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Abstract

All-trans retinoic acid (ATRA) influences the outcomes of cerebral ischemic reperfusion (CIR) injury, but the mechanism
remains unclear. The present study aimed to investigate the effects of ATRA on loss of the blood brain barrier (BBB) fol-
lowing CIR and to explore the possible mechanisms. Transient middle cerebral artery occlusion was performed on male SD
rats to construct an in vivo CIR model. Neurological deficits, BBB permeability, brain edema, MRI and JNK/P38 MAPK
proteins were detected at 24 h following CIR. We demonstrated that ATRA pretreatment could alleviate CIR-induced neuro-
logical deficits, increase of BBB permeability, infarct volume, degradation of tight junction proteins, inhibit MMP-9 protein
expression and activity. ATRA treatment also reduced the p-P38 and p-JNK protein level. However the protective effect of
ATRA on CIR could be reversed by administration of retinoic acid alpha receptor antagonist Ro41-5253. SP600125 and
SB203580, which is the INK/P38 pathway inhibitors has the same protective effect as ATRA. These results indicated that

ATRA may inhibit the INK/P38 MAPK pathway to alleviate BBB disruption and improve CIR outcomes.

Keywords All-trans retinoic acid - Blood—brain barrier - Cerebral ischemia—reperfusion - MMP-9 - JNK/P38 MAPK

signaling pathway

Introduction

The blood-brain barrier (BBB) is a specialized interface
between the blood and the central nervous system [1]. BBB
acts as a transporting access supervision, and protects the
central nervous system from harmful factors. Therefore,
BBB plays an important role in maintaining the homeo-
stasis of the brain environment. The structure of the BBB
is primarily composed of brain microvascular endothelial
cells (BMECs), basement membranes,and astrocyte end-feet
and pericytes [2]. Studies have demonstrated that tight junc-
tion proteins (TJ) between specialized BMECs, consisting
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of several critical proteins such as claudin-5, occludin, and
zonula occludens-1 (ZO-1), is an important structure to
maintain BBB integrity and restrict paracellular permeabil-
ity [3]. AQP-4 is known to increase swelling of the paws of
astrocytes, increase permeability of the blood-brain barrier,
and trigger significant cerebral edema and infarction. Dis-
ruption of the BBB has been observed following cerebral
ischemic reperfusion (CIR) injury [4], which is accompanied
by neuroinflammatory responses, oxidative stress and brain
edema. BBB destruction ultimately contributes to neurologi-
cal deficits, synaptic and neuronal dysfunction and cogni-
tive changes. Several crucial proteins, including claudin-5,
Occludin, ZO-1, were decreased after ischemia and reperfu-
sion, which might cause the disruption of the BBB.

Matrix metalloproteinase-9 (MMP-9), which belongs
to a family of zinc-binding proteolytic enzymes, involvs
in BBB disruption in ischemic injury [5]. Upregulation of
MMP-9 expression has been observed in the blood—brain
barrier injury; [6, 7]. Previous study has also demostrated
that MMP-9 impaired theintegrity of the BBB by cleaving
TJs and the extracellular matrix [8]. Therefore, inhibition
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overexpression of MMP-9 may be an important strategy to
alleviate CIR injury.

Mitogen activated protein kinase (MAPK) pathway,
including c-Jun N-terminal Kinase JNK pathway, P38
MAPK pathway and extracellular signal pathway (ERK) [9],
is a key pathway involved in the protection of BBB. Recent
studies have confirmed that in many tumors, cytokines
and other extracellular stimulating factors can activate the
MAPKSs signaling pathway, up regulate the expression of
MMP-9, and promote the invasion and metastasis of tumors
[10]. Previous study have demonstrated that JNK and
P38 are positivly involved in the inflammatory response,
cytokines and cell proliferation after CIR [11].

ATRA is an active metabolite of vitamin A, which exerts
most of the biological functions of vitamin A. ATRA has
been widely used in the treatment of acute promyelocytic
leukemia. ATRA binds to nuclear specific receptor to form
ligand receptor complex, which participate in cell or tissue
formation, enzymes involved in metabolism and regulation,
and regulatory proteins that regulate the expression of lower
genes [12]. Studies in tumor cells have found that ATRA
promotes the expression of matrix metalloproteinase inhibi-
tors (TIMPS), regulates the proportion of MMP/TIMP, and
inhibits metastasis of tumor cells [13]. ATRA also plays a
role in regulating immunity. It is also proved that ATRA
can reduce the expression of oxidative stress products and
NF-xB in liver ischemia—-reperfusion injury [14—-16]. How-
ever, the role of ATRA in BBB disruption in CIR remains
virtually unclear and the relationship among ATAR among
MMP-9 and MAPK signing pathway are poorly understood.
In the current study, our purpose is to investigate whether
ATRA treatment could ameliorate the loss of BBB integrity
and understand the role of INK/P38 MAPK Pathway in it.

