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An-Gong-Niu-Huang Wan (AGNHW), a famous formula in traditional Chinese medicine,
has been clinically used for centuries for treating cerebral diseases, but the protective
effects of pre-treatment with AGNHW on cerebral ischemia have not yet been reported.
The present study aimed to test such protective effects and elucidate the underlying
mechanisms on cerebral ischemia in rats by phenotypic approaches (i.e. including the
neurological functional score, cerebral infarct area, neuron apoptosis, and brain oxidative
stress status) and target-based approaches (i.e. involving the GSK-3β/HO-1 pathway).
AGNHW was administered orally at the doses of 386.26, 772.52, and 1545.04 mg/kg
respectively for 7 days to male Sprague-Dawley rats and then cerebral ischemia was
induced by middle cerebral artery occlusion (MCAO) for 1.5 h. Pre-treatment with AGNHW
significantly ameliorated ischemic damage to the brain in a dose-dependent manner,
including reduction of the neurological deficit score and infarct area. AGNHW pre-
treatment increased the number of Nissl+ cells, NeuN+ and DCX+ cells, and decreased
the number of Tunel+ cells. Moreover, AGNHW reversed the up-regulation of ROS and
MDA induced by cerebral ischemia. AGNHW pre-treatment increased the expression of
p-GSK-3β(Ser9)/GSK-3β (glycogen synthase kinase-3β) ratio and heme oxygenase-1
(HO-1). These results firstly revealed that short-term pre-treatment of AGNHW could
significantly protect the rats from injury caused by cerebral ischemia-reperfusion, which
support further clinical studies for disease prevention. The in vivo protective effect of
AGNWH pre-treatment could be associated with its antioxidant properties by the
activation of GSK-3β-mediated HO-1 pathway.
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INTRODUCTION

Ischemic stroke remains a leading cause of mortality and
disability worldwide, with a huge economic burden on the
society. Ischemic stroke shows a complex pathophysiological
course leading to peroxidation stress, loss of membrane
potential, cell depolarization and, eventually, neuronal cell
death, involving a variety of distinct molecular and cellular
mechanisms of ischemic brain damage (Wan et al., 2020).
Although the pharmaceutical industry has been making huge
strides in recent years, the lack of effective anti-stroke drugs
remains one of the most unmet needs in medicine (Abe et al.,
2019). Stroke is a medical emergency but medications for post-
stroke treatment are extremely limited in number. A stroke
usually causes lasting brain damage, long-term disability, or
even death. Therefore, prevention is a more effective strategy
than cure in the treatment of stroke.

Traditional Chinese medicine (TCM) with fewer side-effects is
often sought to provide alternative medications to prevent
ischemic stroke (Liu et al., 2018). The An-Gong-Niu-Huang
Wan (AGNHW), a famous formula in TCM, composed of
Arisaema Cum Bile, Rhizoma Coptidis, Bombyx Batryticatus,
Radix Saposhnikoviae, Borneolum Syntheticum, Bovis Calculus,
Moschus, Scorpio, Rhizoma Pinelliae Praeparatum, Radix
Trichosanthis, Succinum, Radix Scutellariae, Fructus Amomi,
refined honey. AGNHW has been clinically used for treating
cerebral diseases for centuries. In Chinese medicine practice,
AGNHW with detoxification, resuscitation, and anticonvulsant
properties is clinically used for alleviating the clinical syndrome,
including loss of consciousness, high fever, recurring seizures,
dizziness, vomiting, movement difficulties, neck stiffness,
sudden severe headaches, nausea and ataxia, aphasia, and
constipation. Recent studies suggested that AGNHW exhibited
a therapeutic effect on diseases of the central nervous system
(Guo et al., 2014) and injury brought about by experimental
cerebral ischemia (Wang et al., 2014; Tsoi et al., 2019).
Nevertheless, prevention is better than cure. However, studies
about the protective effect of AGNHW pre-treatment on
experimental cerebral ischemia injury and its potential
mechanism are still lacking.

Oxidative stress caused by reactive oxygen species (ROS) has
been considered as one of the underlying mechanisms for
inducing neuronal damage by ischemic stroke. Anti-oxidative
stress has been considered as a promising therapeutic target and
become a hot research topic on ischemic stroke prevention and
treatment (Menon et al., 2020). It has been reported that potential
anti-oxidant agents, such as carotenoids could be used for stroke
prevention (Bahonar et al., 2017). Moreover, pretreatment with
Chikusetsu Saponin IVa ameliorated cerebral ischemia
reperfusion injury in diabetic mice via inhibition of GSK-3β
(increase an inhibitory phosphorylation of GSK-3β at Ser9)
(Duan et al., 2016). Paeonol was pre-administered
intragastrically once daily for 3 days and with the last
administration at 30 min before the operation in the fourth
day. Pre-treatment administration of paeonol attenuated
cerebral ischemic injury and reduced oxidative stress damage
via upregulating expression of HO-1 in the mouse model of

MCAO (Zhao et al., 2014). Therefore, the GSK-3β/HO-1 pathway
was considered as the important regulator for oxidative stress.
Specifically, upregulation of heme oxygenase-1 (HO-1) via GSK-
3β deactivation through Ser9 phosphorylation could remarkably
suppress the oxidative stress damage (Duan et al., 2019). It has
been reported that glycine improved ischemic stroke via
activation of the GSK-3β/HO-1 pathway (Chen et al., 2020).
These studies suggested that the diminution of oxidant stress by
activation of GSK-3β/HO-1 pathway is an effective therapeutic
strategy for ischemic stroke prevention and treatment.

We therefore hypothesized that AGNHWpre-treatment could
improve the neurological functional score, reduce the cerebral
infarct area, inhibit neuronal apoptosis, attenuate the oxidative
stress status, and activate the GSK-3β/HO-1 pathway in the
MCAO rat model. The aim of this study was to determine
whether AGNHW pre-treatment can curb stroke-associated
pathological changes and neuronal death in a MCAO rat
model by using phenotypic strategies (i.e. including the
neurological functional score, cerebral infarct area, neuron
apoptosis, brain oxidative stress status) and target-based (i.e.
involving the GSK-3β/HO-1 pathway) strategies.
Counteraction of oxidation via inhibition of GSK-3β may,
therefore, be a promising strategy for prevention of ischemic
stroke.

