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ABSTRACT

Huangqgi Guizhi Wuwu decoction (HGWD) has been demonstrated to ameliorate cerebral ischemia-reperfusion
injury in clinical application. Nevertheless, the exact mechanisms of HGWD have not been conclusively
elucidated. This study aimed to investigate the potential role and mechanism of HGWD on neurological deficits
in a rat model of middle cerebral artery occlusion (MCAO). Our results showed that HGWD significantly
alleviated neurological deficits in MCAO rats, evidenced by high mNSS score, reduced cerebral infarction area,
and improved brain pathological injury. Besides, HGWD reduced the levels of TNF-a, IL-1p, IL-6, SOD, MDA and
GSH in the brain tissue. Further study suggested that HGWD promoted microglia polarization towards M2 by
inhibiting M1 activation (lbal*/CD16* iNOS) and enhancing M2 activation (lbal*/CD206*, Arg-1). Additionally,
HGWD increased dendritic spine density and enhanced levels of synapse marker proteins (PSD95, Synapsin I).
HGWD also up-regulated Sirtl expression while inhibited p-NF-kB, NLRP3, ASC, and cleaved caspase-1 level in
the hippocampus of MCAO rats. Sirtl specific inhibitor EX527 notably weakened the neuroprotective efficacy of
HGWD against cerebral ischemia, and significantly abolished its modulation on microglia polarization and
synaptic plasticity in vivo. Collectively, our findings suggested that HGWD ameliorated neuronal injury in
ischemic stroke by modulating M2 microglia polarization and synaptic plasticity, at least partially, via regulating
Sirt1/NF-kB/NLRP3 pathway, further supporting HGWD as a potential therapy for neuroprotection after
ischemic stroke.

INTRODUCTION

Ischemic stroke, also known as “stroke”, is a serious
disease with a high rate of disability and death
worldwide, posing a serious threat to human life and
health. The China Stroke Report 2019 shows that stroke
mortality in China can reach 149.49/100,000 in 2018,
accounting for 22.33% of the total mortality of Chinese
residents and ranking as the third leading cause of

death, only below malignant tumors and heart diseases
[1]. Stroke can be divided into ischemic stroke and
hemorrhagic stroke. In patients with ischemic stroke
within the treatment time window, the best treatment
modality is revascularization, including pharmacologic
and mechanical recanalization [2]. Many studies have
confirmed that revascularization is the most effective
treatment modality for ischemic stroke. However,
revascularization is prone to vascular neurological
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impairment and affects patient prognosis [3]. Therefore,
there is a need to find safe and effective neuroprotective
and reparative treatment modalities to help patients
improve their prognosis.

Neuroinflammatory response after stroke plays an
important role in regulating the survival of neurons, and
inflammation regulation is the key to the treatment of
stroke [4, 5]. Microglia are resident innate immune cells
in the brain [6, 7]. Neuroinflammatory response is
closely related to the activation and polarization of
microglia in the brain [8]. After cerebral ischemia and
hypoxia, microglia are rapidly activated, and the
activated microglia differentiate  into  different
phenotypes and regulate central nervous system
homeostasis in different ways [9]. M1 phenotype, also
known as classical activated microglia, further
aggravates cerebral ischemic injury by releasing
different  proinflammatory  mediators. The M2
phenotype, alternatively activated, can improve local
inflammation and is essential for tissue preservation and
brain repair [10]. In-depth study of the transformation
mechanism of different microglia phenotypes,
promoting the transformation from proinflammatory
phenotype to anti-inflammatory phenotype, can be used
as a new treatment strategy for stroke, help to better
select the target of action, which is conducive to the
treatment of the disease. However, the underlying
mechanisms of how microglia change their phenotype
after ischemia are largely unknown.

