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ARTICLE INFO ABSTRACT

Keywords: Gastric cancer (GC) is a deadly malignant tumor with a high fatality rate and limited curative
Gastric cancer options. A growing body of research suggests that network pharmacology can replace traditional
Chelerythrine

methods for determining the precise mechanism of action of medicinal substances in conditions
such as cancer. The goal of this study was to clarify the biological mechanism of chelerythrine
(CHE) and develop a prediction target for CHE against GC using network pharmacology. First, the
genes related to GC were identified from the databases Genecards, Disgenet, Online Mendelian
Inheritance in Man, Therapeutic Target Database, and Drugbank, and the targets of CHE were
obtained from the SwissTargetPrediction database. Fifty linked targets were identified as anti-GC
targets of CHE. Functional enrichment and pathway analyses revealed important biological
mechanisms mediated by these targets. The core target PIK3CA of CHE anti-GC was obtained
using the protein—protein interaction network, CytoHubba plug-in, and Human Protein Atlas.
Molecular docking studies revealed that CHE has a strong affinity for PIK3CA (—10.5 kcal/mol).
In addition, we used MTT, colony formation, wound-healing, Transwell®, and flow cytometry
experiments to confirm that CHE inhibited the proliferation and migration of GC cells and
induced cell cycle arrest and apoptosis. Finally, western blotting results showed that CHE
downregulated the expression of the PIK3CA protein and inhibited the activation of the PI3K/AKT
signaling pathway. Therefore, we concluded that CHE inhibited GC cell proliferation and
migration and induced cell cycle arrest and apoptosis by targeting the PIK3CA protein to inhibit
the PI3K/AKT pathway activity.

Network pharmacology
Molecular docking
PIK3CA

1. Introduction

Gastric Cancer (GC) remains an important cancer worldwide and is responsible for over one million new cases in 2020 and an
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Abbreviations

GC gastric cancer
CHE chelerythrine
TTD Therapeutic Target Database

CC cellular component
MF molecular function
BP biological process

MCC Maximum Clique Centralit
DNMNC Discretized Module Network Centrality
MNC Module Network Centrality

NC nitrocellulose filter membrane
PCNA  Proliferating Cell Nuclear Antigen
EPC Edge Percolated Component

HPA human protein atlas

SM mean + standard error of the mean
ANOVA one-way factorial analysis

GO gene ontology

PPI protein-protein interaction

FBS fetal bovine serum

EMT epithelial-mesenchymal transition

estimated 769,000 deaths (equating to one in every 13), globally ranking fifth in incidence and fourth in mortality [1]. Currently
available treatment strategies for patients with GC include surgery, chemotherapy, radiotherapy, molecular targeted therapy, and
immunotherapy [2]. Nonetheless, GC maintains a high case fatality rate of 75% worldwide and is the main contributor to the global
disability-adjusted life-year burden [3]. This is because the onset of GC is insidious. When diagnosed, patients are often in late stages of
the disease and lose the best time for treatment. Moreover, the therapeutic efficacy of these agents is limited owing to their associated
severe adverse effects, dose-limiting toxicity, drug resistance, and poor selectivity. Therefore, there is an urgent need to develop new
therapeutic strategies or new effective drugs to treat GC.

Traditional Chinese medicine monomers have attracted the interest of many researchers because of their low toxicity, high effi-
ciency, multiple targets, and low price [4,5]. Chelerythrine (CHE) is an effective ingredient in the traditional herbal medicine Che-
lidonium majus L. of the Papaveraceae family, which has a long history of clinical treatment [6,7]. It has been reported to exert
antitumor effects in several cancers. CHE showed cytotoxic effects on osteosarcoma cells by inducing apoptosis via activation of the
RAF/MEK/ERK pathway [8]. In human renal cell carcinoma, ROS-mediated endoplasmic reticulum stress and STAT3 pathways are the
two routes through which CHE promotes apoptosis [9]. CHE also suppressed cell viability and induced apoptosis in A549 and
NCI-H1299 NSCLC cells by regulating autophagy [10]. However, the effects and molecular mechanisms of CHE in GC remain largely
unknown.

An emerging field called network pharmacology integrates systems biology, pharmacology, computer science, and information
networking [11]. Traditional bioinformatics has been used to help uncover the underlying processes between medicinal molecules and
potential targets [12]. Network pharmacology, used in targeted therapy, uses network component analysis to characterize intricate
interactions between biological systems to identify synergistic effects in cancer treatment [13]. Molecular docking is a method used to
design drugs by simulating interactions between receptors and drugs. In recent years, the application of molecular docking technology
to explain related mechanisms has become a trend in new drug research and development [13].

