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ABSTRACT 

Oleanolic acid (OA) has demonstrated anticancer effects across various cancers, with some derivatives 

advancing to clinical trials. However, its precise mechanisms of action remain unclear, especially in 

oral squamous cell carcinoma (OSCC). This study employed network pharmacology, bioinformatics, 

molecular docking, dynamics simulations, and experimental validation to explore OA’s anticancer 

effects in OSCC and elucidate its mechanism of action. OA’s pharmacokinetic and physicochemical 

properties were assessed using SwissADME and Molsoft, revealing high oral bioavailability and GI 

absorption. SwissTargetPrediction and SuperPred identified protein targets, whereas GeneCards 

provided OSCC-related targets. A Venn diagram showed 34 overlapping targets between OA and 

OSCC. STRING and Cytoscape were used to construct a protein-protein interaction (PPI) network with 

32 nodes and 164 edges, identifying HSP90AA1, STAT3, HSP90AB1, PI3KR1, and NFKB1 as key 
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hub genes. Gene ontology and KEGG enrichment analyses highlighted relevant biological processes, 

molecular functions, and pathways. Molecular docking and dynamics simulations confirmed the strong 

binding of OA to hub targets. Experimental validation showed that OA inhibited cell viability and 

colony formation in a dose-dependent manner, induced apoptosis, and downregulated HSP90AA1, 

STAT3, and PI3KR1 proteins. In conclusion, this comprehensive study combining network 

pharmacology, bioinformatics, molecular simulations, and experimental assays provides valuable 

insights into OA’s anticancer potential and detailed mechanism of action in OSCC. 
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survival analysis 
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INTRODUCTION 

Oleanolic acid (OA), a naturally occurring pentacyclic triterpenoid, is widely distributed 

in several medicinal plants, such as olive leaves, berries, and various other herbs (1). It has 

been acknowledged for its many pharmacological properties, including anti-inflammatory, 

antimicrobial, antiviral, hepatoprotective, and anticancer effects (2, 3). In recent years, OA 

gained significant interest for its potential as a therapeutic agent in cancer treatment, providing 

a safer and more sustainable alternative to traditional chemotherapy. Its anticancer properties 

are ascribed to its capacity to block cell proliferation, trigger apoptosis, and regulate many 

signaling pathways implicated in cancer advancement (4). Research has shown that OA can 

target many molecular processes, positioning it as a possible option for cancer treatment. The 

safety profile and bioavailability of OA, together with its capacity to alter critical cancer-related 

molecular targets, provide a persuasive justification for investigating it as an efficacious natural 

anti-cancer drug. 

OSCC is the predominant form of oral cancer, constituting over 90% of all instances (5). 

It often originates in the epithelial lining of the oral cavity and is strongly linked to risk factors 

including tobacco use, alcohol intake, human papillomavirus (HPV) infection, and inadequate 

oral hygiene (6). OSCC is characterized by aggressive proliferation, local invasion, and a 

significant propensity for metastasis to regional lymph nodes. Notwithstanding progress in 

surgical methods, radiation, and chemotherapy, the prognosis for patients with OSCC remains 

unfavorable, especially in late stages, with an overall survival rate of around 50–60% (7). The 
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complicated molecular etiology of OSCC requires the formulation of innovative treatment 

approaches. Identifying molecular targets and comprehending the genetic and epigenetic 

modifications that drive OSCC advancement are essential for enhancing treatment results and 

developing novel targeted treatments. 

Recent breakthroughs in computer-aided drug design (CADD) have markedly improved 

the capacity to evaluate natural compounds for possible therapeutic uses, including anti-cancer 

medicines (8). CADD includes several computational techniques, including molecular 

docking, network pharmacology, differential gene expression analysis, and gene ontology 

enrichment, which together facilitate the discovery and optimization of bioactive substances. 