MATERIALS AND METHODS

Animals
The protocol of animal experiment has been officially approved
by the Department of Health, the Government of the Hong Kong
Special Administrative Region. The animal studies were
conducted in accordance with guidelines and security
standards of the Committee on the Use of Human and
Animal Subjects in Teaching and Research. Male Sprague-
Dawley (SD) rats weighing 200–220 g were obtained from the
Beijing Viton Lihua Experimental Animal Technology Co., Ltd.
(Beijing, China). The animals were kept in a humidity- and
climate-controlled environment with food and water ad
libitum and exposed to a 12–12 h light-dark cycle.

Administration of AGNHW
AGNHW was kindly provided by Ma Pak Leung Co., Ltd.
According to the instruction, the dose of AGNHW used for
human was 62.3 mg/kg/day. The equivalent dose for rats was 62.3
× 6.2 � 386.26 mg/kg/day which was used as the low dose of
AGNHW (AGNHW-L) in the present study. The intermediate
dose of AGNHW (AGNHW-M) and high-dose of AGNHW
(AGNHW-H) was twice and quadruple of the clinical
equivalent dose, respectively. To monitor the protective effects
of AGNHW pre-treatment on experimental cerebral ischemia
injury, male SD rats were randomly divided into the following five
groups comprising 15 animals per group: Sham operation only,
MCAO only, AGNHW-L (386.26 mg/kg) followed by MCAO,
AGNHW-M (772.52 mg/kg) followed by MCAO, and AGNHW-
H (1545.04 mg/kg) followed by MCAO. AGNHW was dissolved
in normal saline solution and then administered intragastrically

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6402972

Zhang et al. AGNHW Against Experimental Cerebral Ischemia

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


(i.g.) once daily for 7 consecutive days. Untreated rats were
treated with the equivalent volume of physiological saline.

MCAO Surgical Procedure
The MCAO surgery was performed 2 h after the last
administration of AGNHW according to the previous report
(Guo et al., 2014). All rats were anesthetized with 3% isoflurane
via inhalation. The rats were placed in the supine position on an
operating table under sterile conditions. The common carotid
artery (CCA), external carotid artery (ECA), and internal carotid
artery (ICA) were exposed and ligated on the left side. A
monofilament suture with a silicon-coated tip (L3200, Jialing
Co. Ltd., China) was inserted into the ECA and advanced through
the ICA to the ostium to occlude the middle cerebral artery. Sham
control rats were subjected to a similar surgical operation without
occlusion. After 1.5 h of ischemia, the monofilament suture was
withdrawn to permit reperfusion. The reperfusion process was
continued for 24 h and then the neurological status was scored.
All animals were then transcardially perfused with PBS under
anesthesia to collect brain tissues for further experiments
respectively: the 5 brains were used for measurements of the
infarct sizes; the 5 brains were stored in 10% neutral
formaldehyde solution and used for histopathological
investigation; the last 5 brains were used for the measurement
of reactive oxygen species (ROS), malondialdehyde (MDA) and
the activation of GSK-3β/HO-1 pathway.

Functional Assessment
The neurological status of all rats (n � 15) was scored at 24 h after
reperfusion. The degree of neurological function was assessed by
the Zea-Longa score with a five-point scale: grade 0 corresponds
to symptoms without neurological impairment (normal); grade 1
corresponds to inextensibility of the left forepaw when lifting the
rats’ tail(mild); grade 2 corresponds to circling to the left side
while walking (moderate); grade 3 corresponds to walking
difficulty and leaning to the left (severe); and grade 4
corresponds to inability to walk spontaneously (very severe)
(Guo et al., 2019).

Measurement of Infarct Area
Rats were sacrificed after 24 h of reperfusion under anesthesia
and their brains were excised for estimation of the infarct area
(n � 5). The brains were sectioned into 2 mm slices with a rat
brain matrix (RWD Life Science, Shenzhen, China) and placed in
a 2% 2,3,5-triphenyltetrazoliumchloride (TTC, Sigma-Aldrich,
MO, United States) solution for 20 min in the dark. Infarct size
was quantified by measuring the white infarcted area and red-
purple non-infarcted area using the ImageJ software. The ratio of
the infarct area to the total area was calculated.

Histologic Procedures and Nissl Staining
Nissl staining was performed as previously reported (Lin et al.,
2021). Twenty four hours after reperfusion, the rats (n � 5) were
anesthetized and perfused transcardially with cold saline and 4%
paraformaldehyde (PFA, Sigma-Aldrich, United States). The
brains were rapidly removed, immersed in the fixative for 48 h
and then embedded in paraffin and micro-sectioned into coronal

slices of 5 μm thickness. The coronal brain sections were stained
using 0.5% cresyl violet acetate (Beyotime, Beijing, China). The
severity of neural damage was monitored by counting the number
of normal neurons in infarct tissues under a Pannoramic DESK
scanner from 3D-HISTECH (Hungary). The cells that contained
the Nissl stain in the cytoplasm, loose chromatin and prominent
nucleoli were considered to be normal neurons. Stained cells in
five lesioned regions of the ischemic cortex were counted
randomly.

Immunofluorescent and TUNEL Staining
Immunofluorescent staining with the appropriate primary
antibodies (anti-NeuN and anti-DCX) and TUNEL staining
with an in-situ Cell Death Detecting kit (Roche Diagnostics
GmbH, Penzberg, Germany) were performed as previously
described (Peng et al., 2019). Briefly, the brain sections were
incubated with primary antibodies at 4°C overnight. After
washing with PBS for three times, the sections were incubated
with the appropriate secondary antibodies conjugated to
fluorescein isothiocyanate. DAPI (1 μg/ml) was then used to
counterstain the nuclei. For TUNEL staining, the brain
sections were incubated with the TUNEL reaction mixture in
the chamber at room temperature, and after washing with PBS,
the slices were stained with DAPI. Optical and metric analysis of
the stained tissues was performed with a Pannoramic DESK
scanner from 3D-HISTECH (Hungary). All of the stained cells
in the image were counted, including NeuN+, Sox2+ and TUNEL+

cells. Stained cells in five lesioned regions of the ischemic cortex
were counted randomly.

