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A B S T R A C T   

Chronic cerebral ischemia (CCI) primarily causes cognitive dysfunction and other neurological 
impairments, yet there remains a lack of ideal therapeutic medications. The preparation combi
nation of Astragalus membranaceus (Fisch.) Bunge and Erigeron breviscapus (Vant.) Hand.-Mazz 
have been utilized to ameliorate neurological dysfunction following cerebral ischemia, but ma
terial basis of its synergy remains unclear. The principal active ingredients and their optimal 
proportions in this combination have been identified through the oxygen and glucose deprivation 
(OGD) cell model, including astragaloside A, chlorogenic acid and scutellarin (ACS), and its ef
ficacy in enhancing the survival of OGD PC12 cells surpasses that of the combination preparation. 
Nevertheless, mechanism of ACS against CCI remains elusive. In this study, 63 potential targets of 
ACS against CCI injury were obtained by network pharmacology, among which AKT1, CASP3 and 
TNF are the core targets. Subsequent analysis utilizing KEGG and GO suggested that PI3K/AKT 
pathway may play a crucial role for ACS in ameliorating CCI injury. Then, a right unilateral 
common carotid artery occlusion (rUCCAO) mouse model and an OGD PC12 cell model were 
established to replicate the pathological processes of CCI in vivo and in vitro. These models were 
utilized to explore the anti-CCI effects of ACS and its regulatory mechanisms, particularly 
focusing on PI3K/AKT pathway. The results showed that ACS facilitated the restoration of ce
rebral blood flow in CCI mice, enhanced the function of the central cholinergic nervous system, 
protected against ischemic nerve cell and mitochondrial damage, and improved cognitive func
tion and other neurological impairments. Additionally, ACS upregulated the expression of p-PI3K, 
p-AKT, p-GSK3β and Bcl-2, and diminished the expression of Cyto-c, cleaved Caspase-3 and Bax 
significantly. However, the PI3K inhibitor (LY294002) partially reversed the downregulation of 
Bax, Cyto-c and cleaved Caspase-3 expression as well as the upregulation of p-AKT/AKT, p- 
GSK3β/GSK3β, and Bcl-2/Bax ratios. These findings suggest that ACS against neuronal damage in 
cerebral ischemia may be closely related to the activation of PI3K/AKT pathway. These results 
declared first time ACS may become an ideal candidate drug against CCI due to its 
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Fig. 1. The flow chart of this study.  
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neuroprotective effects, which are mediated by the activated PI3K/AKT pathway mitigates 
mitochondrial damage and prevents cell apoptosis.   

1. Introduction 

Chronic cerebral ischemia (CCI) refers to a condition characterized by chronic neurological dysfunction in the cerebrum resulting 
from reduced brain perfusion [1,2]. The aging population has been rapidly increasing in recent years, leading to a rise in the number of 
individuals affected by CCI. Chronic intellectual impairment syndrome, characterized primarily by cognitive dysfunction, has had a 
negative impact on the quality of life of patients and their families [3]. Unfortunately, there is currently no optimal pharmaceutical 
treatment available for CCI. Research indicates that the pathogenesis of CCI is multifaceted, involving processes such as apoptosis, 
oxidative stress, and immune-inflammatory damage [4–6]. Studies have shown that an ischemic-hypoxic environment can stimulate 
apoptosis in the hippocampus, and apoptosis, the primary form of neuronal death in ischemic cerebrovascular diseases, is closely 
related to the development of cognitive impairment in patients [7]. Therefore, effective prevention and management of apoptosis 
represent crucial strategies for reducing CCI-related injury. 

Astragalus membranaceus (Fisch.) Bunge (AM) and Erigeron breviscapus (Vant.) Hand.-Mazz (EB) are utilized in traditional Chinese 
medicine (TCM) for the treatment of cerebral ischemia. AM is known for its diverse pharmacological effects, including the tonification 
of qi, enhancement of cerebral blood flow, and improvement of cognitive function [8,9]. Clinical research has demonstrated that AM 
injection exhibits antioxidative properties against ischemic injury and facilitates neurological recovery in patients [10]. On the other 
hand, EB is recognized for its ability to promote blood circulation [11].Studies have also shown that Erigeron injection can ameliorates 
cerebral ischemia/reperfusion injury in rats via modulation of mitophagy and mitochondrial apoptosis [12], improve the survival 
quality of patients with cerebral ischemia [13]. In TCM, Qi deficiency and blood stasis are considered the core pathogenic factors of 
chronic cerebral ischemia, making the invigoration of Qi and promotion of blood circulation the primary therapeutic strategies for this 
condition [14,15]. Therefore, the combination of AM and EB is in line with the therapeutic principle of Chinese medicine to benefit qi 
and invigorate blood. Clinical investigations have further revealed that the efficacy of the combination of EB injection and AM in
jection in the treatment of patients with cerebral ischemia is superior to that of its use alone, and improves all blood flow indexes and 
reduces the incidence of various complications [16]. 

