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Astragalus polysaccharide (APS) exerts protective effect against acute ischemic
stroke (AIS) through enhancing M2 microglia polarization by regulating
adenosine triphosphate (ATP)/ purinergic receptor (P2X7R) axis
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ABSTRACT

Clinically, the effective treatment for patients with acute ischemic stroke (AlS) is very limited.
Therefore, this paper aims to investigate the mechanism how astragalus polysaccharide (APS)
exerts protective effect against AIS and provide a new method for the treatment of AlIS. Cell
surface antigen flow cytometry and immunofluorescence were used to identify M1 and M2
microglia. Western blot was used to evaluate the expression of associated protein. Oxygen-
glucose deprivation (OGD) was used to simulate the effect of AIS on rat microglia. The middle
cerebral artery occlusion (MCAO) model was established to simulate the effect of AlS in vivo. Evans
blue dye (EBD) was used to evaluate the permeability of blood-brain barrier (BBB). Western blot
and cell surface antigen flow cytometry results showed that APS promoted the M2 polarization of
rat microglia by inhibiting the expression of purinergic receptor (P2X7R). APS reversed the effect
of OGD on the polarization of rat microglia M1/ M2 by regulating P2X7R. APS reversed the effect
of MCAO on the polarization of rat microglia M1/ M2 in vivo. Furthermore, APS inhibited the
expression of P2X7R by promoting the degradation of adenosine triphosphate (ATP) in the
cerebral cortex of MCAO rats. In addition, APS contributed to maintain the integrity of BBB.
Summarily, APS can reduce brain injury by promoting the degradation of ATP in microglia and
inhibiting the expression of P2X7R after AlS.
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China is one of the countries with the highest
incidence of stroke [1]. At present, the disease is
the main cause of death in China, with an annual
increase of 2.5 million cases and 1.6 million deaths
due to stroke. Acute ischemic stroke (AIS) accounts
for about 70% of stroke in China, and the mortality
within one month is about 2.3-3.2% [2]. Therefore,
effective prevention and treatment of AIS is of great
significance to patients and their families.

Studies have shown that inflammation/ immune
response runs through the whole process of AIS. The
main causes of nerve injury after AIS are the failure
of neurons to complete mitochondrial aerobic
respiration, the decrease of intracellular pH value,
the change in ion gradient of cell membrane and
cytotoxic edema caused by apoptosis swelling [3].
Damaged neurons and glial cells release high levels

receptor (P2X7R), and release a large number of
inflammatory mediators to induce neuroimmune
disorders and inflammation [4]. Currently, the treat-
ment of AIS mainly focused on reflow and brain
protection, and the clinical problem have not been
solved: intravenous thrombolysis and mechanical
thrombectomy within time window can only solve
the cerebral vascular reflow of very few patients and
cannot interfere with cascade events of brain injury
events, the treatment of most patients still depends
on brain protection measures [5]. Unfortunately,
there are still few effective neuroprotective measures
in clinic, which highlights the importance of targeted
inflammatory/ immune interventions in current
neuroprotection studies after AIS.

At present, pharmacological studies have found
that astragalus polysaccharide (APS) has a wide
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range of immune regulation, anti-tumor, anti-
oxidation, antihypertensive, hypoglycemic, liver
and kidney protection, and has broad application
prospects in anti-atherosclerosis (AS) disease [6].
Inflammatory mediators play an important role in
the progression of ischemic penumbra injury. By
reducing the neuro-inflammatory response, neu-
roprotection after stroke can be achieved [7], and
microglia is the most effective regulatory target for
brain repair and regeneration [8]. Under different
cell microenvironment conditions, microglia can
differentiate into two phenotypes, namely M1 type
with pro-inflammatory effects and M2 type with
anti-inflammatory effect [9]. In the early stage
after ischemic injury, the locally activated micro-
glia exhibited M2 phenotype, but M2 type polar-
ization response was transient, which was replaced
by an inflammation and harmful reaction domi-
nated by M1 polarization cells within a few days
after ischemic injury. The phagocytosis and release
of neurotoxic mediators, such as TNF (tumor
necrosis factor), IL-1 (interleukin-1), IL-6, McP-1
(monocyte chemotactic protein-1), MIP-1 (macro-
phage inflammatory protein-1), ROS (reactive
oxygen species), NO (nitric oxide), matrix, and
MMPs (metalloproteinases), were decreased in
M1 polarized cells. In the later stage, in order to
tight against this inflammatory and harmful pro-
cess, damaged neurons in the penumbra area pro-
duce IL-4, an effective M2 polarization promoter
[10]. At present, the difference between M1 and
M2 microglia depends on their respective charac-
teristic surface markers, M1 markers: HLA-DR
(human leukocyte antigen), CD16 (cluster of dif-
ferentiation), CD32, CD86, etc., and M2 surface
markers: CD209, CD206, CD301, CD163, Arg-1,
and Ym-1 [11,12]. Studies have found that anti-
bacterial drugs (minocycline and azithromycin),
eplerenone and spironolactone [13,14], metformin
[15], rosiglitazone [6], etc., which can't reduce the
MI1/M2 ratio after AIS [16-18], play a protective
role in the brain. This suggests that inhibiting the
differentiation of microglia M1 and promoting the
differentiation of M2 to achieve neuroprotective
effect could be a new strategy for the treatment
of AIS. However, the effect of APS on M2 micro-
glia polarization remains unknown.