Measurements of ROS and MDA
Twenty four hours after reperfusion, infarct tissues from the rats (n�
5) were harvested and homogenized before use for measurements of
ROS andMDA and for theWestern blotting assay. The homogenate
was centrifuged at 2,000 × g at 4°C for 15 min. The supernatant was
evaluated to determine the content of ROS and MDA using assay
kits (ROS, cat. no. E004-1-1; MDA, A003-1-1; Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) according to the
manufacturer’s protocol and monitored by a spectrophotometer
(UV-2600; Shimadzu Corporation, Kyoto, Japan).

Western Blotting
Proteins were then extracted from the homogenate on ice using a
protein extraction reagent supplemented with a protease
inhibitor (Novagen, Madison, WI, United States). Equal
amounts of protein samples were separated in 10% SDS-
polyacrylamide gel electrophoresis and then transferred to a
PVDF membrane (Bio-Rad Laboratories). After blocking in
5% defatted milk for 1 h, the membranes were subsequently
incubated with appropriate primary antibodies at 4°C
overnight: p-GSK-3β(Ser9), GSK-3β, and HO-1. The
membranes were then incubated with the appropriate
secondary antibodies for 1 h. The β-actin protein was used as
internal loading control. Images were captured using a ChemiDoc
Touch imaging system (Bio-Rad Laboratories) and intensities
of the protein bands were analyzed using ImageJ (NIH,
United States).
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Statistical Analyses
The quantitative results are presented as the means ± standard
deviation (SD). Data were analyzed statistically by using one-way
analysis of variance, and difference between groups was
considered statistically significant at p < 0.05 or smaller. Image
analysis and cell counting were performed in ImageJ. All graphs
were produced using the GraphPad Prism 5.0 software (San
Diego, CA, United States).

RESULTS

Protective Effect of Pre-treatment With
AGNHW on Injury Induced by Experimental
Cerebral Ischemia
The protective effect of AGNHW pre-treatment was monitored
by amelioration of neurological deficits and reduction of infarct
area. Neurological deficit was evaluated by Zea long’s scoring at
24 h after reperfusion. The neurological scores were significantly
higher in the MCAO group than the sham group. Compared with
theMCAO group, the neurological scores were markedly reduced
in the AGNHW groups in a dose-dependent manner. Statistically
significant difference was observed 24 h after reperfusion between
the sham group and groups treated with the various doses of
AGNHW (386.26, 772.52 and 1545.04 mg/kg) (Figures 1A,B).
Additionally, the infarct areas in the MCAO rats were measured
by TTC staining. As shown in Figures 1C,D no infarct was
observed in the sham group, while rats in the MCAO group
showed extensive lesions in both striatum and lateral cortex 24 h
after reperfusion. Compared with the MCAO group, the infarct

areas in the MCAO rats pre-treated with the various doses of
AGNHW (386.26, 772.52 and 1545.04 mg/kg) were reduced
significantly in a dose-dependent manner.

AGNHW Pre-treatment Mediated
Neuroprotection
Nissl staining and immunofluorescent staining were performed to
visualize the expression of NeuN andDCX in ischemic penumbra of
cortex after 24 h of reperfusion. Regarding Nissl staining, the
percentage of Nissl-positive cells in the ischemic cortex in the
MCAO group was significantly decreased compared with the
Sham group. After pre-treatment with AGNHW, the percentage
of Nissl-positive cells was significantly increased in a dose-
dependent manner (Figures 2A,B). Additionally, most of the
Nissl-positive cells in MCAO group underwent a reduction in
size with an increased intercellular space, which was ameliorated
after AGNHW pre-treatment (Figure 2A). The same tendency was
also observed in immunofluorescent staining. Specifically, the
percentages of NeuN-positive and DCX-positive cells were
significantly reduced in the MCAO group relative to the Sham
group, which was significantly ameliorated after AGNHW pre-
treatment in dose-dependent manner (Figures 2C,D). These results
indicated the pre-treatment with AGNHWsignificantly restored the
neural loss in injury associated with experimental cerebral ischemia.

AGNHW Pre-treatment Inhibited Cellular
Apoptosis
Cellular apoptosis in the ischemic cortex was analyzed by TUNEL
staining 24 h after reperfusion. There was a marked increase in

FIGURE 1 | AGNHWpre-treatment ameliorated neurological deficit and decreased infarct size in MCAO rat model (A) Illustration of experimental schedule. (B) The
degree of neurological function was assessed by Zea long’s scoring on a five-point scale 24 h after reperfusion (n � 15) (C,D) Infarct size was measured by TTC staining
24 h after reperfusion (n � 5). Representative image (C) and statistical analysis of results of TTC staining (D). Data are means ± S.D. ##p < 0.01, compared with the sham
group; *p < 0.05 and **p < 0.01, compared with the vehicle group.
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the number of TUNEL-positive cells in the ischemic cortex in the
MCAO group compared with the sham group. In contrast, the
groups treated with AGNHW demonstrated a significant dose-
dependent reduction TUNEL staining compared with the MCAO
group. Specifically, the percentage of TUNEL-positive cells was
significantly reduced in the AGNHW-H group compared with
the AGNHW-M group which was in turn significantly lower than
that of the AGNHW-L group (Figures 3A,B). These results
strongly suggested that cell apoptosis was attenuated by
AGNHW pre-treatment.

AGNHW Pre-treatment Mitigated Oxidative
Stress–Elicited Damage
To investigate the effect of pre-treatment with AGNHW on the
damage brought about by oxidative stress in MCAO rats, the
levels of ROS andMDA were determined. The level of MDA is an
index of lipid peroxidation as the biomarker for oxidative stress.

Both ROS and MDA levels were significantly higher in infarct
tissues of rats in the MCAO group than those in the sham group
(Figures 3C,D). AGNHW pre-treatment exerted a significant
dose-dependent effect on reducing the ROS and MDA levels in
infarct tissue, indicating a protective effect of AGNHW on
oxidative stress–elicited damage.

