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Astragaloside IV protects brain
cells from ischemia-reperfusion
injury by inhibiting ryanodine
receptor expression and reducing
the expression of P-Src and P-GRK2

Juan Chen*%, Jun Bao'*, Xiujuan Jiang?, Wentao Yu?, Yunpeng Han?, Xia Zhang?,
Ying Zhang?3* & Guoxing Deng***

Astragaloside IV, a prime active component of Astragalus membranaceus, has potential as a
neuroprotectant. We aimed to identify the active ingredients in A. membranaceus and assess if
Astragaloside IV can improve cerebral ischemia-reperfusion injury (CIRI) cell apoptosis by reducing
P-Src and P-GRK2 via ryanodine receptor (RyR) expression inhibition. We used bioinformatics analysis
to examine the effects of A. membranaceus on ischemic stroke. We studied brain samples from middle
cerebral artery occlusion (MCAO) mice treated with normal saline, Astragaloside 1V, and sham mice
for pathology and Western blot tests. We also tested PC12 cells in vitro with or without Astragaloside
IV or GSK180736A using Western blotting and fluorescence assays. Our bioinformatics analysis
suggested a possible association between A. membranaceus, calcium ion pathways, and apoptosis
pathways. Western blot data indicated Astragaloside IV significantly decreased RyR, p-Src, and
downstream phosphorylated GRK2, PLC, CaMKIl, and IP3R levels in MCAO mice brains. Astragaloside
IV also considerably inhibited pro-apoptotic and oxidative stress-associated proteins’ expression
while boosting anti-apoptotic protein expression. The results suggest Astragaloside IV can inhibit RyR
expression, subsequently reducing brain cell apoptosis.

Stroke is the second leading cause of death and a major contributor to disability worldwide. Ischemic stroke is
particularly common, accounting for approximately 87% of all stroke types">. This type of stroke is primarily due
to a sudden interruption of blood supply to the brain. Symptoms can include sudden fainting, unconsciousness,
speech and cognitive difficulties, and hemiplegia®. Although recombinant tissue plasminogen activator (rt-PA)
recanalization is an effective method for treating cerebral ischemia, it requires a strict treatment window*°.
Moreover, the restoration of blood flow can further aggravate damage to the ischemic brain tissue, a phenomenon
known as cerebral ischemia-reperfusion injury (CIRI)®. CIRI involves a multitude of complex pathophysiologi-
cal mechanisms, such as an inflammatory response, oxidative stress, intracellular calcium overload, increased
neuronal apoptosis, excessive ion channel opening, and an overabundance of excitatory neurotransmitters”®.
Therefore, existing treatment strategies are limited, underscoring an urgent need to develop new therapeutic
strategies for preventing CIRI.

In the case of ischemic brain injury, brain cells are subjected to a state of hypoxia and hypoglycemia. Stimula-
tion from hypoxia and hypoglycemia can trigger inflammation, oxidative stress, calcium overload, and apoptosis
of brain cells’. Research has suggested that inhibiting apoptosis can mitigate the degree of ischemic brain injury
and protect brain tissue>°-'2. The Src kinase family, comprising of proteins with tyrosine protein kinase activity"’,
is structured from the N-terminal to the C-terminal as follows: the SH4 domain, specific fragment, SH3 domain,
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SH2 domain, ligand segment, SH1 domain, and the carboxy-terminal regulatory tail'*. One study reported an
association between the activity of Src kinase and brain injury post cerebral ischemia'®.

Mitochondria hold a significant role in maintaining the intracellular function of the central nervous sys-
tem (CNS)'®. It has been found through studies that intracellular Ca** release is primarily facilitated by the
inositol 1,4,5-trisphosphate receptor (IP3R) and the ryanodine receptor (RyR) on the sarcoplasmic reticulum
membrane. Further, the increase of mitochondrial calcium can be induced by the RyR in the endoplasmic
reticulum!”!8. Nonetheless, hypoxic-ischemic brain damage is characterized by a disorder in calcium homeo-
stasis, ultimately leading to neurodegeneration. Therefore, RyR is implicated in the calcium imbalance during
and after hypoxia-ischemial®.

G protein-coupled receptor kinases (GRKSs) relate to the rapid desensitization of G protein-coupled receptors
(GPCRs). GRK2, which is widely distributed, phosphorylates the f2 adrenergic receptor (B2AR) activated by
agonists®’. The rapid phosphorylation of GRK2 can reduce its interaction with G proteins (GBy and Ga) and the
ensuing release of GPy ultimately leads to phospholipase Cy (PLCy) activation. Upon PLCy activation, inositol
(1,4,5) triphosphate (IP3) is produced, which in turn activates IP3 receptors (IP3Rs) and facilitates a continu-
ous Ca?" release via the endoplasmic reticulum?!. Previous studies have indicated that Ca®* release mediated by
IP3R plays an influential role in regulating cytosolic and nuclear Ca** signals??. Furthermore, studies suggest
that reperfusion can enhance intracellular Ca®* release and activate the Ca?*/CaM-dependent protein kinase II
(CaMKII)»2,

