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Abstract

Background: Preserving the integrity of the blood-brain barrier (BBB) is beneficial to avoid further brain damage
after acute ischemic stroke (AIS). Astrocytes, an important component of the BBB, promote BBB breakdown in
subjects with AlS by secreting inflammatory factors. The glucagon-like peptide-1 receptor (GLP-1R) agonist exendin-
4 (Ex-4) protects the BBB and reduces brain inflammation from cerebral ischemia, and GLP-1R is expressed on
astrocytes. However, the effect of Ex-4 on astrocytes in subjects with AIS remains unclear.

Methods: In the present study, we investigated the effect of Ex-4 on astrocytes cultured under oxygen-glucose
deprivation (OGD) plus reoxygenation conditions and determined whether the effect influences bEnd.3 cells. We
used various methods, including permeability assays, western blotting, immunofluorescence staining, and gelatin
zymography, in vitro and in vivo.

Results: Ex-4 reduced OGD-induced astrocyte-derived vascular endothelial growth factor (VEGF-A), matrix
metalloproteinase-9 (MMP-9), chemokine monocyte chemoattractant protein-1 (MCP-1), and chemokine C-X-C motif
ligand 1 (CXCL-1). The reduction in astrocyte-derived VEGF-A and MMP-9 was related to the increased expression of
tight junction proteins (TJPs) in bEnd.3 cells. Ex-4 improved neurologic deficit scores, reduced the infarct area, and
ameliorated BBB breakdown as well as decreased astrocyte-derived VEGF-A, MMP-9, CXCL-1, and MCP-1 levels in
ischemic brain tissues from rats subjected to middle cerebral artery occlusion. Ex-4 reduced the activation of the
JAK2/STAT3 signaling pathway in astrocytes following OGD.

Conclusion: Based on these findings, ischemia-induced inflammation and BBB breakdown can be improved by Ex-
4 through an astrocyte-dependent manner.
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Background

The blood-brain barrier (BBB) is a physical and func-
tional barrier between the central nervous system (CNS)
and blood that maintains CNS homeostasis [1]. Astro-
cytes, pericytes, microglia, brain capillary endothelial
cells, and even some neurons are critical components of
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the BBB [1, 2]. These components are activated in re-
sponse to acute ischemic stroke (AIS) and then secrete
inflammatory factors that directly or indirectly disrupt
the integrity of the BBB. In fact, the loss of tight junction
proteins (TJPs) between brain capillary endothelial cells
is an indicator of BBB destruction [3, 4]. The role of as-
trocytes in maintaining the integrity of BBB under
physiological and pathological conditions is indispens-
able. The integrity of in vitro BBB models comprising
brain endothelial cells co-cultured with astrocytes and/
or pericytes is greater than that of one comprising an
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endothelial cell monolayer [5]. However, under patho-
logical conditions, such as traumatic and ischemic in-
jury, astrocytes secrete inflammatory factors, such as
vascular endothelial growth factor (VEGF-A), matrix
metalloproteinases (MMPs), chemokines, and cytokines;
these factors directly or indirectly aggravate brain dam-
age and BBB disruption [6-8]. VEGF-A secreted by as-
trocytes directly destroys the BBB during cerebral
ischemia [9]. The levels of MMPs, mainly MMP-2 and
MMP-9, are increased during stroke and are related to
the degradation of the basal lamina and loss of BBB in-
tegrity [6, 10]. Although microglia and neutrophils are
the main sources of MMPs, astrocytes have also been re-
ported to express MMPs under pathological conditions
[11, 12]. In addition, astrocytes are a source of the che-
mokine monocyte chemoattractant protein-1 (MCP-1)
and chemokine C-X-C motif ligand 1 (CXCL-1) [7, 13].
MCP-1 not only influences the cytokines (IL-1(, IL-6
and TNF-a) secreted by astrocytes but also plays a piv-
otal role in post-ischemic microglial activation [14]. On
the other hand, as a neutrophil chemoattractant, a re-
duction in CXCL-1 levels impairs the recruitment of
neutrophils after cerebral ischemia [7]. Therefore, astro-
cytes participate in the complex formation of inflamma-
tory environment and the mechanism of BBB disruption
following AIS.

The glucagon-like peptide-1 receptor (GLP-1R) agonist
exendin-4 (Ex-4) is a long-acting analog of the endogenous
insulinotropic peptide, which has been approved as a treat-
ment for type 2 diabetes mellitus [15]. As a small molecule,
this peptide diffuses across the BBB [16]. GLP-1R agonists
have recently been reported to protect against ischemic
stroke by reducing the degradation of TJPs between endo-
thelial cells to maintain BBB stability in both diabetic and
non-diabetic middle cerebral artery occlusion (MCAO)
models and a model of traumatic brain injury [15, 16]. On
the other hand, GLP-1R agonists reduce microglial activa-
tion and neutrophil infiltration in the warfarin-associated
hemorrhagic transformation model, thus contributing to
maintaining the integrity of the BBB [17]. However, the
mechanism of the protective effect of GLP-1R agonists dur-
ing AIS is still very uncertain, and no study has assessed the
direct effects of GLP-1R agonists on astrocytes during AIS,
although astrocytes express GLP-1Rs and contribute to
both BBB disruption and inflammation activation [18]. In
the current study, we investigated whether Ex-4 impacted
the secretion of astrocytes and how this effect influenced
the BBB integrity to provide additional evidence supporting
the use of GLP-1R agonists as a treatment for AIS.

Methods
Cell culture
Primary cultures of cortical astrocytes were prepared
from the cortices of neonatal 1-day-old C57BL/6 mice
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using methods described in a previous stuciefly, cortices
were dissected from the brains, and the meninges were
carefully removed [19]. Then, the cortices were dissoci-
ated into a cell suspension by digestion with 0.25% tryp-
sin for 10 min at 37 °C, and the digestion was stopped
with Dulbecco’s Modified Eagle’s Medium containing
4.5 g/L glucose (DMEM; Gibco, New York, NY, USA)
supplemented with 10% fetal bovine serum (FBS; Gibco,
New York, NY, USA), 2 mmol/L glutamine, 100 units/
mL penicillin, and 100 pug/mL streptomycin. After
washes with 0.01 M phosphate-buffered saline (PBS), the
dissociated cells were seeded at a density of hemi-
spheres/24-well plate or 1.5 hemispheres/6-well plate in
4.5 g/L glucose DMEM and cultured at 37°C in a hu-
midified atmosphere of 5% CO5/95% air. After 10-12
days of culture, the cells reached 60-70% confluence
and were shaken (250 rpm) for 18 h to minimize micro-
glial contamination. Adherent astrocytes in one of the 6-
well plate were detached with trypsin/EDTA, and the
recovered cells were plated on new 24-well plate. The
cells in the new and original 24-well plates were used to
confirm the purity of astrocytes using immunofluores-
cence staining for glial fibrillary acidic protein (GFAP).
Ninety-five percent of the cultured cells were identified
as astrocytes, and the adherent cells (primary astrocytes)
never subjected to cell passaging in 6- or 24-well plates
were used in the following experiments. The mouse
brain endothelial cell line bEnd.3 was obtained from
American Type Culture Collection (ATCC, Manassas,
VA, USA) and cultured in 4.5 g/L glucose DMEM sup-
plemented with 10% FBS, 2mmol/L glutamine, 100
units/mL penicillin, and 100 pg/mL streptomycin after
thawing. Then, the cell medium was replaced with new
culture medium every 2—3 days, and the cells were sub-
cultured after trypsinization at a ratio of 1:3 every 3 days
until use in the experiments The bEnd.3 cells used in ex-
periments are 3rd-5th passage.