AGNHW Pre-treatment Enhanced the
Activation of GSK-3β/HO-1 Pathway
The GSK-3β/HO-1 pathway was monitored by Western blot
assay. As shown in Figure 1, cerebral ischemia for 1.5 h
followed by 24 h of reperfusion downregulated the ratio of
p-GSK-3β(Ser9)/GSK-3β, and markedly upregulated HO-1
expression in the rat infarct tissue. Compared with the MCAO
group, AGNHW pre-treatment significantly up-regulated the
expression ratio of p-GSK-3β(Ser9)/GSK-3β, indicating the
inactivation of GSK-3β, and the expression level of HO-1 at

FIGURE 2 | AGNHWpre-treatment restored neuronal loss in MCAOmodel (A,B)Representative images (A) and statistical analysis results (B) of Nissl staining in the
infarct area of the ischemic cortex in MCAO rats with or without pre-treatment with AGNHW (C,D) Representative images (C) and statistical analysis results (D) of
immunofluorescent staining to visualize NeuN in the infarct area of the ischemic cortex in MCAO rats with or without pre-treatment with AGNHW (E,F) Representative
images (E) and statistical analysis results (F) of immunofluorescent staining to visualize DCX in the infarct area of the ischemic cortex in MCAO rats with or without
pre-treatment with AGNHW. N � 5 rats per group. Data are means ± S.D. ##p < 0.01, compared with the sham group; **p < 0.01, compared with the vehicle group;
aaP<0.01, compared with AGNHW-L group; bP<0.05 and bbP<0.01, compared with the AGNHW-M group.
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FIGURE 3 | Pre-treatment with AGNHW suppressed cell apoptosis and oxidative stress damage in MCAO model (A,B) Representative images (A) and results of
statistical analysis (B) of TUNEL staining in the infarct area of the ischemic cortex in MCAO rats with or without pre-treatment with AGNHW (C, D) The status of oxidative
stress was monitored by cerebral ROS (C) and MDA (D) levels, analyzed by appropriate assay kits. N � 5 rats per group. Data are means ± S.D. ##p < 0.01, compared
with sham group; **p < 0.01, compared with vehicle group; aP < 0.05 and aaP<0.01, compared with AGNHW-L group; bbP<0.01, compared with AGNHW-
M group.

FIGURE 4 | Pre-treatment with AGNHW enhanced activation of GSK-3β/HO-1 pathway. Western blot analysis (A) and the normalized protein levels (B) of the
indicated protein markers of the GSK-3β/HO-1 pathway in the infarct area of the ischemic cortex in MCAO rats with or without AGNHW pre-treatment. AGNHW pre-
treatment significantly increased the ratio of p-GSK-3β(Ser9)/GSK-3β and the expression of HO-1 in the infarct area of MACAO rats. Full length blots are shown in
Supplementary Figure S1. N � 4 rats per group. Data are means ± S.D. ##p < 0.01, compared with sham group; **p < 0.01, compared with vehicle group;
bP<0.05, compared with AGNHW-M group.
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24 h after reperfusion with the highest peak appeared in the
AGNHW-M (772.52 mg/kg) group (Figure 4). These results
indicated that AGNHW pre-treatment significantly activated
the GSK-3β/HO-1 pathway in MCAO rats.

DISCUSSION

Stroke is the third leading cause of death in China ranking just
after malignant tumours and heart disease and the top 10 causes
of death worldwide (Wang et al., 2020). To date, the vast majority
of pharmacological treatments fails to effectively ameliorate the
sequelae of ischemic stroke. A promising strategy underway
utilizes tissue plasminogen activator (tPA) as a thrombolytic
therapeutic. However, significant side effects limit its use to
only a small number of patients. Furthermore, the therapeutic
time window of tPA is extremely limited and requires more
specialized equipment for successful implementation (Tseng
et al., 2020). Consequently, the bulk of stroke patients does
not receive any specific pharmacological therapy, ensuing in
high mortality and disability rates. Hence, it is imperative to
devise potential neuroprotective or therapeutic strategies to
forestall or treat ischemic stroke.

Prevention is a better strategy than cure in the treatment of
stroke. In this study, we firstly demonstrated that pre-treatment
with AGNHW for 7 days prior to MCAO significantly improved
the neurological functional score and reduced the cerebral infarct
area in the MCAO rat model in a dose-dependent manner.
Additionally, in the present study, the human equivalent dose
of AGNHW (low-dose group, 386.26 mg/kg/day) displayed a
pronounced protective effect on the rat model of MCAO.
Mechanistic studies proved that pre-treatment with AGNHW
could increase an inhibitory phosphorylation of GSK-3β at Ser 9
without affecting the expression level of total GSK-3β protein and
subsequently promote the protein expression of its downstream
target HO-1. A number of studies have indicated that inhibition
of GSK-3β ameliorated cerebral ischemia injury (Chuang et al.,
2011; Venna et al., 2015; Pang et al., 2016; Wang et al., 2017; Gao
et al., 2020; Wen et al., 2020), consistent with our findings.
Therefore, the effect of AGNHW pre-treatment might be
attributed to its protective action on neurons against oxidative
stress damage via activation of the GSK-3β-mediated HO-1
pathway.

The antioxidant response element (ARE)–mediated
antioxidant pathway plays an important role in maintaining
the redox status. Heme oxygenase-1 (HO-1) has been reported
to have the most AREs in its promoter, making it a promising
therapeutic target against brain injury in cerebral infarction
(Bereczki et al., 2018). GSK-3β has emerged as the integration
point and is pivotal in switching off the self-protective
antioxidant stress response, thus dictating the magnitude and
duration of the HO-1 antioxidant response. It has been proven in
many studies that inhibition of GSK-3β effectively upregulates
HO-1 protein expression (Jiang et al., 2015; Yan et al., 2020). As a
result, enhancement of HO-1 via GSK-3β inactivation (GSK-3β/
HO-1 pathway) plays a crucial role in improving ischemic stroke
(Chen et al., 2020). In summary, HO-1 up-regulation is an

adaptive response to oxidative stress in the body. The
relationship between GSK-3β and HO-1 pathway in the
process of cerebral ischemia is shown as follows: significant
amounts of oxidants are generated during cerebral ischemia/
reperfusion, and oxidative stress causes brain damage after stroke.

