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Background: Gastric cancer (GC) remains a leading cause of cancer-related mortality, with limited effective treatment options for 
advanced stages. As a steroidal saponin with documented anti-neoplastic properties in multiple cancers, digitonin’s mode of action in 
GC pathogenesis has yet to be fully elucidated. This research focused on exploring the potential of Digitonin in GC treatment using 
a combination of network pharmacology and experimental validation.
Methods: The inhibitory effects of Digitonin on the proliferation, invasion, and migration of gastric cancer cells were evaluated using 
CCK-8, colony formation, wound healing, and transwell assays. Key targets of Digitonin were identified through network pharmacol-
ogy. Molecular docking and various experiments, including Western blot, immunofluorescence, and a subcutaneous xenograft model, 
were used for validation.
Results: Digitonin exhibited stronger cytotoxicity against GC cells and significantly inhibited GC cell proliferation, migration, and 
invasion. Network pharmacology analysis revealed that the core targets of Digitonin are involved in key cancer-related signaling 
pathways, including HIF-1α, Ras, and PI3K-Akt pathways, with HSP90AA1 and NFKB1 identified as central targets. Further 
molecular docking, Western blotting, and immunofluorescence experiments confirmed that Digitonin significantly suppressed the 
expression of HSP90AA1 and inhibited the nuclear translocation of NFKB1, inducing cell apoptosis. Additionally, a subcutaneous 
xenograft model of GC further validated that Digitonin effectively inhibited tumor growth.
Conclusion: Digitonin serves as a promising multi-target therapeutic agent for GC. This study underscores the potential of combining 
network pharmacology with traditional Chinese medicine to identify novel therapeutic targets and develop effective anti-cancer 
strategies. In addition, these findings suggest that digitonin could be a promising candidate for future clinical trials in GC treatment.
Keywords: gastric cancer, digitonin, network pharmacology, HSP90AA1, NFKB1

Introduction
As reported in the 2022 Global Cancer Statistics, gastric cancer (GC) is the 5th globally in both incidence and mortality.1 

Due to its often late-stage diagnosis, the 5-year survival rate remains low.2 Despite recent advancements in treatment 
modalities, the prognosis for patients with advanced GC remains poor.3 Among them, targeted therapies have emerged as 
a promising approach to improve outcomes in GC by inhibiting specific molecular pathways involved in tumor growth 
and progression.4,5

As a commonly utilized branch of integrative medicine, traditional Chinese medicine (TCM) is appreciated by cancer 
patients for its therapeutic benefits and minimal severe side effects. Saponins, a diverse group of natural compounds 
found in various medicinal herbs, have attracted attention for their broad bioactivities, including anticancer properties.6–9 

Digitonin, a steroidal saponin derived from the Digitalis genus, has shown potential in cancer therapy by inducing 
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apoptosis, disrupting cell cycle progression, and enhancing the uptake of chemotherapeutic agents in various cancers 
such as liver, breast, lung, and colorectal cancers.9,10 Its ability to modulate multiple signaling pathways and sensitize 
cancer cells to traditional treatments highlights its potential as a therapeutic agent.11,12 Notably, recent mechanistic 
studies by Yang et al demonstrated digitonin-mediated suppression of KRAS/BRAF-mutant colorectal cancer progression 
through selective targeting of CD82, a tetraspanin family protein implicated in metastasis.13 Furthermore, digitonin 
reverses multidrug resistance via competitive inhibition of P-glycoprotein (P-gp)-mediated drug efflux, as evidenced by 
enhanced intracellular doxorubicin retention in resistant cell models.14–16 However, the deeper and more detailed 
mechanisms of Digitonin in the treatment of GC remain largely unknown. Further research is needed to elucidate its 
molecular mechanisms and evaluate its clinical applicability, paving the way for the integration of traditional compounds 
into modern cancer therapy.

Network pharmacology plays a unique role in cancer therapy by systematically uncovering the complex interactions 
between drugs, targets, and pathways. It has been instrumental in identifying multi-target mechanisms of traditional 
Chinese medicines, such as revealing how Huangqin Tang exerts anti-cancer effects through the STAT3, AKT1, MAPK3 
pathways.17 Similarly, it has highlighted the potential of small molecules like berberine to modulate multiple cancer- 
related targets, addressing challenges like drug resistance and tumor heterogeneity.18 Additionally, network pharmacol-
ogy has facilitated the repurposing of existing drugs, such as metformin.19 These applications underscore the importance 
of network pharmacology in developing more effective, multi-target therapeutic strategies for cancer.