Our previous research has demonstrated the synergistic effects of the combination of AM and EB preparation in the treatment of 
cerebral ischemia in rats [17,18], but the material basis of its synergy is still unclear. Furtherly, the main active ingredients and their 
optimal ratio have been screened through OGD cell model, including astragaloside A, chlorogenic acid and scutellarin (ACS) in our 
previous work [19], and its effect on promoting the survival of OGD PC12 cells is superior to that of the combination of two prepa
rations [20]. However, the neuroprotection and potential mechanism of ACS (an optimal ingredient combination) on CCI injury are 
unclear. 

In this present study, the mechanism of ACS against CCI injury was predicted using network pharmacology, and innovatively 
employed ACS for both in vivo and in vitro investigations, aiming to offer insights and scientific evidence for the development of drugs 
targeting the prevention and treatment of cerebral ischemic conditions. (Fig. 1). 

2. Materials and methods 

2.1. Animals 

SPF KM mice (male, 4–5 weeks, weighing 22–26 g) were housed at the Animal Experimental Center of Chengdu Medical College 
(provided by Chengdu Dasuo Experimental Animal Co., Ltd., certificate No. SCXK (Sichuan) 2020-030). The experimental protocol was 
reviewed and approved by the Chengyi Animal Ethics Committee under batch number [2022] No. 015. The experiment was carried out 
after 7 days of adaptive feeding. 

2.2. Drugs and reagent 

Astragaloside A, sourced from Shanxi Qingya Biological (Co., Ltd., AIV-98-210902, purity≥ 98%), Chlorogenic acid from Xian 
Xinlu Biotechnology (Co., Ltd., EK-CHA2021091801, purity≥ 98%), and Scutellarin from Kangzhou Biotechnology (Co., Ltd., KZ- 
2021041201, purity≥ 98%). Naoluotong (NLT) Capsule was obtained from Guangdong Yunfang Pharmaceutical with national 
medicine permission number Z20063147 and batch number 20210601. Chloral hydrate was supplied by Chengdu Kelong Chemical 
Reagent Factory with batch number 190420. Benzylpenicillin Potassium for Injection was purchased from Jiangxi Keda Animal 
Pharmaceutical (Co., Ltd., 20190102). 

PMSF, Phosphatase inhibitor, BCA Protein Assay Kit, RIPA lysis buffer, LY294002 (inhibitor of phosphatidylinositol 3-kinase, 
S1737-25 mg) and cleaved Caspase 3 rabbit monoclonal antibody (AF1150, 1: 1000) were provided by Beyotime Biotechnology 
(Shanghai, China). SOD, MDA, GSH-Px, CAT, ChE, CHAc assay (ELISA) kits were supplied by Enzyme-Linked Biotechnology 
(Shanghai). PI3K (20584-1-AP, 1: 500), AKT (60203-2-Ig, 1: 5000), p-AKT (66444-1-Ig, 1: 5000), GSK3β (22104-1-AP, 1: 4000), Bax 
(60267-1-Ig, 1: 10000), Bcl-2 (26593-1-AP, 1: 2000) and Cyto-c (10993-1-AP, 1: 4000) were supplied by Proteintech (Wuhan, China); 
p-PI3K (AF3242, diluted 1: 500) and p-GSK3β (AF2016, diluted 1: 1000) were provided by Affinity Biosciences (Cincinnati, OH, USA). 
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2.3. Prediction of component targets and Collection of CCI-related genes 

Each component’s SMILES were gained from the common database PubChem (https://pubchem.ncbi.nlm.nih.gov/) [21]. Swiss 
Target Prediction (http://www.swisstargetprediction.ch/) [22] was used to obtain the relevant targets for each component. Subse
quently, the obtained data were aggregated to establish a combined preparation active ingredients-targets data set. Using “chronic 
cerebral ischemia” as the keyword, we searched the databases OMIM (https://omim.org/), GeneCards (https://www.genecards.org/) 
[23] and DisGeNET (https://www.disgenet.org/home/) [24] to obtain CCI related targets, and combined the three search results to get 
CCI targets [25]. 

2.4. Network establishment and analysis methods 

The VENNY2.1 online software (https://bioinfogp.cnb.csic.es/tools/venny/) [26] was utilized to plot the Venn diagram and take 
components intersection targets acting on CCI. The STRING 11.0 database (https://stringdb.org) was used to construct a 
protein-protein interaction (PPI) network after setting the minimum interaction threshold (>0.4) [27,28]. For further analysis, the PPI 
data was imported into Cytoscape 3.9.1 software (https://cytoscape.org/). Input the intersection targets into the DAVID database 
(https://david.ncifcrf.gov/), limit the species to “Homo sapiens”, set P < 0.05, and perform Gene Ontology (GO) and KEGG pathway 
enrichment analyses [29]. Then the major pathways, components and 63 intersection targets were used to construct a “compo
nent-target-pathway” map. 