Molecular docking enables researchers to project the binding affinities and interactions of 

natural chemicals with designated protein targets, offering insights into their potential 

effectiveness (9). Network pharmacology provides a comprehensive framework for examining 

the connections of bioactive chemicals, various targets, and signaling pathways, therefore 

clarifying the multi-target processes of natural products (10). Differential gene expression 

analysis is a potent method for elucidating the impact of natural substances on cancer cells at 

the transcriptional level, identifying genes that are either upregulated or downregulated in 

response to therapy (11). Integrating this data with Gene Ontology enrichment analysis 

elucidates the biological processes and molecular functions affected by the chemicals, 

providing a more profound comprehension of the underlying mechanisms. Collectively, these 

methodologies enable the identification of potential natural product-derived therapeutic 

candidates, hence facilitating a more focused strategy in the formulation of treatments for 

intricate disorders like cancer. 

The study aims to investigate the anticancer effects of OA in OSCC by integrating 

network pharmacology, gene ontology, differential gene expression, survival analysis, 

molecular docking, and experimental techniques. This approach enables a comprehensive 

understanding of the multi-target mechanisms of OA, predicting its interactions with key 

biological targets in OSCC. By combining computational and experimental methods, the study 

seeks to validate the potential of OA as a natural therapeutic agent for oral cancer treatment. 

 

EXPERIMENTAL 

Pharmacokinetic profiling using SwissADME and Molsoft 



 

The pharmacokinetic properties like oral bioavailability and synthetic accessibility of OA 

were predicted using the SwissADME web tool (https://www.swissadme.ch/) (12). Drug-

likeness of OA was analysed using Molsoft (https://www.molsoft.com/mprop/mprop.cgi) to 

predict its solubility, number of hydrogen bond donors and acceptors, and other 

physicochemical properties (13). These parameters were used to confirm the suitability of OA 

as a potential therapeutic agent. 

Target prediction with SwissTargetPrediction and SuperPred 

SwissTargetPrediction (http://www.swisstargetprediction.ch/) (14) and SuperPred 

(https://prediction.charite.de/) were employed to identify potential protein targets for OA, 

based on its chemical structure. The targets were screened with screening criteria for 

probability, considering ≥ 60 % probability significant. This in silico prediction provided a list 

of candidate targets, enabling further exploration of molecular mechanisms for OA. 

Identification of OSCC-related targets using GeneCards 

To identify relevant therapeutic targets for OSCC, the GeneCards database 

(https://www.genecards.org/) was used to retrieve genes associated with OSCC, focusing on 

high-relevance scores. The targets were screened on the basis of the Gifts score and a Gifts 

score ≥ 60 was considered significant. This list formed the basis for intersecting OA targets 

with disease-related targets. 

Target intersection analysis using Venny 

Common targets between OA-predicted targets and OSCC-related genes were identified 

using the Venny 2.0.2 tool (https://bioinfogp.cnb.csic.es/tools/venny/index2.0.2.html), 

enabling the selection of relevant therapeutic targets for OA in the context of OSCC. These 

intersecting targets were considered potential mediators of anticancer effects for OA. 

Network construction and analysis using STRING 

A protein-protein interaction (PPI) network was constructed for the intersecting targets 

using STRING (https://string-db.org/), with a confidence score cut-off of 0.4 to ensure high-

quality interactions. The network data were exported for further analysis. 

Network visualization and hub gene identification with Cytoscape 

The PPI network was visualized using Cytoscape software, and the CytoHubba plugin 

was applied to identify hub genes. Topological parameters such as degree, closeness, and 
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betweenness centrality were used to rank the top 10 hub genes, focusing on those with the 

highest scores. 

Gene ontology and KEGG pathways 

Gene ontology enrichment and KEGG pathway analysis were conducted using the 

ShinyGo 0.80 platform (http://bioinformatics.sdstate.edu/go/). The analysis identified 

significant enrichments in biological processes (BP), cellular components (CC), molecular 

functions (MF), and KEGG-enriched pathways. 