In this study, we first evaluated the cytotoxicity, proliferation, migration, and invasion of Digitonin in GC cells. 
Network pharmacology and molecular docking were then used to identify the potential targets of Digitonin, followed by 
cell-based experiments and a subcutaneous xenograft model. The results provide a foundation for developing Digitonin 
as a multi-target anti-cancer agent.

Methods
Cells and Animal
The cell lines MKN1, NUGC3, HGC27, and GES1 were purchased from Cell Bank of the Chinese Academy of Sciences 
(Shanghai) and maintained in RPMI-1640 medium with 10% fetal bovine serum (FBS, Gibco, USA). Male BALB/c nude 
mice (4 weeks old) were obtained from BK Company (Shanghai, China) and housed under specific pathogen-free 
conditions (25°C with 55% humidity and 12/12 h of light/dark cycle). All animal studies were conducted following 
institutional guidelines and received approval from the Animal Care and Use Committee of Zhejiang Chinese Medical 
University, adhering to the ethical guidelines outlined in the Guide for the Care and Use of Laboratory Animals.

Cell Proliferation Assay (CCK-8 Assay)
CCK-8 assay was performed (Beyotime, China) according to the protocol. 5000 MKN1, NUGC3, HGC27, and GES-1 
cells were plated in 96-well plates and then treated with Digitonin (0, 0.3125, 0.625, 1.25, 2.5, 5, 10, and 20 μM) for 24, 
48, and 72 hours. At the specified time point, the medium in each well was replaced with fresh medium containing 10% 
CCK-8 solution and incubated until the absorbance of the control cells at 450 nm reached a range of 0.8 to 1.2. GraphPad 
Prism (version 9.0) was used to determine the IC50.

Wound Healing
MKN1 and NUGC3 cells were plated in each chamber of wound scratch assay kit (Culture-Insert, Ibidi, Germany) and 
cultured until reaching 90–100% confluence. The inserts were then carefully removed, and the cells were treated with 
serum-free medium containing Digitonin at concentrations of 0, 0.5, and 1 μM. Wound area pictures recorded at 0 and 
36 hours and calculated by migrated distance.

Colony Formation, Transwell Migration and Invasion Assays
For the colony formation assay, 1000 cells were seeded in 35 mm dishes and exposed to digitonin (0, 0.5, and 1 μM) for 
14 days. For transwell assays, 5 × 10⁴ cells suspended in serum-free medium with Digitonin (0, 0.5, and 1 μM) were 
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placed in the upper chamber, either pre-coated with Matrigel for invasion assays or left uncoated for migration assays. 
The lower chamber contained complete medium with 10% FBS. 48 hours later, cells on the upper surface of the 
membrane were removed. All cells were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. The data 
were counted using ImageJ software (version 1.52a, USA).

Network Pharmacology Analysis
Potential GC-related targets were identified from three databases: GeneCards, OMIM and DisGeNET. From GeneCards, 
the top 2000 targets were selected based on relevance scores. Digitonin-associated targets were retrieved from the 
TCMSID database, which integrates data from multiple sources including SwissTargetPrediction, SEA, ChEMBL, 
HitPickV2, Polypharmacology Browser, and Polypharmacology Browser 2. The keywords used included “GC”, “sto-
mach neoplasms”, “digitonin”, and “steroidal saponin”. The intersection of GC-related and Digitonin-related targets, 
visualized using a Venn diagram. These common targets were analyzed for KEGG pathway and GO enrichment analysis 
using the DAVID tool. Further comprehensive pathway analysis was performed using Metascape. All data were analyzed 
and visualized using appropriate bioinformatics tools (https://www.bioinformatics.com.cn/).

