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					ABSTRACT  

					ARTICLE INFO  

					Breast cancer (BC) remains a leading cause of cancer-related mortality among women,  

					particularly those with estrogen receptor-positive (ER+) disease. The Michigan Cancer  

					Foundation-7 (MCF-7) subtype presents notable therapeutic challenges due to its prevalence and  

					limited response to standard treatments. This study used network pharmacology and molecular  

					docking to assess Uncaria gambir Roxb. (UGR)'s anticancer potential against MCF-7 cells. Active  

					compounds from the ethanol UGR extract were obtained from the literature and screened based  

					on pharmacokinetic and toxicological parameters, including oral bioavailability, drug-likeness,  

					intestinal absorption, LD₅₀, and inactive cytotoxicity. The target genes of compounds and diseases  

					were retrieved from GeneCards. STRING was used to build protein–protein interaction networks,  

					and Cytoscape was employed to visualize them. ShinyGO was utilized to analyze Kyoto  

					Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO). Molecular docking was  

					conducted with AutoDock Vina via PyRx 0.98. Four compounds; catechin, epicatechin, hirsutin,  

					and quercetin, met the ADMET selection criteria. A total of 604 overlapping target genes were  

					identified, with TP53, CTNNB1, SRC, and ESR1 serving as major network hubs. Gene Ontology  

					and KEGG analyses confirmed the involvement of these targets in key cancer-related pathways.  

					Catechin and quercetin acted as central modulators. The docking results showed strong affinities  

					to the targets: catechin–TP53 (-7.2 kcal/mol), quercetin–SRC (-8.9 kcal/mol), ESR1 (-8.5  

					kcal/mol), and epicatechin–ESR1 (-8.8 kcal/mol). The potential of UGR as a source of multi-  

					target natural compounds for BC therapy was demonstrated by these findings, which were on par  

					with or better than reference medications.  
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					pharmacology.  

					Molecular simulations are becoming increasingly valuable in drug  

					development, from target validation to formulation optimization and  

					development.6 These computational methods and mathematical  

					modeling offer faster predictive capabilities and cost-effectiveness in  

					identifying novel targets and small molecular candidates.5 The  

					challenge lies in finding compounds suitable for the discovery and  

					development process after multiple trials and screening for preclinical  

					properties.7 Emerging strategies for drug target discovery, including  

					computer-aided approaches, multiomics analysis, and gene editing,  

					have significantly improved efficiency, reduced costs, and shortened  

					the development cycle.8  

					A potent method for comprehending the intricate relationships that exist  

					between bioactive substances and molecular targets in disease processes  

					is network pharmacology (NP). This method integrates biological,  

					pharmacological, and molecular data to provide a holistic view of drug  

					mechanisms.9,10 Also, it offers advantages over traditional single-target  

					approaches by considering multi-target effects and biological  

					networks.10 Network pharmacology has been applied in various fields,  

					including traditional medicine, drug repositioning, and combination  

					therapy discovery for drug discovery and development in the era of big  

					data.11 The methodical identification of several molecular targets linked  

					to BC pathways in this research is made possible by NP, which directly  

					aligns to reveal multi-target natural compound mechanisms of action in  

					MCF-7 cells.  

					Introduction  

					Breast cancer (BC) remains one of the leading causes of  

					cancer-related mortality among women worldwide, with estrogen  

					receptor–positive (ER+) subtypes, such as the Michigan Cancer  

					Foundation-7 (MCF-7) cell line, serving as important models for  

					research.1 The MCF-7 cell line responds to estrogen (E2) with increased  

					growth and cell cycle progression, while progesterone (PRG) inhibits  

					growth.2 Estrogen mutations can lead to constitutively active forms,  

					contributing to antiestrogen therapy resistance in metastatic BC.3  

					Current treatments include surgery, radiotherapy, and chemotherapy,  

					but these often have side effects and damage healthy tissues.1 Novel  

					approaches, such as Quantitative Structure–Activity Relationship  

					(QSAR) modeling and molecular docking (MD) studies, are used to  

					design more effective anticancer compounds targeting the MCF-7 cell  

					line.4 Furthermore, studies on hormone metabolism, how hormone  

					metabolites affect growth, and the effectiveness of nutritional  

					supplements may offer novel treatment options for BC that is resistant  

					to endocrine therapy.2  

					Therefore, developing safe and effective new drug candidates remains  

					a significant focus in modern pharmaceutical research. Traditional drug  

					discovery methods are time-consuming and expensive, prompting the  

					adoption of computational approaches to accelerate the process.5  
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					Uncaria gambir Roxb (UGR), a native Indonesian medicinal plant that  