Molecular docking using DockThor 

The binding affinity of OA with the top three hub genes was assessed through molecular 

docking using CB-Dock2 (https://cadd.labshare.cn/cb-dock2/index.php) (15). The 3D 

structures of target proteins were obtained from the RCSB Protein Data Bank (PDB) database 

in .pdb format, and OA was docked to evaluate interaction energies, with lower binding 

energies indicating stronger binding potential. The proteins HSP90AA1, STAT3, and PI3KR1 

(PDB IDs: 4U93, 4ZIA, and 7PG5, resp.) were prepared for docking using BIOVIA Discovery 

Studio by removing water molecules and ligands already present in the structure (16-18). We 

considered only HSP90AA1 for molecular docking over HSP90AB1 because they exhibit 86 

% identity and 93 % similarity. The structure of OA was prepared in .pdb using ChemBio3D 

Ultra V 11.0 after downloading the structure file from the PubChem database. The interactions 

between the ligand-protein complexes were visualised using Discovery Studio. 

Molecular dynamics simulations using iMODS and CABS-Flex 

Molecular dynamics (MD) simulations were performed using iMODS 

(https://imods.iqf.csic.es/) (19) and CABS-Flex (20) 

(https://biocomp.chem.uw.edu.pl/CABSflex2/index) to evaluate the docked OA-target 

complexes' stability and dynamic behaviour. Protein-ligand complexes were tested for 

structural flexibility and deformability using iMODS for normal mode analysis. After that, the 

protein's backbone dynamics were modelled using CABS-Flex in a near-native environment. 

This allowed us to understand the stability of the complexes and changes in conformation. 

Chemicals and cell cultures 

All chemicals used in this study were of high-quality grade procured from Sigma Aldrich, 

USA. Cancer cells Cal-27 and normal oral epithelial cells HaCaT (Cell Resource Center of 

Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai, China) 
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were cultured in a complete medium (Dulbecco's modified eagle medium) supplemented with 

10% FBS and 1% antibiotics. Cells were maintained in a humidified incubator at 37 °C with 

5% CO2. For experiments, cells were seeded at appropriate densities and allowed to adhere 

overnight before the introduction of treatments. 

MTT assay for cell viability 

Cells were treated with increasing concentrations of oleanolic acid (0, 25, 50, 75, and 

100 µmol L–1) for 24 hours. After the treatment period, MTT solution (5 mg mL–1) was added 

to each well and incubated at 37 °C for 4 hours. Formazan crystals were dissolved in dimethyl 

sulfoxide (DMSO), and the absorbance was measured at 570 nm using a microplate reader. 

Cell viability was calculated as a percentage relative to untreated control cells. 

Colony formation assay 

For evaluating long-term cell proliferation, cells were plated at a low density (500–1000 

cells per well) in 6-well plates and treated with oleanolic acid (0, 25, 75, and 100 µmol L–1) for 

14 days. Colonies were fixed with methanol and stained with crystal violet. Colonies with at 

least 50 cells were counted under a light microscope (Olympus, Japan), and the results were 

expressed as a percentage of colony numbers compared to the untreated control. 

Annexin V assay for apoptosis detection 

Apoptosis was assessed using flow cytometry. Cells were exposed to oleanolic acid (0, 

25, 75, and 100 µmol L–1) for 24 hours. Treated cells were harvested, washed with PBS, and 

stained with annexin V-FITC and propidium iodide following the kit instructions (Keygen, 

China). The proportion of live, early apoptotic, and late apoptotic/necrotic cells was determined 

by flow cytometry (Becton Dickinson, USA). 

Western blot analysis for HSP90AA1, STAT3 and PI3KR1 

To assess protein expression for HSP90AA1, STAT3, and PI3KR1, cells treated with 

oleanolic acid (0, 25, 75, and 100 µmol L–1) for 24 hours were lysed in a buffer containing 

protease and phosphatase inhibitors. Protein concentrations were quantified using a Bradford 

assay. Equal protein amounts (30 µg) were separated by SDS-PAGE and transferred onto 

PVDF membranes. After blocking with 5% non-fat milk, membranes were incubated overnight 

with primary antibodies against HSP90AA1, STAT3, and PI3KR1 (1:1000 dilution) at 4 °C. 