Exposure of astrocytes to the oxygen-glucose deprivation
plus reoxygenation treatment

Control cultures were incubated with serum-free 4.5 g/L
glucose DMEM at 37°C in a 5% CO,/95% air atmos-
phere for 4h and then refresh normal medium with
(Ex4 group) or without Ex4(Medium group). Astrocytes
were washed twice with PBS and incubated with
glucose-free DMEM [oxygen-glucose deprivation (OGD)
medium]. Then, cells were transferred to an anaerobic
chamber filled with a gas mixture of 95% N, and 5%
CO, at 37°C for 2h or 4h as the OGD treatment
(OGD+RO group). After OGD treatment, a germ-free
glucose solution and FBS were added to the OGD
medium to yield 4.5 g/L glucose DMEM supplemented
with 10% FBS and cells were cultured for an additional
24h with or without the corresponding treatment
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[including 10/50/100/200 nM GLP-1R activator Ex-4
(OGD+RO+Ex4 group) and/or 0.1 uM GLP-1R antagon-
ist exendin-(9-39) (Ex[9-39] (OGD+RO+Ex4+Ex[9-39]
group)] (MedChemExpress, USA) and/or 10 uM AG490
(OGD+RO+AG490 group) and 20puM LY294002
(OGD+RO+Ex4+ LY294002 group) at 37 °C in a humidi-
fied atmosphere of 5% CO,/95% air.

Culture of bEnd.3 cells with different types of astrocyte-
conditioned media

After culture under normal culture conditions to 70-80%
confluence, bEnd.3 cells were cultured with different types
of astrocyte-conditioned medium (ACM) for another 24 h
before being subjected to different experiments [20]. The
grouping method in experiments involved with ACM was
based on astrocyte treatment. The sources of ACM included
medium from the Medium group (ACM-Medium), from
the Ex-4 group (ACM-Ex4) for 24'h, from the OGD+RO
group (ACM-OGD+RO), from the OGD+RO+Ex4 group
(ACM-OGD+RO+Ex-4), and from astrocytes treated with
OGD for 4 h plus RO for 24 h in the presence of Ex-4 and
Ex(9-39) [ACM-OGD+RO+Ex-4+Ex(9-39)]. All bEnd.3 cell
monolayers were pretreated with Ex(9-39) before culture
with different ACMs to avoid the direct influence of Ex-4
present in the ACM on bEnd.3 cells. Cells were treated with
a 10-ng/mL dose of a VEGFR?2 inhibitor (VI) (R&D Systems,
USA) (ACM-OGD+RO+VI) or a 50-ng/mL dose of the
MMP inhibitor batimastat (MI) (MedChemExpress, USA)
(ACM-OGD+RO+MI) to block VEGFR2 or MMP-9, re-
spectively, as indicated.

Measurement of transendothelial electric resistance

After the administration of different treatments, the
transendothelial electric resistance (TEER) values of con-
fluent bEnd3 cell monolayers were measured using a
voltage/ohm meter (Millipore, Billerica, MA, USA). The
TEER of blank inserts was subtracted from the measured
TEER of each group to reflect that of cell monolayers
themselves. The values are expressed as Q cm?.

Paracellular permeability assay

Briefly, bEnd.3 cells were seeded onto polycarbonate 12-
well transwell inserts with a 0.4-pm mean pore size and
a 0.33-cm? surface area (Corning, USA) at a density of 4
x 10* cells/cm?, and the growth medium was refreshed
every other day. The seeded cells were allowed to grow
at 37°C in a 5% CO,/95% air atmosphere until they
reached 70-80% confluence, which was confirmed using
phase contrast microscopy. Then, cells were cultured
with different ACMs for 24h. After two washes with
PBS, the media in the transwell inserts were replaced
with media supplemented with 500 pL. of 1 mg/mL so-
dium fluorescein (NaF), the lower chamber was filled
with 1000 pL of normal media, and cells cultured for 1 h
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at 37°C under normoxic conditions. Relative fluores-
cence passing through the chamber was measured as fol-
lows: 100 pL of medium in the lower chamber was
assayed in triplicate in black 96-well plates (Corning,
USA). The fluorescence intensity was measured using an
EnSpire Manager (PerkinElmer, USA) multimode plate
reader at an excitation wavelength of 460 nm and an
emission wavelength of 515nm [11]. NaF permeability
(ug/cm?) = total NaF quantity in the lower chamber/the
surface area of insert (0.33 cm?).

Western blotting

Confluent astrocytes or bEnd.3 cells at 70-80% confluence
cultured in 6-well plates were exposed to the correspond-
ing culture conditions. After different treatments, total
protein was collected by lysing the cells with RIPA buffer
(Beyotime Biotechnology, China). The protein content in
each well was determined using a BCA protein assay kit
(Beyotime Biotechnology, China). Lysates containing equal
amounts of total protein were separated on polyacryl-
amide gels (6% or 10%) and then transferred onto polyvi-
nylidene fluoride (PVDF) membranes (Millipore, USA).
Membranes were blocked with 3% bovine serum albumin
(BSA) for 1h at room temperature (RT) and incubated
with the following primary antibodies: GAPDH (Beyotime
Biotechnology, China); claudin-5, occludin, and zonula
occludens-1 (ZO-1) (Invitrogen, USA); endothelial nitric
oxide synthase (eNOS) and VEGF-A (Abcam, UK); and
phosphorylated phosphatidylinositol 3-kinase (p-PI3K),
total PI3K, p-protein kinase B (p-Akt), total Akt, p-
phospholipase Cy (p-PLCy), total PLCy, p-protein kinase
Ca (p-PKCa), total PKCa, p-Janus kinase 2 (p-JAK2), total
JAK?2, p-signal transducer and activator of transcription 3
(p-STATS3), and total STAT3 [all from Cell Signaling
Technology (CST), USA] at 4°C overnight. Membranes
were washed with Tris-buffered saline containing Tween
20 (TBST) (10 mM Tris, pH 8.0, 150 mM NaCl, and 0.1%
Tween 20) before the addition of horseradish peroxidase-
conjugated secondary antibodies (CST, USA) for 1h at
RT. After three washes with TBST, the signals were visu-
alized with a Tanon Imaging System (China), and the
density of each band was quantified using Image] software
(National Institutes of Health, USA).

Immunofluorescence staining

Twenty-four hours after MCAO, the rats were anesthe-
tized and first perfused with saline followed by fixation
with a 4% buffered paraformaldehyde solution. The brains
were removed and postfixed with 4% paraformaldehyde;
the paraformaldehyde was then removed and replaced
with a 30% sucrose solution overnight. Then, 8-um cor-
onal sections were obtained using a cryostat. Sections
were incubated with 0.3% Triton X-100 at RT. After three
washes with PBS three, brain slices were blocked with PBS
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containing 5% BSA for 1 h at RT. In vitro cell specimens,
after different treatment, confluent bEnd.3 cells and astro-
cytes growing on collagen-coated coverslips were sub-
jected to the aforementioned treatments and washed three
times with PBS before 4% paraformaldehyde fixation.
Fixed cells were permeabilized with 0.3% Triton X-100 for
15 min and blocked with 10% goat serum in PBS for 1 h at
RT. After that, sections or fixed cells were incubated at
4°C overnight with the following primary antibodies:
GFAP (CST); VEGF-A (Abcam); MMP9 (Invitrogen);
claudin-5 and and ZO-1 (Invitrogen); occludin (Abcam);
and GLP-1R (Bioss). After three washes with PBS, an
Alexa Fluor 488- or 555-labeled secondary antibody (Invi-
trogen) was added and incubated for 1h at RT. Tissue
sections or cells specimens were washed twice with PBS
and rinsed with a DAPI solution. Tissue sections were
covered with a coverslip that contained a drop of antifade
mounting medium. Images of both brain slices and cells
on coverslips were acquired with a fluorescence micro-
scope or with an LSM800 confocal microscope.

Immunohistochemistry

Twenty-four hours after MCAO, the rats were anesthe-
tized and first perfused with saline followed by fixation
with ice-cold 4% paraformaldehyde. Brain tissues were
removed and fixed overnight in 4% paraformaldehyde at
4°C and then immersed in 30% sucrose. The tissues
were cut to 2-mm-thick coronal sections and embedded
in paraffin and further sliced at a thickness of 5 um. The
slides were deparaffinized, sequentially rehydrated in
graded alcohol, and then immersed in PBS (pH 7.4). The
slides were then microwaved for 2min in antigen-
unmasking solution, cooled, and washed three times for
2 min in PBS. Sections were immersed for 25 min in 3%
hydrogen peroxide in distilled water to eliminate en-
dogenous peroxidase activity, then blocked in immuno-
histochemical grade 1% bovine serum albumin in PBS
for 1 h and diluted goat serum for 30 min to reduce non-
specific staining. Sections were incubated overnight with
primary antibodies anti-CXCL1 (Invitrogen) or anti-
MCP1 (Abcam). Peroxidase-conjugated anti-rabbit IgG
(BD Biosciences) was used as the secondary antibody
and was incubated for 30 min at 37 °C. Antibodies were
detected using the DAB kit (Beyotime Biotechnology,
China) following the manufacturer’s instructions. Finally,
the slides were observed using a light microscope. The
positive cells were expressed as the number of immuno-
positive cells/mm?>.

