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Abstract Blood-brain barrier preservation plays an important
role in attenuating vasogenic brain edema after subarachnoid
hemorrhage (SAH). This study was designed to investigate the
protective effect and mechanism of artesunate, a traditional anti-
malaria drug, on blood-brain barrier after SAH. Three hundred
and seventy-seven (377) male Sprague—Dawley rats were sub-
jected to endovascular perforation model for SAH. The rats
received artesunate alone or in combination with Sphingosine-
1-phosphate receptor-1 (S1P1) small interfering RNA (siRNA),
antagonist VPC23019, or phosphatidylinositol 3-kinase inhibi-
tor wortmannin after SAH. Modified Garcia score, SAH grades,
brain water content, Evans blue leakage, transmission electron
microscope, immunohistochemistry staining, Western blot, and
cultured endothelial cells were used to investigate the optimum
concentration and the therapeutic mechanism of artesunate. We
found that artesunate (200 mg/kg) could do better in raising
modified Garcia score, reducing brain water content and
Evans blue leakage than other groups after SAH. Moreover,
artesunate elevated S1P1 expression, enhanced phos-
phatidylinositol 3-kinase activation, lowered GSK-3{3 activa-
tion, stabilized (3-catenin, and improved the expression of
Claudin-3 and Claudin-5 after SAH in rats. These effects were
eliminated by S1P1 siRNA, VPC23019, and wortmannin. This
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study revealed that artesunate could preserve blood—brain barrier
integrity and improve neurological outcome after SAH, possibly
through activating S1P;, enhancing phosphatidylinositol 3-
kinase activation, stabilizing (3-catenin via GSK-3{3 inhibition,
and then effectively raising the expression of Claudin-3 and
Claudin-5. Therefore, artesunate may be favorable for the
blood-brain barrier (BBB) protection after SAH and become a
potential candidate for the treatment of SAH patients.
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Introduction

Subarachnoid hemorrhage (SAH) is associated with high mor-
bidity and fatality rate at a comparatively young age [1],
resulting in a huge loss to the society. Currently, the patho-
physiology of SAH is perceived as referring to the cerebral
vascular neural network, which includes all small blood ves-
sels downstream of the major cerebral arteries and cell types
associated with these structures [2]. Blood—brain barrier
(BBB) is one of the typical components of this vascular neural
network. BBB breakdown has close connection with
vasogenic brain edema after SAH [3]. Therefore, by targeting
BBB breakdown, it may be favorable for the patients with
SAH.

Artesunate has become a standard treatment for cerebral
malaria and all kinds of severe malaria because of its safety
and efficacy. Accumulated research shows that artesunate
have multiple effects, including anti-inflammatory [4], antivi-
ral [5], impeding angiogenesis [6], and anticancer [7], etc.
Independent of plasmodium Kkilling, recent studies revealed
artesunate can ameliorate BBB breakdown, after experimental
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malaria infection in mice [8]. However, the efficacy of
artesunate has not been evaluated after SAH.

Sphingosine-1-phosphate receptor-1 (S1P,), the receptor of
Sphingosine- 1-phosphate (S1P), mainly expresses on vascular
endothelial cells. Previous researches revealed that S1P; acti-
vation could protect injured brain tissue in many stroke
models, such as neonatal hypoxic-ischemic brain injury [9],
transient middle cerebral artery occlusion [10], SAH [11], and
intracerebral hemorrhage [12]. Moreover, S1P; was closely
associated with PI3K/Akt pathway [13], which is reported to
possess BBB protective action after intracerebral hemorrhage
in mice [14]. Thus, S1P; may serve as a valuable therapeutic
target for SAH research. Recent studies indicated FTY 720, the
agonist of S1P, treatment resulted in symptoms against BBB
breakdown and thereby increased survival rate to cerebral ma-
laria in mice [15].

Based on these evidences, we purpose that artesunate may
be functional via SI1P; activation in the protection of BBB
integrity after SAH. By using the rat endovascular perforation
model of SAH, the present study sought to investigate the
potential protective effects and underlying mechanisms of
artesunate on the BBB after SAH.

Materials and Methods
Animal Preparation

All experimental procedures were approved by the Ethic
Committee of Southwest Hospital and performed in accor-
dance with the guidelines by the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Total 377 adult male Sprague—Dawley (SD) rats (8—
12 weeks, 280 to 330 g) were used in the present study
(Experimental Animal Center of Third Military Medical
University, Chongqing, China). Due to severe hemorrhagic
volume, 59 rats which died within 24 h after SAH were ex-
cluded from the present study. Rats were housed in a humidity
(50 to 60 % relative humidity) and temperature-controlled (24
+1 °C) room with food and water ad libitum. The light was
controlled in a 12-h light/dark cycle. After surgery,
buprenorphine was used depending on the degree of observed
distress or pain and given for 6 h—1 day depending on signs of
pain or distress. The first administration of buprenorphine
(0.02 mg/kg) was injected subcutaneously before anesthetic
recovery, and rats were observed for any sign of pain or
distress.