In this study, we found that the expression level of HO-1 was
dramatically increased by 1.5 h of cerebral ischemia followed by
24 h of reperfusion, consistent with the previous report that
increased HO-1 activity begin immediately after ischemia and
continue for 24 h (Shah et al., 2019). Further overexpression of
HO-1 by AGNHWpre-treatment reduced oxidative stress in a rat
model of ischemic stroke. Therefore, inactivation of GSK-3β
could serve as a novel therapeutic target for the protection of
stroke and this needs further studies.

Some studies revealed that the inhibition of GSK3β
phosphorylation at Tyr 216 deactivated GSK-3β, resulting in a
benefit for cerebral ischemia (Chen et al., 2016;Wang et al., 2019).
On the other hand, the regulation of GSK-3β usually also depends
on phosphorylation within the amino-terminal domain of GSK-
3β (Ser 9), resulting in inactivation of GSK-3β. In our present
study, we demonstrated that pre-treatment with AGNHW
significantly inhibited GSK-3β activation by enhancing GSK-
3β phosphorylation at Ser9. A number of studies have
indicated that inhibition of GSK-3β contributed to an
amelioration of cerebral ischemia injury (Chuang et al., 2011;
Venna et al., 2015; Pang et al., 2016; Wang et al., 2017; Gao et al.,
2020; Wen et al., 2020), which is consistent with our findings. In a
further study, we will test another hypothesis whether AGNHW
pre-treatment significantly inhibits GSK-3β phosphorylation at
Tyr 216 for cerebral ischemia, before performing the clinical
study. Some studies have shown that inhibition of GSK3β
phosphorylation is beneficial to cerebral ischemia, the
differences between this and the paragraph above are shown
as follows: the regulation of GSK-3β usually depends on
phosphorylation at its Ser 9 and/or Tyr 216.

It was reported that Rhizoma Coptidis, an important
traditional Chinese herb in AGHNW, was used for aging-
related diseases treatment via antioxidative effect by HO-1
activation (Xu et al., 2017). It was also found that baicalin and
baicalein are flavonoids extracted from Scutellaria baicalensis,
another traditional Chinese herb in AGHNW, could be effective
in the treatment of cerebral ischemia via amelioration of
oxidation stress damage (Liang et al., 2017). However, until
now, it is not clear which ingredients in AGNHW are
responsible for the AGNHW-induced protective effect on
MCAO via GSK-3β-mediated HO-1 pathway activation, which
need further investigation.

Besides traditional Chinese herbs, there are some heavy metal
components, such as arsenic and mercury, in AGNHW, leading
to a safety risk of AGNHW. This explains the prohibition of its
sale in the US and European markets. In the present study, the
commercially available product AGNHW without cinnabar and
realgar has been used in this study due to the safety concerns. No
significant toxicity was detected during the administration of
AGNHW. Additionally, it was reported that the expression of
biomarker of metal toxicity metallothionein-1 was not altered by
AGNHW (used at 6-fold of the clinical dosage) which was orally
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administered daily for six weeks in the mouse model (Lu et al.,
2011). Published clinical evidence from 1974 to 2015 indicates
that the risk of adverse drug reactions and adverse events from
AGNHW administration was very low (Zhao et al., 2015).
Although some studies also suggested that subchronic use of
cinnabar or realgar-containing herbal products could elicit mild
renal injury (Wang et al., 2015; Luo et al., 2017), it has been
reported it is not very likely that usage of AGNHW at a regular
dose for a short duration would induce the accumulation of
arsenic and mercury and influence liver and kidney functions
(Tsoi et al., 2019). Thus, we conclude that AGNHW is relatively
safe when used in short term for ischemic stroke, and it is strongly
desirable to have well-designed experiments to systematically
study the toxicological effects of prolonged usage of AGNHW
(with cinnabar and realgar).

In the present study, AGNHW brought about a dose-dependent
decline in the number of TUNEL-positive apoptotic cells in the
ischemic brain cortex. This is in keeping with the earlier
demonstration that AGNHW administration protected rats from
cerebral ischemia–reperfusion injury induced by MCAO. The
reduction in the percentages of Nissl-positive, NeuN-positive
and DCX-positive cells caused by MCAO was alleviated by
AGNHW. AGNHW treatment up-regulated Bcl-2 expression
(Wang et al., 2014; Tsoi et al., 2019) and down-regulated the
expression of Bax (Wang et al., 2014; Tsoi et al., 2019), caspase-
3 (Wang et al., 2014), p47phox, inducible nitric oxide synthase, and
3-nitrotyrosine in the ischemic brains (Tsoi et al., 2019). In the
present investigation, AGNHW pre-treatment exerted a significant
dose-dependent effect on reducing the levels of reactive oxygen
species and malondialdehyde in infarct tissue in the ischemic brain
cortex, indicating a protective effect of AGNHW on oxidative
stress–elicited damage. Tsoi et al. showed that AGNHW exerted
neuroprotective effects and minimized cerebral
ischemia–reperfusion injury e.g. alleviated oxidative and nitrative
(peroxynitrite) stress-mediated matrix metalloproteinase activation
and protecting tight junction proteins ZO-1 and claudin-5, which
are important components in maintaining the blood-brain barrier.
(Tsoi et al., 2019). Malondialdehyde level was elevated and total
antioxidant power was diminished in stroke patients compared with
control subjects (Menon et al., 2020). AGNHW suppressed
lipopolysaccharide-induced reduction of dopamine uptake;
inhibited formation of intracellular reactive oxygen species and
the mRNA expression of cyclooxygenase-2, inducible nitric oxide
synthase, interleukin-1beta and tumor necrosis factor-alpha, and the
release of interleukin-1beta, tumor necrosis factor-alpha, and
prostaglandin E2 and the protein level of inducible nitric oxide
synthase (Li et al., 2018). Data from the various research laboratories
all indicated a beneficial action of AGNHW on the ischemic brain.