Lactate dehydrogenase assay

The viability of bEnd.3 cells was evaluated by quantifying
plasma membrane damage, which resulted in the release
of LDH. The level of Lactate dehydrogenase (LDH) re-
leased in the cell culture supernatant was detected using
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an LDH cytotoxicity assay detection kit (Beyotime,
China) according to the manufacturer’s instructions.

Enzyme-linked immunosorbent assay

The cell culture supernatants of astrocytes subjected to
different treatments were harvested and assayed with
Enzyme-linked immunosorbent assays (ELISAs) to de-
termine the levels of tumor necrosis factor-a (TNF-a),
interleukin (IL)-1f, IL-6, transforming growth factor-p
(TGF-B), CXCL-1, VEGF-A (R&D Systems, USA), and
MCP-1 (Sigma-Aldrich, USA) according to the manufac-
turer’s protocols. The results were calculated by measur-
ing the absorbance at a wavelength of 450 nm using a
multiplate reader (Bio-Tek, Winooski, VT, USA). The
experiments were performed in triplicate.

Real-time quantitative PCR

Total RNA was extracted from astrocytes using TRIzol
(Invitrogen, USA) according to the manufacturer’s instruc-
tions. The cDNA templates were synthesized from total
RNA using a Transcriptor First Strand cDNA Synthesis kit
(TaKaRa Biotechnology). TagMan primers and probes used
for testing were obtained from TaKaRa Biotechnology,
Japan. GAPDH was used as an endogenous reference.
Quantitative PCR using SYBR Green II (TaKaRa Biotech-
nology) was performed with an ABI PRISM 7900 Sequence
Detector system (Applied Biosystems). Target gene expres-
sion was normalized to GAPDH expression, and the values
were calculated relative to control values using the AACT
method. The following PCR primers were used (5’ to 3°):
IL-1B-F, GACCTGTTCTTTGAGGCTGACA and IL-1p-R,
CTCATCTGGACAGCCCAAGTC; IL-6-F, TAGTCCTT
CCTACCCCAACTTCC and IL-6-R, TTGGTCCTTAGC
CACTCCTTC; TGF-B-F, CATTGCTGTCCCGTGCAGA
and TGF-B-R, AGGTAACGCCAGGAATTGTTGCTA;
TNF-a-F, TTCCAATGGGCTTTCGGAAC and TNF-a-R,
AGGTAACGCCAGGAATTGTTGCTA; VEGF-A-F, TCC
TGCAGCATAGCAGATGTGA and VEGF-A-R, CCAGG
ATTTAAACCGGGATTTC;, MMP-2-F, TCCCGAGATC
TGCAAGCAAG and MMP-2-R, AGAATGTGGCCACC
AGCAAG; MMP-9-F, GGGAACGTATCTGGAAATTCG
AC and MMP-9-R, CCGGTTGTGGAAACTCACAC; MC
P-1-F, TGTCTCAGCCAGATGCAGTTAAT and MCP-1-
R, CCGACTCATTGGGATCATCTT; CXCL-1-F, CAAT
GAGCTGCGCTGTCAGT and CXCL-1-R, TTGAAGTG
AATCCCTGCCACT; and GAPDH-F, GGCACAGTCAA
GGCTGAGAATG and GAPDH-R, ATGGTGGTGAAGA
CGCCAGTA.

Gelatin zymography

The same number of astrocytes was seeded in each well
of a 6-well plate and grown to confluence. After the ad-
ministration of different treatments (all in serum-free
media for 24 h), equal amounts of proteins from ACM
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were collected and concentrated using centrifugal filters.
After electrophoresis on an 8% SDS-PAGE gel contain-
ing 1 mg/mL gelatin, gels were washed with 2.5% Triton
X-100 for 30 min. Then, the gel was incubated in a de-
veloping buffer (20 mM Tris-HCl, pH 7.8, 1% Triton X-
100, 10mM CaCl,, 5puM ZnCl,) for 24h at 37°C.
Thereafter, the gel was stained with 1% Coomassie Bril-
liant Blue R-250. The gelatinolytic activities of MMP-9
were detected as transparent bands.

Experimental ischemic stroke model and treatment

All animal experiments were approved by the Ethics
Committee of Sun Yat-sen University. Male SD rats
weighing 220-250 g were randomly assigned to different
groups using a random number table. The rats were
anesthetized with 2% pentobarbital (50 mg/kg, i.p.). The
MCAO model of ischemic stroke was induced by a left
side occlusion of the middle cerebral artery with
silicone-coated sutures as previously described [21].
After 90 min of occlusion, the filament was removed to
allow reperfusion. The rats in the treatment group were
administered Ex-4 and/or 3000 pg/kg Ex[(9-39)] (in sa-
line at a total volume of 1 mL) or saline by intraperito-
neal injections immediately after reperfusion. The doses
of Ex-4 were 50, 150, and 300 ug/kg to determine the ef-
fective dose that suitable for subsequent experiments.

Neurological deficit score

Neurological function was evaluated at the time rats re-
covered from anesthesia (approximately 3h) and 24h
after MCAO. The deficits were scored on a modified
scoring system based on that developed by Longa et al.
[21] as follows: 0, no neural defective symptoms; 1, rats
cannot stretch the contralateral front paws; 2, rats circle
to the contralateral side while crawling; 3, rats tumble to
the contralateral side while crawling; 4, rats cannot walk
independently or lose consciousness or death. A first
score of 2—-3 points was considered a successful model,
and these rats were included in the experimental group
according to the treatment.

Quantification of infarct area

The brain was removed and immediately sliced into 1-
mm-thick sections. The slices were then stained with a
2% solution of 2,3,5-triphenyltetrazolium chloride (TTC)
at 37 °C for 30 min. The infarcted area of each brain slice
was measured by Image] analysis software, and the per-
centage hemisphere lesion area was calculated as follows:
{[total infarct area-(left hemisphere area-right hemi-
sphere area)]/right hemisphere area} x 100% [22].

Evans blue dye extravasation
Leakage of Evans blue (EB, Sigma-Aldrich, USA) dye in
the ischemic brain tissue, which is indicative of BBB
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disruption, was evaluated after the 90-min MCAO pro-
cedure (with or without Ex-4/Ex(9-39) treatment) or
after the sham operation (sham group). EB (2%) in nor-
mal saline (6 mL/kg) was intravenously injected into the
animals and allowed to circulate for 3 h before sacrifice.
After sacrifice, every 100 mg of the collected ischemic-
side brain tissue was added with 1mL of 50%
trichloroacetic acid solution to extract the EB. After
homogenization of the brain tissue, the mixture was cen-
trifuged at 15000g for 15 min, and the supernatant was
harvested. The supernatant was diluted 4-fold with etha-
nol, and the mixture was allowed to stand at room
temperature for 30 min. The amount of EB in the ische-
mic tissue was quantified at 610 nm by a spectropho-
tometer according to a standard curve of optical density
(OD) obtained according to different concentrations of
EB.

Statistical analysis

All data are presented as the mean + SD. The data were
analyzed using a two-tailed ¢ test or one-way analysis of
variance (ANOVA) followed by the post hoc Student-
Newman-Keuls (SNK) ¢ test for multiple comparisons.
Differences were considered significant at P < 0.05. Stat-
istical analyses were performed using SPSS 18.0
software.