NLRP3 inflammasome is a key mediator of
inflammatory response after stroke. Typically, NLRP3
inflammasome becomes self-oligomerization once
activation, recruits and activate pro-caspase-1 with the
assistance of connexin-ASC to form a new molecular
platform, called NLRP3 inflammatory complex
[11]. NLRP3 inflammatory complex can shear
inactive pro-caspase-1 to active caspase-1, activate
proinflammatory factors, form inflammatory reaction
waterfalls through autocrine and paracrine ways, and
release a large number of cytokines and chemokines
[12]. Besides, NLRP3 can mediate the transition of
microglia from resting state to activated state, and
aggravate cerebral ischemia-reperfusion injury in mice
by inducing neuronal apoptosis and promoting the
release of inflammatory factors [13, 14]. NLRP3 could
be activated by proinflammatory gene NF-xB [15].
Besides, sirtuin 1 (Sirtl), an NAD+-dependent
deacetylase, has been shown to negatively regulate
NLRP3 activation and thereby inhibit the inflam-
matory response [16].

Traditional Chinese medicine has rich practical
experience and potential advantages in treating stroke.
Huanggi Guizhi Wuwu Decoction (HGWD), derived

from the Golden Chamber Synopsis, is a classical
formula prescribed for treating blood stasis. HGWD
includes five herbs, namely Radix Astragali, Ramulus
Cinnamomi, Paeoniae Radix Alba, Zingiberis Rhizoma
Recens, and Jujubae Fructus. According to modern
clinical studies, HGWD exerts multiple neuro-
protective effect in ischemic stroke, diabetic peripheral
neuropathy as well as oxaliplatin induced peripheral
neurotoxicity [17-19]. HGWD can significantly
improve the neurological functions of stroke patients
and improve cerebral blood flow [20]. HGWD contains
a variety of neuroprotective components against
cerebral ischemia injury, such as paeoniflorin, calycosin
glycosides and calycosin. Paeoniflorin was reported to
regulate Ca2+/CaMKII/CREB signaling to alleviate
cerebral ischemia-reperfusion injury [21]. Calycosin
glycosides can attenuates neuronal damage by
preventing oxidative stress via the Sirtl/FOX0O1/PGC-
la Pathway in HT22 cells [22]. Calycosin preserved
BDNF/TrkB signaling and reduces post-stroke
neurological injury after cerebral ischemia by reducing
accumulation of hypertrophic and TNF-a-containing
microglia in rats [23]. However, the mechanism of
HGWD in improving cerebral ischemic injury and its
effect on microglial cell polarization remain unclear.
In this study, the neuroprotective effect and underlying
mechanism of HGWD were investigated using MCAO
rat model.

MATERIALS AND METHODS
Reagents

Crude herbs including Radix astragali, Ramulus
cinnamomi, Radix paeoniae alba, Rhizoma zingiberis
recens and Fructus jujubae, were all purchased from
Puning Zequn Chinese Herbal Pieces Co., Ltd. Trizol and
BCA assay reagent were both purchased from Beyotime
Biotechnology (China). PrimeScript™RT reagent Kit
and TB Green ® Premix Ex Tag™ Il (TliRNaseH Plus)
are purchased from TaKaRa. Antibodies against SIRT1,
NLRP3, ASC, PSD-95, Synapsin-1, Ibal, CD16, CD206,
p-NF-xB, GAPDH, anti-rabbit IgG (H+L) and Anti-
mouse 1gG (H+L) were bought from Cell Signaling
Technology (Danvers, MA, USA). Cleaved caspase-1
was purchased from Abcam (Cambridge, UK). EX527, a
SIRT1 inhibitor, was bought from Sigma-Aldrich (St.
Louis, MO, USA).

HGWD preparation

Radix astragali 90 g, Ramulus cinnamomi 90 g, Radix
paeoniae alba 90 g, Rhizoma zingiberis recens 180 g,
and Fructus jujubae 90 g were weighed. The above
herbs were soaked in water (8 times the total weight)
and refluxed twice, 1 h each time. The liquid
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extracts were filtered, combined and concentrated to
100 mL by a rotary evaporator. The extract were the
freeze-dried to powder (59.9 g), which were stored
at—20° C.