2.5. Establishment of rUCCAO model 

Mice were fed with fasting without water for 12 h, 10% chloral hydrate (0.1 mL/20 g) was anesthetized by intraperitoneal in
jection. Immobilize in a supine position and keep breathing smoothly, and then the mouse model of CCI was established by rUCCAO 
method [30,31]. In sham group only separated the right common carotid artery. To prevent infection, each group of mice received an 
intramuscular injection of 200,000 units/kg Benzylpenicillin Potassium for three days. 

2.6. Grouping and drug administration 

60 KM mice were divided into 5 groups: sham, model, ACS-L (astragaloside A: chlorogenic acid: scutellarin = 14: 42: 28 mg kg− 1) 
and ACS-H (astragaloside A: chlorogenic acid: scutellarin = 28: 84: 56 mg kg− 1) and positive group (NLT, 195 mg kg− 1). Combined 
with the optimal ratio of ACS (astragaloside A, chlorogenic acid and scutellarin = 1: 3: 2) screened by our previous work [19], and the 
maximum dosage of astragaloside A in cerebral ischemia rats is 20 mg kg− 1 [32]. According to the dose conversion coefficient (1.4 
times) between rat and mouse, the dosage of astragaloside A in mice was calculated to be 28 mg kg− 1, so chlorogenic acid and scu
tellarin was 84 mg kg− 1 and 56 mg kg− 1 respectively in the ACS-H group of CCI mice, and the dosage of ACS-L group can be obtained by 
corresponding dilution of the dose of ACS-H group. The dose of NLT capsule was calculated according to the conversion coefficient 
body surface area between human and mouse when the clinical human dose is 1.5 g per day. The mice in ACS and NLT groups were 
orally administered drugs once a day for 30 days after surgery, while the mice in sham and model groups administered an equal volume 
of normal saline. 

2.7. Open field trial 

The open-field activity testing system (OFT-100, Taimeng) for mice and rats was used to assess the spontaneous and exploratory 
behaviour of each mouse [33]. The open-field box was made of smooth blackboards (40 cm in length, width and height). A digital 
camera was placed 1 m above the box to record mice’ movement across the entire field of view. The mouse was placed in the center of a 
square area, and the number of times they stood up in 5 min, as well as the distance they moved in the center, was recorded and tested 
for 3 days. To avoid the odour, the entire field cleaned with 75% ethanol at the end of each test. 

2.8. Laser speckle imaging system detection of cerebral blood flow (CBF) 

We utilized the system of laser speckle imaging (RFLSI III, RWD) to monitor CBF after surgery immediately (namely administration 
for 0 days) and administration for 30 days separately, and the change in CBF was calculated. Right CBF decline rate = (right CBF - left 
CBF)/left CBF; recovery rate of right CBF (%) = (right CBF decline rate after administration 30 days-right CBF decline rate after 
administration 0 days)/right CBF decline rate administration 0 days × 100%; recovery rate of global CBF (%) = (global blood flow 
after administration 30 days - global blood flow after administration 0 days)/global blood flow administration 0 days × 100%). 

2.9. HE staining 

To estimate pathological changes, HE staining was conducted as the previous method (Yang et al., 2022). Mouse brain tissues were 
soaked in 4% paraformaldehyde, then routinely dehydrated, transparent, etc. Finally, the cell structure of the cerebral sample was 
watched under a microscope. 
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2.10. TUNEL staining 

After fixation, embedding and sectioning, cerebral tissues were subjected to in situ apoptosis assay according to the Kit’ in
structions. Five non-overlapping fields were picked under a microscope of 200 × randomly. The normal nucleus turned blue and the 
apoptosis-positive cells green. Apoptosis rate (%) = apoptosis-positive cells/(apoptosis-positive cells + number of normal cells) ×
100%. 

2.11. TEM assay 

The hippocampal tissue was treated with an electron microscopy fixator and 1% osmic acid × phosphate buffer (PB, 0.1 M), 
respectively 2 h at room temperature (RT). Rinsed with 0.1 M PB (pH = 7.4) 3 times, 15 min/time. Dehydrated with gradient ethanol, 
infiltrated and embedded in acetone, made into ultrathin sections (60–80 mm), double-dyed with uranium and lead (15 min 
respectively), sections were dried at RT overnight, and the ultrastructure of mitochondria in the hippocampus was observed under the 
TEM. 

2.12. Determination of SOD, GSH-Px, CAT and MDA content 

Leave the test tubes containing blood stand in a 37 ◦C water bath for 30 min, then centrifuge at 3000 r/min (15 min). The levels of 
SOD, GSH-Px, CAT and MDA were measured according to the kit’ directions. 

2.13. Determination of ChE and CHAc in the hippocampus 

Hippocampal tissue was homogenized in a tube containing pre-cooled normal saline (tissue weight (g): volume (mL) = 1: 9), and 
centrifuged (3000 r/min, 10 min). Subsequently, the supernatant was collected for testing as directed. 

2.14. Cell culture 

PC12 cells were obtained from the Chinese Academy of Sciences, cultured in DMEM supplemented with 10% FBS, 100 U/mL 
Penicillin, and 100 μg/mL Streptomycin. The cells were cultured at 37 ◦C in an incubator supplemented with 5% CO2 and sub-cultured 
every 2 or 3 days. Cells at passages 4–8 were used for all experiments. 