Results

OGD-treated astrocytes increased the permeability of
confluent endothelial cells

Cultured cells were identified as astrocytes because they
were GFAP-positive (Fig. 1a). After astrocyte exposure to
normoxia or OGD, the normal medium of bEnd.3 cells was
replaced with different ACMs. ACM from normally cul-
tured astrocytes did not change the TEER of confluent
bEnd.3 cells (ACM-Medium vs. N, 79.20 + 2.40 vs. 7943 +
1.59 Q cm?). After OGD treatment followed by 24 h of RO,
ACM from OGD+RO-treated astrocytes significantly de-
creased the TEER of confluent bEnd.3 cells (ACM-
Medium, 79.20 + 2.40; ACM-OGD2h+RO, 59.53 + 141, P
< 0.05; ACM-OGD4h+RO, 49.43 + 1.29 Q cm? P < 0.05),
and the damage increased as the duration of OGD in-
creased (Fig. 1b). The tendency of NaF permeability in
bEnd.3 cells caused by different ACMs was the opposite to
that of TEER of bEnd.3 cells (NaF permeability: ACM-
Medium, 1.94 + 0.13; ACM-OGD2h+RO, 2.54 + 0.18, P <
0.05; ACM-OGD4h+RO, 3.11 + 0.14pg/cm? P < 0.05)
(Fig. 1c). Based on these findings, OGD-treated astrocytes
may have increased the permeability of endothelial cells by
secreting detrimental factors. Because the medium from
OGD4h+RO-treated astrocytes influenced the permeability
of bEnd.3 cells to a greater extent than the medium from
OGD2h+RO-treated astrocytes, the OGD treatment was
performed for 4 h in subsequent experiments.



Shan et al. Journal of Neuroinflammation (2019) 16:242

Page 6 of 20

B C
100- s
80 s E %n A
é’ T RS * # =
] * # E S
a % *#$ = £,
= T =4 =
€ v = £
= E & 14
= 20- S E
E 8
0 > = =) = =
- o
s &£ £ §°& F 2
il Q""g & & S &
> S & N <)
& o N (o N &
v g & v & &
ko - b ™

Fig. 1 Astrocytes exposed to OGD plus RO increased the permeability of the bEnd.3 monolayer. a GFAP (green) was expressed in more than 95%
of cultured cells, and the nuclei were counterstained with DAPI (blue). Scale bar, 100 um. b The TEER value of bEnd.3 monolayer cultured with
different ACMs for 24 h was assessed. ¢ The ability of sodium fluorescein (NaF) to cross the bEnd.3 monolayer cultured with different ACMs for 24
h was assessed (n = 7). N, cultured with normal 10% FBS DMEM; ACM-Medium, cultured with ACM from untreated astrocytes; ACM-OGD 2 h+R0O,
cultured with ACM from astrocytes exposed to OGD for 2 h plus RO for 24 h; ACM-OGD 4 h+RO, cultured with ACM from astrocytes treated with
OGD for 4 h plus RO for 24 h. *P < 0.05 compared with the N group; *P < 0.05 compared with the ACM-Medium group; and °P < 0.05 compared

with the ACM-OGD 2 h+RO group, ANOVA plus SNK test (b, c)

ACM containing Ex-4 protected the integrity of the

endothelial cell barrier by reducing TJP degradation

Next, we measured the levels of GFAP and GLP-1R on
astrocytes using western blotting. GLP-1R levels were
not significantly altered, while GFAP showed increased
expression in response to OGD+RO induction (Fig. 2a
and b). After exposure to normoxia or OGD, astrocytes
were incubated with 10, 50, 100, or 200 nM Ex-4 for 24
h, and then, different ACMs were added to the bEnd.3
cell cultures for another 24 h; the bEnd.3 cells were all
simultaneously cultured with Ex(9-39) to avoid a pos-
sible direct effect of Ex-4. As shown in Fig. 2c and d,
when the cells were cultured with ACM from astrocytes
treated with OGD+RO in the presence of 10 nM Ex-4
(ACM-OGD+RO+10nMEx4 group), the TEER of bEnd.3
cells significantly increased, while the NaF permeability
significantly decreased compared with cells in ACM-
OGD+RO group (TEER 60.06 + 2.32 vs. 49.39 +
1.69 Q-cm?, P < 0.05; 2.78 + 0.07 vs. 3.20 + 0.15 pg/cm?,
P < 0.01). When the Ex-4 concentration was increased

gradually to 100nM, the TEER significantly increased,
and the NaF permeability significantly decreased (all P <
0.05); in contrast, 200nM Ex-4 treatment (ACM-
OGD+RO+200nMEx4 group) did not significantly affect
either the TEER or NaF permeability of bEnd.3 cells
compared with the ACM-OGD+RO+100nMEx4 group
(P = 0.77, P = 0.64, respectively). However, exposure to
Ex-4 alone did not change the impact of ACM on either
the TEER or NaF permeability of bEnd.3 cells (ACM-
Medium vs. ACM-Ex4, TEER, 79.78 + 1.36 vs. 78.22 +
1.93 Q-cm?, P = 0.44; NaF permeability, 2.01 + 0.14 vs.
1.86 + 0.05 ug/cm? P = 0.35) and the effect of Ex-4 on
OGD-treated astrocyte could be blocked by GLP-1R an-
tagonist Ex(9-39). Overall, Ex-4 reduced the ability of
OGD-treated astrocytes to destroy the integrity of endothe-
lial cells in a dose-dependent manner. Next, we measured
LDH release from bEnd.3 cells cultured with different
ACMs to determine whether the changes in permeability
and TEER were related to cell injury, but no significant dif-
ferences were observed among any of the groups (Fig. 2e).
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Fig. 2 ACM from astrocytes treated with Ex-4 reduced the OGD+RO-induced increase in bEnd.3 cell permeability. a Representative western blots
for GFAP and GLP-1R in astrocytes, along with the loading control GAPDH. b Gray values for GFAP and GLP-1R were normalized to GAPDH. The
data are presented as the mean + SD (n = 6). ¢ The TEER value of bEnd.3 monolayer cultured with different ACMs for 24 h was assessed. d The
ability of NaF to cross the bEnd.3 monolayer cultured with different ACMs for 24 h was assessed. e LDH release of bEnd.3 monolayer cultured
with different ACMs for 24 h was assessed. ACM-Medium, cultured with ACM from untreated astrocytes; ACM-200 nM Ex4, cultured with ACM
from astrocytes treated with 200 nM Ex-4 for 24 h; ACM-OGD+RO, cultured with ACM from astrocytes treated with OGD for 4 h plus RO for 24 h;
ACM-OGD+RO +Ex-4, cultured with ACM from astrocytes treated with OGD for 4 h plus RO for 24 h in the presence of different Ex-4
concentrations. All bEnd.3 cell monolayers were pretreated with Ex(9-39) before culture with different ACMs. *P < 0.05 and **P < 0.01, ANOVA
plus SNK test (c-e) or Student’s ¢ test (b)

Therefore, we next examined the levels TJPs in bEnd.3 cells  significantly reduced in the ACM-OGD+RO group com-
cultured with different ACMs. The levels of important TJPs ~ pared with the ACM-Medium group, but the levels were
of bEnd.3 cells (claudin-5, occludin and ZO-1) were restored in the ACM-OGD+RO+Ex-4 group (ACM-
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Medium vs. ACM-OGD+RO, P < 0.05; ACM-OGD+RO P < 0.05] (Fig. 3a and b). The results were confirmed using
vs. ACM-OGD+RO+Ex-4, P < 0.05) (Fig. 3a and b). Not-  single-label immunofluorescence staining; the arrows indi-
ably, the effect of Ex-4 on astrocytes was abolished by Ex(9-  cate the downregulation of TJPs between bEnd.3 cells
39), which was evident as the TJP levels decreased in  (Fig. 3c, d, and e). From the perspective of astrocytes, the
bEnd.3 of the ACM ACM-OGD+RO+Ex4+Ex(9-39) group  Ex-4-mediated protection of the BBB was related to the
[ACM-OGD+RO+Ex4 vs. ACM-OGD+RO+Ex4+Ex(9-39),  conservation of TJPs.
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Fig. 3 ACM from astrocytes treated with Ex-4 ameliorated the OGD+RO-induced destruction of TJPs in bEnd.3 cells. a Representative western
blots showing the levels of TJPs, including claudin-5, occludin, and ZO-1 in bEnd.3 cells, along with the loading control GAPDH. b TJP expression
was normalized to GAPDH. Quantitative results are presented as the mean + SD (n = 6). c-e Immunofluorescence staining for the TJPs (claudin5,
occludin, and ZO-1) (red) and nuclear staining with DAPI (blue) in bEnd.3 monolayers cultured with different ACMs (n = 6). The arrows indicated
decreased levels of TJPs between bEnd.3 cells. Scale bar = 50 um. ACM-Medium, cultured with ACM from untreated astrocytes; ACM-Ex4, cultured
with ACM from astrocytes treated with Ex-4 for 24 h; ACM-OGD+RO, cultured with ACM from astrocytes treated with OGD for 4 h plus RO for 24
h; ACM-OGD+RO+Ex4, cultured with ACM from astrocytes treated with OGD for 4 h plus RO for 4 h in the presence of 100 nM Ex-4; ACM-
OGD+RO+Ex4+Ex(9-39), cultured with ACM from astrocytes treated with OGD for 4 h plus RO for 24 h in the presence of both Ex4 and Ex(9-39);
all bEnd.3 cell monolayers were pretreated with Ex(9-39) before culture with different ACMs. *P < 0.05 compared with the ACM-Medium group;
*P < 0,05 compared with the ACM-Ex4 group; °P < 0.05 compared with the ACM-OGD+RO group; and &P < 0.05 compared with the ACM-
OGD+RO+Ex4group, ANOVA plus SNK test (b)
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Ex-4 reduced OGD+RO-induced astrocyte-derived VEGF-A,
MMP-9, MCP-1, and CXCL-1 secretion