Experimental Design

Three experiments were conducted in the present study.
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Experiment [

For outcome evaluation, a total of 163 rats were randomly
divided into 7 groups: the sham group (n =25), the SAH group
(n=25), the SAH + Vehicle group (n=25), the SAH+
artesunate (25, 50, 100, and 200 mg/kg) groups (n=88).
Immediately after SAH, different doses of artesunate (dis-
solved in 5 % sodium bicarbonate solution, Holley-
Wulingshan pharmaceuticals (Chongqing) Corp. Ltd.,
Chongqing, China) was administered intraperitoneally in the
rats of SAH + artesunate groups once a day, and those in the
SAH + Vehicle group were given the same volume of 5 %
sodium bicarbonate solution. Modified Garcia neurological
scores, SAH grading scores and brain water content were used
to assess the degree of brain injury in all groups (n=7 per
group) at 24 or 72 h after surgery. Evans blue extravasation
was evaluated at 24 h after SAH in all groups (n=7 per
group). Evans blue fluorescence and colloidal gold leakage
were also observed for the degree of BBB breakdown in the
sham group, the SAH group, the SAH + Vehicle group, and
the SAH +200 mg/kg artesunate group (n=2 per group) at
24 h after SAH.

Experiment 11

In order to clarify the correlation between artesunate and
S1P;, 48 rats were randomly assigned into 8 groups (n=5
per group), consisting of sham (24 and 72 h), SAH (24 and
72 h), SAH + Vehicle (24 and 72 h), and SAH +200 mg/kg
artesunate (24 and 72 h). And then, cerebral vascular endothe-
lial cells were cultured in the medium containing 10 pM oxy-
hemoglobin for 24 h, which were treated with different con-
centrations of artesunate (2, 4, 6, 8, 12, and 16 nmol/L) or
same volume of 5 % sodium bicarbonate solution. Western
blots of ipsilateral/right hemisphere were harvested to detect
the expression of S1P; both in vivo and in vitro after
artesunate treatment. Immunohistochemistry staining of
S1P; was also conducted in sham group, SAH group,
SAH + Vehicle group, and SAH +200 mg/kg artesunate group
(n=2 per group) at 24 h after SAH.

Experiment 11l

To ensure that artesunate exhibits its functions via S1P1, 90
rats were divided into 8 groups: sham, SAH, SAH + Vehicle,
SAH +200 mg/kg artesunate, SAH +200 mg/kg artesunate +
S1P1 scrambled small interfering RNA (siRNA), SAH+
200 mg/kg artesunate+ S1P1 siRNA, SAH+200 mg/kg
artesunate + N, N-dimethylsphingosine (DMS, Sigma-
Aldrich, St. Louis, MO; dissolved in 1 % DMSO at final
concentration of 0.17ug/0.5ul, 0.4 mg/kg was given intraper-
itoneally at 30 min after SAH), and SAH+200 mg/kg
artesunate + vehicle 3 (the same volume of 1 % DMSO was
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given intraperitoneally at 30 min after SAH). Modified Garcia
neurological scores, SAH grading scores, brain water content,
and Evans blue extravasation were evaluated at 24 h after
SAH (n=7 per group). The data of these tests in sham,
SAH, SAH + Vehicle, and SAH+200 mg/kg artesunate
groups were shared with experiment 1. Evans blue fluores-
cence was detected at 24 h after SAH (n=2 per group). And
sphingosine kinase (SphK) types 1 and 2, Claudin-3, Claudin-
5 expressions were also detected in right hemisphere by
Western blot at 24 h after SAH (n =5 per group).

Experiment IV

For mechanism study, 76 rats in all were randomly separated
into 8 groups: sham, SAH, SAH + Vehicle, SAH + 200 mg/kg
artesunate, SAH + 200 mg/kg artesunate + S1P; antagonist
VPC23019 (VPC, Avanti Polar Lipids, Inc. Alabaster, AL,
dissolved in the mixture of 3 % bovine serum albumin
(BSA)+DMSO + 1 N HCL, 0.5 mg/kg was given intraperito-
neally at 30 min after SAH,), SAH + 200 mg/kg artesunate +
Vehicle 1 (the same volume of the mixture of 3 % BSA +
DMSO +1 N HCL was given intraperitoneally at 30 min after
SAH), SAH+200 mg/kg artesunate + PI3K inhibitor
wortmannin (Wort, Sigma-Aldrich, St. Louis, MO, dissolved
in 1 % DMSO, 15 ng/kg was given intravenously at 30 min
after SAH), and SAH +200 mg/kg artesunate + Vehicle 2 (the
same volume of 1 % DMSO was given intravenously at
30 min after SAH). Modified Garcia neurological scores,
SAH grading scores, brain water content, and Evans blue ex-
travasation were used to assess the degree of brain injury in all
groups at 24 after SAH (n="7 per group). The data of these
tests in sham, SAH, SAH + Vehicle, and SAH+200 mg/kg
artesunate groups were shared with experiment 1. In order to
detect the expression of p-Akt/Akt, p-GSK-33/ GSK-33,
p-B-catenin/B-catenin, Claudin-3, and Claudin-5 in right
hemispheres of rats in each group (n=5 per group), Western
blots were conducted at 24 h after SAH.