In this study, CHE was found to have a significant inhibitory effect on HGC-27 and MGC-803 cells in the 3-(4,5-dimethylthiazol-2-
yD-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. Network pharmacology was used to analyze the biological processes and
pathways. Molecular docking was used to verify the targets obtained from previous studies. Simultaneously, the targets with the closest
correlation with CHE were screened using the dock-binding free energies. Finally, we used colony formation, apoptosis, wound-
healing, Transwell®, and western blotting assays to confirm the network pharmacology and molecular docking results. The flow-
chart of the study is shown in Fig. 1.

2. Materials and methods
2.1. Data collection and preparation

Briefly, the screening of targets against GC hits and the relative candidate targets of CHE were identified using databases. First, the
Swiss Target Prediction database (http://swisstargetprediction.ch/) was used to predict the putative targets of CHE (targets with a
probability of O were deleted). A drug-target diagram was constructed using Cytoscape 3.9.1 [14]. Second, the therapeutic targets
connected with GC were collected from the Genecards database (targets with Relevance score <1 were excluded) (https://www.
genecards.org/), Disgenet database (targets with DSI g less than 0.1 were discarded) (http://www.disgenet.org/), Drugbank
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Fig. 1. Flowchart of this study.

database (https://go.drugbank.com/), Therapeutic Target Database (TTD) (http://db.idrblab.net/ttd/), and KEGG database (https://
www.genome.jp/kegg/disease/) using the keyword search ’gastric cancer.” Targets that appeared more than twice were considered GC
hits. The intersection results are shown in the VEEN diagram. Third, the overlapping GC hits with those of the CHE targets were
considered as anti-GC CHE targets and were considered for further analysis. Finally, VEEN plots created using R (version 4.0.3) were
used to visualize the intersection targets.
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2.2. Gene ontology (GO) analysis and pathway enrichment on the identifiable targets

Gene Ontology and functional pathway enrichment of the obtained targets were performed using R. The screening standard was set
as p = 0.05 and q = 0.05’ for the functional enrichment analysis results. The top 10 results of cellular component (CC), molecular
function (MF), and biological process (BP) by importance in GO analysis were analyzed using R to create bubble charts. The top 30
KEGG pathway enrichments were used to draw a bubble diagram for visual display.

2.3. Construction of a protein—protein interaction (PPI) network and identification of core target

The PPI network was constructed using STRING v11.5 (https://cn.string-db.org) by importing the CHE anti-GC-related hits from
Method 2.1. Homo sapiens was selected as the background species for the genes. We set the minimum necessary interaction score to be
the "highest confidence (0.9)’ and hidden disconnected nodes in the network to obtain more convincing results. STRING networks were
imported into Cytoscape (version 3.9.1). The top five were obtained according to the six algorithms of Maximum Clique Centralit
(MCC), Discretized Module Network Centrality (DNMNC), Module Network Centrality (MNC), Degree Centrality (Degree), Edge
Percolated Component (EPC), and BottleNECK in CytoHubba, and the intersection is depicted by an UpSet diagram. Targets that
appeared six times were considered core targets.

2.4. Evaluation of target protein expression level in GC tissues and its effect on overall survival prognosis of GC patients

The Human Protein Atlas (HPA) database (https://www.proteinatlas.org/) was used to examine the expression levels of the target
proteins. HPA uses a mix of antibody-based proteomics and transcriptomics to map the human proteome to a single-cell level. More
than 13 million distinct immunohistochemistry images are included in a comprehensive, freely accessible database, which is a great
resource for exploring and researching potential therapeutic targets and disease biomarkers [15]. Inmunohistochemistry was used to
compare the expression levels of the target proteins between GC and normal gastric cells. The five-year survival rates of patients with
high and low expression of the target proteins were analyzed.

2.5. Analysis via molecular docking

Utilizing the AutoDock Vina 1.1.2 molecular docking software, potential targets suggested from the network analysis were eval-
uated. The sdf format of CHE was obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/), and the energy of the structure was
minimized using Chembio3D Ultra 14.0. In addition, the 3D structures of possible targets were obtained from the Protein DataBank
database (https://www.rcsb.org/). All water molecules and binding substances were removed using PyMOL. AutoDock Tools 1.5.6
software was used to add all the hydrogens, calculate Gasteiger charges for the structure, and save them as receptors in the PDBQT file
format. Finally, AutoDock Vina 1.1.2 was used for docking, and PyMOL software was used for visualization. When the binding energy
was < —7.0 kcal/mol, we assumed a strong binding affinity between the targets and CHE.