Astrocytes activated by ischemia and anoxia secrete many
pro- and anti-inflammatory factors, such as IL-1B, IL-6,
TNF-a, TGF-f, VEGF-A, MCP-1 CXCL-1, MMP-2, and
MMP-9, which influence BBB integrity. Next, we examined
whether Ex-4 regulates the levels of these factors on
astrocytes. The effects of OGD and Ex-4 on the levels of the
IL-1B, IL-6, TNF-a, TGF-p, VEGF-A, MCP-1 CXCL-1,
MMP-2, and MMP-9 mRNAs were assessed using real-time
quantitative PCR (qRT-PCR). TGF-p was the only factor
whose expression was not influenced by OGD and Ex-4 at
the mRNA level. OGD significantly increased the levels of
the IL-1p, IL-6, TNF-«, VEGF-A, MCP-1, CXCL-1, MMP-
2, and MMP-9 mRNAs in astrocytes (3.00-, 2.58-, 2.75-,
3.98-, 2.51, 2.97, 2.87-, and 2.91-fold, respectively, compared
with the normal cultured astrocytes, P < 0.05) (Fig. 4a).
However, Ex-4 treatment decreased the OGD+RO-induced
increases in the levels of the IL-1pB, IL-6, VEGF-A, MCP-1,
CXCL-1, and MMP-9 mRNAs (decreased to 53.67%,
60.08%, 58.94%, 72.11%, 80.47%, and 73.88%, respectively, P
< 0.05) (Fig. 4a), but did not significantly alter the levels of
the TNF-a and MMP-2 mRNAs. ELISAs were used to de-
termine the protein levels. Ex-4 decreased only the levels of
the VEGF-A, MCP-1, and CXCL-1 protein that were in-
creased by OGD+RO in astrocyte cultures (OGD+RO vs.
OGD+RO+Ex4 group, 247.17 + 41.12 vs. 75943 £ 68.92,
441.70 + 36.28 vs. 946.74 + 74.06, 256.74 + 33.69 vs. 431.1 +
50.43 pg/mL, respectively, P < 0.01) (Fig. 4b). The data from
western blot analyses were consistent with the ELISA re-
sults, as Ex-4 decreased the levels of the VEGF-A protein
under the OGD+RO condition (P < 0.05) (Fig. 4c). Based on
the gelatin zymography data, the activity of astrocyte-
derived MMP-9 was increased by OGD+RO conditions
compared with normal conditions (5.70-fold, P < 0.05) or
the Ex-4 treatment alone (5.45-fold, P < 0.05), but Ex-4 re-
duced the trend in cells exposed to OGD+RO (63.48%, P <
0.05) (Fig. 4d). We drew the same conclusion that
OGD+RO increased the secretion of VEGF-A and MMP-9
in astrocytes but ameliorated these changes after Ex-4 ad-
ministration, as evidenced by single-label immunofluores-
cence staining (Fig. 4e and f).

We then confirmed the findings described above
in vivo. We first detected GLP-1R expression on GFAP-
positive cells in the brains of both normal and MCAO
rats (Fig. 5a). The results showed that the neurologic
function scores in MCAO+Ex4 group were better than
those in the MCAO group and improved when the Ex-4
concentration increased (MCAO, 262 + 0.18 vs.
MCAO+50 pg/kg Ex4,, 1.75 + 0.25; vs. MCAO+50 pg/kg
Ex4, 0.75 + 0.25; MCAO+50 pg/kg Ex4, 0.25 + 0.31; all P
< 0.01) (Fig. 5b), but the effect of Ex-4 was blocked with
co-treatment with Ex(9-39). The TTC staining and
quantitative analysis of EB invasion to lesions presented
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Ex-4 reduced the infarct area and the amount of EB in
the brain of MCAO model and had the same tendency
of that presented in neurologic function scores (P <
0.0lin all MCAO+Ex4 groups vs. the MCAO group),
and again, the effect was blocked by Ex(9-39) (Fig. 5¢—f).
As shown in Fig. 5g, immunofluorescence staining was
further used to examine ZO-1 (one of the TJPs) and
GFAP (representative molecules of astrocytes) to show
that ZO-1 expression in the MCAO group was signifi-
cantly less than that in the sham group, MCAO+Ex4
group. Moreover, ZO-1 was not tightly coexpressed with
GFAP in the MCAO group; this coexpression was evi-
dent in the MCAO+Ex4 group and abolished by the ad-
ministration of Ex(9-39). The results showed that Ex-4
improved the neurological deficit scores, infarct area, EB
invasion, and ZO-1 expression after MCAO, and this ef-
fect was GLP-1R-dependent. Next, we further examined
the effect of Ex-4 on the expression of VEGF-A (Fig. 6a
and ¢), MMP-9 (Fig. 6b and d), CXCL-1, and MCP-1
(Fig. 6e and f) in the MCAO model. Ex-4 treatment
reduced astrocyte-derived VEGF-A expression and
MMP-9 in the infarcted hemispheres of MCAO rats in a
dose-dependent manner, as shown by western blot ana-
lysis or gelatin zymography (Fig. 6a—d). Moreover, Ex-4
reduced the CXCL-1- and MCP-1-positive cells in the
lesions of MCAO rats (Fig. 6e and f). The data in Fig. 6
were consistent with those observed with in vitro astro-
cyte cultures. Thus, Ex-4 reduced hypoxia-induced
astrocyte-derived VEGF-A and MMP-9 levels, and the
decreased CXCL-1 and MCP-1 expression in MCAO
model may also be related to the effect of Ex-4 on
astrocytes.