Materials and Methods

All animal procedures were approved by the Experimen-
tal Ethics Committee of Chongqing Medical University
in Chongqing, China. All experiments were performed in
accordance with the experimental regulations of Chongqing
Medical University. All surgeries were performed under
anesthesia, and all efforts were made to minimize the ani-
mals’ suffering.

Materials

Animals

A total of 120 male Sprague—Dawley rats weighing
270+20 g in an individual ventilated cages (IVC) grade were

obtained from the Experimental Animal Center of Chong-
ging Medical University (Chongqging, China). They were
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randomly divided into six groups (n=20, in each group):
the sham-operated group (Sham), the cerebral ischemia—rep-
erfusion group (CIR), the ATRA-pretreated CIR group
(low dose =10 mg/kg, high dose =30 mg/kg), the Ro41-
5253 + ATRA-pretreated CIR group (Ro41-5253 + High
dose, CIR +Ro+ H), and SB203580 + SP600125-treated
CIR group (CIR +SB + SP).

Middle Cerebral Artery Occlusion Model

Rats were anesthetized by 4% pentobarbital sodium (40 mg/
kg, intraperitoneally). The right carotid artery (CCA), the
external carotid artery (ECA) and the internal carotid artery
(ICA) were separated from the right lateral sternocleidomas-
toid muscle and the anterior cervical muscle by supine fixa-
tion and the midline incision of the neck. Using Zea-Longa
method [17], the vagus nerve improved four separate internal
carotid artery and external carotid artery bifurcation, CCA
ligation and ECA proximal internal carotid artery through
the way of blocking the suspension line. Then, take a small
cut at the CCA bifurcation 5 mm and feed the ICA wire
bolt about 18 mm in length. The filament was withdrawn
gently after 120 min of occlusion, and the brain was then
reperfused 24 h. In the sham-operation subjects, nothing was
inserted. Rats were put back to cages after recovery, with
free access to tap water and food. Throughout the procedure,
body temperature was maintained at 37 +0.5 °Cwith a ther-
mostatically controlled infrared lamp.

Drug Administration

ATRA (Sigma-Aldrich Co. LLC, St. Louis, MO, USA) was
dissolved in a 1:1 mixture ratio of v/v dimethyl sulfoxide
(DMSO): saline (0.9% w/v sodium chloride) to prepare dif-
ferent concentrations of ATRA solutiong (10, 30 mg/kg)
[18]. After operation, rats in the ATRA group respectivly
received ATRA (10, 30 mg/kg) through intraperitoneal
injection, group sham and group CIR rats were injected
with equal amount of solvent. Ro41-5253 (0.5 mg/kg) was
administered intravenously 30 min prior to ischemia. 10 pl
SB203580 and 10 pl SP600125 (soluble at 1%DMSO, con-
centration 30 mg/ml) were injected into the lateral ventri-
cles of the brain 30 min before the establishment of the
model.

Neurologic Deficit

After 24 h of reperfusion, neurologic deficit was assessed
by researchers who were unaware of the rats’ group assign-
ments (n=11). The assessment was accomplished accord-
ing to Longa 5 level 4 points method [19]. The criteria for
scoring were as follows:
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Grade 0: no nerve injury symptoms;

Grade 1: when the tail of the contralateral forelimb
lesions can not be completely straight;

Grade 2: while walking to the paralyzed side around;

Grade 3: when walking to the contralateral falls;

Grade 4: can not walk spontaneously, loss of
consciousness.

Infarct Volume

For quantification of cerebral infarct volume, rats in each
group were sacrificed, and the mouse brains were quickly
isolated, frozen and cut into four coronal sections with
2 mm thickness. The brain sections (1 mm) were incubated
in 2% 2,3,5-triphenyltetrazolium chloride (TTC) at 37 °C
for 15 min, and transferred to 4% paraformaldehyde over-
night. Unstained areas were recognized as infarctions. The
infarct volume was analyzed quantitatively using Image-pro
Plus software and expressed as percentage of contralateral
hemisphere. Infract volume (%) = (cerebral infarction area/
whole brain area) X 100%.