In conclusion, the present report is the first which
demonstrates that pre-treatment of a rat model of ischemic
stroke with AGNHW for 7 consecutive days effectively
curtailed the injury done in the ischemic brain via activation
of GSK-3β-mediated HO-1 pathway. The GSK-3β inhibitor
TWS119 given intraperitoneally exhibited a mitigating effect

on damage induced by MCAO (Wang et al., 2017). As a
neuroprotective agent HO-1 minimizes the damage caused by
cerebral ischemia (Song et al., 2019). Our findings strongly
suggested that AGNHW pre-treatment has the potential to
exert a protective effect in vivo against ischemic stroke or
other relative neuronal diseases, and inactivation of GSK-3β
could serve as a novel therapeutic target for the protection
against stroke, which support further clinical studies for
disease prevention.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal experiment protocol was officially approved by the
Department of Health, Government of the Hong Kong Special
Administrative Region. The animal studies were conducted in
accordance with the guidelines and security standards of the
Committee on the Use of Human and Animal Subjects in
Teaching and Research.

AUTHOR CONTRIBUTIONS

KY, SS, and SZ designed and conceived the study. XJ, YW and KL
conducted the experiments. ZZ and PZ conducted the data
analysis. SZ and XJ wrote the manuscript. KY, SS, MN and
SQ provided constructive comments. KY, SS and MN rewrote
parts of manuscript. All authors have read and approved the final
version of the manuscript.

FUNDING

This study was financially supported by the following grants:
University-Industry Collaboration Programme (UICP),
Innovation and Technology Commission, the Government of
the Hong Kong Special Administrative Region (No.: UIM/368);
Ma Pak Leung Co., Ltd. (No.: RMGS-2019-1-04); Guangdong
Basic and Applied Basic Research Foundation (No.:
2019A1515011497 and 2020A1515111036) and HKBU Tier 1
and Tier 2 Start-up Grant (No.: RC-SGT2/19-20/SCI/008).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.640297/
full#supplementary-material.

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6402978

Zhang et al. AGNHW Against Experimental Cerebral Ischemia

https://www.frontiersin.org/articles/10.3389/fphar.2021.640297/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.640297/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


REFERENCES

Abe, H., Jitsuki, S., and Takahashi, T. (2019). Pharmacological enhancement of
stroke rehabilitation. Stroke 50 (11), 3323–3329. doi:10.1161/STROKEAHA.
119.023720

Bahonar, A., Saadatnia, M., Khorvash, F., Maracy, M., and Khosravi, A. (2017).
Carotenoids as potential antioxidant agents in stroke prevention: a systematic
review. Int. J. Prev. Med. 8, 70. doi:10.4103/ijpvm.IJPVM_112_17

Bereczki, D., Balla, J., and Bereczki, D. (2018). Heme oxygenase-1: clinical
relevance in ischemic stroke. Cpd 24 (20), 2229–2235. doi:10.2174/
1381612824666180717101104

Chen, X., Liu, Y., Zhu, J., Lei, S., Dong, Y., Li, L., et al. (2016). GSK-3β
downregulates Nrf2 in cultured cortical neurons and in a rat model of
cerebral ischemia-reperfusion. Scientific Rep. 6, 20196. doi:10.1038/srep20196

Chen, Z., Zhao, X., Fan, T., Qi, H., and Li, D. (2020). Glycine improves ischemic
stroke through miR-19a-3p/AMPK/GSK-3β/HO-1 pathway. Dddt 14,
2021–2031. doi:10.2147/DDDT.S248104

Chuang, D. M., Wang, Z., and Chiu, C. T. (2011). GSK-3 as a target for lithium-
induced neuroprotection against excitotoxicity in neuronal cultures and animal
models of ischemic stroke. Front. Mol. Neurosci. 4, 15. doi:10.3389/fnmol.2011.
00015

Duan, J., Cui, J., Yang, Z., Guo, C., Cao, J., Xi, M., et al. (2019). Neuroprotective
effect of Apelin 13 on ischemic stroke by activating AMPK/GSK-3β/Nrf2
signaling. J. Neuroinflammation. 16 (1), 24. doi:10.1186/s12974-019-
1406-7

Duan, J., Yin, Y., Cui, J., Yan, J., Zhu, Y., Guan, Y., et al. (2016). Chikusetsu Saponin
IVa ameliorates cerebral ischemia reperfusion injury in diabetic mice via
adiponectin-mediated AMPK/GSK-3β pathway in vivo and in vitro. Mol.
Neurobiol. 53 (1), 728–743. doi:10.1007/s12035-014-9033-x

Gao, J., Long, L., Xu, F., Feng, L., Liu, Y., Shi, J., et al. (2020). Icariside II, a
phosphodiesterase 5 inhibitor, attenuates cerebral ischaemia/reperfusion injury
by inhibiting glycogen synthase kinase-3β-mediated activation of autophagy.
Br. J. Pharmacol. 177 (6), 1434–1452. doi:10.1111/bph.14912

Guo, P., Jin, Z., Wu, H., Li, X., Ke, J., Zhang, Z., et al. (2019). Effects of irisin on the
dysfunction of blood-brain barrier in rats after focal cerebral ischemia/
reperfusion. Brain Behav. 9 (10), e01425. doi:10.1002/brb3.1425

Guo, Y., Yan, S., Xu, L., Zhu, G., Yu, X., and Tong, X. (2014) Use of Angong
Niuhuang in treating central nervous system diseases and related research.
Evidence-Based Complement. Altern. Med., 2014, 346918. doi:10.1155/2014/
346918

Jiang, Y., Bao, H., Ge, Y., Tang, W., Cheng, D., Luo, K., et al. (2015). Therapeutic
targeting of GSK3β enhances the Nrf2 antioxidant response and confers hepatic
cytoprotection in hepatitis C. Gut 64 (1), 168–179. doi:10.1136/gutjnl-2013-
306043

Li, A., Zhang, J., Xiao, X., Wang, S., Wan, J., Chai, Y., et al. (2018). Hepatorenal
protective effects of medicinal herbs in An-Gong-Niu-Huang Wan (AGNH)
against cinnabar- and realgar-induced oxidative stress and inflammatory
damage in mice. Food Chem. Toxicol. 119, 445–456. doi:10.1016/j.fct.2017.
11.054