Blockade of VEGF-A and MMP-9 in astrocytes reversed
the protective effect of Ex-4 on TJPs in bEnd.3 cells

We next used an anti-VEGFR2-blocking antibody (VI)
and the MMP inhibitor batimastat (MI) to confirm that
VEGE-A and MMP-9 were the “bridge” between Ex-4-
mediated protection of BBB integrity and astrocytes. The
TEER and NaF permeability in bEnd.3 cell monolayer
among ACM-Medium, ACM-Medium+VI, and ACM-
Medium+MI showed no significant differences (Fig. 7a
and b). In the groups cultured with ACM from astro-
cytes exposed to OGD+RO, the additional VI or MI
treatment increased the TEER of the cell monolayer
(TEER, ACM-OGD+RO 5040 =+ 3.75, vs. ACM-
OGD+RO+VI 70.71 + 2.02, vs. ACM-OGD+RO+MI
66.93 + 3.73Q cm?, all P < 0.01), but the differences in
TEER among the ACM-OGD+RO+Ex-4, ACM-
OGD+RO+VI, and ACM-OGD+RO+MI groups were
not significant (82.14 + 4.13, 70.71 + 2.02, and 2.60 +
0.04 Q-cm?, respectively; P = 0.46 and P = 0.77 respect-
ively). Again, a different tendency but the same results
were found with regard to NaF permeability in bEnd.3
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Fig. 4 Ex-4 reduced the expression of VEGF-A, MMP-9, CXCL-1, and MCP-1
IL-6, TNF-a, TGF-B, VEGF-A, MCP-1, CXCL-1,

s

MMP-2, and MMP-9 mRNAs in astrocytes subjected to different treatments in vitro was measured
using gRT-PCR; GAPDH was used as the control (n = 6). b Levels of the IL-1(3, IL-6, TNF-a, TGF-B, VEGF-A, MCP-1, and CXCL-1 proteins secreted by
astrocytes exposed to different treatments were measured using ELISAs (n = 6). ¢ Representative western blots showing VEGF-A expression in
astrocytes administered different treatments, and the VEGF-A intensity was normalized to GAPDH (n = 6). d The levels of MMP-9 secreted from
astrocytes exposed to different treatments were measured using gelatin zymography, and the relative intensity was compared with the Medium
group (n = 6). e, f Representative images of immunofluorescence staining for VEGF-A (e) and MMP-9 (f) (red) in astrocytes; nuclei were labeled
with DAPI (blue) (n = 5). Scale bar = 100 um. Medium, cultured with normal medium; Ex4, treated with Ex4 for 24 h; OGD+RO, treated with OGD
for 4 h plus RO for 24 h; OGD+RO+Ex4, treated with OGD for 4 h plus RO for 4 h in the presence of Ex-4. *P < 0.01 compared with the Medium
group; *P < 0,01 compared with the Ex4 group; °P < 0.01 compared with the OGD+RO+Ex4 group, ANOVA plus SNK test (a-d)
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in OGD+RO-treated astrocytes in vitro. a The expression of the IL-1

cells (Fig. 7a and b). Then, we examined the levels of
TJPs in bEnd.3 cells cultured with different ACMs using
western blot analyses. Claudin-5, occludin, and ZO-1
levels of bEnd.3 cells in ACM-OGD+RO group were de-
creased, as expected, but TJPs levels were increased
when Ex-4 or VI/MI was added to the ACM (P < 0.05)

(Fig. 7c and d). The arrows on images of immunofluor-
escence staining indicated the downregulation of TJPs
between bEnd.3 cells. The results were consistent with
the TEER data, the permeability assay, and western blot
analysis (Fig. 7e—g). Based on these data, Ex-4 protects
the integrity of the BBB partially by reducing VEGF-A
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Fig. 5 Effect of Ex-4 on neurological deficit scores, infarct area, EB invasion, and ZO-1 expression after MCAQO. a GLP-1R (red) was expressed on
GFAP (green)-positive cells in the rat brain, and the nuclei were counterstained with DAPI (blue) Scale bar, 20 um. b Neurologic deficit scores of
the different groups at 24 h after MCAO (n = 5). ¢ Representative TTC staining images of brain sections from the different groups. d
Quantification of cerebral infarct area at 24 h after MCAQ. e Representative images of coronal brain sections from rats perfused with EB from the
different groups. f Quantitative analysis of EB intensity in different groups by spectrofluorometry (n = 5). g Representative images of
immunofluorescence staining for GFAP (red) and ZO-1 (green) in ipsilateral brain tissues (n = 4-5) and the concentration of Ex4 was 150 pg/kg.
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and MMP-9 production in astrocytes, which were in-
creased after OGD exposure or cerebral ischemia.

The Ex-4-induced reduction in astrocyte-derived VEGF-A
levels in ACM resulted in the inactivation of the PLCy/
PKCa/eNOS pathway in endothelial cells

A previous study examining the MCAO model noted
that Ex-4 preserves the BBB integrity after cerebral is-
chemic stroke through the PI3K/Akt pathway [17].
VEGF-A-VEGFR?2 signaling activates the PLCy/PKCa/
eNOS or PI3K/Akt/eNOS pathways to disrupt TJPs in
confluent endothelial cells [8]. We next investigated
whether these pathways were involved in the protect-
ive effect of ACM from astrocytes treated with Ex-4
on bEnd.3 cells. Briefly, increased levels of p-PLCy, p-
PKCa, and eNOS were detected in the ACM-
OGD+RO group, but the levels were decreased when
Ex-4 or VI was co-cultured with the above ACM
(ACM-OGD+RO, vs. ACM-Medium, vs. ACM-
OGD+RO+Ex-4, vs. ACM-OGD+RO+VI, all P < 0.05;
but ACM-OGD+RO+Ex-4 vs. ACM-OGD+RO+VI, P
= 0.93) (Fig. 8a and b). However, the p-PI3K or p-
Akt levels did not change among the different groups
(Fig. 8c and d). These data revealed the mechanism

by which ACM from astrocytes treated with Ex-4 de-
creased the permeability of endothelial cells.

Ex-4 reduced astrocyte-derived VEGF-A expression
through JAK2/STAT3 signaling

Finally, we investigated the potential mechanism by
which Ex-4 reduced the OGD+RO-induced increase in
VEGE-A levels in astrocytes. PI3K/Akt is the most com-
mon downstream pathway of GLP-1R activation [17].
However, although Ex-4 reduced VEGF-A, it increased
PI3K phosphorylation with a decrease in LDH release in
OGD-treated astrocytes (Fig. 9). The PI3K inhibitor
LY?294002 only blocked the effect of Ex-4 on PI3K phos-
phorylation and the LDH release of astrocytes, but there
was no significant difference in VEGF-A production in
the OGD+RO+Ex4+LY294002 group compared with the
OGD+RO+Ex4 group (Fig. 9). This result indicated that
the effect of Ex-4 on OGD-induced increased astrocyte-
derived VEGF-A did not occur via the PI3K signaling
pathway. On the other hand, HIF-1a and STAT3 have
been reported to be upstream factors of VEGF-A [23].
In our study, although OGD+RO increased HIF-la
levels in astrocytes, the addition of Ex-4 did not change
the expression levels of this protein (P = 0.78) (Fig. 10a



Shan et al. Journal of Neuroinflammation (2019) 16:242 Page 12 of 20

A B
GAP““ — — — — vJﬁkDa MMP9 —
VEGF-A e iy e -23kDa activity

3:.

0.8 % e 5
E —— S
L
o - &
< 04 g
5 %
8 0.z &
- =
U

0.0 -4

C D

GFAP VEGF-A  Merge GFAP  MMP-9 Merge

MCAO+150pg/kg Ex4-.- MCAO+150pg/ke l*lxd...

MCAO+300pg/kg Ex4... MCAO+300pg/kg Ex4...

E . Sham

o

N ' [ Sham
CXCL-1/DAPL S 5 , I vcso
v ~ M0 MCAQ+Exd
g w
2w
@
U 100-
MCP-1/DAPI o
&~ P
fod 9
& &

Fig. 6 Ex-4 reduced the VEGF-A, MMP-9, CXCL-1, and MCP-1 in the infarcted brain regions of MCAQ rats. a Representative western blots for
VEGF-A expression in different models, and the VEGF-A intensity was normalized to GAPDH (n = 6). b MMP-9 activity in different models was
measured using gelatin zymography, and the relative intensity was compared to the sham group (n = 6). ¢, d Representative images of
immunofluorescence staining of the cerebral hemisphere from different models for VEGF-A (c) and MMP-9 (d) (red) on GFAP (green)-positive
cells, and nuclei were labeled with DAPI (blue) (n = 5). Scale bar = 30 um. e Representative images of immunohistochemistry staining for CXCL-1
and MCP-1 (brown) in ipsilateral brain tissues. f Quantitative analysis of CXCL-1 and MCP-1-positive cells/mm? (n = 4). Scale bar = 20 um. *P <
0,05 and **P < 001 in Fig. 6a, b; *P < 0.01 compared with the Sham group; *P < 0.01 compared with the MCAO group in Fig. 6f; ANOVA plus
SNK test (a, b, f)

blot results showed noticeable decreases in the levels of
p-JAK2, p-STAT3, and VEGEF-A in cells treated with

and b). However, the levels of p-STAT3 and its up-
stream factor p-JAK2 in astrocytes were increased under

OGD+RO conditions and reversed by Ex-4 co-treatment
(OGD+RO vs. OGD+RO+Ex4 P < 0.05; Fig. 10a and b).
The cells were then co-treated with AG490, a JAK2 in-
hibitor, to determine whether the activation of the
JAK2/STAT3 pathway was involved in the downregula-
tion of VEGF-A in astrocytes induced by Ex-4. Western

OGD in combination with Ex-4 or AG490 (OGD+RO
vs. OGD+RO+Ex4 and OGD+RO vs. OGD+RO+AG490,
both P < 0.05; Fig. 10c and d). Besides, in the MCAO
model, the levels of p-JAK2 and p-STAT3 of the in-
farcted hemisphere in MCAO+Ex4 group were de-
creased compared with those of the MCAO group
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(See figure on previous page.)

