/R-induced BBB
injury and its mechanisms. We found that pretreating

Endothelial cells

-

e

'\ :

Figure 7. The model illustrates ER stress involving I/R-induced

cells with 3 uM of cilostazol could optimally reverse
OGD/R-induced cytotoxicity. The concentrations of
cilostazol (3 pM) that we used in this study were
similar to serum concentrations found to have clini-
cal utility (37). Similar to effects observed with an ER
stress inhibitor, the administration of cilostazol pre-
vented OGD/R-induced endothelial cell injury and
TJ disruption, with changes in paracellular perme-
ability, TEER, and TJ protein levels in vitro, which
was also observed in vivo. Meanwhile, activated ER
stress was reversed, and subsequently, the trans-
location of NF-kB was reduced, and MMP-9 expres-
sion and secretion into the medium were attenuated
during reoxygenation after OGD for 6 h. Therefore,
cilostazol exerts its protective effects against BBB
injury after I/Ratleastin partby inhibiting ER stress.
Cilostazol could increase the intracellular level of
cAMP by inhibiting its hydrolysis by type III phos-
phodiesterase. Decreasing adenylate cyclase activity
and intracellular cAMP levels after hypoxia is asso-
ciated with impaired endothelial barrier function,
which may contribute to increased vascular perme-
ability (38). The cAMP levels in our in vitro model
were tested. As shown in Supplemental Fig. 51, in an
untreated control group, cAMP levels were signifi-
cantly elevated following treatment with cilostazol.
Following 6 h of OGD, the cAMP levels underwent a
substantial down-regulation after hypoxia, then in-
creased in a time-dependent manner before returning to

I/R

Misfolded protein

Cilostazol —— ER stress

o ¢

p65
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brain endothelial cell dysfunction. I/R induces prolonged ER

stress in brain endothelial cells, and prolonged ER stress further induces disruption of brain endothelial TJ. ER stress may induce
activation of NF-kB-MMP-9 cascade and secretion of MMP-9, which participates in disruption of TJs. Cilostazol ameliorates I/R-
induced brain endothelial TJ injury by inhibiting ER stress activation.
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near normal levels during reoxygenation. These changes
can be reversed by treatment with cilostazol but not
ER stress inhibitor. Although it has been proposed that
treatment with 4-PBA attenuates the ER stress response
and rescued cAMP accumulation deficiency in DYT1
(hereditary dystonia caused by mutation in the TOR1A
gene) patient fibroblast lines comparable to control fi-
broblast cAMP levels (39), our results present no change in
cAMP levels after treatment with 4-PBA in our model.
This may be because the concentration of 4-PBA they used
in their experiment was much higher (5 mM) than that in
our experiment (100 wM). Accordingly, these results in-
dicate that there might exist other mechanisms with a
protective effect on BBB disruption of cilostazol other than
the inhibition of type III phosphodiesterase.

In summary, as illustrated in Fig. 7, we demonstrate
that ER stress is activated after transient ischemic stroke
and has a deleterious role in BBB integrity. Therefore, ER
stress could be a potential therapeutic target to mitigate
BBB disruption after I/R. Cilostazol appears to improve
I/R injury by inhibiting the disruption of T] proteins and
suppressing ER stress and thus might be a promising
therapeutic agent to protect against BBB damage after
acute ischemic stroke. These findings might provide new
ideas to therapeutically protect the BBB from ischemic
damage and to extend the window of thrombolysis and
reduce cerebral hemorrhage.
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