Identification of Core Targets Using Cytoscape
The intersecting genes between Digitonin-associated targets and GC-related targets were analyzed using Cytoscape 
software (version 3.8.0). Core targets were identified based on the centrality measures: degree, betweenness, and 
closeness. The median values for each parameter across all intersecting genes were calculated (degree > 5.18, between-
ness > 22.73, and closeness > 0.024), and genes with values above these thresholds were considered core targets. The 
selected core genes were visualized using Cytoscape, with node size representing degree centrality.

Expression and Survival Analysis of Core Targets Using TIMER2.0 and Kaplan-Meier 
Plotter Database
The TIMER2.0 database was used to assess the expression patterns of ESR1, HSP90AA1, and NFKB1 across various 
cancer types. The gene expression profiles in both tumor and normal tissues were analyzed across different cancer types. 
The prognostic value of HSP90AA1 and NFKB1 in GC was assessed using the Kaplan-Meier Plotter database. Patients 
were divided into high and low expression groups based on Auto select best cutoff. Statistical significance was defined as 
a p-value less than 0.05.

Molecular Docking of Digitonin with HSP90AA1 and NFKB1
The 3D conformations of HSP90AA1 (ID: 5H22) and NFKB1 (ID: 1U36) were retrieved from the Protein Data Bank. 
The model of Digitonin, Alvespimycin, and Tryptanthrine were obtained from the PubChem database and regenerated by 
MOE (version 2022). Docking simulations were carried out with AutoDock Vina (version 1.5.7). Preparation of both 
proteins and ligands involved adding hydrogen atoms, removing water molecules, and calculating Gasteiger charges. The 
grid box was positioned to encompass each protein’s domain and allow for free molecular movement. It was set to a size 
of 30 Å × 30 Å × 30 Å, with a grid point distance of 0.05 nm. Docking results were evaluated based on the binding 
affinity. The top-ranked binding poses were visualized using PyMOL software (2.3.3 version) to analyze the interaction 
sites and hydrogen bonding patterns between Digitonin and the amino acid residues of the proteins.

Western Blot, Nuclear/Cytoplasmic Fractionation, and Immunofluorescence Staining
Proteins are extracted using RIPA lysis buffer, separating by SDS-PAGE and transferring to PVDF membranes. They 
were then incubated with specific primary antibodies, HSP90AA1 (13171-1-AP, Proteintech), NFKB1 (p50, 14220-1-AP, 
Proteintech), and GAPDH (60004-1-Ig, Proteintech), followed by incubation with the appropriate secondary antibodies. 
Final results were visualized using an ECL system and quantified with ImageJ software, normalized to GAPDH. Nuclear 
and cytoplasmic proteins were isolated using a Nuclear and Cytoplasmic Extraction Kit (Beyotime, China) following 
Digitonin treatment. Protein levels of NFKB1 (p50) in both fractions were assessed by Western blot and quantified with 
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ImageJ, using vinculin (26520-1-AP, Proteintech) and H3 (17168-1-AP, Proteintech) as controls for cytoplasmic and 
nuclear fractions, respectively. For immunofluorescence, cells treated with Digitonin for 24 hours were fixed, permea-
bilized, and blocked, following the incubation with primary antibody and Alexa Fluor-conjugated secondary antibodies. 
Nuclei were counterstained with DAPI.

Apoptosis Detection by Flow Cytometry
After Digitonin treatment, the apoptosis of cells was detected by Apoptosis Detection Kit (Beyotime, China) following 
the protocol. Apoptotic cells were measured by flow cytometry (NovoCyte, USA) and processed with FlowJo software.

Establishment of Subcutaneous GC Xenograft Model
Male, 4-week-old BALB/c nude mice were sourced from the Experimental Animal Department of Zhejiang Chinese 
Medical University and housed under specific pathogen-free conditions. The room temperature was maintained at 22 ± 
2°C, with a relative humidity of 50 ± 10%, and a 12-hour light/dark cycle. 5 × 10⁶ MKN1 cells were injected into the 
lateral side of each mouse. Tumor volume was determined weekly by using the formula (Volume = long diameter × short 
diameter²/2). 10 days later, mice were randomly assigned to different treatment groups and received Digitonin, 5-FU, or 
PBS control via intraperitoneal injection every two days for 4 weeks. The body weight of the mice was monitored. 
4 weeks later, mice were humanely sacrificed, and tumors were collected for further analysis.