Astragalus membranaceus was first documented in the Shennong Bencao Jing, which is China’s earliest com-
plete pharmacopeia. It is renowned for its diverse therapeutic effects??. For instance, A. membranaceus is
a key ingredient in Buyang Huanwu Decoction, a treatment documented in “Yilin Gaicuo’, a book from the
Qing Dynasty authored by Wang Qingren. This treatment has been extensively applied in managing ischemic
stroke, exhibiting significant neuroprotective effects*”?. A. membranaceus primarily consists of three types of
chemical compounds: polysaccharides, saponins, and flavonoids, with Astragaloside IV being one of its primary
active components”. Among its many properties, Astragaloside IV is noted for scavenging oxygen free radicals,
providing anti-inflammatory and anti-viral effects, improving bodily immunity, and enhancing cardiovascular
function®. This compound is also recognized for reducing the activity of myeloperoxidase, thereby mitigating
inflammation in a rat model of cerebral ischemia-reperfusion®. Our preliminary research indicates that Astra-
galoside IV can also diminish CIRI in rats®?. Following treatment with Astragaloside IV, PC12 cells displayed a
considerable decline in the apoptosis rate and index*. However, the mechanisms of action between Astragaloside
IV, p-Src, and p-GRK2, as well as the role Astragaloside IV plays in treating CIRI, remain unknown at present.

Medical bioinformatics is an interdisciplinary field that employs computer science to store, retrieve, analyze,
and interpret biological and medical data. In recent years, the rapid advancement of gene chips and high-
throughput sequencing technology has facilitated comprehensive analysis of the transcriptome and genome.
This has been instrumental in the progression and development of the life sciences. With the escalation of related
studies on gene expression profiles of CIRI and the establishment of various public databases, it is now feasible
to conduct in-depth research on CIRI using bioinformatics methods. This has extended our understanding of
the pathological mechanism of CIRI*.

Therefore, this study aims to utilize bioinformatics technology to investigate the core genes associated with
ischemic stroke and perform enrichment analysis and pathway analysis. The cause of CIRI is not clearly under-
stood, making it crucial to clarify its pathogenesis for timely and effective treatment. Hence, in this study, we
further examine the pathogenesis of CIRI by observing oxidative stress-related proteins (P22, P47, GP91)%,
apoptosis-related proteins (caspase-3, caspase-8, caspase-9, Bax, Bcl-2)*, and mitochondrial calcium overload-
related proteins (p-GRK2, p-PLCP, p-PLCA, p-CaMKI], p-IP3R, RyR)*. A common dataset was utilized to
substantiate the significant role of p-Src and p-GRK2 in CIRI, confirmed through a basic cell experiment.

Materials and methods

Ethical approval

The Ethics Committee of the Hebei University of Chinese Medicine approved all experimental protocols. The
research was conducted following all relevant guidelines and regulations of the Ethics Committee of Hebei Uni-
versity of Chinese Medicine (DWLL2020080). We reported all methods in accordance with ARRIVE guidelines.

Data acquisition

Research lab materials consist of the database and analysis software, the pharmacology database system of
Traditional Chinese Medicine (TCM), which includes a database and analysis platform TCMSP (http://tcmspw.
com/tcmsp.php), as well as the Human Genome database (https://www.genecards.org/). Other resources include
the Protein Target database Uniprot (https://www.uniprot.org/), the Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/geo/), and the signaling pathway analysis database, DAVID (https://david.ncifc
rf.gov/). The utilized analysis software features include Cytoscape 3.8.2 and the CytoHubba plugin.

Screening the active constituents of A. membranaceus

Using the TCMSP database (http://tcmspw.com/tcmsp.php), we queried the chemical composition of A. mem-
branaceus, adopting the screening functions for oral bioavailability (OB) values and drug-likeness (DL) scores
(with a threshold of OB 30% and DL 0.18 or above), and identify potential active compounds. Thus, the target
active ingredients of A. membranaceus were deduced by this screening procedure.
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Screening for active ingredient targets and the construction of a component-target network
The corresponding targets of A. membranaceus, acquired from TCMSP, were used to query relative genes in
GeneCards and UniProt databases. After weight reduction, the corresponding gene targets of the target compo-
nents were obtained. The component targets were then imported into Cytoscape 3.8.2, and a “component-target”
network regarding A. membranaceus was established using the CytoHubba plugin. Network Analyzer was used
to assess the centrality of network nodes, selecting the Degree value as the screening condition. The higher the
Degree value, the component is related to more targets, aiding the analysis of core compounds and core action
targets.

Prediction of A. membranaceus and disease targets and GO and KEGG enrichment analysis
Data sets related to ischemic stroke were downloaded from the GEO database. The standardization and gene
analysis of quantile RNA seq data were conducted using the R language limma package, considering P value <
0.05 and | logFC | > 1. The identified targets that are related to the active components of A. membranaceus and
ischemic stroke were imported into the Wayne tool for interaction analysis. This process yielded a target inter-
section. The selected DEGs were imported into the DAVID database, with all target gene names corrected to
their official gene symbol by defining the species as human and inputting the target gene name list. A threshold
P value < 0.05 was set using the above database’s retrieval and transformation operation. Gene Ontology (GO)
biological process enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) signal pathway
enrichment analysis were then executed, and their results were depicted in the form of advanced bubble graphs
using R language.

