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Abstract
BACKGROUND
Gastric cancer (GC) is one of the most aggressive malignancies with limited therapeutic options and a poor prognosis. Resveratrol, a non-flavonoid polyphenolic compound found in a variety of Chinese medicinal materials, has shown excellent anti-GC effect. However, its exact mechanisms of action in GC have not been clarified.

AIM
To identify the effects of resveratrol on GC progression and explore the related molecular mechanisms.

METHODS
Action targets of resveratrol and GC-related targets were screened from public databases. The overlapping targets between the two were confirmed using a Venn diagram, and a “Resveratrol-Target-GC” network was constructed using Cytoscape software version 3.9.1. The protein-protein interaction (PPI) network was constructed using STRING database and core targets were identified by PPI network analysis. The Database for Annotation, Visualization and Integrated Discovery database was used for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis. A “Target-Pathway” network was created by using Cytoscape 3.9.1. The RNA and protein expression levels of core target genes were observed using the Cancer Genome Atlas and the Human Protein Atlas databases. DriverDBv3 and Timer2.0 databases were used for survival and immune infiltration analysis. Subsequently, the findings were further verified by molecular docking technology and in vitro experiments.

RESULTS
A total of 378 resveratrol action targets and 2154 GC disease targets were obtained from public databases, and 181 intersection targets between the two were screened by Venn diagram. The top 20 core targets were identified by PPI network analysis of the overlapping targets. GO function analysis mainly involved protein binding, identical protein binding, cytoplasm, nucleus, negative regulation of apoptotic process and response to xenobiotic stimulus. KEGG enrichment analysis suggested that the involved signaling pathways mainly included PI3K-AKT signaling pathway, MAPK signaling pathway, IL-17 signaling pathway, TNF signaling pathway, ErbB signaling pathway, etc. FBJ murine osteosarcoma viral oncogene homolog (FOS) and matrix metallopeptidase 9 (MMP9) were selected by differential expression analysis, and they were closely associated with immune infiltration. Molecular docking results showed that resveratrol docked well with these two targets. Resveratrol treatment arrested the cell cycle at the S phase, induced apoptosis, and weakened viability, migration and invasion in a dose-dependent manner. Furthermore, resveratrol could exhibit anti-GC effect by regulating FOS and MMP9 expression.

CONCLUSION
The anti-GC effects of resveratrol are related to the inhibition of cell proliferation, migration, invasion and induction of cell cycle arrest and apoptosis by targeting FOS and MMP9.
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Core Tip: Based on network pharmacology and bioinformatics, the molecular targets and signaling pathways of resveratrol on gastric cancer (GC) were explored, and experiments were used to validate the network analysis. Network analysis results suggested that the action of resveratrol on GC involved multiple targets and pathways. In vitro experiments suggested that the anti-GC effects of resveratrol were related to the inhibition of cell proliferation, migration, invasion and induction of cell cycle arrest and apoptosis by targeting FBJ murine osteosarcoma viral oncogene homolog (FOS) and matrix metallopeptidase 9 (MMP9). This study confirmed anti-GC effects of resveratrol and highlighted that FOS and MMP9 might be the effective biotargets for GC treatment.

INTRODUCTION
Gastric cancer (GC) is one of the most common gastrointestinal malignancies. According to global cancer statistics, GC remains a major global cancer and is responsible for more than one million new cases (5.6% of all sites) and nearly 770000 deaths (7.7% of all sites) in 2020, ranking fifth in incidence and fourth in mortality[1]. Current therapeutic methods for GC include endoscopic resection, surgical resection, chemoradiotherapy, immunotherapy, and targeted therapy, with combination therapy being more effective than single therapy[2]. Although the application of multidisciplinary models and combination therapy in the diagnosis and treatment of GC has made certain achievements, GC remains a major contributor to the burden of global cancer incidence and mortality[3]. This is because the onset of GC is occult, and patients are often in the advanced stage of the disease when they are diagnosed, losing the optimal treatment period. The pathogenesis of GC is a complex and multistage process; it is not solely caused by mutation or dysfunction in a single gene but often involves an imbalance in the whole regulatory network[4]. Moreover, the therapeutic effect of medication is limited due to adjoint toxicity and side effects, drug resistance and difficulties in personalized medication[5]. Therefore, it is crucial to find multiple effects and rapid therapeutic strategies with low toxicity and minimal side effects to treat GC.
Traditional Chinese medicine (TCM) monomers have always played a crucial role in the drug treatment of diseases, especially in the field of oncology. TCM monomers have been widely used in clinical treatment because of their advantages of low toxicity, low cost, high efficiency and multiple targets[6,7]. Resveratrol, a natural polyphenol compound mainly extracted from Veratrum album (white hellebore), Polygonum cuspidatum and peanut, has been reported to be potentially involved in regulating the molecular pathways of malignancy to inhibit various cancers[8-10]. At present, the antitumor effects of resveratrol are mainly reflected in regulating the cell cycle, promoting apoptosis, obstructing metastasis, inhibiting epithelial-mesenchymal transformation, and sensitizing cells to chemotherapy[11-13]. In recent years, research on resveratrol in GC has developed rapidly, providing a reasonable direction for overcoming the inherent challenges in the treatment of GC. Previous studies have demonstrated that resveratrol can inhibit the proliferation of GC cells, reduce the invasion potential and inhibit epithelial-mesenchymal transition (EMT)[14-16]. In addition, the combination of resveratrol and cisplatin induced G2/M phase cell cycle arrest and apoptosis in GC cells, suggesting that resveratrol is a promising adjuvant to enhance the sensitivity of GC to standard chemotherapy[17]. A prospective open-label phase II single-arm study between October 2019 and April 2021 showed that the administration of resveratrol-copper reduced the toxicity of docetaxel-based multiagent chemotherapy and improved patients’ chemotherapy tolerance[18]. However, there are limited reports on the effects and molecular mechanisms of resveratrol in GC.
Using multiple biological information databases to analyze the correlation between drugs and diseases has become an important method for studying drug action mechanisms. Network pharmacology, a new subject based on the theory of systems biology, utilizes biological networks to mechanically link drugs and diseases, revealing multiple-targets and multiple-mechanisms of drug action[19]. In this study, the molecular biological mechanisms of resveratrol in GC were explored based on network pharmacology and bioinformatics, and experiments were used to confirm the network analysis. This study workflow is illustrated in Figure 1.