In AIS, blood-brain barrier (BBB) damage leads
to neurological dysfunction [19]. Therefore, the
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preservation of BBB integrity could ameliorate
AlIS-induced brain injury [20,21]. Moreover,
numerous studies have indicated that M2 micro-
glia polarization plays a protective role in BBB
integrity [22,23]. Whereas, the role of APS in
BBB integrity is not clear.

This study aimed to investigate the mechanism
how APS exerts protective effect against AIS and
verify whether APS enhanced the M2 polarization
of microglia through suppressing ATP-mediated
P2X7R expression to maintain the integrity of
BBB. Results of the present study would provide
a new method for the treatment of AIS.

Materials and methods
Ethnics statement

All mice were placed in a pathogen-free environ-
ment of Model Animal Research Center of
Nanjing University. All protocols were approved
by the Institutional Committee for Animal Care
and Use at Model Animal Research Center of
Nanjing University. All animal works were carried
out in accordance with the approved protocol.

Reagent

Penicillin, fetal bovine serum (FBS), DMEM/ F12
medium, and PBS were purchased from GE™
Hyclone. APS was purchased from Beijing
Solarbio Science & Technology Co., Ltd. ATP
was purchased from Shanghai Zeye Biological
Technology Co., Ltd. Rat ATP ELISA Kit and rat
ADP ELISA Kit were purchased from Beijing win-
ter song Boye Biotechnology Co. Ltd. EBD
was purchased from Real-Times (Beijing)
Biotechnology Co., Ltd. EDTA antigen repair solu-
tion was purchased from Servicebio. Antibodies:
anti-GAPDH (KC-5G5, KangChen Bio-tech), anti-
P2X7R (BA2808, Boster Biological Technology
Co., Ltd.), anti-CD163 (ab182422, Abcam), anti-
CD206 (sc-58,986, Santa Cruz), anti-CD86 (NBP2-

25,208, Novus), anti-HLA-DR (MA5-32,232,
Invitrogen), anti-CD163-PE  (85-12-1639-41,
eBioscience), anti-CD206-APC (85-17-2069-41,
eBioscience), anti-CD86-PE (70-AR08604-100,

MultiSciences), and anti-HLA-DR-APC
AHOHDO05-20, MultiSciences).

(70-
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Cell culture

HAPI cells were cultured in DMEM/ F12 medium
containing 10% FBS (SH30087.01, Hyclone),
100 U/ml penicillin (SH30010, Hyclone), and
100 mg/ml streptomycin in a humidified atmo-
sphere at 37°C with 5% CO..

Western blot

Western blot was used to detect target proteins
extracted from HAPI cells. Whole cell lysates
were extracted with lysis buffer: 50 mM Tris
pH7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton,
and 10% glycerol and a mixture of protease and
phosphatase inhibitor cocktail (Roche, Basel,
Switzerland), protein concentrations were deter-
mined by the Bradford assay. Soluble protein
(30-40 pg) was subjected to SDS-polyacrylamide
gel electrophoresis. Separated proteins were elec-
trophoretically transferred to polyvinylidene
difluoride  (PVDF) membranes (Millipore,
Billerica, MA, USA). Primary antibody used in
this study was diluted into 5% nonfat milk at
a ratio of 1: 500 [24].

Cell surface antigen flow cytometry

HAPI cells in logarithmic growth phase were
seeded on a 6-well plate with a density of
2 x 10°/ well. They were treated with PBS
(0.01 mol/ L), ATP (3 mmol/ L) or ATP
(3 mmol/ L) for 24 h respectively, and then APS
(100 mg/ L) for 48 h. The cells in each group were
collected, digested with 0.05% trypsin, and then
resuspended into single cell suspension. The cells
were washed twice with PBS (centrifugation at
800 rpm for 5 min), and the cell concentration
was adjusted to 1 x 10° cells/ml with medium.
500 pl cell suspension was added into each mea-
suring tube, and then PE or APC labeled HLA-DR
(1.5 pg/ mL), CD86 (50 ug/ mL), CD206 (12 pg/
mL), and CD163 antibodies (50 ug/ mL) were
added. The cells were then washed twice with
PBS (centrifuged at 800 rpm for 5 min). Flow
cytometry was used to obtain the results. Besides,
a logical gating strategy was applied. The Ml
microglia cell subpopulation refers to dot plot

HLA-DR versus CD86, while the M2 microglia
cell subpopulation refers to CD163 versus CD206.

Oxygen-glucose deprivation (OGD)

HAPI cells in logarithmic growth phase were
seeded on a 6-well plate with a density of
2 x 10°/ well, then cultured in a sugar-free and
serum-free DMEM medium at 37°C in 95% N,
and 5% CO, for 6 hours, and then cultured at
37°C under normal condition (95% O,, 5% CO,,
DMEM medium containing 10% FBS) for 72 h
before collecting samples for detection.

In vitro model of brain-blood barrier (BBB)

The inserter was precoated with 2% gelatin. Next,
HAPI cells were evenly seeded in a 24-well cell
inserter with a density of 200,000 cells/cm® and
culture in the CO2 incubator (5% CO,, saturated
humidity, 37X) until confluence. After observing
the confluence of HAPI cells under the micro-
scope, the cell culture medium was added into
the donor pool of inserter to make the liquid
level difference between the donor pool and the
recipient pool >0.5 cm. Subsequently, leakage test
was utilized to identify whether BBB was estab-
lished. If there was still obvious liquid level differ-
ence between the two cisterns of the inserter after
4 h, it was considered that the HAPI cells had been
completely converged and BBB was established.