2.6. Cell culture

The human undifferentiated GC cell line HGC-27 (Aoyin Biotechnology Co., Ltd, Shanghai, China) and the gastric adenocarcinoma
cell line MGC-803 (donated by Dr. Zhu Mingwei, Department of Abdominal Ultrasound, Harbin Medical University) were cultured in
Roswell Park Memorial Institute 1640 medium and DMEM containing 10% heat-inactivated fetal bovine serum (FBS), and 1% double
antibody (penicillin and streptomycin), respectively. Cells were maintained at 37 °C in a humidified environment composed of 95% air
and 5% COj. CHE (>95% purity) was purchased from Aladdin (Shanghai, China).

2.7. Pharmacological study by in vitro cytotoxicity assessment

HGC-27 and MGC-803 cells were cultivated separately in 96-well plates at 4 x 10° cells per well. The cells in exponential growth
phase were treated with different doses of CHE (0, 2, 4, 6, 8, 10, 12, 16, 18, and 20 pmol/L) and incubated during two distinct periods
of 24 and 48 h. After incubation for 4 h in the dark, the MTT assay was used to determine the viability of the cells. The formation of
formazan crystals was measured spectrophotometrically after solubilization in DMSO at 490 nm. The number of viable cells was
determined by comparison with the proportion of the untreated cells. Three replicates were used in this experiment.

2.8. Plate colony formation assay

HGC-27 and MGC-803 cells (500 cells/well) were seeded in 6 cm dishes. After incubation for 24 h, the cells were treated with CHE
(0 and 10 pmol/L) for 1 h, after which the normal complete culture medium was changed. After culturing for 10 days, the cell colonies
were first fixed with methanol and then stained with 0.5% crystal violet for 20 min at room temperature (approximately 25 °C),
counted, and quantified using Image J (National Institutes of Health, Bethesda, MD, USA) [16]. Three replicates were used in this
experiment.
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2.9. Wound-healing assays

HGC-27 and MGC-803 cells were grown to 100% confluence for wound-healing assays. Confluent monolayer GC cells were scraped
linearly with the help of a 10 pL pipette tip to create an artificial scratch. Subsequently, 1 x PBS was added to the wells to wash them
several times and remove floating cells. These cells were then exposed to medium supplemented with CHE (0 and 2 pmol/L) for 24 h.
Images were obtained at 0, 12, and 24 h using a microscope to analyze the movement of cells to close the wound. ImageJ software
(National Institutes of Health, Bethesda, MD, USA) was used to measure and analyze the migratory distance.

2.10. Transwell® assays

The Transwell® assay was used to evaluate the effect of CHE on the migration and invasion of GC cells. In the migration exper-
iment, GC cells with the concentration set were seeded in the upper chamber of the Transwell® chamber and incubated with 5% FBS
medium, and medium containing 10% FBS was injected into the lower chamber. After incubation for 24 h, cells were removed from the
culture medium. Subsequently, cells attached to the lower surface of the chamber were fixed with methanol. Finally, the migrated GC
cells were stained with 0.5% crystal violet for 20 min. Images were collected and analyzed using the previously mentioned microscope.
The experiment was independently repeated three times.

2.11. Cell cycle assay

HGC-27 and MGC-803 cells were plated at a density of 3 x 10° cells per well in 6-well culture plates and allowed to develop until
90% confluency. The cells were then exposed to various concentrations of CHE (0 and 10 pmol/L) and incubated for 24 h. Finally, cells
were harvested and incubated with 1 mL DNA staining solution and 10 pL permeabilization solution (MULTISCIENCES, Hangzhou,
China). Three replicates were used in this experiment.

2.12. Cell apoptosis assay

GC cells were treated with CHE (0, 5, 10, and 20 pmol/L) for 24 h, and adherent and floating cells were washed with PBS and
harvested with trypsin. The washed cells were then collected by centrifugation and resuspended in staining buffer containing 5 pL
annexin V and 10 pL PI (200 pg/mL) (4A Biotech, Beijing, China). Following incubation of the cells at room temperature for 5 min in
the dark, the proportion of cells at different stages of apoptosis was quantified using flow cytometry. This experiment was performed in
triplicate.