Quality control analysis for HGWD extract

HGWD extract was analyzed by using high-performance
liquid chromatography system (HPLC) in which
paeoniflorin, calycosin-7-O-B-D-glucoside, ononin,
calycosin, cinnamic acid, and formononetin were used as
quantitative stands. HGWD power was dissolved in
methanol, and then filtrated with 0.22 pum filter. HGWD
solution (10 uL) was injected into HPLC, and separated
at a flow rate of 1.0 mL/min with a Waters sunfire-C18
column (250 mm x 4.6mm, 5 um). The mobile phase
consisted of acetonitrile (A) and 0.1% formic acid (v/v)
(B). The separation temperature was 30° C, with UV
detection performed at 260 nm.

Animals

Sixty healthy male Sprague-Dawley rats (8 weeks old,
weighing 290~310g) were purchased from SPF
(Beijing) Biotechnology Co., Ltd. [license No. SCXK
(Beijing) 2019-0010)]. This research scheme was
approved by the Animal Ethics Committee of Nanjing
University of Chinese Medicine. All rats were housed at
25° C with 60% relative humidity and 12-h light/dark
cycle. Standard rodent chow diet and water were
available. All research scheme was approved by the
Animal Ethics Committee of Nanjing University of
Chinese Medicine.

Middle cerebral artery occlusion (MCAOQ) surgery

The animals were randomly divided into 5 groups: the
control group (the sham operation group), model group
(the MCAOQO group), HGWD low-dose group (0.38 g
/kg), HGWD high-dose group (0.76g/kg), and
edaravone group (4mg/kg). MCAO surgery was
performed according to Longa’s method. Rats were
anesthetized by 2-3% isoflurane. Then the right
common carotid artery, external carotid artery and
internal carotid artery were separated successively. The
main external carotid artery was ligated and dissociated.
A small incision was made in the external carotid artery,
and the nylon cord (0.28mm) was gently inserted into
the internal carotid artery to block the middle cerebral
artery. After 90 mins, the nylon cord was gently pulled
out to restore blood perfusion. Ligate the external
carotid artery and suture the skin. The middle cerebral
artery was not blocked in the sham operation group.
Twenty-four hours after ischemia, rats in the HGWD
groups were intragastrically administered HGWD
extract, and the edaravone group was intraperitoneally

injected for 7 days. The sham group and model group
were given the same amount of normal saline by
gavage.

Neurological evaluation

The neurological deficit of rats was evaluated according
to the modified neurological severity score (MNSS)
criteria [24]: 0, no deficit; 1-6, mild deficit; 7-12,
moderate deficit; 13-18, severe deficit. Neurological
severity score (MNSS) of rats was performed at at 24 h,
3d, and 7 d after the MCAO surgery, by researcher who
was blind to the drug treatment.

2, 3, 5-triphenyltetrazolium chloride (TTC) staining

At the end of the experiment, rats were thoroughly
perfused with saline under deep anesthesia. Then the
brains were quickly removed and frozen at -20° C. The
brain was sectioned coronally into 2mm slices, which
were incubated with 1%TTC for 10 min in the dark.
After staining, the un-infarcted part in the brain
visualized to be red, while the infarcted tissue was
white. After taking pictures, the Image J software was
used to analyze the area of cerebral infarction.

Hematoxylin-eosin (HE) staining

The collected brain tissue was fixed with 4%
paraformaldehyde, embedded in paraffin, and sliced
into sections with a thickness of 5 um. After routine
dewaxing to water, HE staining was performed, and
histopathological changes of brain tissues of each group
were observed under an optical microscope (Olympus
Optical Ltd., Tokyo, Japan).

Oxidative stress and inflammatory cytokines detection

MDA, SOD and GSH levels in the brain tissues were
measured with their commercial assay kits (Nanjing
Jiancheng, Nanjing, China). The levels of tumor
necrosis factor-o. (TNF-a), interleukin-6 (IL-6) and IL-
1B in brain tissue were determined by enzyme-linked
immunosorbent assay.

