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A B S T R A C T   

The aim of this study was to investigate the possible molecular mechanism of Scutellaria baica-
lensis Georgi stems and leaves flavonoids (SSF) in Alzheimer’s disease (AD). The active in-
gredients of SSF and their targets were identified via network pharmacology and bioinformatics 
analysis. To test the successful establishment of a rat model of AD by Aβ25-35 combined with 
RHTGF-β1 and AlCl3, the Morris water maze test was used. To intervene, three different doses of 
SSF were administered. The model group and the control group were included among the parallel 
groups. A shuttle box test, immunohistochemistry, an enzyme-linked immunosorbent assay, qPCR 
and Western blot were performed to verify the results. Based on the intersection of genes among 
AD disease targets, SSF component targets, and differentially expressed genes in the single cell 
dataset GSE138852 and bulk-seq dataset GSE5281, nine genes related to the action of SSF on AD 
were identified. SSF have an important anti-AD pathway in the cAMP signaling pathway. SSF can 
ameliorate the conditioned memory impairment, augment Brdu protein expression and cAMP 
content; and differentially regulate the mRNA and protein expressions of GPCR, Gαs, AC1, PKA, 
and VEGF. The cAMP-PKA-CREB pathway in the SSF may mediate the ability of the SSF to 
ameliorate the composite-induced memory loss and nerve regeneration in rats induced by com-
posite Aβ.  
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1. Introduction 

The aging-related neurodegenerative disease Alzheimer’s disease (AD) has clinical manifestations such as cognitive and memory 
impairment, personality changes, and behavioral changes [1]. As a result of the excessive aggregation of amyloid β-proteins, which 
results in the formation of senile plaques (SPs), the overphosphorylation of tau protein which results in neurofibrillary tangles (NFTs), 
neuroinflammation, and synaptic abnormalities, is a prominent pathological feature of AD [2]. Neuronal loss or death as a result of the 

Fig. 1. A flow chart of the study.  
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pathological changes mentioned above affects learning and memory, causing cognitive impairment in patients with AD [3]. The 
process of neuroregeneration involves the migration, proliferation, differentiation, and maturation of neural stem cells to generate 
neurons. As a result, neurodegeneration is promoted and neuron loss is reduced [4]. Several signal transduction pathways are 
implicated in the regulation of neuroregeneration, including the cAMP-PKA-CREB signaling pathway, are implicated in the regulation 
of neuroregeneration[5,6]. There is evidence linking cAMP-PKA-CREB signaling to neuroregeneration, memory formation, synaptic 
plasticity, and neuronal function, suggesting that this pathway is a potential target for the treatment of neurological disorders[7–9]. 
Hence, investigating the regulation of the cAMP-PKA-CREB signaling pathway for neuroregeneration may help improve memory loss 
and screen therapeutic drugs for AD patients. 

The traditional Chinese herbal medicine Scutellaria baicalensis Georgi contains flavonoids that act as antioxidants, anti- 
inflammatory agents, and immune stimulants [10]. The stems and leaves of Scutellaria baicalensis Georgi contain 21 composites, 
the best-known of which are baicalin, scutellarin, luteolin, apigenin and pinocembrin [11]. In AD animal models, Scutellaria baicalensis 
Georgi stems and leaves flavonoids (SSF) are increasingly demonstrated to have therapeutic effects [12–14]. The biological activity of 
SSF have been extensively studied, but its mechanism of action in treating AD has not been determined. Notably, the cAMP-PKA-CREB 
signaling pathway has not been described. 

Recent research on drugs and diseases has made use of network pharmacology and bioinformatics [15–17]. Through a network 
analysis of diseases, drugs and targets, multiple dimensions of the relationships between Chinese herbal medicine targets and genes 
and between these factors and signaling pathways were revealed. Moreover, RNA-seq technology, as well as sequencing technologies, 
has been used to analyze gene expression patterns in different populations in recent years [18]. The transcriptome provides infor-
mation directly related to cell phenotypes, which is helpful for understanding disease mechanism changes. The anti-AD effects of SSF 
were studied in this study using bioinformatics methods, including microarray data analysis, single cell transcriptomics, and network 
pharmacology (Fig. 1). First, SSF were used to screen potential target genes, and AD-related target genes were subsequently identified. 
Following microarray data analysis and single cell transcriptomics, we identified the differentially expressed genes. The second step 
will be to identify the gene targets of the SSFs as those related to AD. Finally, we established a model of AD-like memory impairment in 
rats by intraventricular injection of Aβ25-35 combined with AlCl3 and Recombinant Human Transforming Growth Factor-β1 
(RHTGF-β1). For detection and verification of mRNA and protein expression in the predicted signal pathway, shuttle boxes, immu-
nohistochemistry, enzyme-linked immunosorbent assays (ELISA), qPCR and Western blotting were used. As a result of our research, we 
have developed a more specific and effective treatment method and we have gained new insight into how SSF can be used to treat AD 
(see Fig. 2). 

2. Materials and methods 

2.1. Target screening of flavonoids from Scutellaria baicalensis georgi stems and leaves 

According to previous studies, 21 different flavonoids from Scutellaria baicalensis Georgi stems and leaves were reported, and the 
results are shown in Table S1. Through these known drug components, the corresponding targets of the drug components can be 
predicted. Specifically, the drug components were input into the SwissTargetPrediction database (http://www.swisstargetprediction. 
ch/), the conditional probability was set to greater than 0.1, and the potential targets of the drug components were selected for 
subsequent analysis [19]. 

2.2. Target screening of Alzheimer’s disease 

With respect to the GeneCards Version 5.16 database (https://www.genecards.org/), the disease targets of AD were searched by 
using the keyword "Alzheimer’s disease". 

2.3. Data processing for single-cell RNA sequencing 

The single-cell RNA sequencing (scRNA-seq) dataset GSE138852 was analyzed using the Seurat software package in R software as 
part of the Gene Expression Omnibus (GEO) project (http://www.ncbi.nlm.nih.gov/geo)[20].There were six human tissue samples 

Fig. 2. Timetable for animal experimental design.  
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included in this dataset, three belonging to the control group and three belonging to the AD group. The platform used for the mea-
surements was an Illumina NextSeq 500 (Homo sapiens) from GPL18573.It is used in single cell transcriptomics to filter, normalize, 
reduce dimensionality, and cluster cells using Seurat package [21]. The "Log2Normalize" method standardizes gene expression in 
single cells. In addition to identifying significant principal components (PCs) via principal component analysis (PCA), the FindClusters 
function was subsequently used to classify cells, and CellMarker 2.0 (http://www.bio-bigdata.center/) was subsequently used to 
annotate the cells.Using the Harmony package, a batch effects between samples were eliminated. The FindAllMarkers function, which 
uses a log Fold Change (FC).threshold = 0.25, was used to identify differentially expressed genes (DEGs) in each cluster. Finally, the 
DEGs of each cluster were analyzed by the Kyoto encyclopedia of genes and genomes (KEGG). 