Gene set enrichment analysis (GSEA)
The Gene Set Enrichment Analysis (GSEA) tool (http://www.gsea-msigdb.org/) was utilized for the analysis of
all genes. The pathway for GSEA enrichment was subsequently mapped.

Animal experiments

A total of 32 Specific Pathogen Free (SPF) male C57BL/6] mice, each weighing 30 g and aged 8 weeks, were used
in this experiment. Mice were purchased from the Beijing Charles River Company. The mice were housed in
ventilated cages, located in a laboratory with controlled conditions: the temperature was maintained at 25°C,
the humidity at 55%, and the light/dark cycle managed at a 12h:12h ratio. We did not restrict their access to
either water or food.

Middle cerebral artery occlusion model

A model of middle cerebral artery occlusion (MCAO) was established. Adult C57BL/6] mice were subjected
to deep anesthesia with 0.5% pentobarbital sodium. A midline neck incision was made and then pulled apart.
Under a microscope, the incision revealed the common carotid arteries, external carotid arteries (ECA), and
internal carotid arteries (ICA). A 6+0 nylon monofilament coated with silicone rubber (Doccol) was introduced
into the left internal carotid artery through the stump of the external carotid to block the origin of the MCAO
and prevent blood flow to the striatum and cortex. After 60 min, reperfusion was initiated via withdrawal of
the wire and the incision was sutured. Once the mice regained consciousness, their sensorimotor deficits were
evaluated by a blinded observer using the Zea Longa 5-point neurological scoring system?®. The scoring is as
follows: 0 point, normal performance with no neurological deficits; 1 point, failure to fully extend contralateral
front paws; 2 points, a tendency to circle to the opposite side; 3 points, falling to the opposite side while walking;
or 4 points, no spontaneous walking, and loss of consciousness. Mice scoring between 1 and 3 were selected as
experimental subjects. The body temperature was maintained at 37 + 0.5°C throughout the entire process. No
animals perished during the MCAO procedure.

Treatment and sampling

Astragaloside IV was supplied by Chengdu Diao Jiuhong Pharmaceutical Co., LTD. Following our earlier study,
Astragaloside IV was injected intraperitoneally at 20 mg/kg for 25 days®®. On the 26th day, the mice were anes-
thetized using 0.5% pentobarbital sodium. The hippocampal tissues and cerebral cortex of the mice were subject
to TUNEL staining and Western blot analysis.

TUNEL staining

The cerebral cortex was thoroughly fixed in a 40 g/L paraformaldehyde solution for 48 h, dehydrated, embed-
ded in paraffin, sectioned, and then stained with TUNEL (C1088, Beyotime). The sections were subsequently
dewaxed, dehydrated, and washed with PBS three times, with each wash lasting 5 min. Following this, the sections
were incubated with Protease K (20 pg/mL) for 15 min, and then washed. TUNEL reaction solution (50 pL) was
then added to the samples, and the negative control was treated with 50 UL of labeled solution and incubated
at 37 °C for 60 min in light-protected conditions. After washing, the plate was sealed with an anti-fluorescence
quenching agent containing DAPI. Under a fluorescence microscope, apoptotic cells were observed.

Western Blotting

The tissue was ground evenly, and RIPA protein lysate was utilized to extract the total protein from brain tissue
on ice. The protein concentration was measured using the Bradford method. After 5% SDS-PAGE electropho-
resis, mold transfer, and skim milk powder closure, the primary antibody was added and incubated overnight
at 4 °C on a shaking table. The corresponding secondary antibody, diluted in the appropriate proportion, was
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added and left to incubate at room temperature for 60 min. The ECL chemiluminescence method was deployed
for darkroom exposure development. The film was scanned, archived, and organized in PhotoShop to remove
color. This independent experiment was repeated thrice, and the average value was recorded.

Oxidative stress detection

To evaluate the effect of Astragaloside IV on oxidative stress, we examined the expression of reactive oxygen
species (ROS), superoxide dismutase (SOD), and malondialdehyde (MDA) levels in brain tissues and PC12 cells,
following the instructions of the kits.

Cell experiments

Cell culture

PC12 cells were procured from the Kunming Institute of Zoology, Chinese Academy of Sciences (Kunming,
China), and maintained in RPMI 1640 medium. This medium was supplemented with 10% fetal bovine serum
(FBS), 100 U/mL penicillin, and 100pg/ mL streptomycin. The cells were stored at 37 °C under humid conditions
with a composition of 5% CO, and 95% air.

Oxygen glucose deprivation-reperfusion (OGD/R) was performed on PC12 cells as previously reported™.
These cells, during the logarithmic growth phase and in good health, were cultured in serum/glucose-free
medium at 37 °C under an atmosphere with 95% N, and 5% CO, for 2 h. The cultures were then returned to
their original conditions and kept in an atmosphere with 95% air and 5% CO,. In the inhibitor assay, influenced
by our previous study, cells were pre-cultured with 20 ug/mL of GSK180736A (HY-18990, MedChemExpress)
for 3 h before incubation. They were then cultured with 100 uM of Astragaloside IV for 24 h*. It is worth not-
ing that GSK180736A is a GRK2 selective inhibitor and a Rho-associated coiled-coil-containing protein kinase
inhibitor*°.