The membranes were then incubated with HRP-conjugated secondary antibodies and 



 

developed using enhanced chemiluminescence (ECL) reagents. Band intensities were 

quantified using ImageJ software, with GAPDH used as a loading control. 

Statistical analysis 

The data were analysed by GraphPad Prism Software, Version 5.0 (GraphPad Software, 

Inc., USA) and represented as mean ± SD; the statistical analysis was performed by one-way 

ANOVA followed by Turkey’s comparison test. Statistical differences between different 

groups were defined at p < 0.05. 

 

 

RESULTS AND DISCUSSION 

Pharmacokinetic study and target identification 

An overview of the complete study design and methods adopted in the current study is 

presented in Fig. 1. OA shows favorable pharmacokinetic properties, with a high oral 

bioavailability score indicating good absorption potential. Its lipophilicity supports membrane 

permeability, whereas moderate polar surface area suggests a balanced ability to interact with 

biological targets (Table I). 



 

 

 

 



 

Fig. 1. Overall study design using multi-method computational, network pharmacology, 

in silico molecular docking and dynamics simulations, and experimental assays for 

demonstrating the anticancer effects of oleanolic acid and its detailed mechanism in oral 

squamous carcinoma cells. 

 

 

 
Table I. Physicochemical parameters of OA assessed with SwissADME and 

Molsoft tools 
 

Oleanolic acid – physicochemical parameters  
Mr 456.36 
Number of HBA 3 
Number of HBD 2 
Mol logP 6.66 (> 5) 
Mol logS  –5.63 (log mol L–1); 1.07 (mg L–1) 
Mol PSA 44.14 A2 
Mol Vol  593.27 A3 
pKa of most basic/acidic group < 0. / 5.73 
BBB Score 3.68 
Number of stereo centers 8 
Oral bioavailability  0.85 
Drug-likeness model score 0.37 

BBB – blood-brain barrier, Mr – molecular mass, HBA – hydrogen bond acceptors, HBD – 
hydrogen bond donors, Mol logP – molecular log partition coefficient, 
Mol logS – molecular log solubility, Mol PSA – molecular polar surface area, 
Mol Vol – molecular volume, pKa – negative logarithm of the acid dissociation constant 

 

A total of 100 possible targets for OA were found using SwissTarget Prediction and 3 

confirmed targets and 53 possible targets were identified using SuperPred; 62 of these showed 

a probability of ≥ 60 % after removing the duplicates (Table SI). Concurrently, the GeneCards 

database provided 10,093 targets linked to OSCC, out of which only 935 survived the threshold 

for Gifts score (Table SII). By the use of Venny 2.0.2, the junction of these datasets produced 

34 shared targets between OA and OSCC (Fig. 2a and Table II). 
 

 



 

 

Fig. 2. a) Venn diagram illustrating the intersection of OA targets identified by SwissTargetPrediction 
and SuperPred and OSCC-related targets from GeneCards, revealing 34 common targets; b) protein-
protein interaction (PPI) network constructed for the intersecting targets between OA and OSCC, 
displaying the relationships among the proteins; c) visualization of the PPI network in Cytoscape, 
featuring 28 nodes and 160 edges representing interactions among the identified targets, d) Top 10 hub 
proteins with the highest PPI connectivity, including HSP90AA1, STAT3 and PIK3R1 based on their 
interaction counts. 