2.4. Data processing for bulk RNA-seq 

The GSE5281 dataset was obtained from the GEO database and included 74 controls and 87 AD patients[22]. The samples were 
taken from the human brain. The GPL570 platform was used to analyze the data. Using Limma, differentially expressed genes (DEGs) 
were identified based on the |logFC|>0.5 and P < 0.05 thresholds[15]. After that, Weighted Gene Co-expression Network Analysis 
(WGCNA) was used to determine whether any genes related to AD were present in the expression matrix containing the differentially 
expressed genes [16,23]. A disease-related gene network module can be constructed using what is known as WGCNA, a powerful tool 
for bioinformatics. To generate the weighted adjacency matrix, the Pearson correlation coefficient of each gene pair was calculated. As 
a result of determining the soft threshold, the constructed network is more consistent with the characteristics of a scale-free network. 
The genes were subsequently identified in different gene modules using the soft threshold parameter in accordance with the appro-
priate power. To construct a coexpression network, at least 50 genes were needed for each gene module. The module associated with 
the phenotype of interest was identified by analysing the relationship between each network module and the sample phenotype. It is 
possible to identify modules that are highly correlated with AD by calculating the correlation between modules and phenotypes. In this 
study, we will display modular genomes that are strongly associated with AD. 

2.5. Targets related to disease drugs 

The above analysis revealed the targets of flavonoids in Scutellaria baicalensis Georgi stems and leaves, targets related to AD dis-
eases, differentially expressed genes according to single cell transcriptomics and genes related to the AD phenotype via WGCNA these 
genes were intersected for subsequent analysis. The results were visualized with the VennDiagram of R package. The genes obtained by 
the intersection of the above four methods are called common genes. 

2.6. Functional annotation, pathwayenrichment analysis and protein–protein interaction network construction 

With respect to the R software, clusterProfiler and org.Hs.eg.db were used to analyze gene ontology (GO) annotation and KEGG 
pathway enrichment analyses of intersecting genes, and P < 0.05 was considered to indicate a statistically significant difference [24]. 
The target genes at the intersection of common genes were imported into the STRING database (http://string-db.org) to construct a 
protein–protein interaction (PPI) network [25]. The "Homo sapiens" was specified as the species in the operation interface, while "0.4″ 
was set as the confidence score. 

2.7. Animals 

The Beijing Vital River Laboratory Animal Technology Co., Ltd. provided us with sixty healthy male SPF Wistar rats (260–300 g, 
Certification NO SCXK (jing) 2016-1-0006). It is important to mention that the rats were allowed free access to food and water at 
Chengde Medical University’s Experimental Animal Center. Five rats were housed in each cage, and the laboratory conditions were as 
follows: 40%–60% relative humidity, 24–26 ◦C ambient temperature, and 12-h light-dark cycles. In all the experiments, the animals 
were handled in accordance with the ethics guidelines of Chengde Medical University’s Animal Ethics Committee (NO.CDMULAC-20 
190226-002). Animals were subjected to all possible measures to reduce their discomfort and the number of animals used in the 
research. 

2.8. Instruments and reagents 

The 68000 Brain Stereotaxic apparatus was supplied by Shenzhen RWD Life Science and Technology Co., Ltd; The Institute of 
Medicine, Chinese Academy of Medical Sciences supplied the Morris water maze. An XR-XC105 shuttle box (480 × 240 × 300 mm) was 
purchased from Shanghai Xin Ruan information Technology Co., Ltd. Optical microscopy was obtained from OLYMPUS Company, 
Japan. It was provided by ALPHA Company, America, used an IMAGER550 gel image analysis system. The American Agilent Company 
provided the Mx3000P and StrataGene quantitative PCR instruments. 

SSF were obtained from the Institute of Chinese Medicine, Chengde Medical College (purity, 88.6%) [26]. Aβ25-35 (Lot. MB10445) 
was obtained from Dalian Meilun Biotechnology Co., Ltd. AlCl3 was obtained from Tianjin Beichen Chemical Reagent Co., Ltd. 
RHTGF-β1 was afforded by PEPROTECH Company. Brdu (Lot. BM0201) antibody was purchased from BOSTER Company. Aβ25-35 was 
diluted to a concentration of 1 μg per milliliter using a 0.9% NaCl solution. To prepare RHTGF-β1 at a concentration of 10 ng/μL, 100 μL 
of citric acid and 900 μL of PBS were utilized. The AlCl3 mixture was composed of ultrapure water containing 1%. GPCR, Gαs, AC1, 
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VEGF primers were purchased from TaKaRa Company. Screen QuesTM Colorimetric ELISA Camp Assay Kit was supplied by Dakewe 
Biotech Co., Ltd. The antibodies PKA (Lot.BS1576) and AC1 (lot. BS2391) were acquired from Bioworld Company. The antibody of Gαs 
(Lot. bs3939R) was provided by Bioss Company. It is made of antibodies VEGF (Lot. AF5131) and GPCR (Lot. ab136331) obtained from 
Affinity Company. 

2.9. Surgical procedure 

Sixty Wistar rats were randomly divided into two groups: one group underwent a sham operation (n = 10) and the other group 
underwent a surgical operation (n = 50). Anaesthetized rats were fixed with isoflurane on brain stereotaxic instruments, the meninges 
were removed, the skull was fully exposed, and three points were marked at bregma. RHTGF-β1 (10 ng/μL) was microinjected at the 
first time point (2 mm behind the bregma, 1.4 mm left of the sagittal suture, and 4.6 mm below the skull), and the dose was one μl. On 
the second day after the operation, 4 μg (1 μL) of Aβ25-35 and 3 μL of AlCl3 (1%) were microinjected at the second point (0.8 mm behind 
the bregma, 2.0 mm left the sagittal suture and 4.6 mm below the skull) through a catheter for 14 days in the morning and 5 days in the 
afternoon, respectively. To fix the remaining two points, we used the third point (2.0 mm before the bregma and 1.5 mm on the left of 
the sagittal suture) in a triangle with the other two points. The rats in the sham operation group were microinjected with the same 
volume of 0.9% NaCl into the lateral cerebral ventricle. To cover the skin incision, fix the catheter, and prevent postoperative in-
fections, the denture base and denture base water were thoroughly mixed. The incision was sutured after the microinjection was 
completed. During the whole period, the rats were kept under observation [27]. 