Liang, W., Huang, X., and Chen, W. (2017). The effects of baicalin and baicalein on
cerebral ischemia: a review. A&D 8 (6), 850–867. doi:10.14336/AD.2017.0829

Lin, K., Sze, S. C.-W., Liu, B., Zhang, Z., Zhang, Z., Zhu, P., et al. (2021). 20(S)-
protopanaxadiol and oleanolic acid ameliorate cognitive deficits in APP/PS1
transgenic mice by enhancing hippocampal neurogenesis. J. Ginseng Res. 45,
325. doi:10.1016/j.jgr.2020.07.003

Liu, T., Ding, Y., and Wen, A. (2018). Traditional Chinese Medicine for ischaemic
stroke. Lancet Neurol. 17 (9), 745. doi:10.1016/S1474-4422(18)30290-4

Lu, Y.-F., Yan, J.-W., Wu, Q., Shi, J.-Z., Liu, J., and Shi, J.-S. (2011) Realgar- and
cinnabar-containing An-Gong-Niu-Huang Wan (AGNH) is much less acutely
toxic than sodium arsenite and mercuric chloride. Chemico-Biological
Interactions 189 (1–2), 134–140. doi:10.1016/j.cbi.2010.11.006

Luo, J., Han, X., Dou, X., Zhang, L., Yang, S., and Yang, M. (2017). Accumulation of
arsenic speciation and in vivo toxicity following oral administration of a

Chinese patent medicine Xiao-Er-Zhi-Bao-Wan in rats. Front. Pharmacol. 8,
491. doi:10.3389/fphar.2017.00491

Menon, B., Ramalingam, K., and Kumar, R. (2020). Evaluating the role of oxidative
stress in acute ischemic stroke. J. Neurosciences Rural Pract. 11 (1), 156–159.
doi:10.1055/s-0039-3402675

Pang, T., Wang, Y.-j., Gao, Y.-x., Xu, Y., Li, Q., Zhou, Y.-b., et al. (2016). A novel
GSK-3β inhibitor YQ138 prevents neuronal injury induced by glutamate and
brain ischemia through activation of the Nrf2 signaling pathway. Acta
Pharmacol. Sin 37 (6), 741–752. doi:10.1038/aps.2016.3

Peng, L., Yang, C., Yin, J., Ge, M., Wang, S., Zhang, G., et al. (2019). TGF-β2
induces Gli1 in a smad3-dependent manner against cerebral ischemia/
reperfusion injury after isoflurane post-conditioning in rats. Front. Neurosci.
13, 636. doi:10.3389/fnins.2019.00636

Shah, F. A., Kury, L. A., Li, T., Zeb, A., Koh, P. O., Liu, F., et al. (2019). Polydatin
attenuates neuronal loss via reducing neuroinflammation and oxidative stress
in rat MCAO models. Front. Pharmacol. 10, 663. doi:10.3389/fphar.2019.
00663

Song, Y.-J., Dai, C.-X., Li, M., Cui, M.-m., Ding, X., Zhao, X.-F., et al. (2019). The
potential role of HO-1 in regulating the MLK3-MKK7-JNK3 module scaffolded
by JIP1 during cerebral ischemia/reperfusion in rats. Behav. Brain Res. 359,
528–535. doi:10.1016/j.bbr.2018.11.003

Tseng, Y.-J., Hu, R.-F., Lee, S.-T., Lin, Y.-L., Hsu, C.-L., Lin, S.-W., et al. (2020).
Risk factors associated with outcomes of recombinant tissue plasminogen
activator therapy in patients with acute ischemic stroke. Ijerph 17 (2), 618.
doi:10.3390/ijerph17020618

Tsoi, B., Chen, X., Gao, C., Wang, S., Yuen, S. C., Yang, D., et al. (2019).
Neuroprotective effects and hepatorenal toxicity of Angong Niuhuang Wan
against ischemia-reperfusion brain injury in rats. Front. Pharmacol. 10, 593.
doi:10.3389/fphar.2019.00593

Venna, V. R., Benashski, S. E., Chauhan, A., and McCullough, L. D. (2015).
Inhibition of glycogen synthase kinase-3β enhances cognitive recovery after
stroke: the role of TAK1. Learn. Mem. 22 (7), 336–343. doi:10.1101/lm.
038083.115

Wan, P., Su, W., Zhang, Y., Li, Z., Deng, C., Li, J., et al. (2020). LncRNA H19
initiates microglial pyroptosis and neuronal death in retinal ischemia/
reperfusion injury. Cell Death Differ 27 (1), 176–191. doi:10.1038/s41418-
019-0351-4

Wang, G.-H., Lan, R., Zhen, X.-D., Zhang, W., Xiang, J., and Cai, D.-F. (2014). An-
Gong-Niu-Huang Wan protects against cerebral ischemia induced apoptosis in
rats: up-regulation of Bcl-2 and down-regulation of Bax and caspase-3.
J. Ethnopharmacology 154 (1), 156–162. doi:10.1016/j.jep.2014.03.057

Wang, W., Li, M., Wang, Y., Wang, Z., Zhang, W., Guan, F., et al. (2017). GSK-3β
as a target for protection against transient cerebral ischemia. Int. J. Med. Sci. 14
(4), 333–339. doi:10.7150/ijms.17514

Wang, Y.-J., Li, Z.-X., Gu, H.-Q., Zhai, Y., Jiang, Y., Zhao, X.-Q., et al. (2020).
China stroke statistics 2019 writing CommitteeChina 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. 5 (3),
211–239. doi:10.1136/svn-2020-000457

Wang, Y., Meng, C., Zhang, J., Wu, J., and Zhao, J. (2019). Inhibition of GSK-3β
alleviates cerebral ischemia/reperfusion injury in rats by suppressing NLRP3
inflammasome activation through autophagy. Int. immunopharmacology 68,
234–241. doi:10.1016/j.intimp.2018.12.042

Wang, Y., Wang, D., Wu, J., Wang, B., Gao, X., Wang, L., et al. (2015). Cinnabar-
induced subchronic renal injury is associated with increased apoptosis in rats.
Biomed. Res. Int. 2015, 278931. doi:10.1155/2015/278931