2.13. Detection of target and phenotype-related proteins

Western blot analysis was performed to determine the in vitro protein expression of critical targets. HGC-27 and MGC-803 cells
were seeded on 6.0 cm plates at a density of 3 x 10° cells per well and then exposed to CHE at the stated concentrations (0, 5, 10, and
20 pmol/L) for 24 h at 37 °C. Radioimmunoprecipitation assay buffer (BCA, Beyotime Biotechnology, Shanghai, China) containing
protease and phosphatase inhibitors was used to extract total protein from each group after the cells were collected. The amount of
protein in each group was calculated using the Pierce™ BCA assay (Beyotime Biotechnology, Shanghai, China). Based on their mo-
lecular weights, the protein samples were separated by 10-12% sodium dodecyl sulfate polyacrylamide gel electrophoresis and then
transferred to a nitrocellulose filter membrane (NC). A 5% solution of bovine serum albumin was used to block the membrane for
approximately 1 h at room temperature. After blocking, each target protein was incubated with the following primary antibodies:
Proliferating Cell Nuclear Antigen, PCNA) (diluted 1:750, rabbit pAb, Cat: WL05017, WanLei Biological Technology Co., Ltd., She-
nyang, China), BAX (diluted 1:1000, rabbit pAb, cat No. 60267-1-Ig, Proteintech Technology Co., Ltd., Wuhan, China), BCL2 (diluted
1:750, rabbit pAb, Cat: WL05017, WanLei Biological Technology Co., Ltd., Shenyang, China), cleaved-caspased 9 (diluted 1:1000,
rabbit pAb, cat No. 207508, Cell Signaling Technology Co., Ltd., Boston, MA, USA), vimentin (diluted of 1:2000, rabbit pAb, cat No.
10366-1-AP, Proteintech Technology Co., Ltd., Wuhan, China), N-cadherin (diluted 1:1000, rabbit pAb, cat No. 22018-1-AP, Pro-
teintech Technology Co., Ltd., Wuhan, China), AKT (diluted 1:1000, rabbit pAb, cat No. 93728, Cell Signaling Technology Co., Ltd.,
Boston, MA, USA), p-AKT (diluted 1:1000, rabbit pAb, cat No. 4060S, Cell Signaling Technology Co., Ltd., Boston, MA, USA), PIK3CA
(diluted 1:500, rabbit pAb, Cat: WL05017, WanLei Biological Technology Co., Ltd., Shenyang, China), and f-actin (diluted 1:1000,
mouse pAb, cat No. TA-09, Origene Technologies, Inc., Beijing, China) overnight at 4 °C. Membranes that had been incubated were
routinely washed with PBS-T solution at least five times, with each wash lasting 15 min. After thorough cleaning, the membranes were
incubated with secondary antibody (LI-COR Biosciences, Lincoln, NE, USA) for 1 h at room temperature. An Odyssey FC imaging
system (LI-COR Biosciences, Lincoln, NE, USA) was used to visualize and scan the blots. Protein expression was examined using ImageJ
6.0 (National Institutes of Health, Bethesda, MD, USA). $-actin was used as a control to standardize the relative density of the protein
bands.

2.14. Statistical analysis

The experimental data were statistically analyzed using R or GraphPad Prism (version 8.0, GraphPad, Inc., San Diego, CA, USA).
The results are presented as the mean + standard error of the mean (SEM) of triplicate samples. Student’s t-test was used after one-way
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factorial analysis (ANOVA) to determine significant differences between groups. *p value of <0.05 and **p value of <0.01, were
considered statistically significant.

3. Results
3.1. Target identification of anti-GC targets of CHE

We obtained 101 potential targets for CHE from the SwissTargetPrediction database and presented them using a drug-target
network diagram (Fig. 2A, Supplementary Table 1). From other databases, 11373, 3806, 33, 47, and 18 targets were screened from
Genecards, Disgenet, Drugbank, TTD, and KEGG, respectively (Supplementary Table 2). The intersectional targets are shown in the
VEEN diagram (Fig. 2B, Supplementary Table 3). Subsequently, 3315 targets that met our requirements (repeated more than twice)
were considered GC-related therapeutic targets. Repeated targets of CHE and GC-related therapeutic targets are shown in the VEEN
diagram (Fig. 2C, Supplementary Table 4). Finally, 50 anti-GC targets of CHE were identified.