MATERIALS AND METHODS
Potential targets of resveratrol
The molecular structure of resveratrol (SDF format) was derived from the PubChem database (available online: https://pubchem.ncbi.nlm.nih.gov/). The predicted targets for resveratrol were filtered from five public databases: TCM Systems Pharmacology Database and Analysis Platform[20] (TCMSP, https://old.tcmsp-e.com/tcmsp.php), DrugBank Online website[21] (https://go.drugbank.com/), SwissTargetPrediction[22] (http://swisstargetprediction.ch/), Bioinformation Analysis Tool for Molecular Mechanism of TCM[23] (BATMAN-TCM, available online: http://bionet.ncpsb.org.cn/batman-tcm/index.php), and TargetNet (http://targetnet.scbdd.com/). By using the protein database UniProt (https://www.uniprot.org/), the target protein obtained from the public database was converted into a uniform gene name, and the species was restricted to Homo sapiens.

Targets related to gastric cancer
Disease-related target information was obtained by searching the keyword “gastric cancer” in the GeneCards (http://www.genecards.org) and DisGeNet (https://www.disgenet.org/) databases. In the GeneCards database, a relevance score > 1 was set, and twice the median value to screen biological targets for GC.

Intersection analysis of resveratrol and gastric cancer targets
The online site Venny 2.1.0 (https://bioinfogp.cnb.csic.es/tools/venny/) was used to analyze resveratrol and GC targets. The compound targets were mapped to disease targets to obtain predicted targets for resveratrol in the treatment of GC. The “resveratrol-target-GC” network was constructed by Cytoscape software version 3.9.1. Nodes in the network represent the compound, intersection targets and the disease, while edges represent the connection among the three.

Construction of the protein-protein interaction network
The protein-protein interaction (PPI) network of common targets of resveratrol and GC was constructed by STRING version 11.5 (http://string-db.org). Selecting the appropriate filter criteria for the PPI network in the settings window: The needed minimum interaction score was set as the “medium confidence (0.400)”, and the disconnected nodes in the network were hidden. The constructed PPI network was then imported into Cytoscape software in tab separated values format, analyzing the complicated relationships among the intersection targets visually. Core targets were recognized by using the degree value.

Enrichment analysis and “Target-Pathway” network construction
The Database for Annotation, Visualization and Integrated Discovery version 6.8 (https://david.ncifcrf.gov/), which provides a comprehensive set of functional annotation tools, was used to analyze the biological functions and pathways enrichment of resveratrol against GC. Cellular component (CC), molecular function (MF), and biological process (BP) were the main categories of Gene Ontology (GO) enrichment analysis. GO terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling pathways with the highest correlation with resveratrol anti-GC were screened in ascending order according to P < 0.05, and the results were represented by a scale histogram or Sankey + dot plot. The “target-pathway” network was constructed by using Cytoscape to visualize the important functional mechanisms of resveratrol in the treatment of GC. In the network, nodes represent targets and pathways, while edges represent the interactions between them.

Differential expression of core target genes
The Cancer Genome Atlas (TCGA, https://cancergenome.nih.gov/) and The Human Protein Atlas (HPA, https://www.proteinatlas.org/) databases were used to analyze the differential expression of core target genes at the RNA level and protein level, respectively. The source data for GC were from stomach adenocarcinoma (STAD) in TCGA, and gene expression data for 407 samples were obtained, including 32 normal samples and 375 GC samples. Based on the DESeq2 software package in version 4.2.1 of the R platform, normalization and difference analysis were carried out on downloaded data. |log2-fold change| > 1 and P < 0.05 were the filter conditions to identify differentially expressed genes (DEGs) between GC and normal samples. The core target genes were verified by DEG analysis, and the differential expression results are shown by volcano maps and box plots. The HPA database uses immunohistochemical techniques to map the position of proteins encoded by genes expressed in human tissues and cells and is read and indexed by professionals. The protein expression of the core target genes verified by TCGA in tumor tissues and corresponding normal tissues was compared in the HPA database.

Survival and immune infiltration analysis
DriverDBv3 (http://driverdb.tms.cmu.edu.tw/) is a cancer omics database where the “Gene Survival” function provides visualizations to illustrate the survival probability of selected genes across multiple cancer types. The function focuses on the relationship between the expression of target candidates verified by differential expression and overall survival (OS) and produces Kaplan-Meier plots. Hazard ratios and P value were calculated in survival analysis. If the P value of OS < 0.05, it was considered that target candidates were associated with the survival of GC. TIMER2.0 (http://timer.cistrome.org/) was used to analyze the relationship between the expression of target candidates and immune cell infiltration.

Molecular docking
Molecular docking between small molecule ligands and protein receptors was mainly accomplished by PyMOL and AutoDock software. The three-dimensional structure of resveratrol was downloaded from PubChem and saved in SDF format. Then, Chem 3D converted the “SDF” format into a “mol2” structure to complete the small molecule ligand file preparation. The crystal structure of target proteins was downloaded from the RCSB Protein Data Bank (RCSB PDB, https://www.rcsb.org/) according to the resolution and correlation ranking and saved in “PDB” format. AutoDockTools version 1.5.6 was used for molecular docking and calculation of the binding energy of each conformation. The docking result was visualized and analyzed in PyMOL 2.6.0 The binding energy < -5 kcal/mol indicated that the compound had good binding interactions with the targets.