Brain Water Content Calculations

Brain edema was detected using the wet/dry method as pre-
viously described [20]. The rats (n=10) were anesthetized
carefully and the brain was removed by decapitation. Briefly,
the right brain was immediately removed and placed on
saline-soaked filter paper to prevent evaporation, pia mater
and blood were carefully removed, and weighed to obtain
the wet weight. And then the brain tissue was subsequently
placed in an oven at 105 °C for 24 h, followed by re-weigh-
ing to obtain the dry weight. Brain water content = [(wet
weight — dry weight)/wet weight] X 100%.

Magnetic Resonance Imaging

At 24 h after I/R (n=35), the MRI contrast agent Omniscan
(1.5 ml/kg) was injected via caudal vein by a 1 ml syringe,
and an advanced 1.5 T nuclear magnetic resonance sys-
tem (Siemens) was used to detect and evaluate BBB dis-
ruption [21]. Precise MRI information was obtained from
T1-weighted intensifier scanning. MRI signal data were col-
lected by the MRI system software.

Evans Blue Method

To determine the effect of ATRA on BBB integrity, rats in
each group were injected with 2% EB (4 ml/kg) via the cau-
dal vein. At 24 h after CIR, infusion with heparinized saline
through the left ventricle was performed until colorless infu-
sion fluid was obtained from the right atrium; then, the rats
were decapitated. The right hemisphere was weighed, placed

in a tube with 3 ml dimethylformamide (DMF), and then
thawed in water at 60 °C in a dark room for 24 h. The optical
density (OD) value of EB was measured by a RF-540 fluo-
rescence spectrophotometer (A =632 nm). The EB content
was calculated from a standard EB curve to measure the
change in BBB permeability.

Transmission Electron Microscopy

Ultrastructure of BBB was analyzed using TEM. Rats (n=5)
were deeply anesthetized and then fixed with 4% paraform-
aldehyde containing 1% glutaraldehyde by perfusion. The
cortex region was sliced into cubes (1 mm?), and then fixed
in glutaraldehyde (2.5%) and 1% osmic acid for 4 h respec-
tively. Specimens were dehydrated with acetone and embed-
ded by Epon812. The ultrathin sections of the cubes were
dyed with uranyl acetate and lead citrate, and then observed
under transmission electron microscopy (TEM, Hitachi,
7100, Japan).

Immunofluorescence Staining

To characterize the expression of tight junction protein clau-
din-5 in ischemic region, rats in each group (n=35) were
sacrificed and brain tissue was rapidly isolated and post-
fixed in 4% paraformaldehyde for 4 h, followed by overnight
immersion in phosphate buffer containing 30% sucrose. The
brains were then embedded in OCT solution, and 8 um coro-
nal brain cryosections were prepared. Sections were fixed
in ice-cold acetone and blocked with 10% goat serum for
2 h. Next, the sections were incubated at 4 °C overnight
with the following primary antibodies: rabbit anti-claudin-5
antibodies (1:100, bs-10296R, Bioss, Beiling, China) at 4 °C
overnight. After washed in PBS, the sections were incubated
with appropriate secondary antibody for 30 min at 37 °C:
DyLight 488 affiniPure goat anti-rabbit IgG (1:100, A23220,
Abbkine, USA). Blood vessels were incubated with bioti-
nylated Lycopersicon esculentum (tomato) Lectin (1:100
B-1175, Vector Laboratories, Burlingame, USA). Nuclei
were stained with 4’,6-diamidino-2-phenylindole (DAPI,
C1006, Beyotime, China). Images were captured with a
fluorescence microscope (Eclipse Ti-S, Nikon, Japan), and
visual fields per section were analyzed using Image-pro plus
(IPP) 6.0 software.

Gelatin Zymography Assay

The right hemisphere samples (n=10) were homogenized
in lysis buffer including pro tease inhibitors at 50 mg/ml
and then centrifuged at 12,000 rpm for 15 min at 4 °C.
The activity of MMP-9 was assessed using a gelatin
zymography kit according to the manufacturer’s protocol
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(GMS30071.1, Genmed Scientifics Inc. USA). MMP-9
activity was quantified by performing densitometric analy-
ses with Bio-Rad Image Lab software 4.0 (Bio-Rad, Her-
cules, CA, USA).