Detection of the permeability of APS through the
BBB

The permeability of APS through the BBB was
identified by detecting the APS level in culture
medium of the recipient pool using liquid chro-
matograph-mass spectrometer (LC-MS). The
chromatographic conditions were listed as follow:
chromatographic column, Phenomenex kinetex
C18 (100 mm x 2.1 mm, 1.7 um) ; column tem-
perature, 30K; injection volume, 10 uL; flow rate,
0.4 mL/min; mobile phase, methanol (a) and water
(b). Besides, gradient elution procedure was per-
formed as follow: 0 ~ 0.5 min, 10% A;
0.5 ~ 1.8 min, 10%~90% A; 1.8 ~ 3.8 min, 90%
A;3.8 ~ 4.5 min, 90%~5% A; 4.5 ~ 6.0 min, 5%
A. In addition, mass spectrum conditions were



listed as follow: ion source, electrospray ionization
(ESI+); scanning mode, positive ion scanning
mode; ion source temperature, 120°C; capillary
voltage, 3.0 kV; desolvent gas temperature,
500°C; desolvent gas flow, 850 L/hr; collision gas
flow rate, 0.11 mL/min; conical hole back blowing
gas flow, 150 L/hr; detection mode, multi reaction
monitoring (MRM) mode.

Construction and Longa score of MCAO rat
model

Male SD rats aged 4-6 weeks (Model Animal
Research Center of Nanjing University), were fed
adaptively for 1 week. The rats were divided into
five groups with three rats in each group, which
were labeled as control group, MCAO group,
MCAO+ normal saline group, MCAO+APS low-
dose group, and MCAO+APS high-dose group.
The standard MCAO model construction steps
[25] were followed to operate and refer to the
Longa scoring method for neurobehavioral scor-
ing. Scoring criteria: normal, no neurological def-
icit, 0 point; when lifting tail, contralateral
forelimb of the brain lesion cannot be fully
extended, mild neurological deficit, 1 point; when
walking on the ground, the rats turned to the
contralateral side of the brain lesion and had mod-
erate nerve function defect, 2 points; while walking
on the ground, the rat’s body falls to the opposite
side of the brain lesions and had severe neurolo-
gical deficits, 3 points; unable to walk indepen-
dently and have consciousness loss, 4 points. The
success criteria of modeling: neurobehavioral score
1-3, 0, and 4 were eliminated. Longa score are
shown in Table 1.

A total of 20 rat models, one died of asphyxia
due to accidental injury of vagus nerve. Two
bleeding rats were removed. 17 models were com-
pleted. According to Longa scoring method, the
success rate of the model was 94.1%, and the

Table 1. Longa score.

score Number of rats
0 1
1 2
2 9
3 5
4 0
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success rate = number of successful models/total
number of modelsx 100%.

Administration

After MCAO rats were successful established, the
rats were intraperitoneally injected with APS (low-
dose group: 22.5 mg/kg, high-dose group: 45 mg/
kg), The control group was given an equal volume
of normal saline, once a day, according to groups,
they were administered for 1 day, 3 days, or 5 days.
After the administration, the rats were decapitated,
and the brain tissue and serum were collected for
subsequent experimental detection.

ELISA detection

SD rat cortical brain tissues of control group,
MCAO group, MCAO+normal saline group,
MCAO+APS low-dose group, and MCAO+APS
high-dose group were collected and preserved.
After the sample is cut, it is weighed, frozen
rapidly with liquid nitrogen, and homogenized
fully with homogenizer. Add appropriate amount
of PBS, centrifuge for 20 min (2000-3000 rpm),
and carefully collect the supernatant. Rat ATP
ELISA KIT (DG20151D, Beijing Dongge Biology)
and rat ADP ELISA KIT (DG20962, Beijing
Dongge Biology) were used for detection. The
absorbance (OD value) of each well was measured
at the wavelength of 450 nm.

Immunofluorescence

Paraffin sections were dewaxed sequentially in the
order of 15 min for xylen I, 15 min for xylen II,
5 min for absolute ethanol I, 5 min for absolute
ethanol II, 5 min for 90% alcohol, 5 min for 80%
alcohol, and 5 min for 70% alcohol. Finally, the
sections were washed with distilled water. After
the sections were repaired with EDTA antigen
recovery solution, they were incubated in 5%
BSA for 30 min at room temperature. Gently
shaked off the blocking solution, added anti-
CD163 (ab182422, Abcam, 1:100), anti-CD206
(sc-58,986, Santa Cruz, 1:50), anti-CD86 (NBP2-
25,208, Novus, 1:100), anti-HLA-DR (MAS5-
32,232, Invitrogen, 1:100). Then incubated over-
night in a wet box at 4°C. The slices were placed in
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PBS (pH 7.4) and washed with decolorizing shaker
for 3 times, 5 min each time. After the slices were
slightly dried, the secondary antibody (dilution
ratio: 1:200) corresponding to the primary anti-
body was dropped into the circle to cover the
tissue, and incubated in the dark at room tempera-
ture for 50 min. DAPI counter-stained nuclei: the
slices were placed in PBS (pH 7.4) and washed
with decolorizing shaker for 3 times, 5 min each
time. After the slices were shaken dried, DAPI dye
solution was added dropwise to the circle, and
incubated in the dark for 10 min at room tem-
perature. Sealed the film and took pictures under
the microscope.