Cell culture and viability assay
Adeno gastro carcinoma (AGS) cells were cultured in RPMI-1640 medium (Gibco, United States) containing 10% fetal bovine serum (FBS, ExCell Bio, China) and 1% penicillin-streptomycin in a 5% CO2 humidified incubator at 37 °C. Resveratrol was dissolved in Dimethyl sulfoxide (DMSO), configured with a gradient concentration in RPMI-1640 (final DMSO concentration did not exceed 0.1%). The effect of resveratrol on GC cell proliferation was detected by the cell counting kit 8 (CCK-8) assay. AGS cells in logarithmic growth phase were seeded at a density of 8 × 103 cells/ well in 96-well plates and cultured for 24 h. Then, cells were exposed to different concentrations of resveratrol (0, 12.5, 25, 50, 100, 200, and 400 µM) and further incubated for 24 h. The old medium was replaced with 100 µL fresh medium containing 10% CCK8 and incubated at 37 °C for another 2 h. The absorbance was measured at 450 nm by a scanning porous spectrophotometer (Thermo Scientific, China).

Colony formation assay
The cells were seeded at a density of 1 × 103 cells/ well in 6-well plates. After adhering to the wall, the cells were treated with 0, 12.5, 25 or 50 μM resveratrol for 24 h. Then, the old medium was replaced with fresh complete medium without resveratrol, and the cells were further cultured for 1 wk. The plate was fixed with 4% paraformaldehyde and stained with 0.1% crystal violet to observe cell colony formation.

Flow cytometry analysis
The cell cycle distribution and apoptotic rate were detected by flow cytometry (BD FACSCanto, United States) and analyzed using ModFitLT software version 5.0. AGS cells were incubated in 6-well plates and treated with resveratrol at different concentrations (0, 12.5, 25, and 50 μM.) after adherent growth. After treatment for 24 h, cells were collected and then fixed with precooled 70% ethanol at 4 °C for at least 2 h. The cell cycle assay was performed with a DNA Content Quantitation Assay Kit (Solarbio, China) according to the manufacturer’s protocol. After treatment, cells were digested and collected with 0.25% trypsin digestion solutions without thylenediamine tetraacetic acid (EDTA), and cell apoptosis was detected using the fluorescein isothiocyanate-conjugated Annexin V Apoptosis Detection Kit I (BD Biosciences, United States). Finally, the samples were transferred to a flow cytometer and measured.

Hoechst 33258 fluorescence observation
AGS cells at the logarithmic growth stage were adjusted to a density of 2.5 × 105 cells/ mL of cell suspension. Six-well plates were inoculated with 2 mL of cell suspension per well. After 24 h of culture, resveratrol was added at final concentrations of 0, 12.5, 25, and 50 μM. The plate was fixed with 4% paraformaldehyde at room temperature for 15 min. Hoechst 33258 was labeled by conventional methods. Apoptosis was observed under a fluorescence microscope and photographed.

Wound healing assay
The cells (6 × 105 cells/ well) were seeded into 6-well plates, cultured overnight to 100% confluence, scratched using a sterile pipette tip to create an incision-like gap, and washed 3 times with phosphate-buffered saline. The cells were treated with resveratrol at different concentrations (0, 12.5, 25, and 50 μM). The scratch areas were photographed at 0 h and 24 h after wounding. Cell migration was quantified by ImageJ software and expressed as the average percentage of the closure of the scratched area.

Transwell assay
Cell migration and invasion were detected by the Transwell method. Cells were collected with 0.25% trypsin-EDTA solution (Solarbio, China) and centrifuged. Cells were resuspended at a density of 5 × 105 cells/ mL in RPMI-1640 medium and treated with resveratrol at different concentrations (0, 12.5, 25, and 50 μM). Then, 100 μL of treated cells was inoculated into the upper compartment of the cell culture chamber (Corning, United States), and 700 μL of medium containing 10% FBS was added to the lower compartment for further culture for 24 h at 37 °C. After incubation, the cells on the upper surface of the membrane were removed. Cells below the membrane were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet ammonium oxalate solution. In the cell invasion assay, the Transwell chamber was coated with 1 mg/ mL Matrigel (Corning, United States) before the experiment, and the other steps were basically the same as in the migration assay. Cell migration and invasion were photographed with an inverted microscope.

Real-time reverse transcriptase-polymerase chain reaction analysis
The total RNA components of cells were extracted by using TRNzol Universal Reagent (TIANGEN, China) according the manufacturer’s instructions and quantified using a NanoDrop Spectrophotometer (Thermo Scientific, United States). cDNA was obtained by reverse transcription using the FastKing RT Kit (With gDNase, TIANGEN, China) and then stored in a refrigerator at -20 °C until use. The polymerase chain reaction (PCR) system was prepared using the SuperReal PreMix Plus Kit (SYBR Green, TIANGEN, China). Glyceraldehyde-3-phosphate dehydrogenase was used as an internal reference, and the 2−ΔΔCt method was used to analyze the relative expression of the target genes. The primer sequences are shown in Table 1. 

Statistical analysis
In this study, R 4.2.1 and GraphPad Prism 8.0 were used for data analysis. A t test was used to determine differences between the two groups. Analysis of Variance was used to compare multiple groups of independent data. All experiments were repeated three times, and differences were considered statistically significant when P < 0.05.

RESULTS
Predicted targets of resveratrol in gastric cancer
The molecular structure of resveratrol is shown in Figure 2A, and its molecular formula is C14H12O3. A total of 378 potential targets were identified for resveratrol based on the TCMSP, DrugBank Online, BATMAN-TCM, Swiss Target Prediction and TargetNet databases. GC-related targets were mainly obtained from the GeneCards and DisGeNet databases, in which a total of 2154 targets were selected. There were 181 common targets of resveratrol and GC by using a Venn diagram for the overlap analysis, which predicted active targets of resveratrol acting on GC (Figure 2B). These common targets were imported into Cytocsape 3.9.1 software to construct the “resveratrol-target-GC” network (Figure 2C).

Construction and analysis of the protein-protein interaction network
A total of 181 targets of resveratrol anti-GC were submitted to the STRING database to obtain the PPI network. Then, the PPI network was analyzed by Cytoscape 3.9.1, which contained 179 nodes and 3991 edges (Figure 3A). The top 20 core targets were selected based on the degree value: AKT1, TP53, ALB, VEGFA, TNF, CTNNB1, EGFR, INS, ESR1, MYC, CASP3, SRC, PTEN, CCND1, HSP90AA1, FBJ murine osteosarcoma viral oncogene homolog (FOS), PPARG, matrix metallopeptidase 9 (MMP9), PTGS2, and MTOR (Figure 3B).