Western Blotting

Anaesthetized rats (n=12) were decapitated and the right
brain tissues were rapidly extracted on ice, weighted
and grinded in liquid nitrogen, then approximate 70 mg
homogenates were weighted. These frozen tissue powder
was transferred to a 1.5 ml centrifuge tube with RAPI lysis
buffer (P00113D; Beyotime, Shanghai, China) that con-
tained proteinase and phosphatase inhibitor cocktail. The
homogenates were centrifuged at 12,000 g for 5 min at
4 °C and the supernatants were collected as total proteins.
The protein samples were quantified with a bicinchoninic
acid protein assay kit (P0O012S, Beyotime, China). The
protein was separated using sodium dodecyl sulfate-pol-
yacrylamide gel electrophoresis (SDS-PAGE) (PO012A,
Beyotime, China) with a 12% polyacrylamide gel, and
then transferred to polyvinylidene fluoride (PVDF) mem-
brane. Then the membranes were blocked with non-fat
milk (5%) and incubated overnight at 4 °C with the fol-
lowing primary antibodies: rabbit polyclonal anti-Zo-1
(21773-1-AP, Proteintech, Wuhan, China, 1:500), rabbit
polyclonal anti-claudin-5 (bs-10296R, Bioss, BeiJing,
China, 1:500), rabbit polyclonal anti-occludin (13409-1-
AP, Proteintech, Wuhan, China, 1:1000), rabbit polyclonal
anti-MMP-9 (10375-2-AP, Proteintech, Wuhan, China,
1:1000), mouse monoclonal anti-Bax (60267-1-1g, Pro-
teintech, Wuhan, China,1:1000), rabbit polyclonal anti-
Bcl-2 (ab59348, Abcam, Cambridge, UK,1:300),rabbit
polyclonal anti-cleaved caspase 3 (#9664, Cell Signal-
ing Technology, Beverly, MA, USA,1:500), rabbit poly-
clonal anti-AQP-4 (16473-1-AP, Proteintech, Wuhan,
China,1:500), Goat polyclonal anti-RARa(ab28767,
Abcam, Cambridge, UK,1:1000), rabbit polyclonal anti-
JNK (10023-1-AP, Proteintech, Wuhan, China, 1:1000),
rabbit polyclonal anti-P38 (14064-1-AP, Proteintech,
Wuhan, China, 1:1000), rabbit polyclonal anti-Phospho-
P38MAPK (Thr180/Tyr182) (D3F9) (#4511, Cell Sign-
aling Technology, Beverly, MA, USA,1:1000), rabbit
polyclonal anti-Phospho-SAPK/JNK (Thr183/Tyr185)
(81E11) (#4668, Cell Signaling Technology, Beverly, MA,
USA,1:1000) and rabbit polyclonal anti-f-actin (20536-
1-AP, Proteintech, Wuhan, China,1:1000). After three
washes, secondary antibodies Biotin-conjugated Affin-
ipure Goat Anti-Mouse IgG (H+ L) (SA00004-1, Protein-
tech, Wuhan, China, 1:2000), Biotin-conjugated Affinipure
Goat Anti-Rabbit IgG (H+L) (SA00004-2, Proteintech,
Wuhan, China, 1:2000), Biotin-conjugated Affinipure
Donkey Anti-Goat IgG (H+L) (SA00004-3, Proteintech,
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Wuhan, China, 1:2000) were performed to conjugate with
alkaline phosphatase for 2 h at room temperature. After
three washes, thirdly antibody HRP-conjugated Strepta-
vidin (SA00001-0, Proteintech, Wuhan, China, 1:3000)
was performed to conjugate with alkaline phosphatase for
1 h at 37 °C. B-actin was used as an internal control. The
immune bands were detected with an ECL kit (Advansta,
Menlo Park, CA, USA). The density of each band was
quantified using Image Lab software (Bio-Rad, Hercules,
CA, USA).

Statistical Analysis

All data are presented as the mean + SD. SPSS 17.0 was
used to analyze the data between the groups with a one-
way analysis of variance (ANOVA) test followed by the
Tukey’s test. A value of P <0.05 was defined as statistically
significant.

Results

ATRA Alleviates Focal Ischemia-Induced Brain Injury
in Rats

We examined whether ATRA protects the brain agan-
ist ischemia induced injury by 24 h of reperfusion after
MCAO. As shown in Fig. lc, severe neurological deficits
were present in the CIR group, while ATRA treatment (10
and 30 mg/kg) reduced the neurological score, which sug-
gests that ATRA treatment improves the functional outcome
after CIR injury. Additionally, consecutive brain sections
stained with TTC were also detected. Compared to the CIR
group, ATRA treatment (10 and 30 mg/kg) decreased the
total infarct volume from 5 to 8% respectively (Fig. 1a, b,
**p <0.01). MRI approach was also used to determined the
infract volume. A markedly increased T1-hyperintensity was
observed with in rats undergoing CIR injury compared with
the sham-operated group at 24 h. However, ATRA treatment
(10 and 30 mg/kg) significantly attenuated T1 hyperintensity
in comparison to the CIR group rats (Fig. 2a, b, **p <0.01).
The results of TTC staining and MRI indicated that ATRA
treatment decreases the brain ischemic area caused by CIR
injury. (Figs. 1, 2).