SAH Model

SAH model was induced by endovascular perforation as de-
scribed previously [16]. Briefly, all animals were anesthetized
with an intraperitoneal injection of chloral hydrate (40 mg/kg).
The right external carotid artery was identified through a ven-
tral midline neck incision and transected distally with a 4-mm
stump. A 4-0 sharpened monofilament nylon suture (Shadong
Biotech Corp. Ltd., Beijing, China) was advanced into the
right internal carotid artery through the right external carotid
artery until slight resistance was felt (about 18-23 mm) and
then was pushed 3 mm further to penetrate the bifurcation of
the anterior and middle cerebral artery. The nylon suture was
then withdrawn, the stump of the right external carotid artery
was ligated, and the internal carotid artery was reperfused.

Except for the perforation of the artery, the sham group rats
underwent the same procedure with SAH models.

Intracerebroventricular Injection

Intracerebroventricular injection procedure was performed as
reported previously [17]. A small burr hole was drilled on the
skull according to the following coordinates relative to breg-
ma: 1.5 mm posterior; 1.0 mm lateral. The needle of 10 uL
Hamilton syringe (Microliter 701; Hamilton Company, Reno,
NV) was stereotactically inserted into the left lateral ventricle
through the burr hole 4.0 mm below the horizontal plane of
bregma. 500 pmol/5 pL SIP1 or scrambled siRNA
(GenePharma Co., Ltd, Shanghai, China) were infused at the
same rate at 48 h before SAH surgery. The syringe was left in
situ for an additional 10 min before slowly removing. S1P1
siRNA is a pool of three different siRNA duplexes in order to
improve the knockdown efficiency. All S1P1 siRNA se-
quences are provided in 5’ — 3’ orientation:

(D) Sense: GCUGCUUGAUCAUCCUAGATT
Antisense: UCUAGGAUGAUCAAGCAGCTT

(II) Sense: CCUGUGACAUCCUGUACAATT
Antisense: UUGUACAGGAUGUCACAGGTT

(IIT) Sense: CGCAGCAAAUCAGACAACUTT
Antisense: AGUUGUCUGAUUUGCUGCGTT

Neurological Score

At 24 and 72 h after surgery, all the rats of each group were
neurologically evaluated by a blinded observer, using the 18-
point scoring system named Modified Garcia neurological
scores [18]. This scoring system was composed of six tests,
which were spontaneous activity, symmetry in the movement
of four limbs, forepaw outstretching, climbing, body proprio-
ception, and response to vibrissae touch. The minimum aggre-
gate neurological score of six tests is 3 and the maximum is
18.

SAH Grade Assessment

The severity of SAH was assessed by using an 18-point SAH
grading scale as previously reported [19], which in brief, was
based on the amount of subarachnoid blood clot, and the 6
separated parts of the basal cistern could be scored from the
scale of 0 to 3 (total 0—18 points). If the scoring result was less
than 8, then it would be excluded from the study.

Brain Water Content

Edema was assessed by the method as follows: after decapi-
tating rats and separating its brain tissues, the left and right
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cerebral hemispheres were obtained and quickly weighed to
get the wet weight. Then, the samples were placed in an oven
set at the temperature of 105 °C for 72 h to obtain the dry
weight. By using the formula: ([wet weight — dry weight]/wet
weight) *100 %, edema could be assessed accurately [20].

Evans Blue Extravasation and Fluorescence

BBB permeability was shown through Evans blue extravasa-
tion and staining. Evans blue extravasation was conducted as
previously published [21]. Under deep anesthesia, Evans blue
dye (Sigma-Aldrich, St. Louis, MO, 2 %, 4 mL/kg was given
intravenously at 24 h after SAH) was injected over 2 min into
the right femoral vein of rats and allowed to circulate for
60 min. Then, the rats were sacrificed by intracardial perfusion
with 0.9 % saline. The left and right cerebral hemispheres
were obtained after decapitating rats and its brain tissues were
separated. After quickly weighed and homogenized in 5 mL
of 0.9 % saline, the cerebral hemispheres were centrifuged
(15,000 g, 30 min) at room temperature. After that, the super-
natant was extracted and added the same volume of trichloro-
acetic acid and incubated overnight at 4 °C. The next day, the
samples were centrifuged (15,000 g, 30 min) at room temper-
ature and measured by the spectrophotometer at 620 nm for
the amount of Evans blue dye.

Auto-fluorescence of Evans blue was performed as previ-
ously reported [21]. Four percent of paraformaldehyde was
perfused through the rat heart after 0.9 % saline perfusion.
Then, the brain tissue was obtained and cut into 30 um coro-
nal floating sections using a Leica CM1900 cryostat (Leica
biosystems Nussloch GmbH, Wetzlar, Germany). The red
auto-fluorescence of Evans blue was displayed on the coronal
floating sections under a Zeiss LSM780 confocal microscope
(Carl Zeiss AG, Oberkochen, Germany).

Transmission Electron Microscope

Transmission electron microscope was also used to display
BBB permeability of the rats at 24 h after surgery [22].
Three milliliter per kg Colloidal gold nanoparticles
(Shengtaier Biological Medicine Technology Co. Ltd.,
Chengdu, China, 30 nm in diameter) was injected over
5 min into the right femoral vein of rats and allowed to circu-
late for 60 min at 24 h after surgery. Rats were deeply anes-
thetized and then sacrificed by intracardial perfusion with
0.9 % saline and 4 % paraformaldehyde. The brain tissues
were removed and post-fixed with 2 % glutaraldehyde and
2 % formaldehyde for 30 min. Then, the brain tissues were
minced into 1 cubic millimeter pieces and incubated in 2 %
glutaraldehyde and 2 % formaldehyde overnight at 4 °C.
Samples were impregnated with epoxy resin after dehydra-
tion. Sections were treated with lead citrate and uranyl acetate.
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Electron micrographs were obtained using an H-7100 trans-
mission electron microscope (Hitachi, Ltd., Tokyo, Japan).