Wen, J., Li, X., Zheng, S., and Xiao, Y. (2020). Upregulation of Glutaredoxin 2
alleviates oxygen-glucose deprivation/reoxygenation-induced apoptosis and
ROS production in neurons by enhancing Nrf2 signaling via modulation of
GSK-3β. Brain Res. 1745, 146946. doi:10.1016/j.brainres.2020.146946

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6402979

Zhang et al. AGNHW Against Experimental Cerebral Ischemia

https://doi.org/10.1161/STROKEAHA.119.023720
https://doi.org/10.1161/STROKEAHA.119.023720
https://doi.org/10.4103/ijpvm.IJPVM_112_17
https://doi.org/10.2174/1381612824666180717101104
https://doi.org/10.2174/1381612824666180717101104
https://doi.org/10.1038/srep20196
https://doi.org/10.2147/DDDT.S248104
https://doi.org/10.3389/fnmol.2011.00015
https://doi.org/10.3389/fnmol.2011.00015
https://doi.org/10.1186/s12974-019-1406-7
https://doi.org/10.1186/s12974-019-1406-7
https://doi.org/10.1007/s12035-014-9033-x
https://doi.org/10.1111/bph.14912
https://doi.org/10.1002/brb3.1425
https://doi.org/10.1155/2014/346918
https://doi.org/10.1155/2014/346918
https://doi.org/10.1136/gutjnl-2013-306043
https://doi.org/10.1136/gutjnl-2013-306043
https://doi.org/10.1016/j.fct.2017.11.054
https://doi.org/10.1016/j.fct.2017.11.054
https://doi.org/10.14336/AD.2017.0829
https://doi.org/10.1016/j.jgr.2020.07.003
https://doi.org/10.1016/S1474-4422(18)30290-4
https://doi.org/10.1016/j.cbi.2010.11.006
https://doi.org/10.3389/fphar.2017.00491
https://doi.org/10.1055/s-0039-3402675
https://doi.org/10.1038/aps.2016.3
https://doi.org/10.3389/fnins.2019.00636
https://doi.org/10.3389/fphar.2019.00663
https://doi.org/10.3389/fphar.2019.00663
https://doi.org/10.1016/j.bbr.2018.11.003
https://doi.org/10.3390/ijerph17020618
https://doi.org/10.3389/fphar.2019.00593
https://doi.org/10.1101/lm.038083.115
https://doi.org/10.1101/lm.038083.115
https://doi.org/10.1038/s41418-019-0351-4
https://doi.org/10.1038/s41418-019-0351-4
https://doi.org/10.1016/j.jep.2014.03.057
https://doi.org/10.7150/ijms.17514
https://doi.org/10.1136/svn-2020-000457
https://doi.org/10.1016/j.intimp.2018.12.042
https://doi.org/10.1155/2015/278931
https://doi.org/10.1016/j.brainres.2020.146946
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Xu, Z., Feng, W., Shen, Q., Yu, N., Yu, K., Wang, S., et al. (2017). Rhizoma Coptidis
and berberine as a natural drug to combat aging and aging-related diseases via
anti-oxidation and AMPK activation. A&D 8 (6), 760–777. doi:10.14336/AD.
2016.0620

Yan, C., Zhang, X., Miao, J., Yuan, H., Liu, E., Liang, T., et al. (2020). Farrerol
directly targets GSK-3β to activate nrf2-ARE pathway and protect EA.hy926
cells against oxidative stress-induced injuries. Oxidative Med. Cell. longevity
2020, 5967434. doi:10.1155/2020/5967434

Zhao, L., Peng, F., Guan, B., Li, X., Wu, W., Chen, J., et al. (2015). Whether metal
element-containing herbal formula Angong Niuhuang pill is safe for acute brain
disorders?. Biol. Trace Elem. Res. 166 (1), 41–48. doi:10.1007/s12011-015-
0318-3

Zhao, Y., Fu, B., Zhang, X., Zhao, T., Chen, L., Zhang, J., et al. (2014).
Paeonol pretreatment attenuates cerebral ischemic injury via
upregulating expression of pAkt, Nrf2, HO-1 and ameliorating BBB

permeability in mice. Brain Res. Bull. 109, 61–67. doi:10.1016/j.
brainresbull.2014.09.008

Conflict of Interest: The authors declare that this study received funding fromMa
Pak Leung Co., Ltd. The funder was not involved in the study design, collection,
analysis, interpretation of data, the writing of this article or the decision to submit it
for publication.

Copyright © 2021 Zhang, Jiang, Wang, Lin, Zhang, Zhang, Zhu, Ng, Qu, Sze and Yung.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 64029710

Zhang et al. AGNHW Against Experimental Cerebral Ischemia

https://doi.org/10.14336/AD.2016.0620
https://doi.org/10.14336/AD.2016.0620
https://doi.org/10.1155/2020/5967434
https://doi.org/10.1007/s12011-015-0318-3
https://doi.org/10.1007/s12011-015-0318-3
https://doi.org/10.1016/j.brainresbull.2014.09.008
https://doi.org/10.1016/j.brainresbull.2014.09.008
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Protective Effect of An-Gong-Niu-Huang Wan Pre-treatment Against Experimental Cerebral Ischemia Injury via Regulating GSK-3 ...
	Introduction
	Materials and Methods
	Animals
	Administration of AGNHW
	MCAO Surgical Procedure
	Functional Assessment
	Measurement of Infarct Area
	Histologic Procedures and Nissl Staining
	Immunofluorescent and TUNEL Staining
	Measurements of ROS and MDA
	Western Blotting
	Statistical Analyses

	Results
	Protective Effect of Pre-treatment With AGNHW on Injury Induced by Experimental Cerebral Ischemia
	AGNHW Pre-treatment Mediated Neuroprotection
	AGNHW Pre-treatment Inhibited Cellular Apoptosis
	AGNHW Pre-treatment Mitigated Oxidative Stress–Elicited Damage
	AGNHW Pre-treatment Enhanced the Activation of GSK-3β/HO-1 Pathway

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