ATRA Reduces BBB Permeability and Brain Edema
Induced by CIR Injury

The effects of ATRA treatment on CIR induced BBB dis-
ruption were investigated. The brain water content in the
CIR group was significantly higher than in the sham group,
whereas the brain water content in the ATRA treatment
(10 and 30 mg/kg) was reduced toward baseline (Fig. 3c,
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Fig. 1 The cerebral infarct volume and neurological function in dif-
ferent groups. a TTC-staining of brain slices (n=11 in each group,
2 mm for each scale). b Quantitative analysis of cerebral infarct vol-
ume; ¢ quantitative analysis of neurological function (n=11 in each

group). Sham sham-operated group, CIR cerebral ischemia—reper-
fusion group. #p<0.01 versus Sham group; **P<0.01 versus CIR
group
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Fig.2 T1-weighted magnetic resonance imaging (MRI). a Represent-
ative MRI images from the different groups. The yellow arrows point
to the signal intensity-enhanced regions with larger regions and more
pronounced signal intensities indicating more serious brain damage.

**p <0.01). These data suggest that ATRA treatment (10
and 30 mg/kg) can significantly reduce brain edema after
CIR injury.

To further determine whether ATRA can maintain BBB
integrity after CIR injury, we measured the BBB permeabil-
ity with Evans blue staining. We also found that Evans blue
intensity was significantly increased 24 h after CIR (Fig. 3a,
b, #P <0.01), while ATRA treatment (10 and 30 mg/kg)
exhibited a significantly lower brain Evans blue intensity
(Fig. 3a, b, **p<0.01).

b T1 signal intensity enhancement in different groups (n=5 in each
group). Sham sham-operated group, CIR cerebral ischemia—reper-
fusion group. #p<0.01 versus Sham group; **P<0.01 versus CIR
group

ATRA Improves Focal Ischemia-Induced Blood-Brain
Barrier Injury

The I/R group resulted significant tight junction protein
degradation 24 h afte rCIR. However, compared with the
CIR group, ATRA administration dramatically attenu-
ated these BBB structural damages. Western blot analysis
showed that ATRA significantly reduced tight junction
protein degradation and the expression of AQP-4 protein
(Fig. 4, **p<0.01). Additionally, TEM analysis showed less
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Sham CIR 10 30

CIR+ATRA(mg/kg)

T1 Signal Intensity Enhancement

Fig.3 Determination of blood brain barrier permeability in differ-
ent groups. a Evans blue brain surface photography results (n=11
in each group, 2 mm for each scale). b The content of Evans blue
extraction method for quantitative ischemic cerebral hemisphere exu-
dation by formamide (n=11 in each group). ¢ The brain water con-
tent of the cerebral hemisphere in the ischemic side was calculated by
the wet and dry gravity method in each group (n=10 in each group).
#1<0.01 versus Sham group; **P <0.01 versus CIR group

vacuolations and TJ disruption between endothelial cells in
the ATRA treatment (30 mg/kg) group comparison with
the CIR group (Fig. 5). The result show that the claudin-5
protein decreased significantly after CIR 24 h, and vascular
rupture occurred. However, the ATRA treatment (30 mg/
kg) group can significantly reduce the decrease of claudin-5
(Fig. 6). Moreover, the Bax and Cleaved Caspase-3 levels
was dramatically decreased by ATRA administration 24 h
after CIR (Fig. 7a, b, d, **p <0.01). In contrast to Bax,
Bcl-2 levels were significantly increased by ATRA treatment
when compared with the I/R group rat (Fig. 7a, c, *p <0.05,
**p <0.01). Therefore, we confirmed that ATRA treatment
could indeed provide neuroprotective effects by relieving
BBB disruption early after CIR.
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ATRA Decreases MMP-9 Enzyme Activity and Protein
Expression Following CIR Injury

To investigate whether ATRA can exert MMP-9 enzyme
activity and protein expression inducd by CIR injury,
gelatin zymography assay and western blot pictures were
analyed. MMP-9 enzyme activity and protein levels were
significantly increased in rats that underwent CIR, ATRA
treatment effectively reduced levels of MMP-9 enzyme
activity and protein, suggesting that ATRA improves
BBB integrity through modulatiing MMP-9 level (Fig. 8,
**p<0.01).