Detection blood-brain barrier (BBB) integrity in
rat by Evans Blue Dye (EBD)

EBD (EB001, Real-Times (Beijing) Biotechnology
Co., Ltd.) was injected intravenously 2 h before
death. Normal saline was perfused into the heart
to remove the residual blood in the cerebral ves-
sels. The brain tissue was quickly taken out,
weighed, then placed in 37°C formamide (1 ml/
100 mg) for 48 h. After centrifugation, the super-
natant was taken out and the absorbance of the
supernatant was measured at 620 nm by spectro-
photometer. According to the standard curve, the
absorbance value was converted into EBD content
to evaluate the permeability of BBB [26,27].

Statistical analysis

In this study, all experiments were repeated at least
twice, and average value of the three experiments
was presented by the mean standard deviation
(SD) calculated by STDEV formula in Excel.
Shapiro-Wilk test was utilized to assess data dis-
tribution while data that do not exhibit a normal
distribution was analyzed via rank sum test. The
significance of all data was estimated by a Tukey’s
multiple-comparison test in the ANOVA analysis
using the SigmaStat 3.5 software. Statistical signif-
icance was accepted when P< 0.05.

Results

This paper aims to investigate the mechanism how
APS exerts protective effect against AIS and provide

a new method for the treatment of AIS. We hypothe-
sized that APS enhanced the M2 polarization of
microglia through suppressing ATP-mediated
P2X7R expression to maintain the integrity of BBB.

APS promotes the M2 polarization of rat
microglia by inhibiting P2X7R expression

After AIS, the damaged neurons and glial cells can
release high concentration of ATP, which can acti-
vate P2X7R, release a large number of inflamma-
tory mediators, and induce neuroimmune disorder
and inflammation [4]. Then, we used different
concentrations of ATP to detect the expression of
P2X7R in rat microglia cell line HAPI at different
time. As shown in Figure 1(a), compared with the
control group, ATP significantly up-regulated the
expression level of P2X7R in HAPI cells. In addi-
tion, treatment with 3 mmol/ L ATP for 24 h had
the most significant effect on the expression level
of P2X7R (Figure 1(a)). This treatment condition
was used in subsequent experiments. Then we
examined the effect of APS on P2X7R expression
under ATP stimulation. We found that APS sig-
nificantly reduced the increase of P2X7R expres-
sion induced by ATP stimulation (Figure 1(b)).
Previous studies have shown that P2X7R promotes
the activation of M1 microglia [28,29]. Therefore,
we tested the effect of APS on M1/ M2 polariza-
tion of HAPI cells. The results showed that APS
significantly inhibited the promoting effect of ATP
on HAPI M1 polarization, thereby increasing the
proportion of HAPI M2 polarization (Figure 1
(c-d)). Taken together, these results indicated
APS promotes the M2 polarization of rat microglia
by inhibiting the expression of P2X7R.

APS reverses the effect of OGD on rat microglia
M1/M2 polarization by regulating P2X7R

We use HAPI cells OGD model to simulate the
effect of AIS on rat microglia. Western blot results
showed that compared with the control group,
OGD treatment significantly increased the expres-
sion level of P2X7R in HAPI cells (Figure 2(a)).
Furthermore, OGD treatment for 72 h had the
most significant effect on the expression level of
P2X7R (Figure 2(a)). This treatment condition was
used in subsequent experiments. We found that
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Figure 1. APS promotes M2 polarization of rat microglia by inhibiting P2X7R expression A: Western blot analysis of P2X7R expression
under ATP stimulation (upper) and statistical analysis of P2X7R expression level based on Western blot results (lower), indicated
antibodies were added during Western blot; B: Western blot analysis of P2X7R expression under ATP stimulation and APS treatment
(upper) and statistical analysis of P2X7R expression levels based on Western blot results (lower), indicated antibodies were added
during Western blot; C: Cell surface antigen flow cytometry of M1 and M2 microglia under indicated conditions, indicated antibodies
were added during flow cytometry; D: Statistical analysis of the cell surface antigen flow cytometry. Data were representative of
three independent experiments and analyzed by unpaired t-test. The error bars indicate SD. *P < 0.05.

APS significantly reduced the increase of P2X7R
expression induced by OGD treatment (Figure 2
(b)). In addition, OGD treatment significantly pro-
moted M1 polarization of HAPI cells, which was
similar to the effect of ATP stimulation on M1/M2
polarization of HAPI cells (Figure 2(c-d)).
However, the effect of OGD treatment on HAPI
M1 polarization were reversed by APS, which sig-
nificantly increased the proportion of HAPI M2
polarization (Figure 2(c-d)). These data suggested
that APS reversed the effect of OGD treatment on
the M1/M2 polarization of rat microglia by regu-
lating P2X7R.