2.10. Model selection, grouping, and administration of SSF to rats 

All rats were subjected to Morris water maze training on day 45 after the operation to determine whether the AD model was 
successful. The latency of the rats to find the platform was measured during training. In the model screening index, the average latency 
of day 4 was used in place of the training four times a day for four days. Finally, this study showed that the memory impairment of the 
rats was 81.25% successful. Using the success rate of the rats, three groups were randomly established (35, 70, and 140 mg/kg of SSF). 
The SSF solution was intragastrically administered for 30 days to the rats in the drug group at doses of 35, 70, and 140 mg/kg. A 0.9% 
NaCl solution was given to rats in both the model group and the sham group. 

2.11. Determination of memory ability 

After 79 days following surgery, the rats passed the conditioned learning and memory test via the XR- XC105 shuttle box exper-
iment and video analysis system, which is equivalent to the method used 31 days after treatment with SSF. At the beginning of training, 
the rats were allowed to move freely in the box for 3 min to eliminate the inquiry reflex, followed by conditioned stimulation for 10 s. 
The rats were subsequently shuttled to the contralateral compartment during conditioned stimulation, after which the stimulation 
ended, which was recorded as an active avoidance response (AAR). If the rats did not shuttle to the contralateral compartment, fol-
lowed by 0.8 mA unconditioned stimulation for 5 s, and the rats shuttled to the contralateral safe area to end the electric shock, the 
response was recorded as a passive avoidance response (PAR), otherwise, the response was recorded as no response. The above- 
mentioned process continued as a cycle. The stimulation was repeated at an intervals of 10 s, 20 times a day for 5 consecutive 
days, with the first 4 days considered training and the 5th day considered testing. Moreover, the active avoidance response rate 
(AARR), general avoidance response rate (GARR), active avoidance latency (AARL), and passive avoidance latency (PARL) were also 
recorded. 

2.12. Sample preparation 

A total of 50 mg/kg of Brdu50 was administered three times with at 4-h intervals on the 83rd day after surgery, which was the day 
35 of the SSF treatment. After 36 days of SSF treatment, the rats were decapitated the 84 days after the operation, after which the plants 
were administered and injected with SSF for the final time. For immunohistochemistry, the right hemispheres of four rats were fixed in 
4% paraformaldehyde for 24 h and embedded in paraffin wax. The separated rat brain samples were stored at − 86 ◦C, after which 
ELISA, qPCR, and protein blot analyses were conducted. 

2.13. Detection of brdu protein expression by immunohistochemistry 

Immunohistochemistry was performed on the paraffin sections according to the previous methods [28]. In rats divided into three 
sections, Brdu was found in cerebral cortex cells. The cells appear as brown particles under a microscope. The tissues from each group 
of rats were been divided into three sections and six visual fields were taken under the microscope (400 × ). The percentage was 
calculated based on the number of Brdu-positive cells. 

2.14. Detection of cAMP content by ELISA 

The hippocampal and cerebral coetex cAMP concentrations were determined using an ELISA kit in strict accordance with the 
manufacturer’s instructions. Test samples were taken from tissue supernatants. Standard curves were constructed by using standards 
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with different concentrations and absorbance values, and cAMP concentrations were calculated for each group. 

2.15. mRNA expression levels of GPCR, gαs, AC1, and VEGF in rats determined via qPCR 

Total RNA was extracted from the hippocampus and cerebral cortex of the rats regions using the Trizol method. The DNA from the 
genomic samples was removed and reverse transcribed using a reverse transcription kit after which cDNA was synthesized. The 
primers used for qPCR in this study can be found in Table S1. The cDNA was amplified using the TB Green™ Premix Ex Taq™ II kit. The 
PCR procedure was as follows: 95 ◦C for 30 s, 95 ◦C for 5 s, and 60 ◦C for30 s, for 40 cycles. The ct value and amplification dissolution 
curve were obtained. The target mRNA expression relative to that of β-actin was assessed by the 2-△△Ct method. The following formula 
was used for calculation: F = 2-((average Ct value of target gene− average Ct value of β-actin in the model group or the three-dose SSF 
group)-(average Ct value of target gene− average Ct value of β-actin in the sham-operated group)). 

2.16. Protein expression levels of GPCR, gαs, AC1, PKA, and VEGF in rats determined via western blotting 

Research papers prior to this study have detailed how these factors were extracted and measured in the hippocampus and cortex, 
respectively [28]. Image J software was used to analyze the above-mentioned protein bands. Three rats (hippocampus and cerebral 
cortex regions of the brain) from each group were assessed for their brains, and each rat was tested three times to verify the findings. 
Gray ratio analysis was used to analyze target protein expression relative to that of the internal reference protein (β-actin). 

Fig. 3. Gene expression analysis on scRNA sequencing.  
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2.17. Statistical analysis 

To analyze all the data, we used SPSS 21.0 statistical software. The results are presented as the mean ± SD. The means of different 
samples were analyzed using one-way analysis of variance (ANOVA). In the absence of normality, a Kruskal-Wallis test was conducted. 
The bioinformatics data in this study were analyzed with R software (version 4.1.3). The significance level was set at P < 0.05. 

Fig. 4. Gene expression analysis on bulk RNA-seq and target-related signaling pathway.  
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3. Results 

3.1. Potential drug targets 

Five hundred and sixty-nine potential targets were obtained by screening 21 flavonoids of SSF from SwissTargetPrediction 
(Table S2), and 200 targets were removed following duplication (Fig. 4E). 

3.2. Disease target screening 

A total of 14408 AD-related targets were screened from the GeneCards database (Fig. 4E–Table S3). 

3.3. DEGs from scRNA sequencing 

The initial quality filtering was performed using Seurat, and each gene had to be expressed in at least three cells, and each cell had 
to express at least 200 genes and no more than 1500 genes. It appears that less than 3% of the cells have mitochondria. A total of 
13,214 cells were filtered down to 12713 cells. Using FindVariableFeatures, highly variable genes in single cells were identified. 
Principal component analysis (PCA) was performed on all the genes, and the batch effect between samples was determined via the 
harmony package (Fig. 3A). In the R package of Seurat, FindNeighbors and FindClusters are used to cluster cells, with the resolution set 
to 0.3. We used the tSNE method to identify six cell types, namely, oligodendrocytes (expressing ST18, CTNNA3, OLIG2 and FA2H), 
astrocytes (expressing SLC1A2, ADGRV1, GFAP and ALDH1L1), oligodendrocytes progenitorcells (expressing PCDH15 and LHFPL3), 
neurons (expressing ROBO2, SYT1 and HCRTR2), microglia (expressing DOCK8 and CD74), and endothelial cells (expressing CEMIP 
and ARHGAP29) (Fig. 3B&C). FindAllMarkers were used to identify the characteristic genes in a cell population (Fig. 3D). There were 
3115 genes differentially expressed among the different types of cells (Table S4), and the number of genes after duplication was 
reduced to 1296. The marker genes of the 6 subgroups were subsequently subjected to KEGG annotation via the clusterProfiler package 
(Fig. 3E). The signaling pathways of the different cells are shown in Fig. 3E. The cells in which the cAMP signaling pathway is activated 
include astrocytes, oligodendrocyte progenitor cells and neurons. 