Immunofluorescence

The cell slides were fixed with 4% paraformaldehyde for 20 min and then washed three times with PBS. We
added a peroxidase blocker and incubated the slide for 30 min. After cleaning, non-immune animal serum was
introduced for 120 min. We then added the primary antibody and left it to incubate overnight at 4 °C. Following
this, the slides were washed again and a biotin-labeled secondary antibody was added for 60 min. DAPI was
then applied and the slide was incubated in the dark for 5 min. The sample was stained using the nucleation
technique, and PBST was applied for 5 min. Excess DAPI was washed off four times before sealing the slides
with an anti-fluorescence quenching agent.

Cell counting kit (CCK)-8 assay

To assess cell viability, cell proliferation was evaluated utilizing the CCK-8 kit, adhering to the manufacturer’s
guidelines. PC12 cells were distributed in 96-well plates, and then incubated overnight at 37 °C in a 5% CO,
incubator. Later, the cells were incubated in a medium infused with 10pL CCK-8 solution for an additional 2 h.
Subsequently, the optical density was measured at 450 nm through an enzyme marker instrument.

Cell apoptosis

PC12 cells were seeded at a density of 5 x 10° per well in 6-well cell culture plates and incubated overnight at 37°C
in a 5% CO, incubator. This was followed by Oxygen Glucose Deprivation-Reperfusion (OGD/R) treatment for
2 h (hypoxia) and 24 h (reoxygenation). After 12 h of reoxygenation, 100 mM astragaloside was administered for
an additional 12 h. Cell apoptosis levels were then assessed according to the instructions of the AnnexinV-FITC/
PI apoptosis detection kit. The rate of apoptosis was determined using flow cytometry.

Statistical analysis

In this study, all experiments were repeated a minimum of three times to acquire average results. The data are
represented as means + standard error of the mean (SEM). GraphPad Prism 6, a system analysis software, was
utilized for all statistical analyses. An unpaired, two-tailed Student’s t-test was conducted for the statistical
analysis with a P value < 0.05 being regarded as statistically significant.

Results

The active components of A. membranaceus were obtained

A search for A. membranaceus was conducted in the TCMSP database to obtain the chemical components related
to A. membranaceus. According to OB > 30% and DL > 0.18, 20 active components were screened (Table 1).

Screening of active ingredient target and construction of component-target network

The active ingredients of A. membranaceus were studied using the GeneCards and UniProt databases, with a
particular focus on the Homo sapiens species. This resulted in the identification of 202 target genes. The effective
components of A. membranaceus, along with their interaction targets, were then incorporated into Cytoscape
3.8.2. An interaction network was subsequently constructed, which consisted of 202 targets and 17 compounds
(Fig. 1A).

Screening and enrichment analysis of differentially expressed genes in diseases
The ischemic stroke-related dataset GSE22255 was downloaded from the GEO database, and quantile stand-
ardization was performed on the data (Fig. 1B, C). Following the GSE22255 screening criteria of P value < 0.05
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Serial number | Compound
(3S,85,9S,10R,13R,14S,17R)-10,13-dimethyl-17-[(2R,5S)-5-pro

MOL000033 pan-2-yloctan-2-yl]-2,3,4,7,8,9,11,12,14,15,16,17-dodecahydro-1
H-cyclopenta[a]phenanthren-3-ol

MOL000098 Quercetin

MOL000211 Mairin

MOL000239 Jaranol

MOL000296 Hederagenin

MOL000354 Isorhamnetin

MOL000371 3,9-di-O-methylnissolin

MOL000374 5’-hydroxyiso-muronulatol-235’-di-O-glucoside

MOL000378 7-O-methylisomucronulatol

MOL000379 9,10-dimethoxypterocarpan-3-O-B-D-glucoside

MOL000380 (6aR,11aR)-9,10-dimethoxy-6a,11a-dihydro-6H-benzofurano|3,2-c]chromen-3-ol

MOL000387 Bifendate

MOL000392 Formononetin

MOL000398 Isoflavanone

MOL000417 Calycosin

MOL000422 Kaempferol

MOL000433 FA

MOL000438 (3R)-3-(2-hydroxy-3,4-dimethoxyphenyl)chroman-7-ol

MOL000439 Isomucronulatol-7,2’-di-O-glucosiole

MOL000442 1,7-Dihydroxy-3,9-dimethoxy pterocarpene

Table 1. The active components of Astragalus membranaceus

and |logFC| > 1, we identified 287 differentially expressed genes (DEGs) in the mRNA transcript of an ischemic
stroke—135 were increased, and 152 were reduced. The ggplot2 software package was used to create a visual
grouping DEGs volcano plot of the GSE22255 dataset in R software (Fig. 1D), while the pheatmap package in R
was used to draw the cluster analysis heatmap of the DEGs (Fig. 1E).

The Wayne tool was utilized to calculate the disease differential genes and the active ingredient targets of A.
membranaceus, resulting in the identification of common genes (Fig. 1F). The common DEGs were analyzed by
GO and KEGG enrichment analyses. The DAVID online database tool (https://david.ncifcrf.gov/) was employed
to analyze the level of biological processes for DEGs by integrating the GO term, and network, and identifying
the differentially expressed genes of a biological process. R language was leveraged to illustrate the GO pathway
up-regulated pathway diagram (Fig. 1G) and pathway diagram (Fig. 1H) of DEGs. The analysis results indicated
enrichment in signal transduction, positive regulation of apoptosis, and innate immune response. Differential
genes were used to analyze the KEGG pathway and map out the KEGG pathway diagram (Fig. 1I). The KEGG
pathway diagram suggested enrichment in the calcium ion pathway, mineral absorption pathway, DNA replica-
tion pathways, and apoptosis pathway.