Immunohistochemistry Staining

The rats, under deep anesthesia, were sacrificed by an intra-
cardial perfusion with 0.9 % saline and 4 % paraformaldehyde
at 24 h after surgery for immunohistochemical staining. The
brain tissues were obtained, post-fixed, embedded with paraf-
fin, and cut into 6 um sections using a vibratome.
Immunohistochemistry was conducted as previously reported
[16]. In brief, the sections were first treated with 0.3 % Triton
X-100 and 3 % H,0, (Chengdu Kelong Chemical Co. Ltd.,
Chengdu, China). Secondly, rabbit anti-S1P; (1:200, Santa
Cruz Biotechnology Inc., Shanghai, China) was used to incu-
bate the sections for 24 h at 4 °C. Thirdly, the sections were
treated with Streptavidin-Peroxidase kit (Zhongshan Golden-
Bridge Biotechnology Co. Ltd., Beijing, China). Finally, the
mixture of diaminobenzidine (DAB; Beyotime biotechnolo-
gy, Co. Ltd., Jiangsu, China)+0.05 % H,O, (Chengdu
Kelong Chemical Co. Ltd., Chengdu, China) was used to
incubate the sections for 2 min. Representative sections of
each group were selected, fixed, and photographed.

Western Blot

Western blot was conducted as previously described [23]. The
right cerebral hemisphere of rats was acquired and homoge-
nized. Total proteins were extracted by means of a protein ex-
traction kit (Beyotime Biotechnology, Co. Ltd., Jiangsu, China).
The equal amount of extracted proteins was loaded on a 10 %
SDS-polyacrylamide gels. The proteins in the gels were electro-
phoresed and then transferred onto PVDF membranes (EMD
Millipore Inc., Billerica, MA). Blocking buffer was used to
block the membranes, which were incubated afterwards with
following antibodies overnight at 4 °C: rabbit anti-S1P;(1:200,
Santa Cruz Biotechnology Inc., Shanghai, China), rabbit anti-
Sphkl (1:1000, Abcam plc., Cambridge, MA), rabbit anti-
Sphk2 (1:1000, Abcam plc., Cambridge, MA), rabbit anti-Akt
(1:200, Cell signaling technology, Inc., Boston, MA), rabbit
anti-phospho-Akt (1:200, Cell signaling technology, Inc.,
Boston, MA), rabbit anti-phospho-GSK-33 (1:200, Abcam
plc., Cambridge, MA), rabbit anti-GSK-33 (1:200, Abcam
plc., Cambridge, MA), mouse anti-phospho-3-catenin (1:200,
Abcam plc., Cambridge, MA), mouse anti-3-catenin (1:200,
from Abcam plc., Cambridge, MA), goat anti-Claudin-3
(1:200, Santa Cruz Biotechnology Inc., Shanghai, China), goat
anti-Claudin-5 (1:200, Santa Cruz Biotechnology Inc.,
Shanghai, China), mouse anti-3-Actin (1:200, Santa Cruz
Biotechnology Inc., Shanghai, China), mouse anti-GAPDH
(1:200, Zhongshan Golden-bridge Biotechnology Co. Ltd.,
Beijing, China), mouse anti-Tublin (1:200, from Beyotime
Biotechnology, Co. Ltd., Jiangsu, China), respectively. The
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membranes were incubated with appropriate horseradish
peroxidase-conjugated secondary antibodies (1:1000;
Beyotime biotechnology, Co. Ltd., Jiangsu, China) for 2 h.
The membranes were detected with a chemiluminescence re-
agent kit (Thermo Fisher Scientific Inc., Waltham, MA). All blot
bands were quantified using densitometry with Quantity One
software (1-D Analysis Software Version 4.4, Bio-Rad
Laboratories, Inc., Hercules, CA).

Endothelial Cells Culture and Treatments

Immortalized rat brain microvessel endothelial cells (YS-
axbz-229, Yisen Biotechnology, Co. Ltd, Beijing, China)
were cultured in RPMI1640 medium (GIBCO, Shanghai,
China) plus 10 % FBS, 1 % (v/v) penicillin/streptomycin
(Beyotime Biotechnology, Co. Ltd., Jiangsu, China)
with/without 10 uM oxyhemoglobin (Sigma-Aldrich, St.
Louis, MO) in a humidified atmosphere of 5 % CO, and
95 % air at 37 °C. Viable cells were counted by trypan blue
and used for experiments at 24 h after planting. At 1 day after
different doses of artesunate (2, 4, 6, 8, 12, and 16 nmol/L)
treatment, endothelial cells were harvested and lysed in RIPA
buffer (Beyotime Biotechnology, Co. Ltd., Jiangsu, China),
which was mixed of protease and phosphatase inhibitors.
S1P; of protein samples were detected by using Western blot
as described above.