3.2. Targets associated with the anti-GC role of CHE were analyzed for function and KEGG pathway enrichment

The R software was used to assess the biological processes and enhanced signaling pathways of all 50 anti-GC targets of CHE
(Fig. 3A, Supplementary Table 5). The results showed that CHE was involved in protein binding, ATP binding, serine/threonine kinase
activity, protein kinase activity, and other MFs through cell sites such as cytosol, nucleus, cytoplasm, plasma membrane, mitochondria,
and other CC, to affect protein phosphorylation, negative regulation of apoptosis, signal transduction, drug response, apoptosis, and
positive and negative regulation of RNA polymerase II promoter transcription. In addition, in KEGG pathway analysis, 128 KEGG
pathways related to all core targets were identified (p adjust <0.05) (Fig. 3B, Supplementary Table 6). The top ten included neutrophil
extracellular trap formation, viral carcinogenesis, microRNAs in cancer, the PI3K-Akt signaling pathway, the thyroid hormone
signaling pathway, and cellular senescence. We analyzed the first ten pathways and found that the cancer pathway was more prev-
alent, with enriched 30 genes, and the P13K-Akt signaling pathway, with 12 genes. The PI3K/AKT pathway is a classic tumor pathway,
indicating that CHE plays an anti-GC role.

3.3. PPI network analysis and determination of CHE anti-GC core targets

A PPI network (Fig. 4A) was constructed with highly reliable (>0.9) interaction goals, including 50 nodes and 47 edges. The
average node degree, local clustering coefficient, and PPI enrichment p values of the network were 1.88, 0.349, and 2.47e-07,
respectively. The network was then imported into Cytoscape 3.9.1 (Fig. 4B-G, Supplementary Table 7). The top five targets were
screened using the MCC, DMNC, MNC, DEGREE, EPC, and BottleNECK algorithms in the CytoHubba plug-in (Supplementary Table 8)
[17]. We used the up-set graph (Fig. 4H, Supplementary Table 9) to analyze the top five targets screened by the different algorithms,
and the core targets appeared in the top five targets of the six algorithms. PIK3CA and PDPK1 are considered key targets for the CHE
treatment of GC.

3.4. Verification of the HPA database

We used the HPA database to analyze the expression of PIK3CA and PDPK1 in GC and normal gastric tissues (Fig. 5A, C). First, we
found that the expression of PIK3CA and PDPK1 proteins was higher in gastric cancer tissues than in normal gastric tissues. Second, we
found that low expression of PI3KCA (with a cutoff value of 3.85) was associated with a higher survival rate than high expression of
PIK3CA (p = 0.012) (Fig. 5B). The expression of PDPK1 (with a cut-off value of 2.6) seems to play different roles at different stages of

A B C
B Disgenet CHE GC

Genecard

e TTH Drugbank

Fig. 2. Related targets of CHE anti-GC. (A) Network diagram of potential CHE targets. (B) Veen diagram depicting the intersection of GC-related
targets in the five databases. (C) Venn diagram showing the intersection of GC-related therapeutic targets and potential CHE targets.
GC, gastric cancer; CHE, chelerythrine.
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Fig. 3. (A) Enrichment of gene ontology in CHE anti-GC prediction target biological processes, cell composition, and molecular function. (B)
Pathway enrichment analysis of CHE-predicted targets ranked among the top 30.
GG, gastric cancer; CHE, chelerythrine.

the disease. Patients with high expression of PDPK1 protein have a higher survival rate when the survival time of patients is less than
five years, and patients with PDPK1 protein have a lower survival rate when the survival time is over five years, which means that the
function of PDPK1 may be diverse (Fig. 5D). Combined with the screening of core targets and verification using the HPA database, we
believe that PIK3CA is the most important target of CHE in GC. This was consistent with our KEGG pathway enrichment analysis
results, indicating that the PI3K/AKT pathway plays an important role in the treatment of GC with CHE.

3.5. Verification of docking simulation

To evaluate the regulation of CHE on the core target, PIK3CA, we used molecular docking to identify the binding ability between
CHE and PIK3CA (PBD ID:6PSY). As shown in Fig. 6A (and Supplementary Table 10), CHE has strong binding activity with PIK3CA
(affinity energy = —10.5 kcal/mol). Fig. 6B shows the energy heat map of CHE and PIK3CA binding to the top ten in different con-
formations. The optimal binding energy was —10.5 kcal/mol, and the weakest binding energy was —7.0 kcal/mol, indicating that CHE
and PIK3CA have strong coupling.