ATRA Reduces Phosphorylation of JNK and P38
after CIR Injury

To elucidate the effect of ATRA on MAPK signaling path-
way, we assessed phosphorylated INK (p-JNK) and P38
(p-P38) by western blot. As depicted in Fig. 9, the expression
of total JNK and P38 in the brain ischemic area was com-
parable among different groups. Expression of p-JNK and
p-P38 was significantly increased in MCAO rats 24 h after
CIR compared with the sham-operated group (Fig. 9a—c,
#5<0.01). Administration of ATRA (10 and 30 mg/kg)
significantly reduced the expression of p-JNK and p-P38
compared to the MCAO rats 24 h after CIR (Fig. 9a—c,
**p <0.01). The results also showed that after CIR by reti-
noic acid receptor alpha (RAR«) content decreased. How-
ever, ATRA can reduce the damage of RARa (Fig. 9a, d,
**p<0.01).

Effects of Retinoic Acid Alpha Receptor Inhibitors
Ro41-5253 and JNK/P38MAPK Signal Pathway
Inhibitor SB203580/SP600125 on CIR Injury in Rat

To further investigate the effect of ATRA on brain dam-
age induced by CIR, retinoic acid alpha receptor inhibitors
Ro41-5253 and JNK/P38MAPK signal pathway inhibi-
tor SB203580/SP600125 were administrated before CIR.
As showed in Fig. 10, compared with CIR +H group,
CIR +Ro +H group could reverse the protective effect
of ATRA on CIR injury (Fig. 10, ¥p <0.05, ¥¢p <0.01).
While INK/P38MAPK signal pathway inhibitor SB203580/
SP600125 dramatically decreased the neurologic defi-
cit score, brain water content, infarct volume and Evans
blue content compared with CIR group (Fig. 10, *p <0.05,
**p <0.01), These results indicated that INK/P38MAPK
signal pathway inhibitor can reduce the injury of CIR in
rats.
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western blotting and densitometric analysis with p-actin used as an
internal control (n=12 in each group). #p<0.01 versus sham group;
**P <0.01 versus CIR group; *P <0.05 versus CIR group

Sham

CIR

CIR+ATRA(30mg/kg)

Fig.5 Morphological observation of tight junction under transmission electron microscopy. Representative transmission electron microscopy
images of tight junction structure changes in the ischemia reperfusion zone in the rat brain (n=>5 in each group). Scale bar 500 nm

Discussion

The loss of BBB integrity greatly influences the events after
CIR, and this loss is directly related to brain edema and
neuro-functional impairment. ATRA, which is an active
metabolite of vitamin A, mediates most of the biological

functions of vitamin A. Previous studies have found that
retinoic acid plays an important role in the formation of
blood-brain barrier [22]. In this present study, we dem-
onstrated that ATRA administration significantly reduces
neurological score, cerebral infract volume, brain water
content and BBB disruption as evidenced by EB staining
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Claudin-5

Sham

CIR

CIR+ATRA

Merged

Fig.6 Changes of tight junction protein claudin-5 expression in brain during middle cerebral artery occlusion in SD rats. Detection of claudin-5
in cerebral ischemia reperfusion area by immunofluorescence assay (n=>35 in each group). Scale bar 50 pm

and Omniscan extravasation after CIR, supporting the
neuroprotective properties of this drug. We also found
that ATRA treatment reduced the expression and activity
of MMP-9,AQP-4 p-JNK and p-P38, increased claudin-5,
occludin and ZO-1 expression after CIR. Furthermore, reti-
noic acid alpha receptor antagonist Ro 41-5253 showed no
statistically neuroprotective effect after CIR; however, INK/
P38MAPK signal pathway inhibitor SB203580/SP600125
showed significantly neuroprotective effect after CIR. Com-
pared with the CIR group. ATRA administration signifi-
cantly reduced the expression of p-JNK and p-P38. These
results suggest that the therapeutic effects of ATAR in
modulating BBB integrity post-CIR injury may be associ-
ated with the dru’s effect on INK/P38 MAPK Pathway. In
this study, ATRA (30 mg/kg) can significantly reduced the
infarct volume and the evans blue content, indicating that
ATRA can reduce the damage of blood brain barrier after
CIR.