Statistical Analysis

All data were expressed as means +standard deviations and
analyzed by using SPSS 18.0 software. One-way ANOVA
plus Tukey multiple comparisons test were used to compare
different groups. Neurological scores were analyzed by using
X test. P<0.05 was thought as the statistical difference.

Results

Artesunate Alleviated Neurologic Impairment and Brain
Edema After SAH in Rats

SAH grading scoring results indicated that no significant dif-
ferences were found in damage among groups either at 24 or
72 h after SAH (Fig. 1a, b). None of the sham-operated rats
died, and 59 rats died within 24 h after SAH caused by severe
hemorrhagic volume.

The neurologic score in SAH rats remarkably decreased
compared to those in sham group rats at 24 h after SAH
(Fig. 1c); but there was not much difference between SAH +
artesunate (100 and 200 mg/kg) groups and sham group at
72 h after SAH (Fig. 1d). Compared with SAH + Vehicle
group, not only neurologic deficits for SAH + artesunate
(100 and 200 mg/kg) groups at 24 h were obviously

alleviated, but SAH +artesunate (50, 100, and 200 mg/kg)
groups at 72 h after SAH were also alleviated significantly
(Fig. 1c, d).

Compared with sham group, the groups of SAH, SAH +
Vehicle, and SAH + artesunate (25 and 50 mg/kg) all showed
significant brain water content increasing in both hemispheres
at 24 and 72 h after SAH (Fig. lc, d); but, as for the group of
SAH + artesunate (100 and 200 mg/kg), brain water content
increasing did not rise in the left hemisphere at 24 h and in
both hemispheres at 72 h after SAH (Fig. 1c, d). SAH+
Artesunate (100 and 200 mg/kg) groups also presented dis-
tinct brain edema alleviation in contrast to SAH + Vehicle
group at 24 and 72 h after SAH (Fig. 1c, d).

Artesunate Reduced BBB Damage After SAH in Rats

In order to evaluate BBB integrity, we detected the extravasa-
tion of Evans blue dye at 24 h after surgery. The results man-
ifested that much more extravasated Evans blue dye was mea-
sured in both hemispheres after SAH. However, compared
with SAH + Vehicle group, treatment of 100 and 200 mg/kg
artesunate significantly reduced the leakage of Evans blue dye
in both hemispheres; whereas the same effect was not found in
25 and 50 mg/kg of artesunate treatment groups (Fig. 2a).
Representative electron microscope micrographs and confocal
imaging of Evans blue also revealed that treatment of
200 mg/kg artesunate obviously reduced the extravasation of
colloidal gold nanoparticles and Evans blue dye when com-
pared with SAH + Vehicle group at 24 h after SAH (Fig. 2b, c).

Artesunate Increased the Expression of S1P1 In Vivo
and In Vitro

To find out the relationship of artesunate and S1P1, we detect-
ed the expression of SIP1 in vivo and in vitro by using
Western blot. Immunohistochemical staining revealed that
the expression of S1P1 surrounding microvessels significantly
reduced when comparing with the sham group at 24 h after
SAH (Fig. 3a). Western blot results showed that the treatment
of 200 mg/kg artesunate apparently increased the expression
of S1P1 when compared with SAH + Vehicle group at 24 and
72 h after SAH, and there was not much difference between
SAH + 200 mg/kg artesunate groups and sham group (Fig. 3b,
¢). In order to confirm the effects of artesunate in vitro, we
administrated cultured endothelial cells with different concen-
trations of artesunate (2, 4, 6, 8, 12, and 16 nmol/L).
Compared with normal and vehicle groups, this dosage of
artesunate did not affect the endothelium cell viability (data
no shown), while the results of Western blot showed that treat-
ment 6, 8, 12, and 16 nmol/L artesunate significantly in-
creased the expression of S1P; (Fig. 3d). In addition, the ex-
pression of S1P; in endothelial cells cultured with

@ Springer



1218

Mol Neurobiol (2017) 54:1213-1228

>

SAH Grade
at 24h after SAH

(@)

7)

at 24h after SAH
(n

Modified Garcia Neuroscore

m

Left Hemisphere

Right Hemisphere

OOOOTTTN

o

X

at 24h after SAH

i

Brain Water Content

R

AN

2028,

Fig. 1 Effects of artesunate treatment on neurological score and brain
edema after SAH. a SAH grading score of each group in Experiment I at
24 and 72 h b after SAH (n="7). ¢ Modified Garcia test results of each
group at 24 and 72 h d after SAH (n=7). e Brain edema assessment of

oxyhemoglobin significantly decreased but reversed by 6 or
8 nmol/L artesunate (Fig. 3e).

Artesunate Exhibited the Protective Effects via S1P1
Receptors, Not Sphingosine Kinase

To investigate whether artesunate acts through the restoring

S1P1 receptor after SAH, we employed the S1P1 siRNA to
specifically inhibit the transcription of S1P1 receptor. SAH
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grading scoring results indicated that no significant differ-
ences were found in damages among groups either at 24 h
after SAH (Fig. 4a). Compared to the neurologic score of
SAH +200 mg/kg artesunate group, the score of SAH +
artesunate 200 mg/kg+S1P1 siRNA group significantly re-
duced at 24 h after SAH (Fig. 4b). On the other hand, S1P1
siRNA pretreatment also significantly reversed the effects of
200 mg/kg artesunate on reducing brain water content in SAH
rats (Fig. 4c). In addition, the SAH + artesunate 200 mg/kg +
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S1P1 siRNA group showed remarkably increasing on the con-
tent of Evans blue extravasation by comparing to SAH +
artesunate 200 mg/kg group at 24 h after SAH (Fig. 4d, e).