Gene set enrichment analysis (GSEA)

The GSEA tool (http://www.gsea-msigdb.org/) was utilized for the gene enrichment analysis of all genes, and
the GSEA Enrichment Analysis pathway map was constructed. The results demonstrated that the apoptosis and
calcium ion signaling pathways were notably enriched (Fig. 1]J-K).

Astragaloside IV inhibited CIRI-induced apoptosis in the hippocampus and cerebral cortex
TUNEL staining was utilized to determine the apoptotic index of the hippocampus and cerebral cortex 7 days
after 2 h of MCAO. The representations of TUNEL staining in the infarct area from the four groups are shown
(magnification: 40x; scale bar: 50 pm) (Fig. 2A). A histogram illustrated the number of TUNEL-positive cells
in the various groups. The number of apoptotic cells in the hippocampus and cerebral cortex saw a significant
decrease in the MCAO+Astragaloside IV group compared to the MCAO group (Fig. 2B).

Astragaloside IV inhibited the expression of RyR and p-Src in the MCAO mice model

The protein levels of RyR and p-Src were detected by Western blot. Representative blots and bar graphs from
four groups are presented, with GAPDH used as a loading control. Relative protein expression levels of RyR and
p-Src were normalized to that of GAPDH. The Western blot assay revealed that Astragaloside IV significantly
decreased the expression levels of RyR and p-Src in the brains of MCAO mice (Fig. 3).
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Figure. 1. Bioinformatics analysis of the functional role of Astragalus membranaceus on ischemic stroke.

A Active components of A. membranaceus and their interaction target maps. B Before normalization. C
Normalization. D Visual Grouping DEGs Volcano Maps. E Heatmap of DEGs clustering analysis. F Disease-
differentiating genes and active ingredient targets in A. membranaceus. G GO pathway up-regulation pathway
map of DEGs. H GO pathway up-regulation pathway map of DEGs. I The KEGG pathway was analyzed using
differential genes and a KEGG pathway map was drawn. J Calcium ion signaling pathways were enriched. K
Apoptosis signaling pathways were enriched.
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Figure. 2. Astragaloside IV inhibited CIRI-induced apoptosis in the hippocampus and cerebral cortex. The
representative of TUNEL staining in the infarct area from four groups was shown (magnification: 40x; scale bar:
50 um). The data are represented as the mean + SEM. "P<0.01, MCAO group versus MCAO+Astragaloside IV
group, n = 8. The error bars represent the SEM. Statistical analysis was performed using an unpaired, two-tailed
Student’s t-test.

The therapeutic effects of Astragaloside IV on oxidative stress and mitochondrial calcium
overload after CIRI

The protein levels related to mitochondrial calcium overload (Fig. 4A) and oxidative stress (Fig. 4B) were deter-
mined by a Western blot. The representative blots and bar graphs from four groups are displayed. p-actin was
employed as the loading control. The columns represent the semi-quantified optidensity normalized by p-actin.
The Western blot assay revealed that Astragaloside I'V significantly decreased the protein levels associated with
oxidative stress (p22, p47, GP91) and mitochondrial calcium overload (p-GRK2, p-PLC, p-PLCA, p-CaMKII,
p-IP3R) in the brains of MCAO mice.

The therapeutic effects of Astragaloside IV on apoptosis after CIRI

The protein levels related to apoptosis were determined by Western blot. Representative blots (Fig. 5A) and
bar graphs (Fig. 5B) from four groups are shown. B-actin was used as a loading control. The columns represent
the semi-quantified optidensity, normalized by B-actin. The Western blot assay revealed that Astragaloside IV
significantly inhibited the expression of pro-apoptotic proteins (cleaved caspase 3, cleaved caspase 8, cleaved
caspase 9, Bax) while promoting the expression of the anti-apoptotic protein (Bcl-2) in the brains of MCAO mice.
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Figure. 3. Astragaloside IV inhibited the expression of RyR and p-Src in the MCAO mouse model. The protein
levels of RyR and p-Src were detected by Western blot. Representative blots and bar graphs from four groups
were shown. Images were cropped, and full-length blots were presented in Supplementary Fig. 3. The data are
represented as the mean + SEM. "P<0.01, MCAO group vs. MCAO+Astragaloside IV group, ns means no
statistical significance between the two groups, n = 8. The error bars represent the SEM. Statistical analysis was
performed using an unpaired, two-tailed Student’s t-test.

In vitro and in vivo experiments confirmed that Astragaloside IV attenuates oxidative stress
in CIRI

The results of in vivo experiments demonstrated that the levels of ROS and MDA increased, while the level of
SOD decreased in the brains of mice post-MCAO. However, Astragaloside IV significantly reduced the levels of
ROS and MDA and elevated the expression of SOD (Fig. 6A). As depicted in Fig. 6B, the results of the cellular
experiments agreed with the in vivo experiments, offering further evidence that Astragaloside IV may alleviate
the oxidative stress caused by CIRI.