2.15. Oxygen and glucose deprivation mode and grouping 

The logarithmic growth phase PC12 cells were taken and the cell number was adjusted to 1 × 106 cells/well and inoculated in 6- 
well plates for 24 h. The cells were divided into following groups: Control, OGD, OGD + ACS, Control + LY294002, OGD + LY294002, 
OGD + ACS + LY294002. PC12 cells were pretreated with ACS and LY294002 at 24 h and 1 h before OGD, respectively. Subsequently, 
the cell culture medium was changed to sugar-free medium for the model and each administration group and incubated in a constant 
and closed hypoxic chamber (95% N2 and 5% CO2) at 37 ◦C for 2 h. The effective ACS concentration acting on the cells was astra
galoside A: chlorogenic acid:scutellarin (ACS) = 10: 75: 45 μM [34], and the effective concentration of LY294002 was 10 μM. 

2.16. Western blot analysis 

After treatment with OGD or rUCCAO, PC12 cells and mouse hippocampal tissue were lysed on ice with RIPA lysis solution. The 
protein concentration was determined using the BCA method. Then proteins were separated by 12% SDS-PAGE concentrated glue and 
transferred onto PVDF membranes. The membranes blocking with 5% skimmed milk powder (1.5 h), washed with TBST (3 times), 
incubated (24 h, 4 ◦C) and then primary antibodies (PI3K, p-PI3K, AKT, p-AKT, GSK3β, p-GSK3β, Cyto-c, cleaved-Caspase-3, Bax, Bcl-2; 
dilution ratio shown in the section “Drugs and reagent”) were added. Next, the membranes were rinsed with TBST (3 times), followed 
by incubating in secondary antibody at 37 ◦C (1.5 h, diluted 1: 5000), and washed with TBST as mentioned above; Combined with ECL 
chemiluminescence imaging, a gel imaging system was used to obtain images. Finally, the gray values of the proteins were quantified 
using Image-J software 1.8.0 (NIH) with β-actin or α-tubulin as the comparative internal control. 

2.17. Statistical analysis 

All data were analyzed using SPSS 26.0 statistical software (SPSS Inc., Chicago, IL, USA). One-way analysis of variance was used for 
measurement data conforming to normal distribution and homogeneity of variance, and measurement data with skewed distribution 
were compared between groups by the Kruskal-Wallis method. Numerical data were expressed as “mean ± standard deviation” (‾x ±
s). P < 0.05 was considered to show a statistically significant difference. 
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3. Results 

3.1. Potential targets of components and CCI genes 

Ninety-two component targets were obtained from PubChem and Swiss database (Table 1). And among the total of 3009 CCI- 
related targets obtained from OMIM, GeneCards and DisGeNET databases, 63 were found to be associated with ACS (Fig. 2A). 

3.2. PPI network analysis 

The PPI network was constructed via STRING 11.0 with a threshold (>0.4) and visualized with Cytoscape software (Fig. 2B). This 
PPI network included 59 nodes and 335 edges. A circular node represented a target, and the bigger the more important. Then selecting 
the top 10 targets for ranking and visualization analysis. Those were AKT1, TNF, CASP3, VEGFA, EGFR, STAT3, PTGS2, HSP90AA1, 
APP, KDR (Fig. 2C). 

3.3. Enrichment analysis 

GO analysis and KEGG analysis were performed on 63 common target genes using the DAVID database. The screening bases on P <
0.05, and after sorting according to count, representative pathways were selected as important pathways and visualized for analysis. 
The results shown in Fig. 3A. ACS was involved in regulating BP of CCI, including signal transduction, negative regulation of the 
apoptotic process, positive regulation of transcription from RNA polymerase II promoter, response to xenobiotic stimulus, etc. The cell 
component was mainly enriched in the plasma membrane, cytoplasm, cytosol, etc. The molecular function was closely associated with 
protein binding, identical protein binding, ATP binding, etc. The mechanism of action of ACS on CCI mainly involved signal pathways 
such as Pathway in cancer, Alzheimer disease, PI3K-AKT, and MAPK signal pathway, etc (Fig. 3B). The enriched targets and other 
information for each pathway are shown in Table 2. Finally, imported 63 targets of ACS related to CCI and the main signal pathways 
involved in Cytoscape software for visualization, and structured a “component-target-pathway” map (Fig. 4). 

3.4. Open field trial 

In this study, the motor function and cognitive impairment in CCI mice were assessed using the open field trial. As displayed in 
Fig. 5A–C, there was a significantly reduction in standing times, and the central movement distance in the model group (P < 0.001). 
After ACS treatment, the standing times, the central area exploration behaviour and the distance of central movement were signifi
cantly exceeded the CCI model group (P < 0.001). These suggested that ACS effectively upgraded autonomic activity and cognitive 
dysfunction of CCI mice. 