APS ameliorates ATP or OGD-repaired BBB
integrity

To further identify the effect of APS on ATP or
OGD-repaired BBB integrity, leakage test was

used to evaluate the permeability of in wvitro
model of BBB. Results showed that there was
still obvious liquid level difference between the
two cisterns of the inserter after 4 h in the
control group, suggesting that in vitro model of
BBB was established (Figure 3(a)). Besides, both
ATP treatment and OGD reduces liquid level
difference between the two cisterns of the inser-
ter (Figure 3(a)), suggesting that ATP treatment
and OGD might promote the permeability of
in vitro model of BBB by repairing integrity.
However, APS abolished the effects of ATP
treatment and OGD on the permeability of
in vitro model of BBB (Figure 3(a)). In addition,
results of LC-MS indicated that APS could
permeate through the in vitro model of BBB
(Figure 3(b)). Therefore, these results suggested
that APS could attenuate ATP or OGD-repaired
BBB integrity.
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P2X7R expression under OGD treatment (upper) and statistical analysis of the P2X7R expression levels based on Western blot results
(lower), indicated antibodies were added during Western blot; B: Western blot analysis of P2X7R expression under OGD treatment
and APS treatment (upper) and statistical analysis of P2X7R expression levels based on Western blot results (lower), indicated
antibodies were added during Western blot; C: Cell surface antigen flow cytometry of M1 and M2 microglia under indicated
conditions, indicated antibodies were added during flow cytometry; D: Statistical analysis of the cell surface antigen determined by
flow cytometry. Data were representative of three independent experiments and analyzed by unpaired t-test. The error bars indicate

SD. *P < 0.05.

APS inhibits P2X7R expression by promoting ATP
degradation in the cerebral cortex of MCAO rats

The MCAO model of SD male rats was used to
simulate the effect of AIS in vivo. As shown in
Figure 4(a), compared with the control group, the
expression level of P2X7R in the cortex of MCAO
model rats was significantly increased. APS signif-
icantly reversed the increase of P2X7R expression
in cerebral cortex of MCAO model rats (Figure 4
(a-b)). In addition, 45 mg/kg APS treatment for
3 days had the most significant effect on the
expression level of P2X7R (Figure 4(a-b)). This
treatment condition was used in subsequent
experiments. ELISA results showed that APS sig-
nificantly reduced the ATP concentration in the
cortex of MCAO model rats (Figure 4(c)).
Meanwhile, APS significantly increased the con-
centration of ADP in the cortex of MCAO model

rats (Figure 4(d)). Taken together, these data indi-
cated that APS inhibited the expression of P2X7R
by promoting the degradation of ATP in the cere-
bral cortex of MCAO model rats.

APS reverses the effect of MCAO on M1/ M2
polarization of rat microglia in vivo

Immunofluorescent analysis was performed on
paraffin sections of cerebral cortex of MCAO
model rats under different treatment conditions.
We used specific cell surface markers to distin-
guish M1 microglia from M2 microglia. As
shown in Figure 5a, MCAO treatment significantly
promoted the polarization of M1 rat microglia,
and APS reversed the promotion effect of MCAO
treatment. In addition, APS treatment significantly
increased the proportion of M2 microglia in
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Figure 3. APS ameliorates ATP or OGD-repaired BBB integrity A: Images of the liquid level difference between the two cisterns of the
inserter detected by leakage test in Control group, ATP group, OGD group, ATP+APS group and OGD+APS group. B: The APS level in
culture medium of the recipient pool detected by LC-MS in Control group, ATP+APS group and OGD+APS group. **P < 0.01.

MCAO model rats (Figure 5(b)). In general,
MCAO treatment significantly increased the polar-
ization of M1 microglia, and APS reversed the
effect. Furthermore, APS treatment promoted the
polarization of M2 microglia, thus increasing the
proportion of M2 microglia (Figure 5(c)).

APS contributes to maintain the integrity of BBB

P2X7R is activated after AIS and releases pro-
inflammatory mediators, such as TNF-a, IL-1p,
ROS, MMPs, etc. [30,31]. These mediators pro-
mote the recruitment of white blood cells and
degrades the extracellular matrix, resulting in the
destruction of the BBB [32,33]. Therefore, we
speculate that APS might participate in maintain-
ing the integrity of BBB. To verify this hypothesis,
we performed EBD to determine the integrity of
BBB in vivo. EBD data showed that compared with

the control group BBB permeability level of
MCAO model rats was significantly increased,
which was reversed by APS (Figure 6(a-b)). As
shown in Figure 6(c-d), the expression level of
MMP-9 protein in MCAO model rats was signifi-
cantly higher than that in the control group and
APS reversed the increase on MMP-9 protein
expression. Taken together, these data indicated
that APS maintained the integrity of BBB by inhi-
biting the expression of MMPs protein.

Discussion

Despite the clinical treatment of AIS has made
great progress in recent years, there is still a lack
of effective treatment for AIS [34-37]. The diffi-
culty of AIS treatment is due to our limited under-
standing of the mechanism of brain protection
after AIS at the molecular level. Thus, it is of
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Figure 4. APS inhibits P2X7R expression by promoting ATP degradation in cerebral cortex of MCAO rats A: Western blot analysis of
P2X7R expression in cortex of rats in control group, MCAO group, MCAO+normal saline group, MCAO+APS low-dose group or MCAO
+APS high-dose group, indicated antibodies were added in the Western blot; B: Statistical analysis of the expression level of P2X7R
based on Western blot results; C: ATP concentration of rat cortex of control group, MCAO group, MCAO+ normal saline group, MCAO
+APS low-dose group or MCAO+APS high-dose group was detected by ELISA; D: ADP concentration of rat cortex of control group,
MCAO group, MCAO-+normal saline group, MCAO+APS low-dose group or MCAO+APS high-dose group was detected by ELISA. Data
were representative of three independent experiments, and analyzed by unpaired t-test. The error bars indicate SD. *P < 0.05,

**P < 0.01.

great significance to elucidate the targeted inflam-
mation/immune interventions in neuroprotection
after AIS [34,38]. Here, we reported the mechan-
ism of APS promoting M2 polarization of rat
microglia, which could be a therapeutic opportu-
nity for AIS patients.