To investigate whether artesunate acts through regulating
sphingosine kinase, by which the sphingosine 1 phosphate
(S1P receptor ligand) was produced, we evaluated the levels
of sphingosine kinase (SphK) types 1 and 2, by which the
sphingosine 1 phosphate (S1P receptor ligand) was produced.
SAH grading scoring results indicated that no significant dif-
ferences were found in damages among groups either at 24 h
after SAH (Fig. 5a). And we found that the sphingosine kinase
inhibitor, N, N-dimethylsphingosine (DMS), could not re-
verse the neuroprotective effects of artesunate on modified
Garcia score, brain water content, and Evan’s blue extravasa-
tion at 24 h after SAH (Fig. 5b—d). In addition, artesunate had
no effects on the Sphk1 and Sphk2 expressions comparing to
the SAH + vehicle group at 24 h after SAH (Fig. 5e, f).

S1P, or PI3K Inhibition Abolished the Protective Effects
of Artesunate

SAH grading scoring results indicated that no significant dif-
ferences were found in damages among groups either at 24 h

SAH+Vehicle SAH+Arte

Representative pictures of colloidal gold extravasation in cerebral
cortex of each group at 24 h after SAH. Arrow indicates the colloidal
gold nanoparticles in the cerebral cortex. Arte indicates artesunate. #: vs
sham P<0.05, *: vs SAH P<0.05, and §: vs SAH + Vehicle P<0.05

after SAH (Fig. 6a). Compared to the neurologic score of
SAH +200 mg/kg artesunate group, the score of SAH +
artesunate 200 mg/kg+ VPC23019 group significantly re-
duced at 24 h after SAH. And also, the neuroprotective effect
of artesunate 200 mg/kg treatment on neurological deficits
was abolished by wortmannin (Fig. 6b).

On the other hand, VPC23019 or wortmannin treatment
also significantly reversed the effects of 200 mg/kg artesunate
on reducing brain water content in SAH rats (Fig. 6¢, d). In
addition, the SAH + artesunate 200 mg/kg+ VPC23019 group
and SAH + artesunate 200 mg/kg + wortmannin group showed
remarkably increasing on the content of Evans blue extrava-
sation by comparing to SAH + artesunate 200 mg/kg group at
24 h or 72 h (Fig. 6e, f).

S1P, Stabilized 3-catenin and Tight Junction Proteins
Through Increased PI3K/Akt Activation and Reduced
GSK-3f3 Activation

To determine the pathway of S1P; to tight junction proteins,
Western blot analyses of the right hemisphere were conducted
at 24 h after surgery. Changes in protein expression of the
phosphorylated and, therefore, activated Akt (p-Akt), GSK-
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Fig. 3 The expression of S1P1 in vivo and in vitro after artesunate
treatment. a Representative immunohistochemistry staining slices of
S1P; at 24 h after SAH. Arrow indicates the expression of S1P; in the
cerebral vascular. b Representative bands and quantitative analysis of the
expression of S1P; in right hemisphere of brain specimen at 24 and 72 h ¢
after SAH. e Representative bands and quantitative analysis of the
expression of S1P; in endothelial cells at 24 h after different doses of

33 (p-GSK-3f3), and (3-catenin (p--catenin) were quantified
as a ratio to total Akt, GSK-3[3, and (3-catenin. The results
indicated that, unlike the rats of sham group, activated Akt (p-
Akt, Ser473) was obviously reduced in the right hemisphere
of SAH + Vehicle rats, while, 200 mg/kg artesunate treatment
could obviously raise the p-Akt/Akt ratio (Fig. 7a, b). This
effect was significantly weakened by VPC23019 and reversed
by wortmannin (Fig. 7a, b). Activated GSK-33 (p-GSK-3f3,
Tyr216) evidently went up in the right hemisphere of SAH +
Vehicle rats when compared with the rats of sham group
(Fig. 7c, d). But 200 mg/kg artesunate treatment obviously
reduced the p-GSK-3/GSK-3{ ratio when compared with ve-
hicle, which was reversed by VPC23019 and wortmannin
(Fig. 7c, d).

As we all know, (-catenin phosphorylation promotes its
degradation. Compared with the rats of sham group, the level
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artesunate treatment. f Representative bands and quantitative analysis of
the expression of S1P; in endothelial cells cultured with oxyhemoglobin
at 24 h after different doses of artesunate treatment. Relative density of
each protein has been normalized against the sham group. Arte indicates
artesunate; Vehi indicates Vehicle. #: vs sham P<0.05, *: vs SAH
P<0.05, and §: vs SAH + Vehicle P<0.05