Measurement of Serum ALT and AST Levels in Mice
Blood samples of mice were collected via the orbital sinus technique. After allowing the whole blood to clot at room 
temperature for 1 hour, centrifugation was performed at 3000 ×g for 5 min. The serum fraction was collected and stored 
at −20°C until analysis. Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were 
measured using commercial assay kits (Aspartate Aminotransferase Assay Kit, C009-2-1, Nanjing Jiancheng 
Bioengineering Institute; Alanine Aminotransferase Assay Kit, C010-2-1, Nanjing Jiancheng Bioengineering Institute) 
according to the manufacturer’s instructions.

Ethics Statement
The human public data were approved by the Biomedical Ethics Committee of Ningbo No.2 hospital (no. PJ-NBEY-KY 
-2025-002-01).

Statistical Analysis
All data are presented as the mean ± SD, with n = 5 for cell experiments and n = 6 for animal experiments. All datasets 
underwent Shapiro–Wilk normality testing, confirming parametric assumptions. Statistical comparisons among multiple 
groups were conducted using one-way analysis of variance (ANOVA) followed by LSD or Tamhane’s T2 tests, while two 
group t-test. Differences were considered statistically significant at p<0.05. * means p<0.05, ** means p<0.01, and *** 
means p<0.001. Statistical analyses were performed using SPSS software (version 25).

Results
Anticancer Effects of Digitonin on GC
Three GC cell lines (MKN1, HGC27, and NUGC3) and a human gastric epithelial cell line (GES-1) were treated with 
Digitonin (0–20 μM) for 24, 48, and 72 hours. The study revealed that Digitonin significantly curtailed the proliferation 
of GC cells, with mean IC50 values recorded at 3.875 μM (24h), 2.004 μM (48h), and 1.185 μM (72h) (Figure 1A–C). 
Conversely, the effect on GES-1 was less pronounced, with IC50 values of 15.26, 13.54, and 11.13 μM at the 
corresponding time points (Figure 1D). These outcomes indicate that Digitonin may selectively eradicate GC cells 
without harming normal gastric mucosa, highlighting its therapeutic promise. The anti-tumor efficacy of digitonin was 
further corroborated by clonogenic assays, which revealed inhibition rates of 31.0–35.5% in MKN1 and 32.5–46.5% in 
NUGC3 cells (Figure 1E and F). Wound healing assays (Figure 1G and H) and Transwell migration/invasion analyses 
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demonstrated dose-dependent suppression of GC cell motility, with migration inhibition rates ranging from 34.2–67.0% 
(MKN1) and 31.0–71.9% (NUGC3), while invasion suppression rates reached 29.0–59.2% (MKN1) and 33.2–59.4% 
(NUGC3) (Figure 1I and J).

Network Pharmacology Analysis Identifies Key Therapeutic Targets of Digitonin in GC
To identify key therapeutic targets of Digitonin in GC, we performed network pharmacology analysis. Potential GC targets 
were identified from the GeneCards (top 2000 targets), OMIM (56 targets), and DisGeNET (367 targets) databases, yielding 
a total of 2208 unique targets (Figure 2A). Digitonin-associated targets (58 targets) were obtained from the TCMSID database. 
Intersection analysis revealed 25 common genes (Figure 2B). KEGG pathway enrichment using the DAVID database showed 
significant involvement in cancer-related pathways, including HIF-1 signaling, Ras signaling, PI3K-Akt signaling, and 
MAPK signaling pathways (Figure 2C). Visualization of these 25 genes and the top 10 enriched KEGG pathways indicated 