RT-PCR to detect CD16, iNOS, CD206 and Arg-1
MRNA expression in hippocampus

Total RNA was extracted from the brain tissues by
TRIzol reagent and reversely transcribed into cDNA
according to the instructions of reverse transcription Kit.
The mRNA level of CD16, iNOS, CD206 and Arg-1
were determined by qRT-PCR. The reaction conditions
were set as follows: pre-denaturation at 95° C for 5 min,
denaturation 95° C for 10 s, and annealing under 60° C
for 30 s, 45 cycles. The level of CD16, iNOS, CD206 and
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Arg-1 was quantitatively analyzed by 2-AACT. The
primers used were as follows: CD16: forward, 5’-
TCCGTGGCAGTCTATGAGGA-3’, and reverse, 5’-
CAGATGGTGAGGTCGCAAGT-3’; iINOS: forward,
5’>-AGTCAACTA CAAGCCCCACG-3’, and reverse,
5’GCAGCTTGTCCAGGGATTCT-3’; CD206: forward,
5’-GGTTCCGGTTTGTGGAGCAG-3’, and reverse, 5’-
TCCGTTT GCATTGCCCAGTA-3’; Arg-1: forward,
5’-TCCTTAGAGATTATCGGAGCG-3’, and reverse,
5’-GTCTT TGGCAGATATGCAGG-3’; GAPDH:
forward, 5’-GCCAAGGCTGTGGGCAAGGT-3’, and
reverse, 5’-TCTCCAGGCGGC ACGTCAGA-3’.

Immunofluorescence staining to examine the
expression of 1Ibal, CD16 and CD206 in
hippocampus

After cardiac perfusion, the brain tissue was rapidly
removed with cold PBS, and then embedded in Tissue
Tek OCT (Sakura Finetek, Torrance, CA, USA),
sectioned into slices (7 wm thickness). Immuno-
fluorescence staining was performed to detect
microglia polarization. In brief, the sections were
blocked with 1%BSA and 0.3%Triton X-100 at room
temperature for 1 h, and incubated with primary
antibodies including Ibal (1:500), iNOS (1:500), Argl
(1:500), CD206 (1:500) overnight at 4° C. Then, slides
were washed with PBS, followed by incubation with
Goat Anti-mouse labeled Alex Flour ®488 or Goat
Anti-Rabbit 1gG labeled Alex Flour ®594 (1:000).
After sealing with DAPI reagent, the slides were
observed and photographed using fluorescence micro-
scopy (BX63, Olympus Optical, Ltd., Tokyo, Japan).

Western blotting

Brain tissue protein was extracted using RIPA lysis
buffer. The protein concentration was detected by
BCA kit. Protein samples were separated by SDS-
PAGE electrophoresis, transferred to 0.22 um PVDF
membrane, and blocked with 5% non-fat milk.
Then the membrane was incubated with primary
antibodies overnight at 4° C. The membrane was
washed with TBST, incubated with the secondary
antibody IgG (1:10000) at room temperature for 1.5 h.
After washing, the brands were visualized with the
ECL chromogenic agent. The gray value of each
protein was analyzed by Image J software.

Statistical analysis

All statistical analyses were performed using Graphpad
Prism 8 software. Experimental data are expressed
as meanzSD. One-way analysis of variance was used
for comparison between groups. P < 0.05 suggest the
difference was statistically significant.

Availability of data and material

The authors hereby declare that the data and materials
in this study will be presented upon request from the
corresponding author.

RESULTS
Quantitative analysis of HGWD extract

Firstly, six major ingredients in HGWD extract were
identified for the quality control using HPLC-UV
method, including paeoniflorin, calycosin-7-O-p-D-
glucoside, ononin, calycosin, cinnamic acid, and
formononetin. The chromatographic condition was
optimized, and representative chromatograms of
standard compounds and HGWD extract was presented
in Figure 1A, 1B. With the validated HPLC-UV
method, the concentrations of paeoniflorin, calycosin-
7-0-B-D-glucoside, ononin, calycosin, cinnamic acid,
and formononetin were determined to be 1.9728,
0.1134, 0.0741, 0.0129, 0.0325, and 0.0056 pg/mg,
respectively, in HGWD extract.