GO and KEGG enrichment analyses
GO and KEGG enrichment analyses were performed to further explore the biological functions and signaling pathways of 20 core targets of resveratrol against GC. The GO enrichment results revealed 264 BPs, 31 CCs and 47 MFs. The top 10 enrichment terms of BP, CC and MF were plotted as a scale histogram (Figure 4A). BPs mainly involved negative regulation of apoptotic process, response to xenobiotic stimulus, and positive regulation of transcription, DNA-templated. CCs were primarily associated with cytoplasm, nucleus and nucleoplasm. MFs were enriched in protein binding, identical protein binding and enzyme binding. It was found that 110 pathways were identified in KEGG pathway analysis, and the top 55 enrichment terms were plotted as a Sankey + dot diagram to observe the relationship between signaling pathways and core targets (Figure 4B). These signaling pathways are closely related to the inhibitory effects of resveratrol on GC, including PI3K-AKT signaling pathway, MAPK signaling pathway, IL-17 signaling pathway, TNF signaling pathway, and ErbB signaling pathway. The “target- signaling pathway” network was drawn by Cytoscape 3.9.1 to further investigate the mechanisms of resveratrol anti-GC (Figure 4C). The high enrichment of the PI3K-Akt and MAPK signaling pathways suggested that resveratrol might play a role in the treatment of GC through these two pathways.

Analysis of differential expression of core target genes
The TCGA database was used to compare the differential expression of core target genes at the transcriptome level. The results showed that FOS and MMP9 were differentially expressed among core target genes, in which FOS was downregulated and MMP9 was upregulated. (Figure 5A and B). The RNA expression of FOS was lower in GC tissues than in normal stomach tissues, while that of MMP9 was higher (Figure 5C). The HPA database was used to further compare whether the protein expression of FOS and MMP9 is different in GC tissues and the corresponding normal tissues. Immunohistochemistry results from the HPA database showed that the protein expression of FOS was lower in GC tissues than in normal gastric tissues. The protein expression of MMP9 was not detected in normal gastric tissues, but low expression of MMP9 was detected in GC tissues (Figure 6).

Relationship between FOS and MMP9 and survival/immune infiltration in STAD
To explore the prognostic value of FOS and MMP9 with differential expression values, Kaplan-Meier survival curves were applied for survival comparison between low-expression and high-expression groups via the “Gene Survival” function in the DriverDBv3 database. The results showed that FOS and MMP9 had no significant relationship with survival prognosis (Figure 7A). The TIMER2.0 database was used to assess the association between FOS and MMP9 expression and immune cell infiltration in STAD. The results showed that FOS expression was positively correlated with the infiltration degree of CD4+ T cells (Rho = 0.179, P = 4.72e-04). MMP9 expression was positively correlated with the infiltration degree of B cells (Rho = 0.173, P = 6.98e-04), CD8+ T cells (Rho = 0.362, P = 3.80e-13), macrophages (Rho =0.429, P = 2.21e-18), neutrophils (Rho = 0.412, P = 5.89e-17), and DCs (Rho = 0.445, P = 7.89e-20) (Figure 7B).

Molecular docking data
Molecular docking is mainly used to explore the interaction between molecules, as well as to predict their binding patterns and affinity. To explore the interaction between resveratrol and FOS or MMP9, a molecular docking model was constructed by AutoDock software. A binding energy < -5.0 kcal/ mol indicated good binding activity. In this study, the docking scores of FOS (PDB ID: 2WT7) and MMP9 (PDB ID: 1L6J) were -6.7 kcal/ mol and -6.13 kcal/ mol, respectively (Table 2). The visualization results of resveratrol binding to FOS and MMP9 proteins in GC revealed that resveratrol had a stable binding site in these target protein models (Figure 8). Resveratrol plays an inhibitory role in GC and may be used as an effective anti-GC drug by targeting FOS and MMP9. 

Resveratrol inhibited AGS cells proliferation
We evaluated the in vitro effects of resveratrol on the human GC cell line AGS. A CCK-8 assay was used to determine AGS cell viability after treatment with resveratrol at different concentrations (0, 12.5, 25, 50, 100, 200, and 400 µM) for 24 h. The results showed that the viability rate of AGS cells was markedly reduced in a dose-dependent manner (Figure 9A). The half maximal inhibitory concentration (IC50) value of AGS cells treated with resveratrol is shown in Figure 9B. The IC50 value of resveratrol intervention in AGS cells for 24 h was 77.28 µM. The dose of administration of subsequent experiments was adjusted according to the IC50 value. The colony formation rate reflects two important traits of cell population dependence and cell proliferation. The effect of resveratrol on cell colony formation ability is shown in Figure 9C and D. The results showed that compared with that in the control group, the cell colony number in the resveratrol intervention group was significantly reduced. The colony number of AGS cells gradually decreased with increasing resveratrol dosage. The above results indicated that resveratrol inhibited AGS cell proliferation.

Resveratrol suppressed half maximal inhibitory concentration cell migration and invasion
The motility of cancer cells enables them to migrate and invade. The effect of resveratrol at different concentrations (0-50 μM) on the motility of AGS cells was evaluated by wound healing assay and Transwell assays. In the wounding healing assay, compared with the control group, the healing rate of cells in the resveratrol intervention group was slower after 24 h of treatment (Figure 9E and F). A similar phenomenon was observed in the Transwell migration assay, where fewer cells crossed the chamber membrane in the resveratrol intervention group (Figure 9G and H). Both the wounding healing assay and Transwell migration assay indicated that resveratrol prevented GC cell migration. A Matrigel-coated Transwell chamber mimics the extracellular matrix environment and can be used to measure cell invasion ability. Resveratrol significantly reduced the number of cells crossing the chamber membrane, suggesting that it can reduce the invasion ability of AGS cells (Figure 9 I and J). Additionally, the changes in AGS cell migration and invasion were dose dependent. These findings suggested that resveratrol had an inhibitory effect on AGS cell migration and invasion.