3.4. DEGs from bulk RNA-seq 

After analyzing the DEGs in the GSE5281 dataset, 6119 DEGs were screened out according to the screening conditions. Among 
these genes, 3068 were upregulated, and 3051 were downregulated (Fig. 4A). To determine which genes are related to AD, the co- 
expression gene modules were screened based on the expression of 6119 genes via WGCNA with the power of a soft threshold of 8 
(Fig. 4B&C), and finally six different gene modules were ultimately identified, among which three gene modules were related to 
clinical trait AD (r > 0.5, P < 0.001). A total of 5748 genes were obtained from these three gene modules (Fig. 4D). 

3.5. Common genes 

Using the following four different processes, we identified disease targets associated with SSF. After these genes were crossed, nine 
common key genes were identified as follows: APP, CTSB, PIK3R1, IGF1R, PDGFRA, ALK, CALM1, CA2 and DNM1 (Fig. 4E). Fig. S1 
shows where these nine genes are distributed and how they are expressed in different nerve cells. Many genes are expressed throughout 
all cells, but the APP gene appears to be the most prevalent. In addition to being expressed in oligodendrocyte progenitorcells, CALM1 
is expressed in many other cells. The other seven genes are expressed only in specific types of cells. 

3.6. Functional annotation, pathway enrichment analysis and PPI network of the key genes 

According to the GO analysis of these nine key genes, the enriched biological processes (BP) terms included protein autophos-
phorylation, cellular response to peptide and peptidyl-tyrosine phosphorylation; The enriched cellular components (CC) terms 
included the myelin sheath, endosome lume and apical part of cell; The enriched molecular functions (MF) terms included trans-
membrane receptor protein tyrosine kinase activity, insulin receptor substrate binding and phosphatidylinositol 3-kinase binding 
(Fig. 4F). In addition, KEGG enrichment analysis revealed the Rap1 signaling pathway, Ras signaling pathway, and cAMP signaling 
pathway (Fig. 4G). A PPI network was constructed by entering nine common targets into the STRING database and constructing a PPI 
network that included 9 edges and 9 nodes (Fig. S2). 

3.7. Impact of the SSF on the memory of rats 

As surgical modeling of AD in rats has a success rate of 75%, there were 6 animals in each group in this study. As shown in Table 1, 
rats were intracerebroventricularly injected with the composite Aβ agent, which had significantly decreased the AARR, and GARR, but 
significantly increased the AARL and PARL. Compared with those in the sham operation group, the AARR and GARR in the model 
group decreased were 18.31% and 11.7% lower (P < 0.01), respectively, but the AARL and PARL were 32.35% (P < 0.01) and 62.5% 
greater (P < 0.01) respectively. However, this was an interesting finding. The changes in AARR, GARR, AARL and PARL in rats were 
reversed after 35, 70 and 140 mg/kg SSF. Compared with those in the model group, the AARRs in the SSF-treated group were 
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proportionally greater. This study revealed that as rats were administered increasing doses of SSF (35.7 mg/kg, 70 mg/kg, 140 mg/kg), 
the AARR increased by 1.7%, 20.69%, and 62.07%, respectively (P < 0.01). PARL increased by increase of 1.7% (P > 0.01), 20.69% (P 
< 0.01) and 62.07% (P < 0.01), respectively. In contrast to the increase in the dose of SSF, the PARL decreased by 23.08% (P < 0.01), 
28.05% (P < 0.05) and 36.65% (P < 0.01), respectively. Similar results were found for the results in AARL, in which there were 11.38% 
(P < 0.05), 12.13% (P < 0.01) and 26.12% (P < 0.01) reductions, respectively. However, the GARR was not proportional to the dose of 
SSF, and a statistically significant increase (32.53%, P < 0.01) was found only with high doses of SSF. 

3.8. SSF affects brdu protein expression in the rat cortex 

As shown in Fig. 5 and Table 2, the increase in the protein expression of BrdU was detected by the brown particle staining (↑) which 
was mainly present in the cytoplasm and to some extent in the nucleus. Fig. 5 (A and B) shows that, compared with that in the sham 
operation group, the percentage of Brdu-positive cells was significantly lower (81.08%) (P < 0.01). The positive expression of Brdu was 
reversed by intracerebroventricular injection of composited Aβ after 36 days of SSF treatment. Compared to those in the model group, 
as shown in Fig. 5 (C, D, and E), the number of neurons in the three-dose SSF group were greater, the nuclear morphology was more 
normal, the color of the brown granules was more pronounced, and the Brdu expression in the cerebral cortex was increased by 
385.71% (P < 0.01), 478.57% (P < 0.01) and 407.14% (P < 0.01) in response to 35, 70 and 140 mg/kg of SSF, respectively. 

3.9. Impact of the SSF on the cAMP concentration in rats 

Fig. 6 shows that the intracerebroventricular injection of the composite Aβ agent into rats decreased cAMP levels. In the Model 
group, cAMP levels were attenuated by 14.90% in the hippocampus and 24.93% in the cerebral cortex relative to those in the sham 
group. Three doses of SSF were administered intragastrically for 36 days, but the cAMP levels changed to varying degrees. The SSF 
content increased by 35 and 140 mg/kg in comparison with that in the model group (35.05%, P < 0.01) and 122.75%, P < 0.01, 
respectively), compared to that in the model group. In contrast, 70 mg/kg SSF reduced the cAMP concentration in the hippocampus by 
12.23% (P < 0.01) compared to that in the model group. On the other hand, 35 and 70 mg/kg SSF increased the cAMP concentration in 
the cerebral cortex by 36.44% (P < 0.01) and 67.13%, respectively. Additionally, the cerebral cortex cAMP concentration did not 
change when 140 mg/kg SSF was administered. 