					has been utilized for a variety of purposes, is one of the promising  

					sources of bioactive chemicals.12 However, its anticancer potential,  

					especially against BC, has not been explored in depth through a modern  

					systematic framework. Catechin compounds and their derivatives  

					contained in gambir leaves have potential pharmacological activities.  

					However, studies that combine network pharmacological analysis with  

					MD validation against BC targets are still minimal. Molecular docking,  

					in turn, provides atomistic insight into the binding conformation and  
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					affinity between the selected phytochemicals and key BC targets, thus  

					supporting the predictive findings from the NP analysis and validating  

					their therapeutic relevance.  

					new.charite.de/protox_II) provided the cytotoxicity and LD₅₀ data. HIA  

					values were retrieved from pkCSM  

					(https://biosig.lab.uq.edu.au/pkcsm/; accessed May 29, 2025).  

					Compounds that met the ADMET criteria were selected as primary  

					candidates for further analysis.  

					This study was carried out to fill this knowledge gap by identifying the  

					active compounds from UGR leaves that interact with significant  

					molecular targets connected to the apoptosis and proliferation of MCF-  

					7 BC cells. This research not only reveals the interaction network  

					between compounds and targets via the integration of bioinformatics  

					data and molecular simulations, but also predicts the binding affinity  

					and stability of ligand-receptor complexes that are the basis of the  

					therapeutic potential of these compounds. This study is novel because  

					it uses a methodical approach that combines MD and NP to investigate  

					the molecular mechanisms of natural compounds in UGR leaves that  

					have never been studied before. This opens up possibilities for the  

					creation of targeted and efficient phytopharmaceutical-based anticancer  

					treatments. This finding will provide a major contribution to the  

					production of BC drugs while strengthening the role of Indonesia's  

					natural resources as a repository of bioactive compounds with high  

					therapeutic potential.  

					Identification and collection of bioactive compounds and disease  

					targets  

					To identify key compounds that have the potential to target related  

					genes in UGR, the names of chemical compounds were entered into the  

					GeneCards database (https://www.genecards.org/; accessed May 29,  

					2025). Target genes related to BC and GeneCards was also used to  

					obtain MCF-7 cells. Furthermore, target genes from gambir leaves, BC,  

					and  

					MCF-7  

					were  

					analyzed  

					using  

					Venny  

					2.1  

					(https://bioinfogp.cnb.csic.es/tools/venny/; accessed May 29, 2025),10  

					to identify overlapping genes. The analysis results were visualized in a  

					Venn diagram depicting overlapping target genes among gambir leaves,  

					BC, and MCF-7.  

					Protein–protein interaction network construction  

					Protein-protein interaction (PPI) network analysis was performed to  

					uncover the functional relationship between the active compounds’  

					target proteins of UGR related to BC and MCF-7 cell lines. Target gene  

					data obtained from the overlap between UGR, BC, and MCF-7 were  

					analyzed using the STRING database (https://string-db.org/; accessed  

					May 29, 2025) to build a PPI network. Parameter settings used a high  

					level of confidence (confidence score > 0.9) to ensure the validity of  

					interactions between proteins. Furthermore, the interaction data  

					obtained were exported and visualized using Cytoscape software  

					(version 3.10.2), to identify central nodes and understand the  

					topological architecture of the protein network.13  

					Materials and Methods  

					Computational resources and tools  

					The computational analysis in this study was performed using a  

					personal computer equipped with an Intel(R) Core(TM) i7-8650U CPU  

					@ 1.90 GHz (2.11 GHz), 16 GB RAM, and a 64-bit Windows 11  

					operating system. Various software were utilized throughout the  

					research process. Cytoscape version 3.10.1 (Cytoscape Consortium,  

					USA; released in 2023) was used for network construction and analysis,  

					while PyRx version 0.9.8 (Source Forge, USA; released in 2014)  