of p-P-catenin was distinctly increased in the rats of the
SAH + Vehicle (Fig. 7e, f). The treatment of 200 mg/kg
artesunate also obviously reduced the p-[3-catenin/3-catenin
ratio when compared with vehicle, which was tendentially
reversed by VPC23019 and wortmannin (Fig. 7e, f).
Claudin-3 and Claudin-5 were important components of
tight junction proteins. The levels of Claudin-3 and Claudin-
5 significantly went down at 24 h after SAH; but 200 mg/kg
artesunate treatment obviously increased their expression
when compared with SAH + Vehicle group (Fig. 8a—d).
However, the rats of SAH+200 mg/kg artesunate + S1P1
siRNA group and SAH +200 mg/kg artesunate + VPC23019
group presented evidently lowered the levels of Claudin-3 and
Claudin-5 when compared with scrambled siRNA or Vehicle
2 rats (Fig. 6a—d). The same situation also incurred in the
SAH +200 mg/kg artesunate + wortmannin groups when
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Fig.4 S1P1 siRNA abolished the protective effects of artesunate. a SAH
grading score of each group in Experiment III at 24 h after SAH. Animals
pretreated with S1P1 siRNA reversed the effects of artesunate given after
SAH, including b modified Garcia test results (n=7), ¢ brain water
content (n=7), d Evans blue extravasation results (n=7). e

compared with Vehicle 3 rats (Fig. 6¢, d). Thus, S1P1 siRNA,
VPC23019, and wortmannin reversed the initial increasing of
Claudin-3 and Claudin-5 by 200 mg/kg artesunate treatment
after SAH.

Discussion

This study mainly evaluated the therapeutic effect of
artesunate for SAH. We found that artesunate treatment
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Representative pictures of Evans blue auto-fluorescence of cerebral
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Vehicle; Scr siRNA indicates scrambled siRNA. #: vs sham P<0.05, *:
vs SAH P<0.05, t: vs SAH + Vehicle P<0.05, &: vs SAH + scrambled
siRNA, P<0.05

could raise neurological score, reduce brain edema, and
decrease the extravasation of Evans blue dye after SAH.
Therefore, we believed that artesunate could alleviate
SAH-induced brain injury through preserving BBB integ-
rity and thus reduced brain edema. These effects were
possible to associate with the improved expression of
S1P1 but not sphingosine kinase by which the sphingosine
1 phosphate (S1P receptor ligand) was produced. Our re-
sults indicated that SIP1 siRNA and antagonist VPC23019
and PI3K inhibitor wortmannin could reverse the
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<« Fig. 7 The expressions of Akt, GSK-3f3, and (3-catenin at 24 h after
SAH. Representative Western blot bands and quantitative analysis of
the expressions of a, b p-Akt/Akt, ¢, d p-GSK-33/GSK-3f3, and e, f p-
[3-catenin/{3-catenin at 24 h after SAH. Relative density of each protein
has been normalized against the sham group. Arte indicates artesunate;
VPC indicates VPC23019; Wort indicates wortmannin. N=35 per group;
#: vs sham P<0.05, *: vs SAH P<0.05, 1: vs SAH + Vehicle P<0.05,
and &: vs SAH + Vehicle 1 or 2 P<0.05

therapeutic effect of artesunate for SAH. Furthermore,
artesunate could affect the downstream proteins of S1P1,
such as increasing the expression of p-Akt, Claudin-3, and
Claudin-5 and reducing the ratio of p-GSK-3/GSK-3[3 and
p-B-catenin/B-catenin at 24 h after SAH, and this effect
could be reversed by VPC23019 and wortmannin too.

Artesunate is a semi-synthetic derivative of artemisinin,
which is metabolized by CYP P450 2A6 (CYP 2A6) en-
zymes. It is widely used for the treatment of cerebral
malaria and all kinds of severe malaria owing to its safety
and efficacy. Yusof W, et al. reported that only patients
with the CYP2A6*1B variants were responsible for ultra-
rapid metabolism of artesunate and suffered a significantly
higher incidence of adverse drug reactions [24]. On the
other hand, Zhao F, et al. found that the cytotoxic action
of artesunate is specific for retinoblastoma cells in a dose-
dependent manner, but with low toxicity in normal retina
cells [25]. Also, no direct brain toxicity was detected in
Marijon A, et al.’s study [26]. In our present study, we
did not observe obvious side effect. And accumulated
studies indicated that artesunate has therapeutic effect on
many other diseases, such as rheumatoid arthritis [4], cy-
tomegalovirus infection [5], leukemia, and colon cancer
[7], etc. Although the BBB protective effect of artesunate
in malaria has been reported, the efficacy of artesunate has
not been evaluated after SAH. This study confirmed the
BBB protective effect of artesunate in SAH. Based on the
widely used of artesunate for cerebral malaria and the
lipophilicity to cross blood—brain barrier [27], we believed
artesunate could be a safety therapeutical strategy for SAH
patient. But the S1P1 expression after incubation of higher
dosage (16 nM) of artesunate was lower than 8 and
12 nM (Fig. 3d). This result might suggest the toxicity
of the high dosage of artesunate and further investigations
are still needed for clinical trial.