3.6. In vitro verification of the pharmacological toxicity of CHE on GC cell lines

To further validate the bioinformatic results, at two-time intervals (24 and 48 h), the cytotoxicity of various doses of CHE (0-18
pmol/L) on HGC-27 and MGC-803 cells was assessed using the MTT assay. The viability of GC cells was considerably decreased by
CHE in a dose- and time-dependent manner (Fig. 7A and B). The two GC cells’ respective IC50 values for CHE were determined to be
8.77 pmol/L in HGC-27 cells and 10.90 pmol/L in MGC-803 cells at 24 h. Additionally, HGC-27 cells were more sensitive to the
cytotoxic effects of CHE at lower concentrations than MGC-803 cells. A colony is a collection of cells made up of a single cell’s progeny
that has multiplied in vitro for more than six generations. Colony formation rate reflects stemness and cell proliferation. Fig. 7 (C-F)
demonstrates that CHE-treated GC cells generated fewer colonies than untreated cells, indicating that CHE treatment slowed the
growth of GC. This conclusion was further supported by the fact that CHE treatment reduced the production of the proliferation marker
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GC, gastric cancer; CHE, chelerythrine; PPI, protein-protein interaction.. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

protein, PCNA (Fig. 70 and Fig. S1A).

Chemotherapeutic medications that impair cell viability typically affect cell motility. Using a wound-healing test, the motility of GC
cells was evaluated at low CHE concentrations (0-2 pmol/L) without endangering their survival. Fig. (7G-J) demonstrates that,
whereas scratches in the control group steadily healed over the course of 24 h, the procedure was considerably delayed after the
administration of CHE. Fewer cells consistently entered the bottom chamber through the hole when CHE levels increased in the CHE
intervention group according to Transwell® testing (Fig. 7K-N). As epithelial-mesenchymal transition (EMT) has been demonstrated to
be one of the crucial mechanisms of cancer cell invasion and migration, we used western blotting to evaluate the expression of EMT-
related markers. N-cadherin and vimentin expression in GC cells exposed to CHE was decreased, as shown in Fig. 70 (and Fig. STA).
Additionally, the changes in protein expression were dose-dependent. These findings imply that CHE prevents GC cell migration and
slows the EMT.

3.7. CHE induced GO/G1 arrest and apoptosis in GC cells

The results of the cell cycle assay showed that CHE blocked the cell cycle of GC cells in the GO/G1 phase (Fig. 8A-D). As cell
proliferation depends on the cell cycle, we concluded that CHE could hinder the proliferation of GC cells by blocking the cells in the
G0/G1 phase of the cell cycle. This is consistent with the results of the GO enrichment analysis.

In the MTT assay, GC cells incubated with CHE showed obvious morphological changes and were mainly contracted and floated.
These observations suggested that CHE has potential apoptotic activity in GC cells. Using Annexin V-FITC/PI staining and flow
cytometry analysis, we detected and demonstrated that CHE is a significant apoptosis-inducing factor in GC cells (Fig. 8E). The
apoptosis rates of HGC-27 and MGC-803 cells treated with 20 pmol/L CHE were 10.8 times and 5.06 times higher, respectively, than
those of the corresponding control groups (Fig. 8F-G). In addition, the expression of Bcl-2 (an anti-apoptotic marker) in CHE-treated
GC cells decreased, while the expression of Bax and cleaved-caspased 9 (a pro-apoptotic marker) increased (Fig. 8H-J and Fig. S1B),
indicating that CHE-treated GC cells undergo apoptosis through intrinsic apoptotic pathways.
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Fig. 5. HPA data validation of core targets. (A, C) Inmunohistochemical staining results of PIK3CA protein expression in normal gastric and
cancer tissues (scale bar represents 200 pm). (B, D) Expression of PIK3CA and PDPK1 and the prognosis of patients with GC.

3.8. Verification of protein levels of core targets and downstream effect targets

Western blotting was used to detect the key factors of the PI3K/AKT pathway in GC cells, including PIK3CA and AKT, and its
corresponding phosphorylated form, p-AKT. PIK3CA is located on chromosome 3 and contains 20 exons that encode the p110 catalytic
subunit of class I phosphatidylinositol-3-kinase, namely PI3Kp110a. The results showed that CHE significantly reduced the expression
of p-AKT and PIK3CA in a dose-dependent manner (Fig. 9A and Fig. S1C). However, no significant difference was observed in the total
AKT expression.