Resveratrol induced cell cycle S phase arrest and apoptosis in AGS cells
To explore the cell cycle arrest effect of resveratrol on AGS cells, AGS cells were exposed to resveratrol for 24 h and analyzed by flow cytometry. The results showed that the proportion of AGS cells in S phase increased with the increasing drug concentration (Figure 10A and B). We further determined the apoptosis of the resveratrol treated cells by Annexin V-FITC and propidium iodide staining. The results illustrated that resveratrol treatment increased the apoptosis rate compared with that of the control group (Figure 10C and D). Cell apoptosis morphology was observed by the Hoechst 33258 fluorescence method. The chromatin of the control group was uniform, the nuclear shape was regular, circular or oval, and showed uniform blue fluorescence. The morphology of cells in the administration group was changed with uneven distribution of chromatin. Some cells showed characteristic apoptotic changes, gradually appearing karyopyknosis, marginalization, crescent-shaped chromosome edges inside the nuclear membrane, and nuclear fragmentation (Figure 10E). These data suggested that resveratrol treatment blocked AGS cells in S phase and induced apoptosis to inhibit GC.

Resveratrol inhibited AGS cells through regulating FOS and MMP9
Based on the previous network analysis and screening and molecular docking simulation, FOS and MMP9 were considered to be two important targets of resveratrol against GC. We further determined whether resveratrol mediated the GC inhibition effects by targeting FOS and MMP9. The results of the reverse transcription quantitative PCR (RT-qPCR) experiment demonstrated that resveratrol increased the mRNA expression of FOS but decreased the mRNA expression of MMP9, which corresponded to the results of the previous bioinformatic analysis (Figure 11). The changes in the mRNA expression of FOS and MMP9 were dose dependent. The results indicated that resveratrol could suppress the development of AGS cells by regulating the expression of FOS and MMP9.