Furthermore, the mechanism of artesunate against BBB
breakdown after SAH had not been elucidated. Previous
research had pointed out the BBB protective effect of
artesunate in malaria mainly owing to preventing the
Plasmodium berghei-induced inflammatory response by
inhibiting NF-kB nuclear translocation and the subsequent
expression of ICAM-1 [8] in endothelial cells. As we
know, NF-kB and ICAM-1 play an important role in leu-
kocyte adhesion and subsequent migration across the brain
vascular endothelial cells [8, 28]. However, the early

disruption of BBB after SAH is largely due to inter-
endothelial tight junction proteins degraded by matrix me-
talloproteinase [29]. So, the BBB protective effect of
artesunate in SAH might have nothing to do with
NF-kB and ICAM-1. Previous study revealed that
FTY720 (the agonist of SIP;) treatment protected the
BBB and increased survival rate in mice subjected to ce-
rebral malaria, and it had better therapeutic effect when
treated with artesunate [15]. Hence, we hypothesized that
artesunate may protect the BBB via SIP1 in the brain
after SAH. The experimental results demonstrated that
artesunate could raise the expression of S1PI1 in vivo
and in vitro after SAH. Further study also confirmed the
key role of SI1P; in the BBB protective effect of
artesunate after SAH. But we did not find out why the
artesunate treatment could improve the expression of S1P,
after SAH. The potential mechanism deserves further
study.

S1P; couples exclusively to the G;,, family and plays an
important role in maintaining the stability of flow-
dependent vascular network. Global deletion of SI1P; or
deletion of S1P; in endothelial cells would have serious
consequences to the vascular plexus in mice [30].
Previous study showed that increasing the expression of
S1P could improve the activation of S1P; and then delay
the development of early brain injury after SAH in mice
[11]. The underlying mechanism may be linked with high
levels of S1P in blood plasma (~1 uM) [31]. But, it was
not clear about the downstream signal of S1P; in the BBB
protective effect of artesunate after SAH. Previous research
showed that S1P; could activate the PI3K/Akt pathway to
inhibit apoptosis [32], prevent activation of FoxO3a and
then promote PC12 cell survival [33], enhance adult mouse
cardiac myocyte survival during hypoxia [13], and promote
the differentiation of adipose-derived stem cells into endo-
thelial nitric oxide synthase expressing endothelial-like cells
[34], etc. Therefore, PI3K is a very important downstream
effector of S1P,. Taddei, et al. reported that PI3K/Akt ac-
tivation could inactivate GSK-33 and limit the translocation
of [3-catenin to the nucleus, which relieved the inhibition
and finally increased the expression of Claudin-5 [35].
Relevant research also indicated that PI3K/Akt activation
could raise the expression of Claudin-3 and Claudin-5
through reduced GSK-3f activation and stabilized (-
catenin after ICH in mice [14]. It is well known that tight
junction proteins of Claudin-3 and Claudin-5 are very im-
portant to BBB integrity [36]. Effectively preserving the
expressions of Claudin-3 and Claudin-5 could alleviate
BBB breakdown in various central nervous system dis-
eases. And our data demonstrated that S1P; stimulation
could increase PI3K/Akt activation, then reduce GSK-3f3
activation and stabilize [3-catenin, finally raise the expres-
sion of Claudin-3 and Claudin-5 after SAH in rats.
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Fig.8 The expressions of tight junction protein Claudin-3 and Claudin-5
at 24 h after SAH. Representative Western blot bands and quantitative
analysis of a Claudin-3 and b Claudin-5 after artesunate treatment
with/without S1P1 siRNA at 24 h after SAH. ¢ Representative Western
blot bands and quantitative analysis of Claudin-3 and Claudin-5 after
artesunate treatment with/without VPC23019 at 24 h after SAH. d
Representative Western blot bands and quantitative analysis of Claudin-
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SAH P<0.05, 1: vs SAH + Vehicle P < 0.05, and &: vs SAH + scrambled
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Fig. 9 Proposed pathway in the present study. This study found that
artesunate, the traditional anti-malaria drug, could protect BBB and
finally improve neurological outcomes after SAH in rats via S1P;
signal, which may activate PI3K/Akt pathway, stabilize 3-catenin via
GSK-3f inhibition, and then effectively raise the expression of
Claudin-3 and Claudin-5. S1P indicates sphingosine 1 phosphate; PI3K
indicates phosphatidylinositol 3-kinase; AKT indicates protein kinase B;
GSK3f indicates glycogen synthase kinase-33

Although, we found that artesunate could raise the expres-
sion of S1P; and then protect the BBB through activating the
PI3K/Akt pathway. However, there are some limitations in
this study. Firstly, some contradictory evidences showed that
artesunate was inhibition rather than activation about the
PI3K/Akt pathway [37, 38]. The reason may be that for dif-
ferent cells and diseases, artesunate have different therapeutic
mechanisms, but we did not investigate the potential mecha-
nism. Secondly, the experiment was not designed to study
other actions of artesunate, such as anti-inflammation.
What’s more, the other downstream effectors of S1P;, such
as adenylate cyclase, phospholipase C, protein kinase C, in-
tracellular calcium, and the Hippo signaling pathway [30],
were not evaluated in this study either. Therefore, the above
issues need to be clarified in our future study.

Conclusion

This study found that artesunate, the traditional anti-malaria
drug, could protect BBB and finally improve neurological

outcomes after SAH in rats via S1P; signal, which may acti-
vate PI3K/Akt pathway, stabilize (3-catenin via GSK-3f3 inhi-
bition, and then effectively raise the expression of Claudin-3
and Claudin-5 (Fig. 9). Therefore, artesunate may be favor-
able for the BBB protection after SAH and become a potential
candidate for the treatment of SAH patients.
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