4. Discussion

With a mortality rate in the later stages, GC is the third most common cause of cancer cell death worldwide. The initial diagnosis,
course, and therapy of this disease are often poor [2]. Although chemotherapy and immunotherapy are effective against the illness,
recent trends have shifted toward the utilization of natural therapies in expanding studies [18,19]. In this study, a bioinformatics
inquiry from web-based databases using a network pharmacological method was used to investigate the therapeutic mechanism of the
natural alkaloid compound CHE as a therapy for GC. To the best of our knowledge, this is the first study to combine network phar-
macology, molecular docking simulations, and experimental validation to elucidate the pharmacological mechanisms of CHE against
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GC.

Database screening was primarily used to identify the treatment targets of CHE and GC. Consequently, 50 possible targets of CHE in
GC were identified. The selected targets were examined for functional enrichment using GO analysis. Protein binding, ATP binding,
serine/threonine kinase activity, and the molecular role of protein kinase activity were the most often linked to enriched target
categories. Furthermore, according to KEGG pathway enrichment analysis, the PI3K/AKT signaling pathway contained the majority of
treatment-related targets.

Numerous studies have demonstrated a strong association between PIK3CA and tumor growth. A phase II clinical study published
in The Journal of Clinical Investigation showed that PIK3CA inhibitors could benefit patients with head and neck tumors with atypical
PIK3CA mutations [20]. Studies have shown that the combination of alpelisib-fulvestrant can prolong progression-free survival in
patients with advanced breast cancer with PIK3CA3 mutation, HER2 positive, HER2 negative, and endocrine therapy [21,22]. Wu et al.
showed that PI3K/AKT/mTOR activation induced by PIK3CA upregulation promotes GC progression and chemoresistance [23]. A
meta-analysis showed that high PIK3CA expression is closely related to poor prognosis in patients with gastric cancer [24]. Therefore,
targeting PIK3CA is an effective strategy for increasing the survival time of patients with GC.

To properly screen the primary CHE targets for treating GC, we used the top five targets obtained by the six algorithms in the
CytoHubba plug-in and repeated the targets that appeared six times as the key targets of CHE in the treatment of GC. Finally, we
identified PIK3 CA and PDPKI. Interestingly, this was consistent with the results of the KEGG enrichment analysis. Subsequently, the
clinical significance of the target was analyzed using the HPA database. We discovered a strong correlation between low PIK3CA
protein expression and the five-year survival rates of patients with GC. Thus, PDPK1 may play different roles at different stages of the
disease. Functional analysis of PIK3CA and PDPK1 using Genecards revealed that PIK3CA can function as a catalytic subunit of PI3K,
while PDPK1, and p85, function as accessory subunits. Therefore, we believe that PIK3CA is a core target of CHE in GC. In summary, we
concluded that CHE may control PI3K/Akt/mTOR signaling pathway activation by interacting with PIK3CA.

Many studies have suggested that the PI3K/AKT signaling pathway is associated with tumor cell proliferation, migration, and
apoptosis [25-27]. We found that CHE inhibited the activity and proliferation of HGC-27 and MGC-803 cells using MTT and colony
formation assays. Moreover, Western blot analysis revealed lower levels of PCNA, a protein associated with cell proliferation. To avoid
the effect of tumor cell proliferation on migration experiments, we used western blotting to detect the protein expression of interstitial
markers N-cadherin and vimentin. The results showed that the expression of interstitial markers gradually decreased with increasing
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Fig. 7. CHE decreases the activity, proliferation, and migration of GC cells. (A, B) GC cell survival after exposure to CHE for 24 and 48 h. (C, D)
The capacity of GC cells treated with various doses (0 and 10 pmol/L) of CHE to produce clones was assessed. (E, F) Equivalent colony development
rates determined by statistical analysis of three different experiments. (G, H) The mobility of GC cells treated with CHE in three-dimensional space
was assessed. From the statistical findings of the three separate trials, we can derive the mobility measurements in (I) and (J). (K, L) Determination
of healing rate of GC cells treated with CHE. (M, N) Statistical results from three separate studies were used to calculate the relevant healing rate.
(0) Protein expression of PCNA, N-cadherin, and vimentin in GC cells after CHE treatment. The statistical results of the relative protein expression
levels from three separate studies are shown in (P) and (Q). *p < 0.05, * *p < 0.01 in contrast to the control group.