 
Table II. The common genes shared between oleanolic acid 
biological targets and targets in oral squamous carcinoma 

 
Intersecting targets 

BLM HSP90AA1 CDK5 CACNA1B 
PDGFRA TOP2A TLR8 SCN3A 

TERT CTSD GBA1 PDE3A 
AR AURKB SLC9A1 PTPRF 

STAT3 KDM1A CSNK2B  
PIK3R1 HSP90AB1 RPS6KA1  
NFKB1 ITK HSD11B1  
NTRK3 ADAM10 GRIN1  
TLR4 PTPN1 PDE4D  

CYP3A4 NR4A1 SCN2A  

 



 

PPI network construction and analysis 

Using the STRING database, a PPI network was built for the intersection of OA and 

OSCC with a confidence score threshold of 0.40 (Fig. 2b). The string network contained 32 

nodes and 164 edges. Subsequently, the network was downloaded and presented in Cytoscape 

to show the 28 nodes and 160 edges (Fig. 2c). The analysis of this network using the Cytohubba 

plugin in Cytoscape led to the identification of the top 10 genes with the highest PPI 

connectivity by implementing degree method. The genes include HSP90AA1, STAT3, 

HSP90AB1, PIK3R1, NFKB1, TERT, AR, PDGFRA, TOP2A, and TLR4 with interactions 

scores as 36, 32, 28, 20, 20, 18, 16, 12, 12, and 12, resp. (Fig. 2d). 

Gene ontology and KEGG results 

The GO enrichment analysis highlights significant BP, CC, and MF involved in OSCC. 

Key BPs include the regulation of protein serine/threonine phosphatase activity, 

phosphorylation, and activation receptor signalling, which are crucial for cellular signalling 

and metabolic control. Processes such as endothelial morphogenesis and response to 

endogenous and chemical stimuli underscore roles in vascular development and homeostasis 

(Fig. 3a). In CC, enriched terms involve vesicular structures like the ficolin-1-rich granule 

lumen and secretory granule lumen, reflecting functions in secretion and intracellular transport. 

Protein complexes, including the cation channel complex and transporter complex, indicate 

roles in molecular transport, while intracellular components like the nucleoplasm and nuclear 

lumen suggest involvement in transcription and chromatin regulation (Fig. 3b). In MF, 

activities such as protein kinase regulator activity, serine/threonine kinase activity, and 

chromatin binding highlight regulation of signaling pathways, transcription, and enzymatic 

functions, with additional roles in binding and molecular interactions (Fig. 3c). 
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Fig. 3. Gene ontology (GO) analysis results showing significant enrichment in: a) BP; b) CC; c) MF; 
d) shows KEGG enrichment analysis results indicating key signalling pathways associated with the 
overlapping genes, including MAPK and PI3K-Akt signaling, insulin resistance, and chemical 
carcinogenesis-receptor activation, as well as cancer-specific pathways like PD-L1 expression, PD-1 
checkpoint pathway, and pathways in cancer. 

 

KEGG pathway enrichment reveals associations with diverse biological contexts, 

including cancer-related signalling pathways like PI3K-Akt, MAPK, and the PD-L1 

checkpoint, highlighting the gene set's involvement in tumorigenesis and immune evasion. 

Pathways such as insulin resistance, fluid shear stress, and lipid metabolism underscore 

metabolic regulatory roles. Immune-related pathways like Toll-like receptor signalling and 

Th17 cell differentiation suggest immunomodulatory functions (Fig. 3d). KEGG pathway 

analysis revealed involvement of OA in critical cancer-related pathways such as PI3K-Akt, 

MAPK, and PD-L1 checkpoint, which regulate tumor survival, immune evasion and metastasis 

(21–23). The potential of OA to modulate these pathways suggests it could inhibit tumor 

growth and immune escape mechanisms in OSCC. The gene mapping flowcharts 

corresponding to the PD-1/PDL1 checkpoint pathway in cancer and cancer pathways is shown 

in Figs. 4a and 4b, resp. A common network revealing the interactions between oleanolic acid, 

target genes, and pathways in which target genes are enriched was developed by using 

Cytoscape with 45 nodes and 57 edges (Fig. 5a). 
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Fig. 4. a) Gene mapping showing the common genes between the biological targets of oleanolic acid 
and the gene targets in oral squamous cell carcinoma involved in the PD-L1 expression and PD-1 



 

checkpoint pathway in cancer; b) gene mapping showing the common genes between the biological 
targets of oleanolic acid and the genes in oral squamous cell carcinoma are involved in various cancer-
related pathways. 