MMPs involved in the degradation of extracellular
matrix and the stability of microenvironment [23]. At
present, MMP-9 is most closely related to blood—brain
barrier damage after cerebral ischemia [6]. Silencing
MMP-9 gene can up regulate the expression of tight junc-
tion protein occludin and decrease the permeability of
blood-brain barrier [24-26]. In acute cerebral ischemia,
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the expression of MMP-9 in brain tissue increased sig-
nificantly, MMP-9 through the close connection between
the basement membrane and blood brain barrier degrada-
tion of endothelial cells, loss of the blood—brain barrier
in the pathological process of cerebral ischemia develop-
ment [7]. This research showed that the expression and
activity of MMP-9 increased after 24 h of CIR injury,
the expression of MMP-9 in the ischemic infarct area of
ATRA 10 and 30 mg/kg groups was significantly less, sug-
gesting that the protective effect of blood—brain barrier
may be related to the decrease of MMP-9 activity. It has
been proved that retinoic acid alpha receptor (RARa) are
expressed in both smooth muscle cells and endothelial
cells of cerebral vascular system. Studies have shown that
binding of retinoic acid to RAR and activation of RAR
with retinoic acid responsive elements (RARE) located on
the promoter can promote the expression of tissue inhibi-
tor of metalloproteinases (TIMPS). Regulating the ratio
of MMPs/TIMP and decreasing the expression of MMP-9.
ATRA can also promote the expression of nuclear repres-
sor NF kappa B, and the expression of MMP-9 can be
inhibited by the combination of NF kappa B and MMP-9
promoter [27-29]. In normal brain tissue, the expression
level of MMP-9 is low, when the cell is stimulated, extra-
cellular matrix (ECM) need to reshape the expression of
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Fig.7 The expression of apoptosis-related proteins in each group.
a-d Bax, Bcl-2, cleaved caspase-3 protein expression levels in the
ischemic zone of the rat brain were determined by western blotting

MMP-9 will be increased, the expression regulation by
a variety of growth factors and cytokines, and these fac-
tors can often play a role through the activation of MAPK
signaling pathway in cells [30]. It has also been found that
MMP-9 activated by P38 signaling pathway is involved in
TNF-alpha induced destruction of corneal endothelial cell
barrier function [31].

Our study found that phosphorylation levels of MAPK
signaling pathway proteins JNK and P38 were significantly
increased after 24 h of CIR. However, the 10 and 30 mg/
kg dose of ATRA significantly inhibited the phosphoryla-
tion of INK and P38, the key proteins of MAPK signaling
pathway. These results suggest that the protective effect of
ATRA on blood-brain barrier may be related to the inhibi-
tion of MAPK signaling pathway. In order to understand
the blood brain barrier after CIR injury is regulated by
retinoic acid alpha receptor and JNK/P38MAPK sign-
aling pathways, we added retinoic acid alpha receptor
antagonist Ro 41-5253. JNK signaling pathway inhibi-
tor SP600125, P38 MAPK signaling pathway inhibitor
SB203580 treated by Sham group, CIR group, CIR +H
(ATRA, 30 mg/kg) group, CIR+Ro+H (ATRA, 30 mg/
kg) group, CIR + SP600125 + SB203580 group to explore
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and densitometric analysis with p-actin used as an internal control
(n=12 in each group). #p <0.01 versus Sham group; **P <0.01 ver-
sus CIR group; *P <0.05 versus CIR group

JNK/P38MAPK signaling pathway in the blood brain
barrier after CIR injury. The results showed that com-
pared with CIR group, given before ischemia SP600125
and SB203580 group was significantly reduced the neu-
rological deficits, brain infarction size, cerebral water
content and EB content decreased, indicating inhibition
of JNK/P38 signaling pathway can reduce CIR injury.
In addition, compared with CIR + H (ATRA, 30 mg/kg)
group, CIR +Ro + H group had neurological impairment,
increased cerebral infarction volume, increased brain water
content and EB content. Combined with Fig. 10, experi-
mental results show that ATRA can promote the expres-
sion of RARa, suggests that the protective effect of ATRA
on CIR may be related to the activation of RARa There-
fore, we can conclude that the role of ATRA in reducing
blood-brain barrier loss may be related to the activation of
the retinoic acid alpha receptor and inhibition of the JNK/
P38 MAPK signaling pathway.