DISCUSSION
It has been reported that resveratrol has anti-GC effects. However, studies on the mechanisms of resveratrol in GC are not comprehensive. It is difficult to elucidate the characteristics of multitarget and multipathway mechanisms of drug action based on the single thinking of traditional pharmacology. In this study, we investigated the mechanisms of action of the natural polyphenol compound resveratrol in the treatment of GC based on network pharmacology and bioinformatics. To our knowledge, this is the first study to explore the core therapeutic targets and potential mechanisms of resveratrol against GC by combining network analysis and experimental validation.
A total of 181 anti-GC targets of resveratrol were identified from multiple public databases, and a PPI network was constructed. Core targets were selected based on the degree value in the PPI network, and then functional and pathway enrichment was performed using GO and KEGG analysis. Protein binding, identical protein binding, cytoplasm, nucleus, negative regulation of apoptotic process and response to xenobiotic stimulus were the GO terms with the most enriched core targets. The KEGG pathway analysis revealed that these targets were primarily enriched in cancer-related pathways, such as PI3K-Akt signaling pathway, MAPK signaling pathway, IL-17 signaling pathway and TNF signaling pathway. It is worth noting that the high enrichment of the PI3K-Akt and MAPK signaling pathways suggested that resveratrol was most likely involved in the treatment of GC through these two pathways. PI3K is an evolutionarily conserved family of lipid kinases that have been found to be oncogenic and linked to a variety of cancers. AKT, a key hub of the PI3K signaling pathway, can further regulate multiple downstream signaling targets and is closely correlated with tumor progression and drug resistance[24]. The PI3K/AKT signaling pathway can be abnormally activated in most cancers, promoting tumor cell proliferation, inhibiting apoptosis, and enhancing invasion and metastasis[25]. Wang et al[26] verified that monoamine oxidase A inhibits the progression of GC by reducing glycolysis through the PI3K/Akt/mTOR pathway. Inhibition of the PI3K/Akt pathway may provide a potential method for GC treatment. As the integration point of various biochemical signals, mitogen-activated protein kinases are widely involved in cell proliferation, differentiation, transcriptional regulation and development. The MAPK signaling pathway is closely related to cancers. Chen et al[27] reported that SAM-domain- and HD-domain-containing protein 1 is downregulated in GC cell lines and tissues, and negatively regulates the activation of the MAPK p38 signaling pathway, thereby inhibiting the proliferation of GC. Zhang et al[28] found that spindle and kinetochore associated complex subunit 3 (SKA3) expression can promote the proliferation, migration, invasion and epithelial-mesenchymal transformation of GC. After silencing SKA3, dual specificity phosphatase 2 negatively regulates the MAPK/ERK pathway to slow GC progression. IL-17 and TNF are potent proinflammatory cytokines involved in tumorigenesis, metastasis, and immune resistance. Targeting genes located in the IL-17 signaling pathway or the TNF signaling pathway to alter the effects of these signaling pathways in cancer is an effective strategy for cancer treatment. Downregulation of the IL-17 signaling pathway gene Lipocalin 2 inhibits the proliferation and clone formation of IL-17 treated AGS cells, partially reverses invasion and migration, and promotes apoptosis and cycle arrest[29]. Compound Kushen injection (CKI) is a TCM formula, which has achieved satisfactory results in treating GC and improving the immunity of patients. Some studies have found that it regulates the TNF signaling pathway with VCAM1 as a key target, and then affects the EMT of GC, providing new clues for the study of the complex molecular mechanism of CKI in the treatment of GC[30]. These findings suggest that the anti-GC mechanism of resveratrol may be closely related to PI3K-AKT, MAPK, IL-17 and TNF signaling pathways. It is worth noting that the high enrichment of the PI3K-Akt and MAPK signaling pathways suggested that resveratrol was most likely involved in the treatment of GC through these two pathways.
We analyzed the clinical significance of the core targets using bioinformatics databases to further screen target genes. FOS and MMP9 were screened out by differential analysis in TGCA and HPA databases. The results of differential expression of FOS and MMP9 at the RNA and protein levels were basically consistent, which indicated that they might be the most favorable targets for resveratrol action on GC. Their associations with survival and immune infiltration were subsequently analyzed using DriverDBv3 and TIMER2.0. The analysis showed that the differential expression of FOS and MMP9 had no significant relationship with the OS of patients with GC. The results of immune infiltration showed a strong correlation between FOS and MMP9 and immune cell infiltration, suggesting that they might influence GC progression by regulating the immune microenvironment. Subsequently, molecular docking was used to analyze the affinity between FOS, MMP9 and resveratrol. The results showed that the binding energies between FOS, MMP9 and resveratrol were all lower than -5 kcal/ mol, indicating that these two targets had a strong affinity for resveratrol. It is well known that the major hallmarks of malignant tumors include rapid growth, poorly defined borders, strong invasiveness, and easy metastasis. Behind these characteristics, multiple molecular events are found to be involved. Traditional pathological classification is mainly based on the morphological structure of tumor tissues and cell biological features. Due to the differences in subjective judgment, the low diagnosis rate of early-stage cancers, and the lack of scientific evidence at the molecular level, it is difficult to objectively reflect the intrinsic characteristics of tumors and guide the subsequent individualized treatment. With the rapid development of molecular detection technology, molecular classification based on various molecules shows unique genomic features, which can make up for the shortcomings of traditional pathological classification and is conducive to the discovery of important biomarkers and new therapeutic targets, thus providing more precise assistance in the clinical diagnosis and treatment of GC[31]. However, the identification of molecular subtypes of GC is currently incomplete, and the clinical application is still very limited. Therefore, it is urgently needed to identify more valuable and accurate novel biomolecules for early diagnosis and personalized therapy of GC. The expression of Fos (c-Fos) is closely related to clinicopathological variables and survival of GC. Some studies have shown that the tumor size of GC patients with positive c-Fos expression is significantly smaller than that of GC patients with negative c-Fos expression. The loss of c-Fos expression is positively correlated with the depth of tumor infiltration, lymph node metastasis and advanced stage of GC. In survival analysis, the OS of GC patients with positive c-Fos expression is significantly better than that of GC patients with negative c-Fos expression[32,33]. These findings suggest that the loss of c-Fos expression may accelerate the progression of GC and lead to poor prognosis. Helicobacter pylori (HP) is an important predisposing factor for several gastric lesions and plays a key role in the development and spread of gastric diseases. Investigating the relationship between HP infection and GC has been the focus of GC research, but previous studies focused on the virulence of HP strains and environmental risk factors. However, the occurrence and progression of GC is very complex, often involving multiple genes, pathways, and stages. With the in-depth exploration of the molecular level of GC, researchers have further elucidated the pathogenesis of GC from the aspects of epigenetics and molecular features, and HP-related genes are of great significance in the diagnosis and treatment of GC. Chronic HP infection can develop into chronic atrophic gastritis and GC, and MMP9 is significantly expressed in this process, which is a potential biomarker for the early stage of GC development[34]. The expression of MMP9 is closely associated with HP infection in GC patients, so the quantification of MMP9 expression level in vivo is beneficial for the diagnosis of HP-infected GC. Moreover, it is directly involved in the progression of GC, showing great potential in providing new molecular targets for GC treatment and prognosis[35]. At present, the treatment of progressive GC is in the bottleneck period due to the high heterogeneity of GC, few available chemotherapy drugs and the lag of targeted drugs. It is gratifying that genomics technology has been continuously improved in recent years, especially the development of high-throughput sequencing and gene chip technology allows the study of GC at high resolution and molecular level. The role of FOS and MMP9 as therapeutic targets for anticancer drugs in cancer has also been investigated in previous studies. For example, Zhang et al[36] reported that c-Fos plays a key role in the inhibition of human bladder cancer T24 cells by the purified natural product brazilin. The overexpression of c-Fos induces specific alterations in the morphology and viability of tumor cells, suggesting that brazilin may inhibit the proliferation of T24 cells by targeting c-Fos. c-Fos is involved in cell proliferation, differentiation, invasiveness and apoptosis as an inducible transcription factor. P53 is a tumor suppressor protein, and its transcriptional activity is regulated by the transcription factor activator protein-1 (AP-1), which is mainly composed of Jun and Fos in mammalian cells[37,38]. Sun et al[39] revealed that the competitive binding of AS3MT and c-Jun with c-Fos could inhibit the formation of AP-1 complexes, thereby reducing the activity of p53, inhibiting the apoptosis of tumor cells and inducing proliferation. FOS/JUN may be biomarkers for the predeteriorated epithelial cell subpopulation in colorectal cancer, as their expression is reduced with epithelial cell degeneration and promotes epithelial cell deterioration by interfering with the p53 signaling pathway[40]. Data mining has found that decreased FOS expression is closely associated with the occurrence, metastasis and poor prognosis of prostate cancer. Moreover, in vitro and in vivo experiments have shown that the lack of FOS can activate cancer signaling pathways related to aggressiveness, proving that FOS can be used as a tumor suppressor in prostate cancer initiation and the progression to invasive disease[41]. FOS also plays an important role in the photodynamic therapy of melanoma. Photodynamic treatment significantly inhibits the growth of melanoma, which is related to the increased expression of FOS and the induction of autophagy in tumor cells. Photodynamic therapy can induce cell autophagy by elevating FOS expression in melanoma, inhibit cancer progression and improve patient prognosis[42]. Matrix metalloproteinases (MMPs) play an important role in the degradation of tumor extracellular matrix components, among which MMP9 overexpression can accelerate the metastasis of different types of cancer and is considered a marker of tumor invasion and metastasis[43]. Liang et al[44] predicted the core therapeutic targets of dihydroartemisinin in GC by using network pharmacology and revealed that dihydroartemisinin suppressed the tumorigenesis and invasion of GC by regulating STAT1/KDR/MMP9. It has been reported that the anticancer properties of melatonin are related to its ability to suppress EMT in cancer cells. Melatonin downregulates MMP2 and MMP9 expression and reduces cell invasion and migration by suppressing EMT and nuclear factor-kappa B activity[45]. IL-17 has been found to trigger the metastasis of non-small cell lung cancer. In vitro experiments showed that the migration and invasion of cancer cells are mainly related to the up-regulation of the downstream gene MMP9, and in vivo experiments found that the number of metastatic nodules in lung tissues is significantly reduced after interfering with MMP9 expression. Specific mechanism exploration suggested that IL-17 regulation of non-small cell lung cancer metastasis is closely related to the GCN5-SOX4-MMP9 axis[46]. Metastasis is a major cause of cancer development and death, and the production of neutrophil extracellular traps (NETs) have an influential role in the pathogenesis of the metastatic cascade. Studies have shown that NETs promote the proliferation and migration of mouse colon cancer MC38 cells, while silencing MMP9 inhibits this promotion. The results suggested that NETs can promote the proliferation and migration of colon cancer by upregulating MMP9 expression and activating FAK signaling pathway[47]. The above findings provide clues for our current research that FOS and MMP9 may be the most promising anticancer targets for GC. This leads us to speculate that the inhibition of GC may be achieved by regulating the expression of FOS and MMP9, which requires to be confirmed by extra experiments. Tumor immunotherapy has made breakthrough progress in recent years, and with the in-depth study of GC at the molecular level, personalized immunotherapy has become one of the most promising directions in GC treatment. Here, our results exhibited FOS and MMP9 expression notably related to immune cell infiltration in GC. FOS and MMP9 may be immunomodulators in the tumor microenvironment of GC. The important role of FOS and MMP9 in GC immunotherapy still needs more evidence to prove. The study of TCGA is of landmark significance, which opens a new era of molecular classification of GC. In this study, FOS and MMP9, two molecular targets with differential expression significance, were screened based on the TCGA database, and their relationship with the clinical aspects of GC was discussed. Therefore, FOS and MMP9 contribute to the early detection and targeted treatment of GC, and may be used as important biomarkers for the diagnosis and intervention of GC.
Many studies have suggested that the FOS and MMP9 are associated with tumor cell proliferation, migration, invasion and apoptosis[48-51]. Our results also indicated that resveratrol inhibited the proliferation of AGS cells using CCK-8 and colony formation assays and suppressed the migration and invasion of AGS cells by wound healing and Transwell assays. By flow cytometry, we verified the changes in the proportion of each phase of the cell cycle and the number of apoptotic cells after resveratrol treatment. In addition, apoptotic morphological changes were observed after resveratrol treatment in the Hoechst 33258 experiment. The cell cycle refers to the whole process that a cell goes through from the completion of one division to the completion of the next[52]. Abnormalities in cell cycle progression are one of the basic mechanisms of tumorigenesis, and the regulation of the cell cycle is expected to be a reasonable method of tumor treatment[53]. Apoptosis is a programmed cell death mode that plays an important role in the early development of organisms and the maintenance of homeostasis under pathophysiological conditions[54,55]. Studies have shown that apoptosis is one of the important mechanisms inducing tumor cell death and a key step in anticancer therapy[56,57]. Our results indicated that resveratrol could block the cell cycle in the S phase and induce cell apoptosis to inhibit AGS cells. Based on the previous network prediction and analysis, we selected FOS and MMP9 as the most promising targets of resveratrol against GC. Our RT-qPCR results also demonstrated this. With an increase in resveratrol, the expression level of FOS significantly increased, while the expression level of MMP9 gradually decreased. The in vitro experiments showed that resveratrol inhibited AGS cell proliferation, migration, and invasion and induced S phase arrest and apoptosis by targeting FOS and MMP9.
However, there are some limitations to this study. First, the pathways that may play critical roles in the anti-GC effects of resveratrol have not been fully validated and should be further studied. Second, this study only verified the effects of resveratrol on AGS cells, and its interaction with other GC cell lines needs further study. Animal and in vivo studies are needed to validate these results and support the function of resveratrol in the treatment of GC in future clinical practice.