 

 

Fig. 5. Construction of compound-target-signalling pathway enrichment network representing 

significant interactions with 45 nodes and 57 edges. The octagon in the centre shows oleanolic acid 

followed by circles which display protein targets and at the periphery of the network in diamond shape 

are the signalling pathways involved. 
 

 

Docking validation 

The CB-Dock2 docking analysis results provide insights into the binding interactions of 

OA with HSP90AA1, STAT3, and PI3KR1 (Table III). For OA-HSP90AA1, docking occurred 

in cavity C1 with a Vina score of –8.9, indicating strong binding affinity. The cavity volume 

was 1671 Å³, and the docking box with center coordinates x = 27, y = 24, and z = 11, and size 

coordinates x = 26 Å, y = 20 Å, and z = 20 Å. The binding pocket involves several key residues, 

such as ASN51, ASP54, ALA55 and TYR139, which likely contribute to the compound's stable 



 

interaction with the protein (Fig. 6). For OA-STAT3, docking in cavity C3 yielded a Vina score 

of –8.5 and a smaller cavity volume of 884 Å³ with center and size coordinates x = 81, y = 60 

and z = 125, and x = 20 Å, y = 20 Å, z = 20 Å, resp. Interacting residues include TYR22, PHE26 

and MET28 on chain C and ARG85 on both chains C and D (Fig. 6). For OA-PI3KR1, docking 

in cavity C3 achieved the highest Vina score of –10.1, indicating a very strong binding. The 

cavity volume was 6490 Å³, with center and size coordinates x = 11, y = –31 and z = 32 and x 

= 28 Å, y = 35 Å, and z = 26 Å, resp. Key residues like ARG88, GLU116, and ASP743 are 

involved, suggesting potential inhibition of PI3K signalling, a pathway central to cancer cell 

growth and survival (Fig. 6). 

 

Fig. 6. Molecular docking analysis of the OA-HSP90AA1, OA-STAT3, and OA-PI3KR1 

complex showing the binding affinity and interaction types, illustrating the strength of their interaction. 



 

 

 
Table III. Molecular docking results of OA with top 3 hub genes including HSP90AA1, STAT3, and 

PI3KR1, using the CB-Dock2 online tool 
 

Docked complex CurPocket 
ID 

Vina 
score 

Cavity 
volume (Å3) 

Center 
(x, y, z) 

Docking 
size 

(x, y, z) (Å) 

OA-HSP90AA1 C1 –8.9 1671 27, 24, 11 26, 20, 20 

OA-STAT3 C3 –8.5 884 81, 60, 125 20, 20, 20 

OA-PI3KR1 C3 –10.1 6490 11, –31, 32 28, 35, 26 

 

Molecular dynamics 

The iMODS study of OA complexes with HSP90AA1 (Fig. 7a), STAT3 (Fig. 7b), and 

PI3KR1 (Fig. 7c) showed changes in deformities and beta factor, revealing the stability and 

flexibility of these protein-ligand interactions. The RMSF of three complexes and contact maps 

were assessed using CABS-flex. RMSF analysis showed flexibility in each complex, whereas 

contact maps showed critical residue interactions and probable conformational changes (Figs. 

8a–c). 



 

 
Fig. 7. a) iMODS analysis of the OA-HSP90AA1 complex showing deformity and beta factor, 
indicating stability and flexibility; b) iMODS analysis of the OA-STAT3 complex, revealing structural 
dynamics and stability metrics; c) iMODS analysis of the OA-PI3KR1 complex, illustrating the 
flexibility and deformability of the protein-ligand interaction. 

 



 

 

Fig. 8. Structural and dynamic analysis of OA-hub gene docked complexes using CABS-flex 

online simulation tool. The multimodel superimposed simulated structures illustrate the conformational 

flexibility of the protein-ligand complexes, while the contact maps highlight key residue interactions. 