HGWD protects against brain damage after MCAO
in rats

Next, we determined the neuroprotective effects of
HGWD in vivo. MCAO model rats were established,
and modified Neurological Severity Score (mNSS) was
applied to evaluate the neurological behavior of rats at
day 1, 3, and 7 after MCAO. As presented in Figure 2A,
2B, rat in the MCAO group showed the highest mNSS
scores and low survival rate, while HGWD and
edaravone treatment significantly attenuated the
neurological deficits in MCAO rat. Meanwhile,
MCAOI/R performance caused notably increased infarct
volume according to the TTC staining (Figure 2C). A
significant reduction of infarct volume was observed in
rats administrated with HGWD at doses of 0.38 and
0.76 g/kg, from 42.65+2.48% to 33.08 +4.96%, and
from 42.65+2.48% to 30.95+1.95%, respectively,
when compared with the MCAO model group (Figure
2C). Besides, we examined the histopathological
changes in the ischemic brain section by HE staining.
The results showed that HGWD exhibited a protective
effect against tissue injury, characterized by less
degeneration and necrosis of nerve cells (Figure 2D).
These above data suggest that HGWD can relieve
cerebral injury induced by MCAO.

HGWD decreased inflammatory and oxidative stress
responses in MCAO rats

To understand the effects of HGWD on inflammatory
response, we measured the levels of inflammatory

www.aging-us.com 10043

AGING



A 0.090

0.080 2
0.070
0.060
0.050

0.040 6

AU

0,030 1

0.020
0.010 L_LJ
0.000

B 0.030

0.080 2

0.070
0.080 3
0.050

AU

0.040
0.030
0.020
0.010 6
0.000 U

-0.010

5.00 10.00 15.00 20.00 2500 30.00 35.00 40.00 45.00 50.00 55.00 60.00

Time (min)

Figure 1. Representative chromatograms obtained by HPLC-UV. (A) standard compounds. (B) HGWD extract. 1, paeoniflorin; 2,
calycosin-7-O-B-D-glucoside; 3, ononin; 4, calycosin; 5, cinnamic acid; 6, formononetin.
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Figure 2. HGWD improved neurological deficits in MCAO rats. (A) mNSS score. (B) Survival rate. (C) Infarct size observed by TTC
staining. (D) Histopathological changes in the ischemic portion of the rat brain observed by HE staining (scale bar= 100 um). #P < 0.01 vs.
control group; *P< 0.05, **P< 0.01 vs. model group.
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cytokines such as IL-6, TNF-a, and IL-1 using ELISA
kits. The results displayed that, compared with the sham
group, MCAO can distinctly enhanced the release of
TNF-0, IL-1B, IL-6 in the brain. HGWD treatment
can obliviously inhibit inflammation in MCAO rat
(Figure 3A-3C). Additionally, we investigated the
effect of HGWD on the oxidative stress mediators,
including SOD, MDA and GSH in the brain tissue. As
Figure 3D-3F displayed, MCAO rats presented reduced
SOD and GSH levels while promoted MDA level.
However, HGWD at doses of 0.38 and 0.76 g/kg
decreased the elevation of MDA and enhanced SOD
and GSH levels. These data indicated that HGWD could
weaken inflammatory and oxidative stress responses in
rats with MCAO.