Traditional Chinese Medicine (TCM) has
a history of thousands of years. It has accumulated
rich experience and information in the prevention
and treatment of stroke and has played an active
and important role in the treatment of stroke.
‘Buyang Huanwu decoction’ is a classic treatment
of stroke in TCM. Its clinical effect is reliable and
has been widely accepted by the industry [39,40].
The characteristic of this prescription is that APS
is the absolute main drug (original prescription
composition: APS 120 g, Angelica 6 g, Red peony
5 g, Earthworm, Ligusticum chuanxiong, Safflower
and Peach kernel 3 g, Astragalus accounted for

84%), and there is the therapeutic effect was in
a dose effect relationship with the amount of astra-
galus [39,40]. These suggests APS plays an impor-
tant role in clinical treatment of AIS, which is
consistent with our finding that APS promotes
the M2 polarization of rat microglia by inhibiting
the expression of P2X7R.

Studies have found that in the process of
inflammatory response, high extracellular ATP
mediated inflammatory cells participate in the
immune response mainly due to the over activa-
tion of P2X7R [41], and ATP is also the only
natural agonist of P2X7R, which is consistent
with our findings that APS inhibited P2X7R
expression by promoting the degradation of ATP
in cerebral cortex of MCAO model rats. Studies
have found that antibacterial drugs (minocycline
and azithromycin) can reduce the ratio of M1/ M2
after AIS, indicating that inhibiting the



a Anti-CD86 Anti-HLA-DR

Control

MCAO

MCAO+
Ph-saline

MCAO+
APS(45mg/kg,3d)

BIOENGINEERED (&) 4477

Anti-CD206 Anti-CD163 DAPI Overlap

c ] 807 s 5 mm Control
2 MCAO
c 60- m MCAO+Ph-saline
S -r MCAO+APS(45mglkg,3d)
-
£ 40-
s
= 20—
.
4
o-

M1 markers M2 markers
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SD. *P < 0.05.

differentiation of microglia M1, promoting the
differentiation of M2 and achieving neuroprotec-
tion may be a new strategy for the treatment of
AIS in the future. And our data demonstrated that
APS could promote M2 polarization of rat micro-
glia and decreased M1/M2 ratio after AIS, both
in vitro and vivo model. In addition, APS also up-
regulated the expression of CD36, IL-12, and IL-27
on the surface of DCs membrane and down regu-
lated the expression of IFI16, indicating that APS
promotes the maturation and differentiation of
DCs and has a positive intervention effect on the
occurrence and development of AS [6].

The main component of basement membrane is
extracellular matrix (ECM) molecules (main sub-
stances are IV collagen and laminin), which is an
important part of BBB and maintains the integrity of
BBB [42-46]. MMPs are the main degradation
enzymes of ECM, which are closely related to the

destruction and reconstruction of ECM in vascular
wall [43,47]. In addition, P2X7R, activated by AIS,
releases proinflammatory mediators, such as TNF-a,
IL-1pB, ROS, MMPs, etc. [30,31]. Our data show that
APS reverses the increase of MMP-9 protein expres-
sion induced by MCAO by inhibiting P2X7R expres-
sion. Furthermore, EBD data showed that APS
maintained the integrity of BBB by inhibiting the
expression of MMPs protein. These results suggested
the importance of APS in maintaining the integrity
of BBB and clinical of treatment of AIS.

Conclusions

Our current study demonstrated the APS function
of promoting the M2 polarization of rat microglia
and reducing the ratio of M1/M2 after AIS. Given
the M1/M2 ratio after AIS is closely related to
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neuroprotection, our current work may offer
a therapeutic opportunity for AIS patients.

Highlights

e APS enhances AIS-suppressed M2 microglia

polarization.

e APS inhibits P2X7R expression by promoting
the degradation of ATP to M2 microglia

polarization.

e APS ameliorates AIS-repaired BBB integrity
through promoting M2 microglia polari

zation.

Disclosure statement

No potential conflict of interest was reported by the

author(s).

Funding

This work was supported by the Natural Science Foundation of
Guangdong Province, China (Grant No. 2019A1515011668).

References

(1]

(2]

(3]

Wu SM, Wu B, Liu M, et al. Stroke in China: advances
and challenges in epidemiology, prevention, and
management. Lancet Neurol. 2019;18(4):394-405.
Wang Y], Li ZX, Gu HQ, et al. China Stroke Statistics
2019: a Report From the National Center for
Healthcare Quality Management in Neurological
Diseases, China National Clinical Research Center for
Neurological Diseases, the Chinese Stroke Association,
National Center for Chronic and Non-communicable
Disease Control and Prevention, Chinese Center for
Disease Control and Prevention and Institute for
Global Neuroscience and Stroke Collaborations.
Stroke Vasc Neurol. 2020;5(3):211-239.

Gabisonia K, Prosdocimo G, Aquaro GD, et al
MicroRNA therapy stimulates uncontrolled cardiac
repair after myocardial infarction in pigs. Nature.
2019;569(7756):418-+.



(4]

(5]

(6]

(7]

(8]

9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

Fredholm BB. Adenosine, an endogenous distress sig-
nal, modulates tissue damage and repair. Cell Death
Differ. 2007;14(7):1315-1323.