Figure 1 Digitonin inhibits the proliferation, migration, and invasion of GC cells in vitro. (A–D) CCK-8 assays were conducted on MKN1, NUGC3, HGC27, and GES-1 cell 
lines following treatment with varying concentrations of Digitonin (0–20 μM) for 24, 48, and 72 hours. (E and F) Clonogenic assays were performed on MKN1 and NUGC3 
cell lines treated with Digitonin at concentrations of 0, 0.5 μM, and 1 μM, followed by statistical analysis of colony formation. (G and H) Wound healing assays were carried 
out on MKN1 and NUGC3 cell lines treated with Digitonin at 0, 0.5 μM, and 1 μM, with subsequent statistical evaluation of cell migration. (I and J) Transwell migration and 
invasion assays were conducted on MKN1 and NUGC3 cell lines treated with Digitonin at 0, 0.5 μM, and 1 μM, and statistical analyses were performed to assess cell motility 
and invasiveness. Data are presented as the mean ± SD (n=5) of at five independent experiments. * means p<0.05, ** means p<0.01, *** means p<0.001.
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that the “Pathway in cancer” contained the most genes (8 genes), and VEGFA was linked to the most pathways (9 pathways) 
(Figure 2D). Subsequent GO analysis revealed that these intersecting targets are involved in biological processes about tumor 
progression, such as regulation of transcription by RNA polymerase, regulation of cell population proliferation, and regulation 
of apoptotic processes (Figure 2E). Additionally, Metascape pathway analysis revealed that those were interacted to tumor- 

Figure 2 Network Pharmacology Analysis of Potential Targets of Digitonin in GC. (A) Venn diagram showing potential GC targets obtained from the GeneCards (top 
2000), OMIM (56), and DisGeNET (360) databases. (B) Venn diagram illustrating the overlap between predicted GC targets and Digitonin targets retrieved from the 
TCMSID database. (C) KEGG pathway enrichment analysis of intersecting genes using the DAVID database. (D) Visualization of the association between intersecting targets 
and the top 5 KEGG pathways based on gene ratio. (E) GO term enrichment analysis of intersecting genes using the DAVID database. (F) Top 10 enriched pathways of the 
intersecting genes identified through Metascape analysis.
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related processes, including morphogenesis of epithelium, photodynamic therapy-induced NF-kB survival signaling, and 
regulation of intracellular protein transport (Figure 2F).

Core Targets of Digitonin in GC Predicting by Cytoscape Network Analysis
To identify the core targets, further analysis of the intersecting genes were performed using Cytoscape software. Key 
genes were selected based on degree, betweenness, and closeness centrality measures, with thresholds set above the 
median values for each parameter (5.18, 22.73, and 0.024, respectively) (Figure 3A). This analysis revealed that ESR1, 
PTPN1, FGF2, IL2, ABCG2, HSP90AA1, CDK1, and NFKB1 are the core genes among the intersecting targets 
(Figure 3B). A subsequent visualization of these core targets, ranked by degree centrality, showed that HSP90AA1, 
ESR1, and NFKB1 had significantly higher degree values compared to the other targets (Figure 3C). These core targets 
were further subjected to enrichment analysis using the DAVID database. KEGG pathway analysis indicated significant 
enrichment in tumor-related pathways such as inflammatory bowel disease, chemical carcinogenesis-receptor activation, 
and PI3K-Akt signaling pathway (Figure 3D). GO enrichment analysis revealed that pathways related to transcription by 
RNA polymerase, regulation of apoptotic process, and regulation of DNA-templated transcription were also significantly 
enriched (Figure 3E).

Figure 3 Identification of Core Targets Among Potential Digitonin Targets in GC. (A and B) Core targets were identified from the intersecting genes of Digitonin and GC 
using Cytoscape, based on median values of degree, betweenness, and closeness centrality measures. (C) Visualization of core genes according to degree centrality, with 
larger circles representing higher degree values. (D and E) KEGG pathway and GO enrichment analyses of the core genes were conducted using the DAVID database.
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Validation of Core Targets and Molecular Docking Analysis of Digitonin in GC
To validate the potential role of these core targets, particularly the three with high degree centrality, in Digitonin’s 
therapeutic effect against GC, we first analyzed their expression profiles using the TIMER2.0 public database. ESR1 
expression did not increase in GC tissues compared to normal tissues, while HSP90AA1 and NFKB1 were significantly 
overexpressed in tumor tissues (Figure 4A). Further survival analysis using the Kaplan-Meier plotter showed that higher 
HSP90AA1 expression correlated with poorer prognosis (Figure 4B), whereas NFKB1 showed the opposite trend 
(Figure 4C). Additionally, molecular docking simulations revealed robust interactions between Digitonin and the target 
proteins HSP90AA1 and NFKB1, with binding energies of −7.593 and −6.92 kcal/mol, respectively (Figure 4D and E). 
Detailed analysis revealed that Digitonin forms four hydrogen bonds with three amino acid residues of HSP90AA1 
(Figure 4F), and five hydrogen bonds with three amino acid residues of NFKB1 (Figure 4G), suggesting potential 
mechanisms through which Digitonin may exert its therapeutic effects on GC. Additionally, we performed molecular 
docking simulations with known HSP90 inhibitor (Alvespimycin) and NFκB inhibitor (Tryptanthrine). The results 
showed binding energies of −5.92 and −5.8 kcal/mol, respectively, which were not better than that of Digitonin 
(Figure 4H and I), supporting the potential of HSP90 and NFKB1 as targets for Digitonin.