3.5. Effects of ACS on CBF in mice with CCI 

Fig. 6B showed that the CBF difference between the left and right sides of mice with CCI on day 0 of administration was significantly 
increased (P < 0.001), indicating that the CCI model succeeded. Fig. 6A, C, D and E showed that after 30 days of ACS treatment, CBF in 
ACS-H and ACS-L groups were significantly recovered (P < 0.001). 

3.6. Effects of ACS on the levels of SOD, GSH-Px, CAT and MDA 

As demonstrated in Fig. 7A–D, the CCI model group had a decrease in the level of SOD, GSH-Px, and CAT, while an increase in MDA 
content (P < 0.001). However, ACS enhanced the level of SOD, GSH-Px and CAT, and diminished MDA content (P < 0.001). 

Table 1 
The SMILES and related targets of component.  

Component SMILES Targets 

astragaloside 
A 

CC1(C(CCC23C1C(CC4C2(C3)CCC5(C4 (CC(C5C6(CCC(O6)C(C) 
(C)O)C)O)C)C)OC7C(C(C(C(O7)CO)O)O)O)OC8C(C(C(CO8)O) 
O)O)C 

PSEN2, HSP90AA1, VEGFA, FGF1, FGF2, HPSE, LGALS4, LGALS3, 
LGALS8, HTR2B, ADRA2A, ADRA2C, ADRA2B, DRD1, ADRA1D, CYP2D6, 
HTR6, ADRA1A, HTR1B, PTPRA, PTPN2, CDK1, AKT2, RPS6KA1, ROCK1, 
AKT1, STAT3, MET, PSENEN, NCSTN, APH1A, PSEN1, APH1B, RORC, 
TOP1, DRD2, HTR2A, DRD3, TRPV1, AKR1B1, TNF, IL2, ADORA1, XDH, 
RPS6KA3, NMUR2, ACHE, CA2, NQO2, PTGS2, PRKCA, NOX4, CA12, 
ADORA2B, ALDH2 

chlorogenic 
acid 

C1C(C(C(CC1(C (=O)O)O)OC(=O)C––CC2––CC(=C(C––C2)O)O) 
O)O 

AKR1B1, AKR1B10, MMP13, MMP2, MMP12, APP, ELANE, SLC37A4, 
PYGL, PRKCD, PRKCA, BACE1, PDE5A, PDE4D, PDE9A, PDE1B, CA2, CA1, 
CA12, CA9, CA5B, EDNRA, ABCB1, NEU4, CASP3, KDR, ENGASE, NEU3, 
NEU2, OGA, TREH, CASP6, CASP7, CASP8, CASP1, CASP2, ECE1, EGLN1, 
ADAMTS5, FTO 

scutellarin C1––CC(=CC––C1C2––CC(=O)C3––C(C(=C(C––C3O2)OC4C(C 
(C(C(O4)C (=O)O)O)O)O)O)O)O 

AKR1B1, ADORA1, XDH, TNF, IL2, PTGS2, RPS6KA3, ACHE, NQO2, 
NOX4, ADRA2C, NMUR2, ADRA2A, EGFR, CA2, CA12  
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3.7. Effects of ACS on the levels of ChE and CHAc in the hippocampus 

ChE and CHAc jointly maintained the dynamic balance of Ach in the central cholinergic system. They enhanced the function of the 
central cholinergic system, which could effectively alleviate the cognitive dysfunction caused by CCI injury. According to Fig. 7E and F, 
the ChE content of the model group was significantly enhanced, and the CHAc level reduced (P < 0.001). However, ACS greatly 
enhanced the CHAc level (P < 0.001) and lessen the ChE content (P < 0.01). 

Fig. 2. Venn diagram and PPI network (A) Venn diagram of component target-disease. (B) PPI network of 63 disease-drug co-targets and top 10 
core targets in terms of degree. The node increases with the degree value. (C) Rank the top 10 core targets by degree. 

Fig. 3. GO enrichment, KEGG analysis (A) GO analysis. (B) The chart of KEGG analysis, the circle becomes larger with the increase in the 
target count. 
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3.8. HE staining 

As demonstrated in Fig. 8A, hippocampal neurons in the sham group had complete structure, and their cell nucleoli were clear with 
uniform staining. However, a few nerve cells in the model group had abnormal morphology, deep-stained solid contraction, and 
irregular arrangement. Interestingly, ACS effectively ameliorated the damage to hippocampal neurons. 

Table 2 
The KEGG top 10 pathway related information.  