Manabe H, Wang Y, Yoshimura R, et al. Metabolic reflow
as a therapy for ischemic brain injury. Acta
Neurochirurgica Suppl. 2011;110(Pt 2):87-91.

Han L, Cai W, Mao L, et al. Rosiglitazone Promotes
White Matter Integrity and Long-Term Functional
Recovery After Focal Cerebral Ischemia. Stroke.
2015;46(9):2628-2636.

Veltkamp R, Gill D. Clinical Trials of Inmunomodulation
in Ischemic Stroke. Neurotherapeutics. 2016;13
(4):791-800.

Amantea D, Micieli G, Tassorelli C, et al. Rational
modulation of the innate immune system for neuro-

protection in ischemic stroke. Front Neurosci.
2015;9:147.

Tang Y, Le W. Differential Roles of M1 and M2
Microglia in Neurodegenerative Diseases. Mol
Neurobiol. 2016;53(2):1181-1194.

Zhao X, Wang H, Sun G, et al. Neuronal

Interleukin-4 as a Modulator of Microglial
Pathways and Ischemic Brain Damage. ] Neurosci.
2015;35(32):11281-11291.

Mueller CK, Schultze-Mosgau S. Histomorphometric
analysis of the phenotypical differentiation of recruited
macrophages following subcutaneous implantation of
an allogenous acellular dermal matrix. Int J Oral
Maxillofac Surg. 2011;40(4):401-407.

Miro-Mur F, Perez-de-Puig I, Ferrer-Ferrer M, et al.
Immature monocytes recruited to the ischemic mouse
brain differentiate into macrophages with features of
alternative  activation. =~ Brain = Behav
2016;53:18-33.

Frieler RA, Ray JJ, Meng H, et al. Myeloid mineralo-
corticoid receptor during experimental ischemic stroke:
effects of model and sex. ] Am Heart Assoc. 2012;1(5):
€002584.

Frieler RA, Meng H, Duan SZ, et al. Myeloid-specific
deletion of the mineralocorticoid receptor reduces
infarct volume and alters inflammation during cerebral
ischemia. Stroke. 2011;42(1):179-185.

Jin Q, ChengJ, Liu Y, et al. Improvement of functional
recovery by chronic metformin treatment is associated
with enhanced alternative activation of microglia/
macrophages and increased angiogenesis and neuro-
genesis following experimental stroke. Brain Behav
Immun. 2014;40:131-142.

Liao TV, Forehand CC, Hess DC, et al. Minocycline
repurposing in critical illness: focus on stroke. Curr
Top Med Chem. 2013;13(18):2283-2290.

Yang Y, Salayandia VM, Thompson JF, et al
Attenuation of acute stroke injury in rat brain by
minocycline promotes blood-brain barrier remodel-
ing and alternative microglia/macrophage activation
during J Neuroinflammation. 2015;12
(1):26.

Immun.

recovery.

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

BIOENGINEERED 4479

Amantea D, Certo M, Petrelli F, et al. Neuroprotective
Properties of a Macrolide Antibiotic in a Mouse Model
of Middle Cerebral Artery Occlusion: characterization
of the Immunomodulatory Effects and Validation of
the Efficacy of Intravenous Administration. Assay
Drug Dev Technol. 2016;14(5):298-307.

Yang C, Hawkins KE, Dore S, et al
Neuroinflammatory mechanisms of blood-brain bar-
rier damage in ischemic stroke. Am ] Physiol Cell
Physiol. 2019;316(2):C135-C153.

Chern CM, Wang YH, Liou KT, et al
2-Methoxystypandrone ameliorates brain function
through preserving BBB integrity and promoting neu-
rogenesis in mice with acute ischemic stroke. Biochem
Pharmacol. 2014;87(3):502-514.

Sun J, Huang Y, Gong J, et al. Transplantation of
hPSC-derived pericyte-like cells promotes functional
recovery in ischemic stroke mice. Nat Commun.
2020;11(1):5196.

Ronaldson PT, Davis TP. Regulation of blood-brain
barrier integrity by microglia in health and disease:
a therapeutic opportunity. J Cereb Blood Flow Metab.
2020;40(1):S6-S24.

Zhang L, Lu X, Gong L, et al. Tetramethylpyrazine
Protects Blood-Spinal Cord Barrier Integrity by
Modulating ~ Microglia  Polarization =~ Through
Activation of STAT3/SOCS3 and Inhibition of
NF-small ka, CyrillicB Signaling Pathways in
Experimental Autoimmune Encephalomyelitis Mice.
Cell Mol Neurobiol. 2021;41(4):717-731.

Zhao J, Zhou K, Ma L, et al. MicroRNA-145 over-
expression inhibits neuroblastoma tumorigenesis
in vitro and in vivo. Bioengineered. 2020;11
(1):219-228.

Read §J, Virley D. Stroke genomics: methods and
reviews. Totowa, N.J: Humana Press; 2005.

Nong A, Li Q, Huang Z, et al. MicroRNA miR-126
attenuates brain injury in septic rats via NF-kappaB
signaling pathway. Bioengineered. 2021;12
(1):2639-2648.

Han J, Tang H, Yao L, et al. Azilsartan protects against
hyperglycemia-induced hyperpermeability of the
blood-brain 2021;12
(1):3621-3633.

Di Virgilio F, Dal Ben D, Sarti AC, et al. The P2X7
Receptor in Infection and Inflammation. Immunity.
2017;47(1):15-31.