Fig. 7 Blockade of the effects of astrocyte-derived VEGF-A and MMP-9 on the bEnd.3 monolayer protected the TJPs in bEnd.3 cells. a The TEER
value of bEnd.3 monolayer cultured with different ACMs for 24 h was assessed. b The ability of NaF to cross the bEnd.3 cell monolayer cultured
with different ACMs for 24 h was assessed (n = 6). ¢ Representative western blots for TJPs, including claudin-5, occludin, and ZO-1, in bEnd.3 cells,
along with the loading control GAPDH. d The intensity of TJPs was normalized to GAPDH. Quantitative data are presented as the mean + SD (n
= 6). e-g Images of immunofluorescence staining for TJPs (claudin5, occludin, and ZO-1) (red) and nuclear staining with DAPI (blue) in bEnd.3
monolayers cultured with different ACMs (n = 6). The arrows indicate the decreased levels of TJPs between bEnd.3 cells. Scale bar = 50 um. ACM-
Medium, cultured with ACM from untreated astrocytes; ACM-OGD+RO, cultured with ACM from astrocytes treated with OGD for 4 h plus RO for

24 h; ACM-OGD+RO+Ex-4, cultured with ACM from astrocytes treated with OGD for 4 h plus RO for 24 h in the presence of Ex-4; ACM-
OGD+RO+VI, cultured with ACM from astrocytes treated with OGD for 4 h plus RO for 24 h and the anti-VEGFR2 antibody; ACM-OGD+RO+MI,
cultured with ACM from astrocytes treated with OGD for 4 h plus RO for 24 h and batimastat; ACM-Medium+VI, cultured with ACM from
untreated astrocytes and the anti-VEGFR2 antibody; ACM-Medium+MI, cultured with ACM from untreated astrocytes and batimastat. All bEnd.3
cell monolayers were pretreated with Ex(9-39) before culture with different ACMs. *P < 0.05 and **P < 0.01 in Fig. 7a, b; *P < 0.05 compared with
the ACM-Medium group; “P < 0.05 compared with the ACM-OGD+RO group, P < 005 compared with the ACM-OGD+RO+Ex-4 group, and &P <
0.05 compared with the ACM-OGD+RO+VI group in Fig. 6d, ANOVA plus SNK test (a, b, d)

(MCAO+Ex4 vs. MCAO, P < 0.05, Fig. 10e and f), indi-
cating that Ex-4 downregulated the JAK2/STAT3 path-
way in ischemic cerebral tissue, which was consistent
with the in vitro results. Thus, the JAK2/STAT3 path-
way was involved in the effect of Ex-4 on astrocytes fol-
lowing OGD+RO treatment through influencing the
VEGE-A production and may also be related to the im-
provement shown in the MCAO+Ex4 group.

Discussion

Astrocytes are the most abundant cell type within the
CNS, and they provide structural support, promote the
formation of the BBB, and release beneficial factors that
maintain brain cell development and homeostasis of the
extracellular environment [24]. The function of brain
endothelial monolayer cells, ATP-binding cassette trans-
porters, and TJP expression for example, is enhanced
when the cells are co-cultured with astrocytes or ACM
for a period of time [5, 25]. In the present study, ACM
did not alter TJP expression or the integrity of bEnd.3
cell monolayer, potentially due to the relatively short
culture period, which was consistent with the results
from previous studies [11, 25]. Although astrocytes are
generally more resistant to the effects of AIS than other
cells [26], AIS- or OGD-induced-astrocytes aggravate
BBB disruption by inflammatory factors [27], consistent
with our results that ACM from astrocytes treated with
OGD+RO destroyed the integrity of the bEnd.3 cell
monolayer.

In the mammalian brain, GLP-1R expression has been
detected in endothelial cells, neurons, astrocytes, and
microglia [16, 17, 28]. The administration of a GLP-1R
agonist in vitro was recently shown to strengthen the integ-
rity of brain endothelial cells and improve cortical neuron
survival under pathological conditions [16, 28] and reduce
the permeability of the BBB, microglia activity, and neutro-
phil infiltration after MCAO in vivo [17, 29]. However,
whether the effect of Ex-4 on BBB integrity (or protecting
TJPs) is related to the viability of endothelial cells remains

unknown because the effect is accompanied by PI3K/Akt
signaling activation, a pathway related to cell viability [17].
On the other hand, although Ex-4 reduces the inflamma-
tory factors in stroke [17], Wu et al. and Darsalia et al.
found that GLP-1R activation did not inhibit LPS-induced
or ischemia-induced spinal or brain expression of
microglia-derived pro-inflammatory cytokines [30, 31]. Our
experiment also found that Ex-4 did not reduce the inflam-
matory factors (IL-1pB, IL-6, TNF-a) (Additional file 1: Fig-
ure S1) secreted by BV-2 cells after OGD, suggesting that
Ex-4 does not directly affect the microglia secretion of in-
flammatory factors. The above data cannot fully explain the
effect and the mechanism of Ex4 on ischemic stroke. How-
ever, researchers have not determined whether the effect of
Ex-4 on AIS is related to astrocytes. The TJPs between
brain endothelial cells are the physical barrier of the BBB
that prevent peripheral harmful and superfluous substances
from entering the brain to maintain the homeostasis of the
intracerebral environment [1]. In the present study, ACM
from astrocytes treated with OGD+RO destroyed the integ-
rity of the bEnd.3 cell monolayer, but this change was re-
versed by Ex-4 through GLP-1R expressed on astrocytes
and was not related to cell viability. Restored TJPs account
for the effect of ACM from astrocytes treated with Ex-4, in-
dicating that the components of ACM that were changed
by Ex-4 ultimately affected TJPs on bEnd.3 cells to protect
BBB integrity.

Astrocytes are a major source of inflammatory
factors in lesions after AIS [6, 7, 10, 13, 14, 32],
which contribute greatly to peripheral immune cell
recruitment, microglial activation, brain damage ag-
gravation, and BBB disruption [7, 14]. According to
our data, the levels of astrocyte-secreted inflamma-
tory factors were significantly increased by the
OGD+RO treatment, consistent with the results of
previous studies [6, 7, 10, 13, 14]. However, only
the secretion of MCP-1, CXCL-1, VEGF-A, and
MMP-9 was reduced by the Ex-4 treatment after
OGD, and all 4 factors were reduced by Ex-4
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Fig. 8 Ex-4 restored the TJPs in bEnd.3 cells by decreasing astrocyte-derived VEGF-A levels through a mechanism mediated by the PLCy/PKCa/
eNOS pathway in bEnd.3 cells. a Representative western blots showing the levels of p-PLCy, p-PKCa, and eNOS in bEnd.3 cells cultured with
different ACMs. Total PLCy, total PKCa, and GADPH were used as the loading controls. b Quantitative analyses of p-PLCy, p-PKCa, and eNOS
levels. The data are presented as the mean + SD (n = 6). ¢ Representative western blots showing the levels of p-AKT and p-PI3K in bEnd.3 cells
cultured with different ACMs. Total PI3K and total Akt were used as the loading controls. d Quantitative analyses of p-PI3K and p-Akt levels. The
data are presented as the mean + SD (n = 6). ACM-Medium, cultured with ACM from untreated astrocytes; ACM-OGD+RO, cultured with ACM
from astrocytes treated with OGD for 4 h plus RO for 24 h; ACM-OGD+RO+Ex4, cultured with ACM from astrocytes treated with OGD for 4 h plus
RO for 24 h in the presence of Ex-4; ACM-OGD+RO+VI, cultured with ACM from astrocytes treated with OGD for 4 h plus RO for 24 h and the
anti-VEGFR2 antibody. All bEnd.3 cell monolayers were pretreated with Ex(9-39) before culture with different ACMs. *P < 0.05 compared with the

ACM-Medium group and *P < 0.05 compared with the ACM+OGD+RO group, ANOVA plus SNK test (b, d)

treatment after MCAO. Further experiments investi-
gating the effects of MCP-1 and CXCL-1 in an
MCAO model have not performed, but it was clear
that MCP-1 is involved in recruiting monocytes/
macrophages and activating microglia [33, 34], and
CXCL-1 is an important chemokine that recruits
neutrophils to the area of the brain affected by AIS
[7]. The reduction in the levels of these two chemo-
kines in astrocytes by Ex-4 in vitro and in vivo may

partially explain why Ex-4 ameliorated the micro-
glial activation and neutrophil recruitment in previ-
ous in vivo experiments [16, 17].