Term Count P Value Genes 

Pathways in cancer 19 2.15E- 
08 

EGLN1, HSP90AA1, ROCK1, MMP2, STAT3, PRKCA, FGF1, PTGS2, FGF2, EGFR, IL2, VEGFA, 
CASP7, EDNRA, CASP8, CASP3, AKT2, AKT1, MET 

Alzheimer disease 12 8.83E- 
05 

BACE1, APP, CASP7, CASP8, AKT2, CASP3, PSEN2, NOX4, AKT1, PSEN1, PTGS2, TNF 

PI3K-Akt signaling pathway 12 2.16E- 
04 

HSP90AA1, AKT2, KDR, AKT1, PRKCA, FGF1, FGF2, MET, EGFR, IL2, VEGFA, CASP3 

Lipid and atherosclerosis 11 2.97E- 
06 

CASP7, HSP90AA1, CASP8, CASP6, AKT2, CASP3, STAT3, CASP1, AKT1, PRKCA, TNF 

Human cytomegalovirus infection 11 4.47E- 
06 

CASP8, ROCK1, AKT2, CASP3, STAT3, AKT1, PRKCA, PTGS2, TNF, EGFR, VEGFA 

MAPK signaling pathway 10 4.61E- 
05 

AKT2, CASP3, KDR, AKT1, PRKCA, FGF1, TNF, FGF2, MET, EGFR 

cGMP-PKG signaling pathway 10 2.93E- 
06 

EDNRA, ROCK1, AKT2, ADORA1, AKT1, PDE5A, ADRA2C, ADRA1A, ADRA2B, ADRA2A 

cAMP signaling pathway 10 2.84E- 
05 

HTR6, EDNRA, ROCK1, AKT2, PDE4D, ADORA1, HTR1B, AKT1, DRD1, DRD2 

Pathways of neurodegeneration- 
multiple diseases 

10 7.24E- 
03 

APP, CASP7, CASP8, CASP3, PSEN2, NOX4, PRKCA, PSEN1, PTGS2, TNF 

EGFR tyrosine kinase inhibitor 
resistance 

9 8.80E- 
08 

AKT2, STAT3, KDR, AKT1, PRKCA, FGF2, MET, EGFR, VEGFA  

Fig. 4. Diagram of “component-target-pathway”. Light yellow represents ACS; Blue represents the major signaling pathways; Purple represents 
the target. 
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Fig. 5. The times of standing, movement distance in the central court, and movement trajectory in open field trial. (A) standing times. (B) 
movement trajectory. (C) movement distance in the central court. Data were presented as mean ± SD. (n = 10). ###p < 0.001 vs sham group; ***p 
< 0.001 vs model group. 

Fig. 6. CBF detected by Laser speckle imaging system. (A) Images of laser speckle blood flow detection. (B, C) The CBF difference between left and 
right and recovery rate of right CBF. (D, E) Global CBF and its recovery rate. Data were expressed as mean ± SD (n = 10). ###p < 0.001 vs sham 
group; ***p < 0.001 vs model group. 
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3.9. Effects of ACS on neuronal apoptosis in cerebral tissue 

The apoptosis in cerebral tissue was measured by TUNEL staining (Fig. 8C and D). The CCI model group had more TUNEL positive 
cells and higher apoptotic rate, which were considerably lessened with ACS treatment (P < 0.001). 

3.10. Effects of ACS on mitochondrial structure in hippocampus by TEM 

The mitochondria in the hippocampal nerve cells had regular shapes and apparent outlines in sham group (Fig. 8B). Whereas, the 
mitochondria severely swollen was observed in the CCI mice, with partial membrane bulging, blurred and damaged structures, massive 
dissolution of the matrix, the disappearance of cristae, and vacuolization. What’s more, ACS significantly could improve mitochondrial 
damage, and increase the number of cristae. 

3.11. The effects of ACS on PI3K/AKT pathway related proteins 

The expression of proteins relevant to PI3K/AKT pathway was detected by Western blot (WB). The CCI model group had a decline 
in the ratios of p-PI3K/PI3K (Fig. 9A and B), p-AKT/AKT (Fig. 9C, D), and p-GSK3β/GSK3β (Fig. 9E and F) which were remarkably up- 
regulated by ACS administration (P < 0.05). These results indicated that ACS resisting CCI injury by modulating PI3K/AKT pathway. 

The expression of proteins related to the apoptosis was quantified by WB. The results revealed that the enhanced expressions of 

Fig. 7. Effects of ACS on oxidative injury in CCI mice. (A) Serum SOD level. (B) Serum GSH-Px level. (C) Serum CAT level. (D) Serum MDA content. 
(E) Hippocampal CHAc level. (F) Hippocampal ChE content. Data were presented as mean ± SD (n = 7). ##p < 0.01 and ###p < 0.001 vs sham 
group; **p < 0.01 and ***p < 0.001 vs model group. 
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Cyto-c (Fig. 10A and B), cleaved Caspase-3 (Fig, 10C, D) and Bax (Fig. 10E–G) in ischemic hippocampus were reversed by ACS 
administration. While ACS markedly upregulated the levels of Bcl-2 and Bcl-2/Bax ratio (P < 0.05, Fig. 10F–H). These findings 
confirmed that ACS exerted a chief apoptotic repression on CCI damage. 

To further investigate whether ACS alleviates apoptotic neuronal damage in brain ischemia through activation of PI3K/AKT 
pathway, the PI3K inhibitor LY2940002 (10 μM) was selected for validation in vitro study. The results showed that LY294002 reversed 
the downregulation of Cyto-c (Fig. 11E and F), cleaved Caspase-3 (Fig. 12A and B) and Bax (Fig. 12C–F) expression and the upre
gulation of p-AKT/AKT (Fig. 11A, B), p-GSK3β/GSK3β (Fig. 11C and D) and Bcl-2/Bax expression ratios (Fig. 12 D, E). These results 
suggest that ACS against apoptotic neuronal damage in cerebral ischemia may be closely related to the activation of PI3K/AKT 
pathway. 