RMSF analysis reveals flexible and stable regions, indicating crucial sites for ligand binding and protein 

dynamics. a) OA-HSP90AA1, b) OA-STAT3, c) OA-PI3KR1. 

 

 

Inhibition of cell proliferation and colony formation 



 

The MTT assay results demonstrated that OA induced concentration-dependent 

cytotoxicity in Cal-27 oral cancer cells after 24 hours, with significantly higher effects 

compared to HaCaT normal cells, indicating detectable selectivity for cancer cells but still too 

modest selectivity index of 1.70 (Fig. 9a). Additionally, OA inhibited colony formation in Cal-

27 cells in a concentration-dependent manner (Figs. 9b,c), revealing its cell colony inhibitory 

effects in OSCC cells. These findings suggest that OA selectively targets cancer cells while 

minimizing toxicity to normal cells, supporting its potential as a therapeutic agent for OSCC 

treatment. 



 

 



 

Fig. 9. a) Cytotoxicity of OA in Cal-27 OSCC cells compared to HaCaT normal cells, b) and c) 
microscopic images and graphical representation of the colony formation assay showing the inhibitory 
effect of OA on the colony formation of Cal-27 cells. Each bar shows as mean ± SD. Significant 
difference versus control group: ∗p < 0.05, ∗∗p < 0.01, and n = 3. 

 

 

Apoptotic cell death 

Flow cytometry results from the Annexin V/PI assay indicated that OA induces apoptotic 

cell death in Cal-27 cells. As OA concentration increased, a corresponding rise in early (Q2) 

and late apoptotic (Q3) cell populations was observed, while the viable cell population (Q4) 

decreased, demonstrating OA’s dose-dependent pro-apoptotic effect (Fig. 10a). Notably, after 

OA treatment, the percentage of apoptotic cells reached 41.4 %, accompanied by a small 

necrotic population of 2.3 % (Q1), indicating that apoptosis is the predominant mode of cell 

death induced by OA in Cal-27 oral cancer cells. 

 



 

 



 

Fig. 10. a) Flow cytometry results from Annexin V/PI assay showing increased early and late 

apoptotic cell populations in Cal-27 cells after OA treatment; b) Western blot analysis displaying 

HSP90AA1, STAT3, and PI3KR1 expression in Cal-27 vs. control cells; c) Quantitative estimation of 

Western blot intensities for HSP90AA1, STAT3, and PI3KR1 in response to OA concentration in 

OSCC cells. Each bar shows mean ± SD. Significant differences vs. control: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p 

< 0.001, n = 3. 

 

 

Effect of OA on the key protein expressions 

Western blotting analysis was performed to validate network pharmacology, 

bioinformatics, and in silico molecular docking and dynamics studies which indicated that three 

hub proteins including HSP90AA1, STAT3, and PI3KR1 were actively involved in the 

anticancer mode of action of oleanolic acid in OSCC. Results indicated that increasing 

concentrations of oleanolic acid led to a significant reduction in the protein expressions of all 

these three hub protein targets. The expression of PI3KR1 and STAT3 particularly showed 

more significant and pronounced downregulation as compared to the HSP90AA1 target 

protein. As compared to the untreated control, the OA-treated cells showed a significant 

decrease in protein expression. The densitometric analysis showed a graphical representation 

of the decrease in protein expression of these three protein targets (Figs. 10b,c). The GAPDH 

was used as a loading control. The observed decrease in protein expression may also be 

attributed to indirect mechanisms such as the potential influence of OA on upstream regulatory 

factors, including transcription factors or signaling pathways. Further studies are required to 

elucidate whether this downregulation is mediated by direct inhibition of transcriptional or 

post-transcriptional mechanisms. 

HSP90AA1 is a molecular chaperone that plays a pivotal role in cancer progression (24). 