Further data obtained from in vitro and in vivo experi-
ments confirmed that Ex-4 ameliorated ischemic anoxic
attack-induced astrocyte-derived VEGF-A and MMP-9 se-
cretion. VEGF-A was found to induce vessel formation [35].
However, after AIS, VEGEF-A expression is upregulated in
astrocytes in the mammalian brain for up to 2 weeks [36],

A

GAPDH -36kDa
Total PI3K e st otm— st _ Q51 1) o
P-PIIK Sl e  wmm— we  -85kDa
VEGF-A & S S— — -3k Da
& o > &
«Sfy Q?‘Q o** eg"‘@
Y & g
Q Pl
& &
o)S')
&
&
o

VEGF-A/GAPDH ()

P-PI3K/Total PI3K
Relative LDH Release &

Fig. 9 Ex-4 improved viability of astrocytes but not the secretion of VEGF-A via PI3K-related signaling. a Representative western blots showing the
levels of VEGF-A, p-PI3K in astrocytes cultured under different conditions. Total PI3K and GADPH were used as the loading controls. b, ¢
Quantitative analyses of VEGF-A, p-PI3K levels. The data are presented as the mean + SD (n = 6). d LDH release of astrocytes administered
different treatment was assessed. Medium, cultured with normal medium; OGD+RO, treated with OGD for 4 h plus RO for 24 h; OGD+RO+Ex4,
treated with OGD for 4 h plus RO for 4 h in the presence of Ex-4, OGD+RO+Ex4+LY294002. *P < 0.05 compared with the Medium group, *P <
0.05 compared with the OGD+RO group, °P < 0.05 compared with the OGD+RO+Ex4 group; ANOVA plus SNK test (b—d)
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and VEGF-A increases BBB permeability through VEGFR2
expressed on brain endothelial cells and induces the degrad-
ation of TJPs at the beginning of AIS [9, 37]. MMP-9 levels
are increased in subjects with AIS and degrade the neuro-
vascular basal lamina or TJPs to disrupt the BBB [38, 39].
Astrocytes produce more MMPs in both the MCAO and
OGD+RO models [39, 40]. Our study supported the points
and illustrated that Ex-4 protected the TJPs between bEnd.3
cells via an astrocyte-dependent manner.

Ex-4 preserves the BBB integrity after MCAO by in-
creasing PI3K/Akt signaling [17]. However, VEGF-A ac-
tivates VEGFR on endothelial cells and mainly signals
through the PLCy/PKCa/eNOS or PI3K/Akt/eNOS
pathways to degrade TJPs, which may contradict the re-
sults reported by Chen [17]. eNOS has been shown to
participate in increasing the permeability of BBB under
pathological conditions [8]. In the present study, Ex-4
ameliorated eNOS expression in bEnd.3 cells cultured
with ACM from OGD-treated astrocytes, and the levels
of phosphorylated PLCy and PKCa showed the same
trend, which was consistent with the effect of the eNOS
inhibitor on brain endothelial cells [8]. No ACM altered
the PI3K/Akt pathway in bEnd.3 cells, although PI3K/
Akt is one of the downstream targets of VEGF-A-
VEGFR2. This discrepancy might be attributed to the in-
volvement of the PI3K/Akt pathway in the cell survival/
death pathway through the activation of different down-
stream targets [41] and demonstrated that the manner
of how Ex-4 improved BBB integrity through astrocytes
was not related to bEnd.3 cell viability. However, brain
endothelial cells are more sensitive to ischemic and an-
oxic attack than astrocytes [26]; thus, the direct effect of
Ex-4 on brain endothelial cells may also be involved in
their increased vitality.

PI3K/Akt is the most common downstream pathway of
GLP-1R activation and was found to be activated by Ex-4
in many in vivo stroke models [7, 42]. However, our previ-
ous data showed that Ex-4-induced reduction in VEGF-A
was not related to PI3K activation. It is known that HIF-
la plays an important role in BBB breakdown following
hypoxic/ischemic injury [43]. Exposure to OGD increases
HIF-1a expression in astrocytes, and one of the down-
stream proteins of HIF-1a is VEGF-A [23, 26]. On the
other hand, our and other laboratories have found that
JAK2/STATS3 or IL-6/JAK2/STATS3 activation leads to in-
creased VEGF-A expression in different cells, including
astrocytes [44, 45]. AG490, a JAK?2 inhibitor, has been re-
ported to suppress pathological processes in different dis-
eases by inactivating the JAK2/STAT3 pathway [45, 46].
In the present study, both Ex-4 and AG490 deactivated
the JAK2/STAT3 pathway in astrocytes in vitro and
in vivo, accompanied by decreased levels of astrocyte-
derived VEGF-A but not the levels of other pro-
inflammatory cytokines and HIF-1a after OGD treatment.
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Based on these results, Ex-4 affected OGD+RO-treated as-
trocytes by decreasing the level of the phosphorylated
JAK2/STAT3 protein, which is a new signaling pathway
that has not previously been reported.

Our study has some limitations that should be ac-
knowledged. First, we used only a relevant inhibitor to
assess the effects of GLP-1R agonists on astrocytes
in vitro and did not knock out the related genes. Simi-
larly, GLP-1R knockout in astrocytes in vivo would make
the data more convincing. Second, we only chose some
familiar astrocyte-derived factors that are related to the
inflammation, BBB disruption, microglia activation, and
neutrophil recruitment, which may overlook some fac-
tors that are also influenced by Ex-4. Third, we focused
on the mechanism by which Ex-4 treatment of astrocytes
influences BBB integrity. Although OGD+RO-induced
increases in the levels of astrocyte-secreted chemokines
were influenced by Ex-4 treatment, we did not further
confirm their possible roles in Ex-4-related microglial
activation and neutrophil recruitment in vitro or in vivo.
Finally, the immediate administration of Ex-4 after re-
perfusion through an intraperitoneal injection is not an
appropriate treatment for patients in the clinic. The
route of administration and the dose of this treatment
require further study.

Nevertheless, our study presented evidence suggesting
a vital effect of GLP-1R agonists on astrocytes in AIS.
Because Ex-4 crosses the BBB, pretreatment or treat-
ment with Ex-4 immediately after AIS may improve pa-
tient outcomes, particularly patients suffering from
diabetes. Clinical trials of GLP-1R agonists and related
beneficial inhibitors are needed and will focus on the
safety, efficacy, and mechanism of these therapeutics in
patients with AIS.

Conclusions

GLP-1R agonist has a protective effect on ischemia by
reducing inflammatory factors and BBB breakdown in
an astrocyte-dependent manner. Moreover, JAK2/
STATS3 signaling is involved in the effect of the GLP-1R
agonist on astrocytes.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512974-019-1638-6.

Additional file 1: Figure S1. Ex-4 has no effect on the inflammatory
factors derived by OGD+RO-treated BV-2 cell in vitro. Levels of the IL-13
(A), IL-6 (B), TNF-a (C) proteins secreted by BV-2 cell exposed to different
treatments were measured using ELISAs (n = 6). *P < 0.05 compared with
the Medium group; #P < 0.05 compared with the Ex4 group, ANOVA plus
SNK test (A-C).
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