					facilitated MD simulations. Chimera version 1.16 (University of  

					California, San Francisco, USA; released in 2021) was employed for  

					molecular structure visualization. BIOVIA Discovery Studio Visualizer  

					2021 (Dassault Systèmes, France; released in 2021) analyzed ligand–  

					protein interactions in 2D and 3D formats. CASTp version 3.0  

					(University of Illinois at Chicago, USA; released in 2018) was utilized  

					to predict protein binding pockets based on topological features.  

					Functional enrichment analysis was carried out using ShinyGO version  

					0.80 (South Dakota State University, USA; released in 2020), and  

					pkCSM (Bio21 Institute, University of Melbourne, Australia; released  

					in 2015) was applied to assess the absorption, distribution, metabolism,  

					excretion, and toxicity (ADMET) profiles of selected compounds.  

					Additionally, Venny version 2.1.0 (Centro Nacional de Biotecnología,  

					CNB-CSIC, Spain; released in 2016) was employed to visualize  

					overlapping gene targets using Venn diagrams.  

					Several publicly available databases were employed to support  

					compound screening and target identification. These included  

					KNApSAcK (https://www.knapsackfamily.com) for plant metabolite  

					profiling, PubChem (https://puBChem.ncbi.nlm.nih.gov) for chemical  

					structure retrieval, and TCMSP (https://www.tcmsp-e.com) for  

					pharmacokinetic properties of traditional Chinese medicinal  

					compounds. Additionally, the following tools were used: GeneCards  

					(https://www.genecards.org) for gene target exploration, ProTox-II  

					(https://tox-new.charite.de) for toxicity prediction, STRING  

					(https://string-db.org) for protein–protein interaction (PPI) network  

					analysis, and ChEMBL (https://www.ebi.ac.uk/chembl) for bioactivity  

					data. Access was made to all databases and tools from May 28 to May  

					30, 2025.  

					Central targets and crucial target screening  

					To filter central targets from protein interactions relevant to active  

					compounds of UGR against BC and MCF-7 cell lines, network  

					topology analysis was conducted utilizing Cytoscape software version  

					3.10.2. The analysis was performed through the CytoCluster plugin by  

					evaluating three main topological parameters: Degree, Betweenness  

					Centrality (BtC), and closeness centrality (CC). Nodes with values  

					above the median for the three parameters were selected to build a sub-  

					network,14 which represents potential core targets in the network. In  

					addition, the CytoHubba plugin was employed to identify crucial target  

					genes derived from a combination of five topological parameters,  

					namely Degree, BtC, CC, Maximal Clique Centrality (MNC), and  

					bottleneck. The top ten nodes from each criterion were extracted, and  

					the intersection between the analysis results was used to determine the  

					most biologically significant essential targets.10,15  

					KEGG and Gene Ontology  

					To probe into the potential biological mechanisms underlying the  

					efficacy of UGR against BC, particularly in the MCF-7 cell pathway,  

					GO and Kyoto Encyclopedia of Genes and Genomes (KEGG)  

					enrichment analyses were performed using the ShinyGO version 0.80  

					platform (http://bioinformatics.sdstate.edu/go/; accessed 30 May 2025).  

					To guarantee statistical significance, the organism was set to Homo  

					sapiens, and the False Discovery Rate threshold was set at 0.05. Gene  

					functions were divided into three domains by the GO analysis:  

					molecular function (MF), biological process (BP), and cellular  

					component. Using KEGG enrichment, signaling pathways that were  

					substantially associated with the intersecting gene targets were  

					identified. The number of genes enriched in each term or pathway was  

					used to scale the x-axis of the resulting bar charts. This approach  

					enabled comprehensive functional annotation and pathway mapping of  

					candidate genes, facilitating the understanding of UGR's therapeutic  

					potential in BC through molecular interaction networks.16  

					Identification of content and screening of active compounds in Uncaria  

					gambir Roxb  

					The chemical content in UGR leaves was identified based on literature  

					studies. To evaluate the ADMET profile, the TCMSP, ProTox II, and  

					pkCSM databases were utilized.10 Human intestinal absorption (HIA) >  

					80%, median lethal dose (LD₅₀) > 150 mg/kg, oral bioavailability (OB)  