Astragaloside IV increased the viability and attenuated apoptosis of PC12 cells after OGD/R
The flow cytometry data revealed a significant increase in the apoptosis rate of PC12 cells after OGD/R. How-
ever, Astragaloside IV significantly lowered the apoptosis rate of OGD/R PC12 cells (Fig. 7A, B), indicating its
apoptosis-inhibiting effect. The CCK-8 assay indicated a significant decrease in cell viability post OGD/R, but
Astragaloside IV managed to enhance cell viability after OGD/R (Fig. 7C).

Astragaloside IV protected PC12 cells against apoptosis by inhibiting the p-GRK2 signaling
pathway in vitro

The protein levels related to the p-GRK2 signaling pathway (Fig. 8A) and apoptosis (Fig. 8B) were determined
by a Western blot. Representative blots and bar graphs from four groups are presented, with p-actin serving as
a loading control. The columns represent the semi-quantified optidensity normalized by B-actin. The Western
blot assay revealed that Astragaloside IV notably decreased the related protein levels of the p-GRK2 signaling
pathway (p-GRK2, p-IP3R, p-PLCy) and apoptosis (p22, p47, caspase 3, Bax) in the PC12 cells. Representa-
tive double immunofluorescence staining (Fig. 8C) for p-GRK2 and nuclei displayed the spatial distribution of
p-GRK2 within the PC12 cells. GSK180736A is the most effective inhibitor of GRK2*. Astragaloside IV also
has a comparably inhibitory effect, albeit to a lesser degree. Therefore, Astragaloside IV + GSK180736A was
chosen in this study to achieve dual inhibition. The results showed that Astragaloside IV, GSK180736A, and
Astragaloside IV + GSK180736A all reduced the fluorescence intensity of p-GRK2. The effect of Astragaloside
IV + GSK180736A was better, although the difference was not significant (Fig. 8C).

Discussion
CIRI is a globally recognized public health problem that has gained significant attention in terms of its preven-
tion and treatment. Investigating the molecular mechanism of CIRI is paramount for targeted drug research.
Neuronal apoptosis is thought to be one of the foundational factors contributing to CIRI®. This study demon-
strates that Astragaloside IV can thwart PC12 cell apoptosis after OGD/R by constraining the p-GRK2 signaling
pathway in vitro. In MCAO mouse models, treatment with Astragaloside IV diminished oxidative stress and
mitochondrial calcium overload following CIRI. Moreover, Astragaloside IV decreased CIRI-induced apopto-
sis in the hippocampus and cerebral cortex by reducing the expression of P-Src and P-GRK2 due to inhibited
expression of RyR.

The efficacy of RyR as an intracellular Ca?* release channel depends on strict regulation of gating and high
rates of Ca** movement through open channels. RyR channels, located in the endo/sarcoplasmic reticulum (ER/
SR) membrane, control the release of Ca?* from intracellular repositories. Substantial Ca* flux from the ER/
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Figure. 4. The therapeutic effects of Astragaloside IV on oxidative stress and mitochondrial calcium overload
after CIRL The related protein levels of mitochondrial calcium overload (A) and oxidative stress (B) were
determined by Western blot. Representative blots and bar graphs from four groups were shown. Images were
cropped, and full-length blots are presented in Supplementary Fig. 4. The data are represented as the mean +
SEM. "P<0.01, MCAO group vs. MCAO+Astragaloside IV group, ns means no statistical significance between
the two groups, n = 8. The error bars represent the SEM. Statistical analysis was performed using an unpaired,
two-tailed Student’s t-test.

SR into the cytosol - through clusters of RyRs across the cell - ultimately leads to a global increase in intracel-
lular Ca** concentration ([Ca?*];). This increase results in muscle contraction, neuronal exocytosis, or apoptosis
when Ca?" levels meet an adequate threshold. Furthermore, RyR can influence or be influenced by Ca?* signals
instigated by other channels. Consequently, RyRs function as cell signaling integration centers, originating vari-
ous types of Ca?* signals*!.