Grygorowicz T, Struzynska L. Early
P2X7R-dependent activation of microglia during
the  asymptomatic  phase of autoimmune
encephalomyelitis. Inflammopharmacology. 2019;27
(1):129-137.

Volonte C, Amadio S, Cavaliere F, et al. Extracellular
ATP and Neurodegeneration. CNS Neurol Disord-Dr.
2003;2(6):403-412

Melani A, Corti F, Stephan H, et al. Ecto-ATPase
inhibition: ATP and adenosine release under

barrier. Bioengineered.



4480

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

X. JIA ET AL.

physiological and ischemic in vivo conditions in the
rat striatum. Exp Neurol. 2012;233(1):193-204.
Gelderblom M, Leypoldt F, Steinbach K, et al
Temporal and Spatial Dynamics of Cerebral Immune
Cell Accumulation in Stroke. Stroke. 2009;40
(5):1849-1857.

Ritzel RM, Patel AR, Grenier JM, et al. Functional differ-
ences between microglia and monocytes after ischemic
stroke. ] Neuroinflamm. 2015;12:106.

Naidech AM, Lawlor PN, Xu H, et al. Probing the
Effective Treatment Thresholds for Alteplase in Acute
Ischemic Stroke With Regression Discontinuity
Designs. Front Neurol. 2020;11:961.

de Ridder IR, Fransen PS, Beumer D, et al. Is
Intra-Arterial Treatment for Acute Ischemic Stroke
Less Effective in Women than in Men? Interv Neurol.
2016;5(3-4):174-178.

Gottlieb M, Update HB. Is Endovascular Therapy
Effective in the Treatment of Acute Ischemic Stroke?
Ann Emerg Med. 2015;66(6):613-615.

Chen H, Zhu G, Liu N, et al. Low-dose tissue plasmi-
nogen activator is as effective as standard tissue plas-
minogen activator administration for the treatment of
acute ischemic stroke. Curr Neurovasc Res. 2014;11
(1):62-67.

Thijs V. Imaging techniques for acute ischemic stroke:
nice gadgets or essential tools for effective treatment?
Neuroradiology. 2010;52(3):169-171.

GAN H, LI L, Zhuge YANGY, et al. Buyang Huanwu
Decoction Inhibits Inflammation via Regulating
Microglia/Macrophage Polarization after Cerebral
Ischemia in Rats. JOURNAL OF ZHEJIANG
CHINESE MEDICAL UNIVERSITY. 2019;43(1):1-6.

(40]

(41]

(42]

(43]

(44]

(45]

(46]

(47]

SHOU D. Curative Effect Observation of Buyang
Huanwu Tang with Different Dose of Astragalus for
Elderly Cerebral Apoplectic. JOURNAL OF NEW
CHINESE MEDICINE. 2016;48(5):48-50.

JS W, Sluyter R, BJ G, et al. The human P2X7 receptor
and its role in innate immunity. Tissue Antigens.
2011;78:5.

Morad G, Daisy CC, Otu HH, et al. Cdc42-Dependent
Transfer of mir301 from Breast Cancer-Derived
Extracellular ~ Vesicles  Regulates the  Matrix
Modulating Ability of Astrocytes at the Blood-Brain
Barrier. Int J Mol Sci. 2020;21(11):11.

Reed MJ, Damodarasamy M, Banks WA. The extracel-
lular matrix of the blood-brain barrier: structural and
functional roles in health, aging, and Alzheimer’s dis-
ease. Tissue Barriers. 2019;7(4):1651157.

Kanda H, Shimamura R, Koizumi-Kitajima M, et al.
Degradation of Extracellular Matrix by Matrix
Metalloproteinase 2 Is Essential for the Establishment
of the Blood-Brain Barrier in Drosophila. iScience.
2019;16:218-229.

Henrich-Noack P, Nikitovic D, Neagu M, et al. The
blood-brain barrier and beyond: nano-based neuro-
pharmacology and the role of extracellular matrix.
Nanomed. 2019;17:359-379.

Edwards DN, Bix GJ. Roles of blood-brain barrier
integrins and extracellular matrix in stroke. Am
] Physiol Cell Physiol. 2019;316(2):C252-C263.
Roberts JM, Maniskas ME, Bix GJ. Bilateral carotid
artery stenosis causes unexpected early changes
in brain extracellular matrix and blood-brain bar-
rier integrity in mice. PloS One. 2018;13(4):
€0195765.



	Abstract
	Introduction
	Materials and methods
	Ethnics statement
	Reagent
	Cell culture
	Western blot
	Cell surface antigen flow cytometry
	Oxygen-glucose deprivation (OGD)
	In vitro model of brain–blood barrier (BBB)
	Detection of the permeability of APS through the BBB
	Construction and Longa score of MCAO rat model
	Administration
	ELISA detection
	Immunofluorescence
	Detection blood–brain barrier (BBB) integrity in rat by Evans Blue Dye (EBD)
	Statistical analysis

	Results
	APS promotes the M2 polarization of rat microglia by inhibiting P2X7R expression
	APS reverses the effect of OGD on rat microglia M1/M2 polarization by regulating P2X7R
	APS ameliorates ATP or OGD-repaired BBB integrity
	APS inhibits P2X7R expression by promoting ATP degradation in the cerebral cortex of MCAO rats
	APS reverses the effect of MCAO on M1/ M2 polarization of rat microglia invivo
	APS contributes to maintain the integrity of BBB

	Discussion
	Conclusions
	Highlights
	Disclosure statement
	Funding
	References