3.10. The influence of SSF on cAMP-PKA-CREB signaling pathway mRNA and protein expression in rats 

3.10.1. Rat GPCR mRNA and protein expression in response to SSF 
Fig. 7A shows the expression of GPCR mRNA in the hippocampus and cerebral cortex of the rats. A comparison between the model 

group and the sham operation group revealed that GPCR mRNA expression in the hippocampal region decreased by 50.77% (P < 0.01) 
and increased by 33.07% (P < 0.01). In contrast, three doses of SSF administered intragastrically for 36 days regulated GPCR mRNA 
expression to varying degrees. Compared to that in the model group, the expression of GPCR mRNA in the hippocampus was increased 
by 20.68% (P < 0.0l) and 49.89% (cerebral cortex, P < 0.01) in the 35 mg/kg of SSF treatment group; by 28.78% (hippocampus, P <
0.05) and 68.46% (cerebral cortex, P < 0.01) in the 70 mg/kg SSF, treatment group; and by 83.14% (hippocampus, P < 0.01) and 
5.17% (cerebral cortex, P > 0.01) in the 140 mg/kg of SSF treatment group. 

According to Fig. 7B, in the model group, GPCR protein expression decreased by 10.23% in the hippocampal region and 10.79% in 
the cerebral cortex compared to that in the sham operation group (P < 0.05). Treatment with 140 mg/kg SSF for 36 days led to a 
28.09% increase in GPCR protein expression compared to that in the model group (P < 0.001). Neither 35 mg/kg nor 70 mg/kg SSF 
significantly altered GPCR protein expression in the hippocampus compared with that in the same model group. SSF administration at 
35, 70, and 140 mg/kg increased the expression of GPCR proteins in the cerebral cortex by 5.8%, 11.27% (P < 0.01), and 5.96%, 
respectively. 

3.10.2. Rat gαs mRNA and protein expression in response to SSF 
It can be seen from Fig. 8A that intracerebroventricular injection of composite Aβ is associated with a reduction in the expression of 

Gαs mRNA in rats. Compared with that in the sham group, the expression of Gαs mRNA in the model group decreased by 9.87% 
(hippocampus, P < 0.05) and 1.26% (cerebral cortex, P > 0.05), respectively. After three different doses of SSF were administered for 
36 consecutive days, compared with the model group, the mRNA of Gαs in 35 mg/kg group decreased by 11.94% (P < 0.05) and 

Table 1 
Impact of SSF on AARR, GARR, AARL, and PARL as assessed by the shuttle box experiment on rats treated with composited Aβ (mean ± SD, n = 6).  

Group Does(mg/kg) AARR/% GARR/% AARL/s PARL/s 

Sham – 0.71 ± 0.08 0.94 ± 0.07 4.05 ± 0.43 1.36 ± 0.24 
Model – 0.58 ± 0.06## 0.83 ± 0.08## 5.36 ± 0.65## 2.21 ± 0.09## 

SSF 35 0.59 ± 0.09 0.89 ± 0.08 4.75 ± 0.35* 1.70 ± 0.10**  
70 0.70 ± 0.07** 0.84 ± 0.05 4.71 ± 0.13** 1.59 ± 0.03*  
140 0.94 ± 0.04** 1.00 ± 0.00** 3.96 ± 0.46** 1.40 ± 0.18** 

Note: ##P < 0.01 vs sham group, **P < 0.01 vs model group. 
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36.92% (P < 0.0l) in hippocampus and cerebral cortex, respectively; the mRNA of Gαs (70 mg/kg group) decreased by 8.11% (P >
0.01)and 19.58% (P < 0.01) in hippocampus and cerebral cortex, respectively; Gαs mRNA (140 mg/kg group) reduced by 8.11% (P <
0.01) and 19.58% (P < 0.01), respectively, in the hippocampus and cerebral cortex. 

As shown in Fig. 8B, compared with that in the sham operation group, the expression of the Gαs protein in the model group was 
14.81% lower (hippocampus, P < 0.01) and 20.83% lower (cerebral cortex, P < 0.01) than that in the sham operation group. After 36 
days of intragastric administration of three different doses of SSF, the hippocampus and cerebral cortex of the rats expressed different 

Fig. 5. Rats treated with composited Aβ and SSF expressed Brdu in their cerebral cortex. A: sham group; B: model group; C: SSF 35 mg/kg group; D: 
SSF 70 mg/kg group; and E: SSF 140 mg/kg group. The positive expression of Brdu protein is shown by the brown particle staining (↑), and the three 
doses of SSF increased the number of positive cells (400 × ). (For interpretation of the references to color in this figure legend, the reader is referred 
to the Web version of this article.) 

Table 2 
SSF effects on Brdu-positive neurons in rats treated with composited Aβ (mean ± SD, n = 6).  

Group Does(mg/kg) Brdu positive expression Cells in the cerebral cortex/% 

Sham – 0.74 ± 0.15 
Model – 0.14 ± 0.64## 

SSF 35 0.68 ± 0.22** 
70 0.81 ± 0.97** 
140 0.71 ± 0.27** 

Note: ##P < 0.01 vs sham group; **P < 0.01 vs model group. 

Fig. 6. The effect of SSF on cAMP content in the hippocampus and cerebral cortex of rats exposed to composite Aβ. Mean ± SD. n = 3. ##P < 0.01 
vs sham group; **P < 0.01 vs model group. 
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levels of the Gαs protein. Compared with that in the model group, the expression of the Gαs protein in the hippocampus of the rats 
increased by 15.51% (35 mg/kg SSF, P < 0.01), 27.40% (70 mg/kg SSF, P < 0.01) and 4.69% (140 mg/kg SSF, P > 0.01). Treatment 
with 70 mg/kg SSF increased the expression of the Gαs protein in the cerebral cortex by 46.45% (P < 0.01). However, 35 mg/kg and 
140 mg/kg SSF decreased the expression of the gαs protein in the cerebral cortex by 4.53% (P < 0.01) and 29.80% (P < 0.01), 
respectively. 

3.10.3. Rat AC1 mRNA and protein expression in response to SSF 
According to Fig. 9A, the expression of AC1 mRNA can be seen in the rat hippocampus and cerebral cortex. The model group 

presented 10.22% (hippocampus, P > 0.001) and 63.12% (cerebral cortex, P > 0.001) lower AC1 mRNA levels than did the sham 

Fig. 7. The influence of SSF on GPCR mRNA (A) and protein (B) expression in rats. Mean ± SD. n = 3. #P < 0.05 vs sham group; ##P < 0.01 vs 
sham group; **P < 0.01 vs model group; *P < 0.05 vs model group. 
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group. However, compared with those in the model group, the three different SSF doses increased AC1 mRNA expression in the 
hippocampus by 18.56% (35 mg/kg SSF, P < 0.05) and 21.64% (70 mg/kg SSF, P < 0.05) and decreased AC1 mRNA expression by 
13.37% (140 mg/kg SSF, P > 0.05). On the other hand, AC1 mRNA expression in the cerebral cortex increased by 23.21% (35 mg/kg 
SSF, P > 0.05) and 14.58% (140 mg/kg SSF, P > 0.05), whereas it decreased by 29.28% (70 mg/kg SSF, P < 0.05). 