HGWD shifts microglia polarization towards M2 in
MCADO rats

Many evidences have highlighted the important role of
microglia M1/M2 polarization in the progression of
inflammation in cerebral injury. Therefore, we
investigated whether the neuroprotective effects of

A B

HGWD were associated with altered microglia
polarization. qRT-PCR experiments revealed the
elevated expression of M1-like markers (CD16 and
iNOS) and M2-like markers (CD206 and Arg-1) in the
ischemic brain of MCAO rats (Figure 4A). However,
HGWD could shifted microglia polarization towards
M2 phenotype, decreasing CD16 and iNOS expression
but increasing CD206 and Arg-1 expression, compared
with MCAO model group. Double immunostaining
further confirmed that the number of CD16+ M1
microglia and CD206+ M2 microglia were both
significantly increased in the brain of rat after MCAO
(Figure 4B, 4C). Consistent with gRT-PCR results,
HGWD could decreased number of CD16+ M1
microglia while increased CD206+ M2 microglia,
suggesting that HGWD promoted M2 polarization in
MCAO rats.

HGWD increased dendritic spine density and
enhanced synaptic plasticity in MCAO rats

Previous studies have reported that microglia could
modify synaptic plasticity involving “find-me” and
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Figure 3. Effect of HGWD treatment on inflammatory cytokines and oxidative stress responses in brain tissue of rats.
(A—C) The levels of IL-1B, IL-6, and TNF-a. (D—F) oxidative stress factors SOD, MDA, and GSH levels in the brain tissue. #P < 0.01 vs. control
group; *P< 0.05, **P< 0.01 vs. model group.
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“eat-me” pathways [25]. Considering the promotion of
HGWD on M2 polarization, we further tested whether
HGWD produce beneficial effect on synaptic plasticity.
As displayed in Figure 5A, 5B, the density of dendritic
spines decreased in the MCAO group compared to the
Sham group (P < 0.001). HGWD could dose-
dependently increased the dendritic spine density when
compared to the MCAO group. The expression levels of
synapse marker proteins (PSD95, Synapsin I) were also
determined to confirm the effect of HGWD on synaptic
plasticity. The results showed that MCAO significantly
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HGWD modified Sirtl/NF-kB/NLRP3 pathway in
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Infammasome NLRP3 plays pivotal roles in regulating
microglia polarization and neuroinflammation. To study
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the underlying mechanism of neuroprotective action of
HGWD, NLRP3 inflammasome-associated proteins in
the hippocampi of rat were probed. Western blotting
revealed that, in comparison with Sham group, the
expression of the main components of NLRP3
inflammasome, NLRP3, ASC, and cleaved caspase-1
were enhanced by cerebral ischemia-reperfusion injury.
Notably, administration of HGWD significantly
mitigated the activation of NLRP3 inflammasome in
MCAO rats (Figure 6A—6D).

Recently, it has been reported that NLRP3 inflamma-
some could be inhibited through Sirtl-dependent
pathway [26]. Selective Sirtl antagonist was reported
to suppress NF-«xB activity, and subsequently blunted
NLRP3 inflammasome activation [27]. In order to
further detect whether HGWD affected Sirtl/NF-«B
pathway, the relative protein levels of Sirtl and p-NF-
kB in in the hippocampi of rat were measured (Figure
6E-6G).  Consistently, = HGWD-treated  groups
significantly enhanced Sirtl protein but down-regulated
p-NF-kB levels.
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MCAO+H-HGWD group, the expression levels of
PSD95, Sirtl (P <0.01) were pronouncedly decreased
and NLRP3 was higher (P<0.01) in the MCAO+EX-
527+H-HGWD group (Figure 8A-8C). The above data
indicated that inhibiting SIRT1 could notably weakened
the therapeutic effect of HGWD against MCAO.