Digitonin Increased GC Cell Apoptosis by Modulating HSP90AA1 and Nuclear 
Translocation of NFKB1
HSP90AA1 and NFKB1 are considered oncogenes. Notably, the precursor form of NFKB1, p105, is proteolytically 
cleaved into p50, which dimerizes with another NF-κB subunit, p65 (RelA), to form the p50:p65 heterodimer, regulating 
the transcription of anti-apoptotic genes, thereby promoting oncogenic processes. Western blotting results showed that 
Digitonin significantly inhibited HSP90AA1 expression, but had no noticeable effect on the total levels of NFKB1 
(Figure 5A and 5). Moreover, nuclear-cytoplasmic fractionation revealed a decrease in nuclear NFKB1 levels, with 
a concurrent increase in the cytoplasmic fraction (Figure 5C and D). Immunofluorescence analysis further confirmed that 
Digitonin treatment inhibited the nuclear translocation of NFKB1 (Figure 5E). Furthermore, Digitonin markedly induced 
apoptosis in GC cells (Figure 5F and G).

Digitonin Inhibits GC Growth In Vivo
To assess the therapeutic function of Digitonin in vivo, a subcutaneous xenograft model was established using MKN1 
cells (Figure 6A). As expected, Digitonin markedly decreased tumor volume relative to the control group, with the high- 
dose Digitonin group demonstrating efficacy comparable to that of 5-FU (Figure 6B). Additionally, images and final 
tumor weights further confirmed the substantial anti-tumor effect of Digitonin, which was comparable to 5-FU 
(Figure 6C and D). Quantitative analysis revealed 40.0% and 73.8% tumor growth inhibition for low- and high-dose 
digitonin respectively, paralleling the 72.8% inhibition observed with 5-FU. Importantly, body weight remained stable in 
both the Digitonin-treated and control groups throughout the treatment period (Figure 6E). Furthermore, while ALT and 
AST levels were significantly elevated in the 5-FU treatment group, the Digitonin treatment group showed no significant 
change compared to the normal control group, indicating that Digitonin has lower drug toxicity compared to traditional 
chemotherapy (Figure 6F). Subsequent experiments confirmed that Digitonin treatment significantly downregulated 
HSP90AA1 expression, thereby inhibiting tumor growth in vivo (Figure 6G).