					≥ 30%, drug-likeness (DL) ≥ 0.18, and molecular weight (200 < MW <  

					500 Dalton) are the primary selection criteria. Cytotoxicity was  

					considered inactive, with a probability greater than 0.92. Oral  

					bioavailability and DL data were obtained from the Traditional Chinese  

					Medicine  

					https://old.tcmsp-e.com/tcmsp.php; accessed May 28, 2025). Prediction  

					of Toxicity of Chemicals (ProTox-II; https://tox-  

					Systems  

					Pharmacology  

					Database  

					(TCMSP;  
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					Construction of compound–target–pathway interaction network  

					To clarify UGR's molecular mechanism in treating BC, a network of  

					compound–target–pathway interactions was constructed. The network  

					integrates the active compounds identified from UGR, their predicted  

					gene targets, and the enriched KEGG pathways. Visualization and  

					integration of these interactions were performed utilizing Cytoscape  

					version 3.10.2. Nodes in the network represent compounds, target  

					genes, and pathways, while edges denote their associations.17 This  

					network-based approach provides a systems-level understanding of the  

					pharmacological actions of UGR against BC, particularly involving  

					MCF-7-related targets.  

					Validation of docking protocol  

					To validate the docking protocol, the native ligand was re-docked into  

					its original binding site, and the Root Mean Square Deviation (RMSD)  

					between the docked pose and the crystallized pose was calculated.  

					RMSD ≤ 2.0 Å was considered acceptable for validation.21  

					Visualization and interaction analysis  

					The molecular interactions between senyawa aktif and the active site  

					residues of each target protein were visualized using Discovery Studio  

					Visualizer 2021. Two-dimensional (2D) interaction diagrams and 3D  

					binding poses were formed to examine hydrogen bonds, hydrophobic  

					interactions, pi-pi stacking, and electrostatic interactions. Amino acid  

					residues involved in the interactions were identified and discussed in  

					detail.22  

					Protein preparation  

					The three-dimensional (3D) crystal structures of AKT1 (PDB ID:  