DISCUSSION

Cerebral

infarction refers to

ischemic necrosis or

softening of tissues caused by ischemia and hypoxia due

to the obstruction of the blood supply to the brain.
Cerebral infarction has attracted much attention in the
medical field because of its high rate of disability,
mortality and recurrence. Pharmacological studies have
shown that traditional Chinese medicine (TCM) can
inhibit platelet aggregation, promote blood circulation,
defend against ischemia reperfusion injury, and increase
the tolerance of ischemic brain tissue to hypoxia. In
clinical practice, TCM application in the treatment of
cerebral infarction significantly improve the clinical
symptoms of patients, restore the function of hemiplegic
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Figure 6. HGWD modified Sirt1l/NF-kB/NLRP3 pathway in the hippocampus of MCAO rats. (A) Representative western blot
bands of NLRP3, ASC and Cleaved Caspase-1 in each group. (B-D) The quantitative analysis of NLRP3, ASC and Cleaved Caspase-1 protein
expression. (E) Representative western blot bands of Sirtl and p-NF-kB in each group. (F, G) The quantitative analysis of Sirtl and p-NF-kB
protein expression. #P < 0.01 vs. control group; *P< 0.05, **P< 0.01 vs. model group.
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limbs, and delay the progression of stroke. According to
TCM theory, stroke is caused by Qi deficiency and
blood stasis. TCM which can replenish Qi and promote
blood circulation to remove blood stasis can be used to
treat stroke. HGWD is a classic prescription from the
Golden Chamber, and has long been used to treat blood
arthralgia due to Qi deficiency and blood stagnation.
Numerous clinical practices show that HGWD exerts
good therapeutic effects for ischemic stroke. However,
the neuroprotective mechanism of HGWD remains to
be clarified. In this work, we confirmed that HGWD
can significantly reduce the cerebral infarction area of
MCAO rats, improve the pathological damage of
brain tissue, and inhibit the release of inflammatory
factors and oxidative stress (Figures 2, 3), which is
consistent with the results of previous studies [28].
Additionally, further molecular mechanism studies
showed that HGWD promoted microglia polarization to

\ y g ¥
\ ¥ McAo +
y 0.76g/kg HGWD -

EX527

B I')---
EX527 0.76g'kg
HGWD

EX527

m

Fluorescence intensity

0.0

MCAO + + + +
0.76g/kg HGWD - =
EXS527 “ L + %

+
+

S

Infarct Volume(%)

a N W B o
e 5 8 8 & 8
mNSS score
o s

F IBAI DAPI

EX527+0.76g'ke
HGWD

M2 phenotype, and enhanced synaptic plasticity by
activating Sirtl/NF-«B/NLRP3 pathway, thus playing a
protective role against cerebral ischemic injury.

Neuroinflammation regulated by microglia has been
identified to be a pivotal factor in the development of
central nervous system (CNS) diseases. Overactivated
microglia would stimulate the release of pro-inflammatory
cytokines into the neuronal microenvironment, thus
preventing neuronal regeneration and causing neuronal
damage [29]. Microglia have a dual polarization
state, pro-inflammatory M1 and anti-inflammatory
M2 phenotypes. CD16 and CD206 are the phenotypic
markers of microglia M1 and M2 respectively. Actually,
M1/M2 transformation of microglia has been observed in
various CNS disease including stroke [30]. M2 microglia
can engulf damaged neuron debris, inhibit excessive
inflammatory response, and promote tissue repair and
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Figure 7. EX527 dramatically blocked the efficacy of HGWD on neurological deficits and microglia polarization in MCAO rats.
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neuronal regeneration. Regulating microglia polarization
from M1 toward M2 after cerebral ischemia is beneficial
for the improvement of brain impairment and functional
recovery [31]. In our study, the colocalization of
CD16*/lbal* and CD206*/Ibal* in the ischemic
penumbra of MCAO rats was determined. Ibal is
considered to be a common marker of microglia. The
results showed that HGWD markedly decreased the
number of CD16*/Ibal* positive cells, but increased the
number of CD206+/Ibal+ positive cells (Figure 4B, 4C).
Besides, HGWD downregulated the expression of iNOS
and CD16 mRNA, and upregulated the level of CD206
and Arg-1 mRNA (Figure 4A). These results indicated
that HGWD promoted microglia polarization to the M2
phenotype in the ischemic penumbra of MCAO/R rats.