Discussion
Currently, the most established targeted therapies for GC include agents targeting HER2,20 VEGF,21 and PD-1/PD-L1 
pathways.22 Antibody-drug conjugates (ADCs) represent a promising direction in targeted therapy. In a Phase 2 trial, 
Trastuzumab deruxtecan, targeting HER2, has shown significant efficacy in HER2-positive advanced GC.23 The 
DESTINY-Gastric01 trial demonstrated improved overall survival and response rates, leading to its approval for HER2- 
positive advanced GC.24 Beyond HER2, other targets like CLDN18.2 are being explored with ADCs like 
zolbetuximab.25 Despite these promising developments, the clinical application of ADCs in GC still faces challenges. 
One of the main issues is the heterogeneity of target expression within tumors, which can lead to variable efficacy and the 
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Figure 4 Expression Profiles, Prognostic Significance, and Molecular Docking Analysis of Digitonin with Core Targets in GC. (A) Expression levels of ESR1, HSP90AA1, and 
NFKB1 in tumor and adjacent normal tissues across various cancer types, as analyzed using the TIMER2.0 database. (B and C) Kaplan-Meier survival curves showing the 
correlation between high expression of HSP90AA1 and NFKB1 and overall survival in GC patients, generated using the Kaplan-Meier plotter. (D and E) Molecular docking 
models illustrating the binding interactions of Digitonin with HSP90AA1 and NFKB1. (F and G) Detailed views of the binding sites and hydrogen bond interactions between 
Digitonin and the amino acid residues of HSP90AA1 and NFKB1, including hydrogen bond lengths. (H and I) Molecular docking results of Alvespimycin with HSP90 and 
Tryptanthrine with NFκB, including specific binding hydrogen bonds. * means p<0.05, ** means p<0.01, *** means p<0.001.
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Figure 5 Digitonin Induces Apoptosis in GC Cells by Modulating HSP90AA1 Expression and NFKB1 Nuclear Translocation. (A and B) Western blot analysis of HSP90AA1 
and NFKB1 (p50) protein levels in MKN1 cells treated with Digitonin for 24 hours, followed by densitometric quantification. (C and D) Nuclear and cytoplasmic fractions 
were isolated from MKN1 cells treated with Digitonin for 24 hours. The expression of NFKB1 (p50) in the nuclear and cytoplasmic compartments was analyzed by Western 
blot and quantified. (E) Immunofluorescence staining of NFKB1 in MKN1 cells after 24 hours of Digitonin treatment, showing its subcellular localization. (F and G) 
Representative flow cytometry plots and quantitative analysis of apoptosis in MKN1 cells following 24 hours of Digitonin treatment. Data are presented as the mean ± SD 
(n=5) of at five independent experiments, “ns” means not significant, * means p<0.05, ** means p<0.01, *** means p<0.001.

Figure 6 Therapeutic Effects of Digitonin on MKN1 Subcutaneous Xenograft Model in Mice. (A) Schematic representation of the subcutaneous xenograft model using MKN1 cells and 
the treatment strategy. (B) Tumor volumes of subcutaneous xenografts in different treatment groups measured over time. (C and D) Representative images and final tumor weights of 
xenografts from each treatment group on the last day of treatment. (E) Body weights of mice in each treatment group, showing no significant difference, indicating low toxicity of 
Digitonin. (F) Serum ALT and AST levels were measured following Digitonin or 5-Fu administration to evaluate hepatorenal function. (G) Western blot showed HSP90AA1 expression 
levels in tumor tissues from control and Digitonin-treated groups. Data are presented as the mean ± SD (n=6) of at six independent experiments, “ns” means not significant, * means 
p<0.05, ** means p<0.01, *** means p<0.001.
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development of resistance.2 Therefore, there is a pressing need for the newly therapeutics that are not only safe and 
effective but also exhibit low toxicity.

Current first-line therapies for advanced GC predominantly rely on platinum-based (eg, oxaliplatin) and fluoropyr-
imidine (eg, 5-FU) chemotherapies, often combined with taxanes or irinotecan.26 While these regimens demonstrate 
initial efficacy, >60% of patients develop multidrug resistance (MDR) within 12 months, frequently mediated by 
P-glycoprotein overexpression,27 alongside substantial toxicities including myelosuppression and peripheral 
neuropathy.28 Targeted therapies and immunotherapies remain limited by molecular stratification requirements and 
acquired resistance.29,30 In contrast, our findings demonstrate that Digitonin exhibits broad-spectrum anti-GC activity 
while maintaining minimal cytotoxicity in non-cancerous GES-1 cells. Furthermore, in vivo animal experiments confirm 
that Digitonin, compared to 5-FU, effectively inhibits tumor progression with lower host toxicity. This effect may be 
mediated through the regulation of multiple tumor targets involved in tumor promotion, and this polypharmacological 
action helps circumvent the limitations of single-target therapies. These attributes position Digitonin as a promising 
candidate for overcoming conventional therapy resistance while improving safety. However, its long-term impacts, 
including potential tumor recurrence post-treatment and delayed toxicity, warrant further investigation through chronic 
toxicity studies and relapse monitoring protocols.