CjC, gastric cancer; CHE, chelerythrine.
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Fig. 8. Apoptosis and cell cycle changes in GC cells after CHE treatment. (A, B) Cell cycle assays of HGC and MGC-803 cells treated with CHE (10
pmol/L). (C, D) The corresponding GO/G1 phase cell ratios from the statistical results of three independent experiments. (E) Apoptosis tests on GC
cells that had been treated with CHE and (F, G) the matching apoptosis rate derived from the statistical findings of three separate studies. () PCNA
protein expression in GC cells following CHE treatment and (I, J) the related statistical findings of the relative protein expression values from three
separate studies. *p < 0.05, **p < 0.01.

GC, gastric cancer; CHE, chelerythrine; PCNA, Proliferating Cell Nuclear Antigen.

CHE concentrations. Flow cytometry was used to analyze cell cycle changes and apoptosis rates after CHE treatment of GC cells. These
findings demonstrated that CHE caused GO/G1 arrest in GC cells and, in a concentration-dependent manner, enhanced GC cell
apoptosis. After CHE treatment of GC cells, we found that the expression of the anti-apoptotic protein Bcl2 decreased, while the
expression of pro-apoptotic proteins Bax and cleaved caspase 9 increased. In summary, CHE inhibited GC cell growth by inhibiting GC
cell activity and proliferation and inducing GO/G1 phase cell arrest and apoptosis.

12



K. Kai et al. Heliyon 9 (2023) e17393

A B
HGC-27 MGC-803 J— HGC-27
£ 1.4,CHE(umo B 0 pmol/L
CHE(umol/L) b5t
G 0o 5 10 20 0 5 10 20 4 12 3 5 pmolL
p-axT [ ] (SR 00 <D £ o & 10 molL
g gj B 20 pmollL
é 02
2 00 3 y
AKT [ e e | [ e s e 60 KD & & o
& g &
MGC-803
picic: N I 110 <D § 14 HEGmoL) = oo
& }g 3 5 pmollL
§ 08 B2 10 pmol/L
K gi B 20 pmollL
£ .
actin [ — — — [C— —— —] E 02
i ———] [S————) 43 KD £o

kS S v
O
5&' * &

Fig. 9. Expression of PIK3CA and pAKT/AKT after CHE treatment. (A) The protein expression of p-AKT, AKT, and PIK3CA following CHE
treatment and (B, C) the corresponding statistical findings of the relative protein expression values obtained from three separate trials. *p < 0.05,
**p < 0.01.

CHE, chelerythrine.

Finally, to explore the regulation of the PIK3CA protein by CHE, we first analyzed the affinity between CHE and PIK3CA by
molecular docking. The results showed that the binding energy between CHE and PIK3CA was —10.5 kcal/mol, and CHE formed
hydrogen bonds with residues of PIK3CA, namely Asp933. Studies have shown that when the binding energy is less than —7.0 kcal/
mol, there is strong coupling between small molecules and proteins. This indicated that PIK3CA has a strong affinity for CHE. Our
Western blot results also demonstrated this. In addition, we detected the expression levels of the PIK3CA downstream target, AKT, and
its phosphorylated form, pAKT. With an increase in CHE, the expression level of pAKT gradually decreased, but the change in AKT was
not statistically significant. In summary, CHE inhibited GC cell viability and proliferation, and induced GO/G1 phase arrest and
apoptosis by targeting PIK3CA to downregulate the activity of the PI3K/AKT signaling pathway, ultimately inhibiting GC cell growth.

The clinical transformation of drugs and verification of their in vivo efficacy are necessary steps. Unfortunately, owing to the novel
coronavirus epidemic, we were unable to conduct in vivo experiments. However, previous studies have shown that CHE still has a good
therapeutic effect in in vivo studies of glioma, non-small cell lung cancer, and Dalton’s lymphoma [28,29], suggesting that CHE may
also have good pharmacological activity in in vivo studies of GC. In addition, chemotherapy tolerance is one of the most important
factors leading to poor prognosis in patients with gastric cancer. Many studies have found that abnormal activation of the PI3K/AKT
signaling pathway is involved in chemotherapy tolerance in GC. Thus, CHE combined with platinum or fluorouracil may have better
anti-GC activity. In summary, CHE has a great clinical value as an anti-GC drug.

5. Conclusions

This study systematically elucidated the mechanism of action of CHE against GC by network pharmacology, molecular docking, and
experimental verification. CHE causes cell cycle arrest and death and reduces the growth and migration of GC cells. This mechanism
may be related to the inhibition of PI3K/AKT signaling pathway activation, which is mediated by targeting PIK3CA. In addition, given
the important role of PIK3CA in the progression of gastric cancer, CHE has strong drug development potential and can be used as a
therapeutic drug for patients with GC.
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