Fig. 9B shows the differences in the protein expression levels of AC1 in the rats in the different groups. Compared to that in the 
sham-operated group, AC1 protein expression in the model group was reduced by 11.80% (hippocampus, P < 0.01) and 12.81% 
(cerebral cortex, P < 0.01). However, compared with that in the model group, AC1 protein expression in the hippocampus of rats was 
positively correlated with the dose of SSF after 36 days of gavage of the three doses, which increased by 14.78% (P < 0.01), 47.60% (P 
< 0.01), and 37.03% (P < 0.01). A Compared with that in the model, AC1 protein expression in the subcortical areas of the brain did 

Fig. 8. The influence of SSF on Gαs mRNA (A) and protein (B) expression in rats. A: Gαs mRNA expression, B: Gαs protein expression. Mean ± SD. n 
= 3. #P < 0.05, ##P < 0.01 vs sham group; *P < 0.05, **P < 0.01 vs model group. 
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not increase by 15.07% at 70 mg/kg SSF but decreased by 38.31% (P < 0.01) or 0.91% at 35 and 140 mg/kg SSF, respectively. 

3.10.4. Rat PKA protein expression in response to SSF 
In Fig. 10, shows the PKA protein expression in the rat hippocampal and cerebral cortex regions. Compared with that in the sham 

group, the PKA protein expression in the model group decreased by 19.93% (hippocampal region, P < 0.01) and 22.20% (cerebral 
cortex, P < 0.01). After three different doses of SSF were administered for 36 days, 13.94% (P < 0.01) and 1.75% (P < 0.01) of the 35 
mg/kg and 70 mg/kg SSF-treated groups, respectively, exhibited increased expression of the PKA protein in the hippocampus. 
Conversely, compared with that in the model group, the protein expression in the SSF 140 mg/kg group was reduced by 7.92% (P <

Fig. 9. The influence of SSF on AC1 mRNA (A) and protein (B) expression in rats. Mean ± SD. n = 3. ##P < 0.01 vs sham group; *P < 0.05, **P <
0.01 vs model group. 
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0.05). The experimental groups were treated with 35, 70, or 140 mg/kg SSF, and the PKA protein expression in the cerebral cortex 
increased by 1.25%, 12.36%, and 6.75%, respectively. 

3.10.5. Rat VEGF mRNA and protein expression in response to SSF 
As the results in Fig. 11A display, VEGF mRNA expression in rats differed among the groups. Similarly, compared with that in the 

sham-operated group, the expression of VEGF mRNA in the hippocampal and cortical regions of the model rats was increased by 
157.75% (P < 0.01) and 56.49% (P < 0.01), respectively. Compared to that in the model group, after intragastric administration of 
three doses of SSF for 36 days, VEGF mRNA expression was reduced by 11.31% (hippocampus, P > 0.01) and 26.33% (cerebral cortex, 
P < 0.01) by treatment with 35 mg/kg of SSF and was attenuated by 3.37% (hippocampus, P > 0.01) and 32.73% (cerebral cortex, P <
0.01) by treatment with 70 mg/kg SSF and was increased by 26.02% (hippocampus, P < 0.01) and 18.98% (cerebral cortex, P < 0.01) 
by treatment with 140 mg/kg SSF. 

As shown in Fig. 11B, the hippocampus and cortical regions of the rat brain expressed the VEGF protein. The VEGF protein 
expression was increased by 140.92% (P < 0.01) in the hippocampal region and 14.47% (P < 0.01) in the cerebral cortex of rats in the 
model group compared with those in the sham group. A dose-dependent increase in VEGF protein expression in the hippocampus was 
observed compared with that in the model group at the three different SSF doses. With respect to the dose of SFF administered (35, 70 
and 140 mg/kg), VEGF protein expression increased by 58.32% (P < 0.01), 18.61% (P < 0.01), and 0.17%, respectively. VEGF protein 
expression was reduced by 26.33% (P < 0.01), 32.73% (P < 0.01) and 18.98% (P < 0.01) in the cerebral cortex by treatment with 35, 
70, and 140 mg/kg SSF, respectively. 

4. Discussion 

Network pharmacology is an interdisciplinary method used to explore the systemic effects of traditional Chinese medicine. By 

Fig. 10. The influence of SSF on PKA protein expression in rats. Mean ± SD. n = 3. ##P < 0.01 vs sham group; *P < 0.05, **P < 0.01 vs 
model group. 
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combining biology, pharmacology, and bioinformatics, a potential research strategy for discovering the relationship between diseases 
and active ingredients, including natural small molecules, can be identified [18]. Single-cell transcriptome sequencing can accurately 
cluster cells, discover new cell types, and study the expression of random genes[29,30]. Bulk RNA-seq can overcome the shortcoming 
of insufficient sequencing depth in single-cell transcriptome analysis[31]. The amalgamation of the aforementioned three approaches 
is highly advantageous for facilitating the provision of enhanced precision in drug research and development, as well as for paving the 
way for novel avenues. This scholarly article discerns the shared targets between AD and SSF by employing pharmaceuticals, two GEO 
datasets associated with AD, and disease databases. Ultimately, this investigation yielded nine potential drug targets closely linked to 
the aforementioned conditions, namely APP, CTSB, PIK3R1, IGF1R, PDGFRA, ALK, CALM1, CA2 and DNM1. 