Synaptic plasticity will be severely damaged after
ischemia [32]. Microglia have been found to play a key
role in the regulation of synaptic function in central

nervous system diseases. In vivo observation by two-
photon microscopy showed that the contact time and
frequency between microglia and synapses significantly
increased after cerebral ischemia, indicating that
microglia were involved in the remodeling of neural
circuits after cerebral ischemia [33]. In AD mice and
multiple sclerosis models, microglia can induce
synaptic loss and cognitive impairment through C1g-C3
signaling axis-mediated synaptic phagocytosis [34, 35].
Our experiment has confirmed that HGWD can promote
the transformation of microglia from M1 to M2. Next,
we investigated whether HGWD could affect neural
synaptic plasticity. The experimental results showed
that, compared with MCAO model group, HGWD
group could significantly enhance the synaptic density
and expression of synaptic marker proteins (PSD95,
Synapsin 1), suggesting that HGWD could improve the
synaptic plasticity damage caused by cerebral ischemia
(Figure 5A-5E).
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Next, we further explored the molecular mechanism
mediating the regulation of HGWD on microglia
polarization. Recent studies have confirmed the
protection role of Sirtl on the improvement of cerebral
ischemia/reperfusion injury [36, 37]. As a member of
the deacetylase family, Sirtl also plays an important role
in regulating microglia/macrophage polarization and
alleviating inflammatory damage [38, 39]. Activation of
Sirtl has been considered as a neuroprotective strategy.
Sirtl agonist can ameliorate subarachnoid hemorrhage
injury via promoting M2 microglia polarization [40].
Sirtl activation also can inhibit nuclear transposition of
NF-xB, reduce the release of proinflammatory cytokine
such as TNF-o and IL-6, and then alleviate the
inflammatory response [41]. In addition, Sirtl could
inhibit inflammasome activation through NF-xB
suppression. NF-kB can activate NLRP3 inflammasome,
promote the production of pro-1L-1p and pro-IL-18, and
aggravate the inflammatory response and induce
caspase-1 dependent pyroptotic cell death [42]. Actually,
several bioactive components isolated from the major
crude drugs of HGWD, have been previously
demonstrated to have a regulatory effect on Sirtl.
Cycloastragenol, the active form of astragaloside 1V
from Radix astragali, upregulated Sirtl expression and
then suppressed neuroinflammation after brain ischemia
[43]. Isoflavonoid formononetin  was reported to
attenuate renal tubular injury by upregulating Sirtl/PGC-
la pathway in diabetic nephropathy [44]. Paeonol form
Radix paeoniae alba was also reported to inhibit
inflammatory response in chondrocytes by upregulating
Sirtl [45]. Besides, bioactive chemicals in HGWD
including calycosin can modulate NLRP3 and inhibit
pyroptotic cell death [46]. In this study, we found that
HGWD increased the protein level of Sirtl, and reduced
the expression of p-NF-xB, NLRP3, ASC, and Cleaved
Caspase-1 (Figure 6). When co-administration with Sirtl
specific inhibitor EX527, the improvement effect of
HGWD on brain injury, microglia polarization, and
synaptic  plasticity were significantly abolished,
suggesting that Sirtl might be an important target of
HGWD (Figures 7, 8). HGWD may alleviate cerebral
ischemia injury via Sirtl/NF-xB/NLRP3 inflammatory
signaling pathway (Figure 8D). In our follow-up study,
we would further confirm the role of Sirtl in the
neuroprotective effect of HGWD using knockout mice.

CONCLUSIONS

In summary, our study demonstrated in vivo that, HGWD
could effectively ameliorate cerebral injury, reduce
inflammatory damage, shift microglia polarization
towards M2 and enhance synaptic plasticity. Besides, as
to our knowledge, this work also demonstrated for
the first time, that HGWD promoted microglial
M2 polarization and synaptic plasticity at least partially

via activating Sirtl/NF-xB/NLRP3 signaling pathway.
HGWD exhibits promising therapeutic effect for ischemic
stroke. Further research before clinical application are
needed to reveal the bioactive constituents in HGWD and
its more detailed mechanism.
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