This study investigates the anticancer effects of digitonin in GC cells, integrating network pharmacology and 
molecular docking approaches to delineate its regulatory effects on critical oncogenic targets, specifically HSP90AA1 
and NFKB1. Heat shock proteins (HSPs) are highly conserved chaperones essential for proteostasis and stress adaptation, 
with emerging roles in malignant progression.31 Among these, HSP90AA1, a central node in the HSP90 chaperone 
system, has garnered significant attention as a therapeutic target due to its critical role in stabilizing oncogenic clients.32 

Notably, recent studies identify extracellular HSP90AA1 (eHSP90α) as a secreted chaperone that facilitates cancer cell 
invasion through extracellular matrix remodeling and activation of matrix metalloproteinases.33 In addition, NFKB1 
(p105/p50), a pivotal subunit of the NF-κB transcription factor family, exhibits context-dependent duality in 
tumorigenesis.34–37 NFKB1 homodimers primarily repress gene transcription, dampening inflammatory responses and 
abrogating anti-apoptotic signaling.36,38,39 In contrast, p50 heterodimers increase the expression of NFκB-regulated 
genes, promoting pro-inflammatory responses, anti-apoptotic pathways, and cellular proliferation in various 
cancers.35,40–42 This dual functionality makes NFKB1 a complex but valuable target in cancer therapy.43 This study 
demonstrates that Digitonin significantly inhibits the expression of HSP90AA1 and suppresses the nuclear translocation 
of NFKB1, thereby inducing apoptosis in tumor cells. These findings underscore the significance of targeting HSP90AA1 
and NFKB1 pathways in the development of therapeutic strategies against GC, as previous studies have highlighted the 
involvement of these proteins in cancer progression and treatment resistance.33

The network pharmacology analysis conducted in this study reveals that the core targets of Digitonin are significantly 
involved in critical cancer-related pathways, including HIF-1 signaling, Ras signaling, and PI3K-Akt signaling pathways. 
These pathways are essential for cancer cell proliferation and survival, thus emphasizing the relevance of understanding 
how Digitonin modulates these networks. By elucidating the mechanisms through which Digitonin interacts with these 
pathways, we can identify potential biomarkers for prognosis and therapeutic targets for GC treatment. Future research 
may focus on the interplay between these signaling pathways to develop more effective combinatorial therapies, 
enhancing the efficacy of existing treatment modalities while minimizing adverse effects.

However, this study has some limitations. Firstly, network pharmacology relies on databases that may contain 
incomplete or inaccurate information, which can lead to erroneous results and the omission of important details. 
Although our in vitro and in vivo experiments confirmed that Digitonin affects GC growth by regulating HSP90AA1 
and NFKB1, the absence of in vivo clinical validation limits our ability to fully assess the therapeutic potential of 
Digitonin in a physiological context, which is essential for translating preclinical findings into clinical practice. 
Therefore, future research should leverage the number of experimental repetitions advanced technologies, such as multi- 
omics data and clinical sample analysis, to further investigate the specific mechanisms of Digitonin in GC treatment and 
to establish a comprehensive understanding of its anticancer effects and clinical applicability.

Our experimental results further confirmed that Digitonin effectively downregulates HSP90AA1 expression and 
inhibits the nuclear translocation of NFKB1, resulting in increased apoptosis in GC cells. These findings highlight the 
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potential of using network pharmacology in combination with traditional Chinese medicine to identify novel therapeutic 
targets and develop new anti-cancer agents. By integrating bioinformatics with experimental validation, this approach 
could advance GC therapy and unveil enhanced, low-toxicity treatment alternatives.

Conclusion
In this study, we showed that Digitonin has substantial anti-tumor effects in GC, both in experimental models and in live 
subjects. Through network pharmacology and docking analysis, HSP90AA1 and NFKB1 were identified as key proteins 
of Digitonin. Our findings indicate that Digitonin downregulates HSP90AA1 expression and inhibits the nuclear 
translocation of NFKB1, leading to increased apoptosis in GC cells. These findings indicate that Digitonin, targeting 
various oncogenic pathways, shows potential as a new therapeutic agent for GC. Furthermore, our study underscores the 
potential of integrating network pharmacology with traditional Chinese medicine to identify new therapeutic targets and 
develop effective multi-target anti-cancer therapies. Future studies should concentrate on clarifying the molecular 
mechanisms of Digitonin and assessing its clinical efficacy in managing GC.
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