4. Discussion 

With the acceleration of China’s aging population and changes in lifestyle, the incidence of cerebrovascular diseases is on the rise 
[35]. Studies have shown that a common pathological factor in most cerebrovascular diseases is CCI, with long-term cerebral hypo
perfusion being a primary cause of neurological damage and cognitive impairment in patients [3]. Therefore, there is significant social 
value and theoretical importance in investigating the pathogenesis of CCI and identifying effective prevention methods. 

The preparation combination of AM and EB has been widely utilized in cerebrovascular disease research [17,18,36]. Traditional 
Chinese Medicine (TCM) comprises a complex array of active ingredients with multi-target pharmacological actions. If we could screen 
more formulae with precise active ingredients and significant efficacy from TCM, it would be helpful to promote the development and 
application of ingredient combinations. This exploration may offer fresh perspectives for the creation of innovative Chinese medicines 
for related diseases. 

With the development of TCM modernization, network pharmacology reveals the influence of drugs on disease networks more 
systematically and holistically. This research strategy aligns with the synergistic nature of TCM’s multi-component, multi-target 
characteristics, as well as the holistic treatment philosophy of TCM [37,38]. In this study, the network pharmacology was used to 
screen 63 potential targets of ACS against CCI injury. PPI network and topological analysis showed that AKT1, CASP3 and TNF were 
the core targets. KEGG analysis showed that the regulation of CCI by ACS involves multiple signaling pathways, and in addition to the 
cancer pathway, the PI3K/AKT signaling pathway may be the most critical mechanism, which either regulates AKT1, CASP3, 
HSP90AA1, VEGFA and other key targets to play an anti-ischemic neurological injury role in the brain. 

To validate the findings of network pharmacology, a CCI model was induced using the rUCCAO method to investigate the 

Fig. 8. The effects of ACS on CCI-induced pathological injury, neuronal apoptosis and mitochondria damage in CCI mice. (A) Representative images 
of HE staining (400 ✕). Deep-stained solid contraction neurons (black arrows). (B) Normal mitochondria (blue arrows) and injured mitochondria 
(black arrows). (C) Images of TUNEL staining (200 ✕). Green fluorescence represents TUNEL positive cells. (D) The cell apoptosis rate. Data were 
represented as mean ± SD (n = 3). ###p < 0.001 vs sham group. 
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neuroprotective effects and mechanisms of ACS.Various animal models can be utilized for CCI research, including rUCCAO and 2- 
vessel occlusion (2-VO) models [39]. The 2-VO obstruction model can be used to simulate learning and memory, cerebral blood 
flow, neuropathological changes and other characteristics caused by chronic cerebral hypoperfusion and white matter injury [40]. 
However, ligation of bilateral common carotid arteries at the same time can easily cause acute brain injury, severe heart burden and 
high mortality in animals due to rapid decrease in blood flow and increase in blood pressure [41]. The rUCCAO method is commonly 
employed in experimental CCI studies due to its lower mortality rate, which ensures a sustained mild reduction in cerebral blood flow 
and the development of cognitive dysfunction associated with cerebral ischemia [42,43]. 

It has been observed that the morphological basis of cognitive dysfunction induced by CCI is linked to cholinergic neuron 
dysfunction. The dysfunction of the cholinergic system is primarily characterized by an increase in ChE content, a decrease in CHAc 
activity, and Ach levels [44,45]. In this study, the CBF and the CHAc activity were significantly reduced, the ChE content was 
increased, and spatial exploration ability and autonomous activity ability were weakened of the CCI mice, which were dramatically 
reversed by ACS administration. These suggested that ACS could effectively promote the recovery of CBF in CCI mice, and then 
improve the cognitive dysfunction by enhancing the function of the central cholinergic system, such as learning function and 
exploration ability. 

Oxidative stress plays an important role in cerebral ischemic injury and can affect all stages of CCI in many ways [46]. In addition to 
providing sufficient energy to maintain nerve cell excitability and cell survival, mitochondria were also the main base for reactive 
oxygen species (ROS) generation [47,48]. Long-term cerebral blood flow hypoperfusion caused an imbalance between the oxidative 
and antioxidant systems. A large amount of ROS produced in the body reduced the content of antioxidant enzymes, weakened the 
scavenging ability of ROS, and aggravated oxidative stress. Then again, ROS acted on the lipid, protein and DNA of mitochondria, 
causing oxidative damage, affecting electron transport function, and damaging mitochondrial structure and function. Mitochondrial 
damage led to increase the release of ROS, which in turn induced cell death [49,50]. In this study, TEM was utilized to examine 
hippocampal neuron mitochondria. We observed severe mitochondrial edema, cristae disruption, and vacuolization in CCI mice, while 
treatment with ACS partially alleviated mitochondrial structural damage. Additionally, the MDA level, a marker of oxidative stress 
damage, was found to decrease with ACS treatment, indicating a reduction in oxidative stress-induced damage [51]. The results 
showed that MDA content was significantly increased, and the expression of antioxidant enzymes and proteins, such as SOD, GSH-Px, 
CAT weakened considerably in CCI mice. Notably, ACS treatment could reverse the decreased enzymes of antioxidant damage above, 