CONCLUSION
In conclusion, the mechanisms of action of resveratrol against GC were systematically elucidated based on network pharmacology and bioinformatics. Our results demonstrate that resveratrol inhibited proliferation, migration, and invasion and induced cell cycle arrest and apoptosis in GC cells by targeting FOS and MMP9, thereby playing an important role in regulating the progression of GC.

ARTICLE HIGHLIGHTS
Research background
Gastric cancer (GC) is a malignant tumor of digestive tract with high incidence and mortality. The treatment of GC is more difficult due to its characteristics such as rapid invasive growth, difficulties in personalized medication and high risk of recurrence. Resveratrol, as a traditional Chinese medicine (TCM) monomer, plays an outstanding anticancer role in a variety of cancers.

Research motivation
In this study, network pharmacology, bioinformatics, molecular docking technology and experimental verification were used to explore the important effects and key targets of resveratrol in anti-GC. This discovery is of great clinical significance for identifying potential novel biomarkers and therapeutic targets for GC treatment. 

Research objectives
The main objective of this study was to explore the mechanism of resveratrol based on network analysis. In this study, through network analysis and in vitro experiments, we verified the anti-cancer effects of resveratrol on GC cells, including inhibiting proliferation, invasion and migration, inducing cycle arrest and apoptosis, as well as important action targets. Our results suggested that resveratrol has a great clinical value as an anti-GC drug, providing a new direction for the drug treatment of GC.

Research methods
Network pharmacology, bioinformatics, molecular docking technology and experiments were used in this study. These methods utilize biological networks to mechanically link drugs and diseases, comprehensively elucidate the roles and molecular mechanisms of resveratrol in GC.

Research results
In the research, FBJ murine osteosarcoma viral oncogene homolog (FOS) and matrix metallopeptidase 9 (MMP9) were screened as the most important targets of resveratrol against GC by using multiple biological information databases. The experiments verified the anti-GC effect of resveratrol by targeting FOS and MMP9. These findings provide a scientific basis for GC treatment of resveratrol, and also provide a new method for the study of the mechanism of TCM monomer or compound in the diseases However, the pathways which may play critical roles in the anti-GC effect of resveratrol have not been fully validated and should be further studied.

Research conclusions
In the research, the key biotargets and biological effects of resveratrol against GC were explored by molecular network analysis and experimental verification for the first time.