In AD rat models, SSF is an anti-neurodegenerative Chinese herbal medicine [12–14,32,33]. However, the molecular mechanism by 

Fig. 11. The influence of SSF on VEGF mRNA (A) and protein (B) expression in rats. Mean ± SD. n = 3. ##P < 0.01 vs sham group; **P < 0.01 vs 
model group. 
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which SSF composites inhibit AD has not been determined. Bioinformatics analysis indicated that AD and SSF exhibit overlapping 
targets that promote inflammation, oxidative stress, and neurodegenerative function. This study identified the cAMP signaling 
pathway as a relevant signaling pathway according to KEGG enrichment analysis based on the expression of two key genes, PIK3R1 and 
CALM 1. These findings align with previous findings on the AD signaling pathway. In the article published by our team, the PI3K-AKT 
signaling pathway was identified as one of the signaling pathways through which SSF affects AD [28]. This article also discusses how 
PI3K-AKT-CREB signaling promotes neurogenesis and improves memory impairment in rats. Numerous studies have reported a 
relationship between the cAMP-PKA-CREB signaling pathway and AD progression [34–36]. Moreover, apoptosis in neurons can be 
reduced by Magnolol, which can activate the cAMP-PKA-CREB pathway and upregulate CHRM1 [36]. There is evidence that 
DAla2GIP-Glu-PAL improves cognitive behavior, synaptic plasticity, and the pathology in APP/PS1 mice, through the inhibition of 
neuroinflammation and the upregulation of the cAMP-PKA-CREB pathway[35]. This difference may be due to the stimulation of the 
cAMP-PKA-CREB-BDNF pathway and the anti-inflammatory effects of FFPM, a new phosphodiesterase-4 inhibitor, which reverses the 
cognitive impairment of APP/PS1 transgenic mice [34]. Consequently, this paper also showed that the anti-AD effect of SSF is 
influenced by the cAMP-PKA-CREB pathway. 

Notably, GO analysis revealed that the primary biological processes exhibited a strong association with AD. Among the enriched 
biological process terms, protein autophosphorylation was the most common. Notably, the hyperphosphorylation of the Tau protein is 
a significant pathological characteristic of AD. Previous research has indicated that SSF ameliorates impaired memory by inhibiting the 
hyperphosphorylation of the Tau protein at multiple sites, thereby exerting neuroprotective effects [12]. The phosphorylation of 
proteins is regulated by the genes encoding PKA and CREB in the cAMP signaling pathway [37]. An enriched CC, which includes the 
myelin sheath, is closely associated with pathological changes in AD, such as Aβ deposition and neurofibrillary tangles. Preventing 
myelin sheath loss may be an effective strategy for preventing AD [38]. High levels of cAMP hinder myelin regeneration in Schwann 
cells, but inhibiting cAMP with SSF indirectly protects the myelin sheath [39,40]. These findings align with those of Congcong X et al. 
[41] Phosphatidylinositol 3-kinase (PI3K) binding is encompassed within the enriched MF terms. The administration of SSF to rats 
resulted in the activation of the PI3K-AKT-CREB signaling pathway, leading to enhanced memory and the alleviation of neurogenesis 
disorders. Upregulation of PI3K, AKT, and CREB expression was observed following SSF treatment [28]. Notably, the inhibitory effect 
of SSF on PI3K and AKT can be attributed to elevated cAMP levels, as G protein-coupled receptors facilitate cAMP upregulation [42]. 
Consequently, the anti-AD effect of SSF can be attributed to its multi-target and multi-signaling properties. 

In patients with AD, a decrease in the number of newborn neurons often occurs alongside learning, memory, and cognitive function 
disorders. Neuroregeneration has become the primary focus of treatment for central nervous system diseases, particularly AD. 
Currently, it is widely believed that neuroregeneration occurs in the cerebral cortex, subventricular zone (SVZ), and subgranular zone 
(SGZ) [43]. Neuroregeneration produces new neurons, which can migrate to the damaged parts of neurons, generate action potentials, 

Fig. 12. cAMP-PKA-CREB signaling pathway.  
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and establish synaptic connections with surrounding neurons to compensate for the damaged nerve structure and function [44]. It has 
been shown that Brdu can be used instead of thymine deoxynucleoside for the synthesis of DNA during the S phase of the cell cycle. A 
positive Brdu expression indicates the presence of newly synthesized DNA and is associated with nerve cell proliferation [45].In the 
laboratory, there are many methods for testing rats’ memory abilities, such as the shuttle box experiment, which is a classical com-
bined learning conditioning paradigm. The purpose of the shuttle box test is to assess whether a rat can effectively avoid harmful 
stimuli through learning, thus reflecting the ability of the rat to learn from conditional stimuli according to the number of harmful 
stimuli avoided during the incubation period. The present study revealed that intracerebroventricularly administered composited Aβ 
could increase the positive Brdu expression in the cerebral cortex, reduce the AARR and GARR, and increase the AARL and PARL in 
rats. However, three doses of SSF (35, 70, and 140 mg/kg) increased the protein expression and positive cells number of Brdu-positive 
cells and reversed the changes in the AARR, GARR, AARL, and PARL, which paralleled the improvements demonstrated by SSF in terms 
of neuroregeneration and memory impairment. The results showed that composited Aβ could initiate memory loss in rats, accom-
panied by a decrease in neuroregeneration. SSF significantly improved the memory loss caused by intracerebroventricular adminis-
tration of composited Aβ and increased nerve regeneration in the brain. Moreover, the ability of the SSF to ameliorate memory 
impairment may be related to its ability to promote nerve regeneration. 

Several signal transduction pathways regulate neuroregeneration, including the cAMP-PKA-CREB pathway, which is an important 
pathway that regulates neuroregeneration and memory formation (Fig. 12). Activation of this pathway can promote neuronal survival, 
regeneration and differentiation and is associated with synaptic plasticity, learning, and memory [46,47], which is highly important 
for studying neuroregeneration and memory impairment in AD patients. When the extracellular signal stimulates the GPCR receptor on 
the cell membrane, the GPCR recognizes different ligands and induces G protein activation through GDP and GTP conversion. GPCR 
coupled with G protein activates AC, AC catalyzes the formation of cAMP, and cAMP can activate PKA. Then, PKA phosphorylates the 
CREB serine at the position of 133. As illustrated in Fig. 9, phosphorylated CREB regulates the transcription of downstream genes and 
protein synthesis, enabling the cAMP-PKA-CREB signaling pathway to produce the effects of promote the repair and survival of nerve 
cells, reduce cell apoptosis, and improve learning and memory impairment[48,49]. 