The change in intracellular Ca?* concentration functions as a key second messenger to initiate endogenous
apoptosis. The release of intracellular Ca*" is primarily mediated by IP3R and RyR on the sarcoplasmic reticulum
plasma membrane. MCAO provokes brain cells into a state of hypoxia and hypoglycemia. Following hypoxia,
the IP3R/RyR-mediated increase in intracellular Ca** concentration induces apoptosis. Within the mitochon-
drial apoptosis pathway, mitochondria perceive endogenous and external death pressures via various signal
transduction modes. Crucial molecules like Ca** and Bcl-2 family proteins regulate this process, causing signal
molecules, such as Cytochrome C (Cytc), to be released by altering mitochondrial membrane permeability.
These molecules activate downstream caspase cascade reactions, initiating cell apoptosis. Consequently, changes
in intracellular Ca** concentration play a significant role as the second messenger in cell apoptosis, and Ca®*
concentration regulation is strongly associated with the initiation of the mitochondrial apoptosis pathway. The
sarcoplasmic reticulum serves as the most vital calcium reservoir in smooth muscle cells, with IP3R and RyR
being the primary channels for Ca** release. Under hypoxic stimulation, IP3R and RyR channels are activated,
leading to Ca** flowing out of the sarcoplasmic reticulum and increasing the concentration of Ca?" in the cyto-
plasm. Hence, IP3R/RyR-mediated increases in intracellular calcium concentration are important signals for
initiating the mitochondrial apoptosis pathway.
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Figure. 6. The therapeutic effects of Astragaloside IV on oxidative stress. A Statistical results of ROS, MDA, and
SOD in brain tissues of four groups of mice. B Statistical results of ROS, MDA, and SOD in four groups of PC12
cells. The data are represented as the mean + SEM. 'P < 0.05, “P < 0.01, MCAO group vs. MCAO+Astragaloside
IV group, P < 0.05, "P < 0.01, OGD/R group vs. OGD/R+Astragaloside IV group, ns means no statistical
significance between the two groups, n = 8. The error bars represent the SEM.
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Figure. 7. The therapeutic effects of Astragaloside IV on cell viability and apoptosis. A Representative
photographs were obtained from four groups. B Statistical results of apoptosis rate in four groups of PC12 cells.
C Statistical results of cell viability in four groups. The data are represented as the mean + SEM. "P < 0.01,
OGD/R group vs. OGD/R+Astragaloside IV group, ns means no statistical significance between the two groups,
n = 8. The error bars represent the SEM.

Under the influence of a hypoxia signal, the G protein on the surface of the cell membrane is activated. Sub-
sequently, this G protein activates the phospholipase C (PLC) in the cytoplasm. PLC then hydrolyzes 4,5-diphos-
phatidylinositol (PIP2) into inositol phosphate 3 (IP3) and diacylglycerol (DAG). IP3 is transported from the
cytoplasm to the sarcoplasmic surface where it binds with IP3R. This binding opens the IP3R pore, leading to the
release of Ca?* in the sarcoplasmic reticulum and an increase in cytoplasmic Ca** concentration. Consequently,
the G protein pathway under hypoxia stimulation can rapidly increase IP3R protein expression, but this is not
solely determined by the transcription level of the IP3R/RyR gene*.

Src plays a regulatory role in receptor-mediated signal transduction and cell communication**. It was dis-
covered that anchoring of Src kinase enhances the Ca?* sensitivity of RyR*. Furthermore, phosphorylation of Src
kinase increases RyR’s Ca®* sensitivity. Src-mediated phosphorylation of GRK2 is also pivotal for the hydrolysis of
the GRK?2 protein*. Tyrosine kinase Src, another component of the pro-mitotic signaling pathway, also regulates
the phosphorylation of GRK2. Overexpressing the persistently activated Src mutant results in the tyrosine phos-
phorylation of co-expressed GRK2, and this increases its activity towards receptor and non-receptor substrates.
Studies propose a model of cross-regulation between the receptor tyrosine kinase and GPCR signaling pathway,
signifying P42/P44 and Src as physiological regulators of GRK activity*’.

Apoptosis constitutes a crucial link in cerebral ischemia and plays a significant role. This form of neuronal
death is prominent in various types of cerebral ischemia. Recent studies reveal that brain injury induced by
hypoxia and ischemia can trigger an excessive release of excitatory neurotransmitters. This results in continuous
depolarization of the postsynaptic membrane, causing a significant influx of calcium, which initiates a series
of intracellular calcium biochemical reactions, leading to neuronal apoptosis*®*’. The Ca** signaling pathway
plays a critical role in cell survival, proliferation, and metabolism. The mechanism involves Ca®* entering the
cell and binding with Calmodulin (CaM) to form Ca?*-CaM®*->2, which activates the Calmodulin-dependent
protein kinase II (CaMKII). The phosphorylated CaMKII can directly trigger cAMP response element-binding
protein (CREB), further regulating the synthesis of cytoskeleton protein and synaptic protein. Through phos-
phorylation, CREB can diminish neuronal apoptosis and advance neuronal formation by initiating downstream
anti-apoptotic proteins®*%.

Intracellular calcium disturbances lead to increased PLC-y phosphorylation and IP3 production. Phospho-
lipase C (PLC-y) has two subclasses, specifically PLC-y1 and PLC-y2. Under normal conditions, these exist
in the cytoplasm but can bind to the cell membrane after activation®. Various extracellular factors activate
PLC-y, which hydrolyzes PIP2, leading to two intracellular products: IP3 and DAG. The former induces the
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Figure. 8. Astragaloside IV protected PC12 cells against apoptosis by inhibiting the p-GRK2 signaling pathway
in vitro. The related protein levels of p-GRK2 signaling pathway (A) and apoptosis (B) were determined by
Western blot. Representative blots and bar graphs from four groups were shown. Images were cropped, and full-
length blots were presented in Supplementary Fig. 8. C Representative double immunofluorescence staining.
The data are represented as the mean + SEM. “P < 0.01, control group vs. Astragaloside IV group, ns means

no statistical significance between the two groups. The error bars represent the SEM. Statistical analysis was
performed using an unpaired, two-tailed Students t-test.

release of intracellular calcium ions and activates the intracellular calcium signaling pathway. The latter acts on
protein kinase C (PKC), triggering a series of biochemical reactions that regulate cell growth, differentiation,
and apoptosis*.