It has been proved that activation of JNK pathway is
closely related to neuronal apoptosis [32-37]. In CIR injury,
there are excessive activation of JNK, increased expression
of JNK protein, and activation of JINK pathway leads to neu-
ronal apoptosis [38]. The determination of Bcl-2 cleaved
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Fig.8 The protein expression and activity of MMP-9. a, ¢ MMP-9
protein expression in the ischemic zone of the rat brain was deter-
mined by western blotting (n=10 in each group). b, d MMP-9 activ-

caspase-3 and Bax in ischemic brain tissue can indirectly
reflect the degree of apoptosis in CIR. Our study found that
the expression of CIR group Bax and cleaved caspase-3
increased, Bcl-2 expression decreased, showed that after
CIR injury, with the activation of the JNK pathway induced
apoptosis of neurons. In recent years, other study also con-
firmed that P38 MAPK pathway involves almost all the
physiological function and the process of CIR injury, all
signaling link, is involved in the blood—brain barrier injury is
one of the most critical path [39]. It is found that P38 MAPK
participates in the formation of iNOS under various stimula-
tion conditions [40].The changes and roles of nitric oxide
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ity in the ischemic zone of the rat brain was determined by gelatin
zymography (n=10 in each group). #p<0.01 versus Sham group;
**P <0.01 versus CIR group

(NO) and nitric oxide synthase (NOS) in cerebral ischemia
reperfusion injury have attracted extensive attention. A
large amount of NO is produced after cerebral ischemia and
reperfusion, in which the regulation of MMP-9 by NO and
cGMP is the key [41]. And then promote the development
of ischemic brain damage.

Different signaling pathways activate different tran-
scription factors in MAPK, which mediate different bio-
logical effects, but there are also extensive cross links
among these pathways. Phosphorylation of JNK can pro-
mote the formation of its transcription factor c-Jun, and
c-Jun can bind to the transcriptional activation protein-1
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Fig. 9 The expression of JNK/P38 signaling pathway related proteins
and RAR« in each group. a INK, P38, p-JNK, p-P38 and RAR« pro-
tein expression levels in the ischemic zone of the rat brain were deter-
mined by western blotting (n=12 in each group). b—c Relative bands

(AP-1) site of many genes in the posterior region, and
phosphorylation of P3SMAPK also activates transcription
factor AP-1. The MMP-9 promoter contains AP-1 sites,
and studies have shown that reducing AP-1 can signifi-
cantly inhibit the expression of MMP-9 [42, 43]. There-
fore, we speculate that the loss of the blood—brain bar-
rier after cerebral ischemia reperfusion, probably through
activation of INK/P38MAPK signaling pathway to the
phosphorylation and activation of JNK and P38MAPK to
activate downstream MMP-9 promoter AP-1 sites, pro-
mote the replication and transcription of MMP-9 resulted
in the overexpression and degradation of tight junction
proteins and extracellular matrix leading to blood brain
barrier damage.
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density of p-JNK to the total-JNK and relative bands density of p-P38
to the total-P38. d Relative bands density of RAR« to the f-actin.
#p <0.01 versus Sham group; **P <0.01 versus CIR group

In summary, our results showed that after CIR injury
of blood brain barrier in the presence of increased JINK
and P38 phosphorylation, MMP-9 content increased. The
inhibition of JNK and P38 phosphorylation, can reduce
the damage of blood—brain barrier after CIR. In addi-
tion, the ATRA administration (30 mg/kg) can reduce
CIR injury, the possible mechanism is ATRA by activat-
ing retinoic acid alpha receptor, downregulation phos-
phorylation of JNK, phosphorylation of P38, decrease
the content of MMP-9 to produce protective effect. Due
to the limitation of experiment time and expense, this
experiment only refers to the previous literature research,
and does not set a number of time points to observe the
changes of each experimental index, which will be further
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improved in the experiment. In addition, the mechanism
by which ATRA inhibits the phosphorylation of JNK and
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foundations.

P38, and the resolution of these problems will further
elucidate the mechanism of ATRA’s protective effect on
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«Fig. 10 Effects of retinoic acid alpha receptor inhibitors Ro41-
5253 and JNK/P38MAPK signal pathway inhibitor SB203580/
SP600125 in different groups. a TTC-staining of brain slices (n=11
in each group, 2 mm for each scale). b Quantitative analysis of cer-
ebral infarct volume. ¢ Quantitative analysis of neurological function
(n=11 in each group). d The brain water content of the cerebral hem-
isphere in the ischemic side was calculated by the wet and dry grav-
ity method in each group (n=11 in each group). e The Evans blue
content of the cerebral hemisphere in the ischemic side in each group
(n=11 in each group). Sham sham-operated group; CIR cerebral
ischemia—reperfusion group; CIR+H=30 mg/kg ATRA-pretreated
CIR group; CIR+Ro+H=Ro041-5253+30 mg/kg ATRA-pretreated
CIR group; CIR+SB+SP=SB203580+ SP600125-treated CIR
group. #p<0.01 versus Sham group; **P <0.01 versus CIR group;
*P<0.05 versus CIR group; **P<0.01 versus CIR+H group;
&P <0.05 versus CIR 4+ H group
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