Fig. 9. ACS activated PI3K/AKT pathway. WB analysis of PI3K, p-PI3K (A, B), AKT, p-AKT (C, D), GSK3β, p-GSK3β (E, F). Full-length gels before 
cropping are noted in fig. S1. Data were presented as mean ± SD. (n = 3). #p < 0.05, ##p < 0.01 and ###p < 0.001 vs sham group; *p < 0.05, **p <
0.01 and ***p < 0.001 vs model group. 
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along with an increase in MDA content. These findings validated that ACS could effectively improve mitochondrial dysfunction, reduce 
the generation of reactive oxygen species and oxidative product, and improve the level of antioxidant enzymes. 

Long-term cerebral hypoperfusion has the potential to harm the cerebral cortex and hippocampus, neurons in the hippocampal CA1 
area and frontal cortex of rats with CCI-induced cognitive impairment were disorganized and underwent massive apoptosis [52]. HE 
staining revealed alterations in the structure of nerve cells in the hippocampal region of CCI model mice, including nuclear disap
pearance, solidification into shuttle and triangular shapes, and sparse and disordered arrangement of nerve cells compared to the sham 
group. Treatment with ACS was able to mitigate the damage to nerve cells in the hippocampus. In order to further explore the degree of 
nerve cell injury and the protective effect of ACS on brain tissue, TUNEL staining revealed that ACS could significantly reduce the 
apoptosis of nerve cells in the cortex of the model mice, implying a neuroprotective effect. The PI3K/AKT pathway plays a crucial role 
in cell survival and apoptosis inhibition [53]. During cerebral ischemia or hypoxia, PI3K is activated, leading to the activation of AKT. 
Activated AKT can regulate cell growth, differentiation, and migration by activating GSK3β through direct or indirect pathways. 
Furthermore, AKT can indirectly inhibit the release of Cytochrome c by modulating the expression of Bcl-2 family proteins, ultimately 
reducing the expression of the apoptosis executioner protein Caspase-3 [12,54,55]. Relevant studies have confirmed that the activation 
of PI3K/AKT pathway can diminish the expression of the pro-apoptotic protein Bax, Cyto-c and promote the expression of the 
anti-apoptotic protein Bcl-2, resulting in an anti-apoptotic effect [56]. Results from in vivo studies indicated that the ratios of 
p-PI3K/PI3K, p-AKT/AKT, p-GSK3β/GSK3β and Bcl-2/Bax were significantly decreased in model group, accompanied by elevated 
levels of Cyto-c, Bax, and cleaved Caspase-3. However, treatment with ACS reversed the expression levels of these proteins. To 
investigate the causal relationship between ACS and the PI3K/AKT pathway, an in vitro study was conducted using the PI3K inhibitor 
LY294002. The results confirmed that LY294002 reversed the positive regulatory effect of ACS on this pathway, indicating that ACS 

Fig. 10. ACS down-regulated Cyto-c, Bax, cleaved-Caspase3 expression in hippocampus. WB analysis of Cyto-c (A, B), cleaved-Caspase3 (C, D), Bcl- 
2, Bax, Bcl-2/Bax (E-H). Full-length gels before cropping are noted in fig. S2. Data were presented as mean ± SD (n = 3). #p < 0.05, ##p < 0.01 and 
###p < 0.001 vs sham group; *p < 0.05, **p < 0.01 and ***p < 0.001 vs model group. 
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modulates the PI3K/AKT pathway to inhibit neuronal apoptosis and reduce cerebral ischemic injury, in alignment with predictions 
from network pharmacology. 

5. Conclusion 

In brief, our study provides important scientific evidence supporting the role of ACS in combating chronic ischemic neurological 
injury, potentially through the inhibition of apoptosis. Furthermore, we have demonstrated that the neuroprotective effects of ACS 
may be associated with the activation of the PI3K/AKT pathway (Fig. 13). These findings offer a theoretical basis for the development 
of component combinations for anti-CCI in TCM, as well as an experimental basis for the development of novel drugs targeting CCI 
injury. 
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Fig. 11. Effects of the ACS and LY294002 on the protein expression of p-AKT/AKT, p-GSK3β/GSK3β and Cyto-c in PC12 cells. WB analysis of AKT, p- 
AKT (A, B), p-GSK3β, GSK3β (C, D), Cyto-c (E, F). Full-length gels before cropping are noted in fig. S3.Data were presented as mean ± SD (n = 3). *p 
< 0.05, **p < 0.01 and ***p < 0.001 vs OGD group; &p < 0.05, &&p < 0.01 and &&&p < 0.001 vs OGD + ACS group. 
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