It stabilizes a variety of proteins involved in critical cellular processes such as signal 

transduction, cell cycle regulation, and apoptosis (25). In cancers like OSCC, HSP90AA1 helps 

in the maintenance of oncogenic proteins, including mutant p53 and BRAF, making it a prime 

target for cancer therapies (26). HSP90AA1 overexpression correlates with poor prognosis, 

and its inhibition has been shown to reduce tumor growth, induce cell cycle arrest, and enhance 

apoptotic cell death in different cancers (27). Given its central role in stabilizing multiple 

oncoproteins, HSP90AA1 represents a significant target for the development of anticancer 

drugs, especially in OSCC. 



 

STAT3 is another critical oncogene in OSCC (28). In normal cells, STAT3 activation is 

tightly regulated, but in cancer, particularly OSCC, STAT3 is often constitutively active, 

driving processes such as cell proliferation, survival, and immune evasion (29). This aberrant 

activation of STAT3 results in the transcription of genes promoting tumor progression, 

angiogenesis, and metastasis. In OSCC, overexpression of STAT3 is linked to poor prognosis 

and resistance to chemotherapy (30). Targeting STAT3 could inhibit these malignant 

processes, making it a potential therapeutic target in OSCC treatment strategies. 

HSP90AB1 shares similar functional roles with HSP90AA1, but it is more involved in 

regulating steroid hormone receptors and intracellular signalling pathways (31). HSP90AB1 is 

implicated in various cancers, where it contributes to tumor progression by stabilising client 

proteins involved in survival pathways (32). It also plays a crucial role in regulating the 

epithelial-to-mesenchymal transition (EMT), a key event in cancer metastasis (33). As a 

molecular chaperone, targeting HSP90AB1 could disrupt the stability of oncogenic proteins 

and suppress tumor growth and metastasis in OSCC. 

PI3KR1 is a vital component of the PI3K signalling pathway, which is often dysregulated 

in cancer (34). The PI3K-Akt pathway is involved in numerous cellular processes, including 

metabolism, growth, survival, and motility. In OSCC, aberrant activation of PI3KR1 promotes 

tumorigenesis by enhancing cell survival and proliferation while inhibiting apoptosis (35). It 

also facilitates metastasis by promoting epithelial-to-mesenchymal transition (EMT) (36). 

Given the critical role of PI3KR1 in cancer progression, targeting this pathway offers a 

promising therapeutic approach for OSCC, potentially reversing resistance to chemotherapy 

and inhibiting metastasis. 

 

CONCLUSIONS 

This study reveals that OA exhibits significant anticancer potential against OSCC by 

targeting key hub genes like HSP90AA1, STAT3, and PI3KR1. OA showed high oral 

bioavailability, inhibited cell viability and colony formation, and promoted apoptosis in OSCC 

cells. Molecular docking and dynamics simulations confirmed the strong binding of OA to hub 

targets, while bioinformatics analyses highlighted its involvement in critical cancer-related 

pathways. The findings provide valuable insights into OA’s mechanism of action, supporting 

its potential use as a therapeutic agent for OSCC. 

Supplementary data are available upon request. 
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shock protein 90 alpha family class A member 1, HSP90AB1 – heat shock protein 90 alpha family class 

B member 1, HPV – human papillomavirus, HRP – horseradish peroxidase, iMODS – internal 

coordinates normal mode analysis server, KEGG – Kyoto encyclopedia of genes and genomes, MTT – 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, NFKB1 – nuclear factor kappa B 

subunit 1, OA – oleonolic acid, OSCC – oral squamous cell carcinoma, PBS – phosphate-buffered 

saline, PI – propidium iodide, PI3KR1 – phosphoinositide-3-kinase regulatory subunit 1, PPI – protein-

protein interaction, PVDF – polyvinylidene difluoride, RCSB Protein Data Bank – Research 

collaboratory for structural bioinformatics protein data bank, SDS-PAGE – sodium dodecyl sulfate 

polyacrylamide gel electrophoresis, STAT3 – signal transducer and activator of transcription 3, 

SwissADME – Swiss absorption, distribution, metabolism, and excretion. 
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