Under physiological conditions, Ca®* is transported into the endoplasmic reticulum by SERCA and released
into the cytoplasm by RyR and IP3R channels, thereby stabilizing the free Ca?* in the endoplasmic reticulum.
IP3, one of the products generated after the activation of PLC-y, is a calcium regulatory signal. When it binds
with IP3 receptors in the endoplasmic reticulum, it stimulates the release of calcium ions from the calcium pool
in the endoplasmic reticulum, thus regulating the intracellular calcium signaling pathway®®>’. In recent years,
additional research on its function has confirmed that IP3 is an essential signal for the release of calcium ions
from the endoplasmic reticulum and that PLC-y is crucial for activating calcium ions to enter cells via plasma
membrane channels®*-%.

During ischemia, the influx of extracellular Ca** leads to an increase in [Ca?*];, which concurrently trans-
fers to the mitochondria. This results in mitochondrial calcium ([Ca?*]) overload, thereby activating a series
of calcium-dependent proteases that amplify the accumulation of lipid peroxidation products and ROS. Post-
reperfusion, the ischemic tissue receives an ample oxygen supply, which in turn activates xanthine oxidase; this
generates a multitude of oxygen free radicals, triggers the lipid peroxidation reaction, and results in massive
nerve cell necrosis and microcirculation disorders®"®2. Energy depletion in cells induced by ischemia impacts the
Ca?*-Mg?*-ATPase activity, thus leading to a decreased energy-dependent [Ca**]. The associated reduction in
outward migration and decreased mitochondrial uptake of [Ca®*]; extends glutamate receptor-mediated neuronal
excitation, consequently causing neuronal death®.

Astragalus saponins can enhance SOD activity, stifle the production of free radicals, and diminish the apop-
tosis of nerve cells in a rat model with CIRI. Research indicates that Astragalus injection can significantly curb
hypoxia-induced apoptosis of nerve cells cultured in vitro, as detected by Hoechst 33342 staining. However, after
12 h of hypoxia, the inhibitory effect remains notably inferior to that of the positive apoptotic group—similar
to the anti-apoptotic cytokine brain-derived neurotrophic factor (BDNF). Astragalus injection can directly
boost the expression of Bcl-2 and reduce the expression of Bax in hypoxic nerve cells, thereby achieving an
anti-apoptotic effect®.

Astragaloside IV is one of the primary active ingredients found in A. membranaceus. It demonstrates many
functions such as scavenging oxygen free radicals, battling inflammation and viruses, boosting immunity, and
improving cardiovascular function®. Astragaloside IV can also decrease the activity of myeloperoxidase and
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Figure. 9. Mechanism diagram of Astragaloside IV improving apoptosis following cerebral ischemia-
reperfusion injury cells.

reduce inflammation in rats experiencing cerebral ischemia-reperfusion®. After treating PC12 cells with Astra-
galoside IV, both the apoptosis rate and apoptosis index underwent significant decreases®®®’. In this study,
Astragaloside IV was identified as alleviating oxidative stress, bolstering cell viability, and reducing apoptosis
following CIRI. These findings align with our study’s results. Although Astragaloside IV does not appear in
Table 1, the current study’s findings suggest that it is indeed an active ingredient in A. membranaceus with
potential impacts on ischemic stroke.

The review indicates that Astragaloside IV potentially exerts a neuroprotective effect on cerebral ischemia/
reperfusion injury largely through its antioxidant, anti-inflammatory, and anti-apoptotic properties®®. This is
partially based on previous publications about Astragaloside IV’s mechanisms: it can inhibit apoptosis via the
transforming growth factor-p1/Smad2 signaling pathway, reduce oxidative stress through the p38 MAPK path-
way, downregulate the TLR4/NF-kB signaling pathway to lessen myocardial I/R injury in rats, and stimulate
angiogenesis via the phosphatidylinositol 3-kinase/Akt pathway. Astragaloside IV could ease oxidative stress and
suppress inflammatory stress and apoptosis in acute ischemic stroke animal models by regulating downstream
signaling cascade molecules, proinflammatory mediators, inflammatory mediators, and the anti-apoptotic regula-
tor. However, in this study, we found that Astragaloside IV could alleviate apoptosis after CIRI by reducing the
expression of P-Src and P-GRK?2, indirectly courtesy of inhibiting RyR expression and/or activation.
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Conclusion

In summary, the key findings of this study indicate that MCAO induces a state of hypoxia and hypoglycemia
in brain cells. This activates RyR, which in turn increases the release of Ca?>* from the endoplasmic reticulum.
This upsurges the expression of phosphorylated Src, promoting the phosphorylation of GRK2, and trigger-
ing mitochondrial Ca?" overload. The overloaded p-GRK2 instigates mitochondrial Ca2* in two ways: (D By
encouraging the amplification of CaMKII phosphorylation, Ca?* is ushered into mitochondria; @ By bolster-
ing the increment in PLC phosphorylation leading to the surge in phosphorylated IP3R, which allows Ca?* to
enter mitochondria. Overloading of mitochondrial Ca** can further excite ROS and usher in apoptosis of brain
cells. However, Astragaloside IV can resist RyR expression and hence, mitigate apoptosis of brain cells (Fig. 9).
Moreover, Astragaloside IV can directly keep brain cell apoptosis in check.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author
upon reasonable request.
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