GPCR, also known as seven α-helix transmembrane cell surface receptors, regulate various cellular functions by binding to ligands. 
A number of GPCR members, including Wnt receptors, neuropeptide Y, pituitary adenylate cyclases-activating peptides, and peptides 
from the intestinal fluid, have been confirmed to promote the proliferation and differentiation of neural stem cells [50]. GPCR results 
revealed decreased reactivity under repeated extracellular signal stimulation, and the expression of these proteins changed to varying 
degrees with different durations of ligand treatment. The G protein is composed of α, β and γ subunits, in which the α subunit de-
termines the specificity of the G protein [51]. In AD patients, Gαs is significantly decreased, and its downregulation is positively 
correlated with pathological severity. There are 10 subtypes of AC, namely, AC1-AC9 and a soluble AC10. The brain and central 
nervous system express high levels of AC1, which affects synaptic plasticity, memory, and learning. Studies have shown that mice 
lacking AC1 have obvious long-term memory dysfunction and neurological dysfunction [52,53], and the activity of AC can also reflect 
the ability of G protein activation. In this study, we found that the intracerebroventricular injection of composite Aβ into rats decreased 
the expression of the GPCR, Gαs, and AC1 mRNAs and proteins in the hippocampus and cerebral cortex after injection. As a result, 
complex Aβ disrupts the normal metabolism of the Gαs and AC1 genes and proteins in the brain. However, three doses of SSF regulated 
the decreases in the mRNA and protein expression of GPCR, Gαs, and AC1, which were induced by composited Aβ to varying degrees 
and attributed to promotion of neuroregeneration and improvement of memory impairment by SSF. The results indicate that SSF can 
up-regulate GPCR, Gαs, and AC1 expression, ensuring normal signal transduction via cAMP-PKA-CREB. 

cAMP, functioning as a secondary messenger, governs cellular activities. Its production occurs through ATP cyclization, catalyzed 
by AC under the influence of Gα. The binding level of cAMP is predominantly associated with PKA regulatory subunits. Within the 
context of learning and memory formation, cAMP actively contributes to the activation of genes implicated in long-term memory and 
facilitates the synthesis of proteins crucial for the establishment of enduring memory [54]. The activity of PKA depends on the level of 
intracellular cAMP, and the phosphorylation of CREB depends on PKA activity. When the cAMP concentration and PKA concentration 
decrease, CREB phosphorylation is inhibited, the expression of molecules related to neuroregeneration and memory formation de-
creases, and new synapses are disconnected, thus inducing learning and memory impairment [6]. A protein kinase is composed of two 
catalytic subunits and two regulatory subunits. Once cAMP binds to the regulatory subunit, it activates the free catalytic. Normally, 
PKA participates in Tau protein phosphorylation. When the activity of PKA is down-regulated due to a decrease in the AC level or 
G-protein coupling disorder, Tau protein is hyperphosphorylated. The PKA pathway is also involved in the metabolism of amyloid 
precursor protein (APP). A functional defect in PKA pathway decreases the secretion of the APP α enzyme and accelerates deposition of 
Aβ[55]. PKA inhibitors can not only inhibit the transduction of the cAMP-PKA-CREB signaling pathway in the brain but also cause 
serious damage to the long-term memory in the brain[56]. The results of this study showed that intracerebroventricular injection of 
composited Aβ decreased the production of cAMP and down-regulated the PKA protein expression in the hippocampus and cerebral 
cortex regions of rat brains. However, three doses of SSF reversed decreases in cAMP and PKA levels, which were induced by 
composited Aβ in rats to varying degrees. It appears that SSF improved neuroregeneration and memory deficits in these animals. 
Earlier studies have shown that SSF may enhance brain CREB-Ser133-phosphorylated gene and protein expression [57], suggesting 
that SSF could up-regulate the expression of cAMP and PKA in the cAMP-PKA-CREB signaling pathway, promote CREB-Ser133 
phosphorylation, and induce downstream functional protein transcription, thereby playing a role in neuronal regeneration, synap-
tic formation, learning, and memory. 

VEGF is a downstream gene in the cAMP-PKA-CREB signaling pathway. Vascular endothelial cells are specifically stimulated to 
proliferate and maintain their function when they are administered. Additionally, VEGF can nourish nerve cells, protect nerves, and 
promote neuroregeneration directly [58]. In the brain tissue of patients with AD, researchers have shown that VEGF can compensate 
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for the effects of low perfusion and neuronal apoptosis by promoting neuroangiogenesis, neuronutrition, and neuroprotection [59,60]. 
Loss of neurons and degeneration of cerebral vessels can induce memory impairment in AD patients. In the early stage of AD, VEGF can 
antagonize vascular hypoxia perfusion, slow down neurovascular injury and clear Aβ deposition, and temporarily increase the 
expression of VEGF. With the aggravation of the course of AD, the increased reactivity of VEGF was decreased, the injury of vascular 
functional integrity was aggravated, and the expression of VEGF was decreased [61–63]. Additionally, in vitro studies have demon-
strated that VEGF might be involved in neuroregeneration and could significantly increase the number of BrDU-labeled newborn 
neurons [64]. After intracerebroventricular administration of the Aβ composite, VEGF mRNA and protein expression were significantly 
increased in the hippocampus and cerebral cortex of rats. However, there were differences in VEGF mRNA and protein expression 
among the three doses of SSF. It is inferred that rats intracerebroventricularly administered composited Aβ showed a compensatory 
increase in VEGF expression, and treatment with SSF could promote the Brdu protein expression to play a crucial role in 
neuroregeneration. 

In summary, this study identified the key targets and signaling pathways of SSF in AD, indicating that SSF is a promising multitarget 
drug for the treatment of AD. The inhibitory effect and mechanism of action of SSF on AD were verified in animal models, providing a 
new perspective and basis for clinical research on the transformation of Chinese herbal medicines. However, some remaining problems 
related to our research limitations must be solved. First, the information from the online database is based on reviewed and predicted 
data. Therefore, these unconfirmed and unrecorded compounds or targets may not be included in our analysis. Second, the quanti-
tative determination of 21 compounds is currently incomplete. The sample may include some unidentified components. Therefore, 
research on content determination should be carried out in the future. Third, further research is needed to determine the absorption 
route, effective components, significant effective components, and metabolic forms of bioactive substances in SSF. This is because the 
results of this study have not been verified in actual AD patients. Therefore, in the future, we will further clarify the potential 
mechanism of action of SSF in AD through the combination of multiple omics methods and determine the safety and effectiveness of 
SSF in treating AD. 

5. Conclusion 

In conclusion, the findings of this study indicate that SSF has the potential to enhance the expression of the Brdu protein, improve 
memory impairment, and promote neuroregeneration in the presence of composited Aβ. Additionally, SSF has been shown to up- 
regulate the mRNA and protein expression levels of Gαs, AC1, cAMP, PKA, and VEGF in the cAMP-PKA-CREB signaling pathway. 
Previous research has also demonstrated that SSF can increase the expression of p-CREB-Ser133 by upregulating both the mRNA and 
protein levels. Consequently, SSF can facilitate neuroregeneration and alleviate memory impairment through the regulation of the 
cAMP-PKA-CREB signaling pathway. 
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