Research perspectives
Development and validation of biomarkers for classifying and treating diseases through bioinformatics and machine learning.
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Figure Legends
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Figure 1 The overall frame diagram of network analysis in this study. TCMSP: Traditional Chinese medicine systems pharmacology database and analysis platform; GC: Gastric cancer; DEGs: Differentially expressed genes; STAD: Stomach adenocarcinoma.
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Figure 2 The target characteristics of resveratrol in gastric cancer revealed by network pharmacology. A: Molecular structure of resveratrol; B: Venn diagram of intersection targets of resveratrol in gastric cancer (GC); C: The network construction of “Resveratrol-Target-GC”.
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Figure 3 Protein-protein interaction network of resveratrol in the treatment of gastric cancer. A: The protein-protein interaction network was constructed by Cytoscape 3.9.1; B: The core targets of resveratrol in gastric cancer were analyzed by the degree method. The node sizes and colors stand for the size of the degree. The depth of the node color is proportional to its degree. The larger the node size is, the larger the corresponding degree.
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Figure 4 Enrichment analysis and construction of the “Target-Pathway” network. A: Gene Ontology function analysis; B: Kyoto Encyclopedia of Genes and Genomes signaling pathway analysis; C: The “Target-Pathway” network of resveratrol against GC. The red nodes represent the core targets, and the green nodes are the pathways associated with core targets.
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Figure 5 Differential expression of core target genes in The Cancer Genome Atlas database. A: Overlapping genes between core target genes and differentially expressed genes associated with stomach adenocarcinoma; B: Volcano map of overlapping gene expression; C: Expression data of overlapping genes in normal samples and gastric cancer samples. The blue box represents normal samples, and the red box represents tumor samples. DEGs: Differentially expressed genes; STAD: Stomach adenocarcinoma.
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Figure 6 The protein expression of FBJ murine osteosarcoma viral oncogene homolog and matrix metallopeptidase 9 in the Human Protein Atlas database. A: Immunohistochemical staining results of FBJ murine osteosarcoma viral oncogene homolog protein expression in normal gastric and cancer tissues; B: Immunohistochemical staining results of matrix metallopeptidase 9 protein expression in normal gastric and cancer tissues. The staining strengths were divided into four types: not detected, low, medium and high. GC: Gastric cancer. FOS: FBJ murine osteosarcoma viral oncogene homolog; MMP9: Matrix metallopeptidase 9.
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Figure 7 Survival and immune infiltration analysis for FBJ murine osteosarcoma viral oncogene homolog and matrix metallopeptidase 9. A: The overall survival of FBJ murine osteosarcoma viral oncogene homolog (FOS) and matrix metallopeptidase 9 (MMP9) was identified in the DriverDBv3 database, and the blue curves represent low expression and the red curves represent high expression; B: Association of FOS and MMP9 expression with immune cells was identified in the TIMER2.0 database. STAD: Stomach adenocarcinoma. FOS: FBJ murine osteosarcoma viral oncogene homolog; MMP9: Matrix metallopeptidase 9.
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Figure 8 Molecular docking results of resveratrol with FBJ murine osteosarcoma viral oncogene homolog and matrix metallopeptidase 9. A: Resveratrol and FBJ murine osteosarcoma viral oncogene homolog molecular docking visualization; B: Resveratrol and matrix metallopeptidase 9 molecular docking visualization. Green represents the protein skeleton, violet represents the binding sites, magenta represents the compound small molecule and yellow represents hydrogen bonds. FOS: FBJ murine osteosarcoma viral oncogene homolog; MMP9: Matrix metallopeptidase 9.
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Figure 9 Effects of resveratrol on the proliferation, migration and invasion of adeno gastro carcinoma cells. A and B: Cell viability was determined by cell counting kit 8 assay; C and D: The results of the colony formation assay in adeno gastro carcinoma cells are shown; E-H: Cell migration was verified by wound healing and Transwell migration assays; I and J: Cell invasion was detected by Transwell invasion assay. aP < 0.05; bP < 0.01; cP < 0.001; dP < 0.0001. IC50: Half maximal inhibitory concentration; NS: No significance.
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Figure 10 Effects of resveratrol on adeno gastro carcinoma cell cycle arrest and apoptosis. A and B: Flow cytometry was used to measure the proportion of cells at each stage of the cell cycle; C-E: Flow cytometry and Hoechst 33258 staining were performed to detect apoptotic cells. bP < 0.01; dP < 0.0001. NS: No significance.
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Figure 11 Target validation of resveratrol in gastric cancer. A: Reverse transcription quantitative PCR (RT-qPCR) detection of FBJ murine osteosarcoma viral oncogene homolog expression levels. B: RT-qPCR detection of Matrix metallopeptidase 9 expression levels.  aP < 0.05; bP < 0.01; cP < 0.001, dP < 0.0001. NS: No significance. FOS: FBJ murine osteosarcoma viral oncogene homolog; MMP9: Matrix metallopeptidase 9.

Table 1 The primers used in this study
	Gene name
	Forward primer (5′-3′)
	Reverse primer (5′-3′)

	FOS
	TCTTACTACCACTCACCCGC
	GGGAATGAAGTTGGCACTG

	MMP9
	TTTGGAAACGCAGATGGC
	ATTGCCGTCCTGGGTGTAG

	GAPDH
	CAAGAAGGTGGTGAAGCAGG
	AAAGGTGGAGGAGTGGGTGT


FOS: FBJ murine osteosarcoma viral oncogene homolog; MMP9: Matrix metallopeptidase 9.

Table 2 Binding energy and interaction of resveratrol with FBJ murine osteosarcoma viral oncogene homolog and matrix metallopeptidase 9
	Target
	PDB ID
	Docking score
(kcal/mol)
	Hydrogen bond and other interacting residues

	FOS
	2WT7
	-6.7
	DA-2, DT-3

	MMP9
	1L6J
	-6.13
	ALA-191, HIS-411, GLN-77


FOS: FBJ murine osteosarcoma viral oncogene homolog; MMP9: Matrix metallopeptidase 9.
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