					4GV1), EGFR (PDB ID: 2X2F), ESR1 (PDB ID: 1UOM), SRC (PDB  

					ID: 2COI), TP53 (PDB ID: 3DCY) were retrieved from the RCSB  

					Protein Data Bank (https://www.rcsb.org/). Using Discovery Studio  

					Visualizer 2021, protein preparation was carried out by eliminating  

					water molecules and co-crystallized ligands, followed by the addition  

					of polar hydrogens. The processed PDB files were converted to PDBQT  

					format using AutoDock Tools 1.5.6, where Gasteiger charges were  

					assigned and torsional flexibility was defined for docking.18  

					Results and Discussion  

					Identification and ADMET screening of active compounds in UGR  

					Fifty-eight initial active compounds were identified from UGR through  

					a

					literature search.23–26 To screen pharmacologically relevant  

					candidates, in silico ADMET screening was performed using  

					established parameters: molecular weight (250 < MW < 500 Dalton),  

					intestinal absorption (HIA > 80%), OB (≥ 30%), DL (≥ 0.18), LD50  

					>

					Ligand preparation  

					150, and inactive toxicity, which are widely used in the initial  

					assessment of drug-like properties. The screening results produced four  

					compounds that met all the criteria: catechin, epicatechin, hirsutin, and  

					quercetin, which were then chosen as the main bioactive candidates for  

					further analysis. The four compounds showed good absorption, high  

					bioavailability, and suitable physicochemical characteristics, indicating  

					their potential as oral therapeutic agents. Table 1 provides information  

					on the primary compounds in UGR. Toxicity assessment using the  

					ProTox-II platform confirmed the safety of the selected compounds. All  

					four showed no significant cytotoxic effects at the tested concentrations  

					and were classified as “inactive” in cytotoxicity assays, indicating a low  

					risk of toxicity toward normal cells, an encouraging result for further  

					therapeutic development. Notably, one compound exhibited predicted  

					cytotoxic activity with a probability score of 0.92, suggesting a 92%  

					confidence in its selective cytotoxic potential, likely directed against  

					cancer cells. Such selectivity is desirable for anticancer candidates,  

					offering therapeutic efficacy with minimal impact on healthy tissues.27  

					The identification of these four non-toxic, bioavailable, and  

					pharmacologically relevant compounds emphasizes the possibility of  

					UGR as a reservoir of lead compounds for BC therapy. These findings  

					offer a solid foundation for further verification through in vitro/in vivo  

					studies, pathway analysis, and MD.  

					The SDF format of the active compounds' structures was acquired from  

					PubChem. Open Babel was employed to convert the compounds to PDB  

					format. The structures were energy minimized using the Universal  

					Force Field (UFF) algorithm integrated in PyRx 0.98 to obtain the most  

					stable conformers. In addition, reference drugs were used as positive  

					control ligands for each receptor.19  

					Binding pocket prediction  

					Active site (binding pocket) prediction for both protein targets was  

					performed using the CASTp 3.0 server (http://sts.bioe.uic.edu/castp).  

					Each protein structure was uploaded, and the top-ranked pocket was  

					identified based on surface area and volume parameters. The largest  

					predicted cavity or the location of the co-crystal ligand, if available,  

					matched the binding pocket chosen for docking.20  

					Molecular docking  

					Docking simulations were performed using AutoDock Vina through the  

					PyRx 0.98 interface.10 Ligand and protein PDBQT files were loaded,  

					and a grid box was set to encompass the predicted binding pocket. The  

					grid center and dimensions were determined based on the coordinates  

					obtained from CASTp analysis. Docking parameters used were default,  

					with exhaustiveness set to 8. The docking output was ranked based on  

					binding affinity (kcal/mol), and the conformation with the lowest  

					energy was selected for further analysis.20  

					Table 1: ADMET profile in Uncaria gambir Roxb.  

					Molecule  

					Class  

					MW  

					(g/mol)  

					HIA  

					(%)  

					OB  

					DL  

					CT  

					LD₅₀  

					Cytotoxicity  

					(mg/kg,  

					oral)  

					>1000  

					>1000  

					159  

					Epicatechin  

					Catechin  

					Quercetin  

					Hirsutine  

					Flavonoid  

					Flavonoid  

					Flavonoid  

					Alkaloid  

					290.27  

					290.27  

					302.24  

					384.51  

					89.19  

					89.19  

					92.24  

					92.24  

					48.96  

					54.83  

					46.43  

					34.44  

					0.24  

					0.24  

					0.28  

					0.43  

					6

					6

					2

					3

					Inactive  

					Inactive  

					Inactive  

					Inactive  

					300  

					ADMET: Absorption, Distribution, Metabolism, Excretion, And Toxicity; MW: Molecular weight; OB: Oral Bioavailability; DL: Drug-Likeness; HIA:  

					Human Intestinal absorption; CT: Class toxicity; LD₅₀: Lethal Dose at 50%  

					pharmacological exploration, as it is directly associated with bioactive  

					components of UGR and simultaneously implicated in the  

					Collection of target compounds and disease target analysis  

					pathophysiology of both MCF-7 cells and BC at large. Notably, the size  

					of this intersecting set is relatively large compared to previous studies  

					utilizing similar approaches.28 This result suggests that UGR may  

					possess broader molecular interactions and higher target richness.  

					In addition, 571 genes were shared between UGR and BC cells, 1,467  

					between MCF-7 and BC cells, and only six between UGR and MCF-7.  

					The distribution of unique and shared genes emphasizes the specificity  

					and relevance of the 604 common targets. These results support the  

					hypothesis that UGR exhibits multi-target effects, aligning with the  

					To investigate the possible molecular mechanisms by which UGR treats  

					estrogen receptor-positive (ER+) BC, particularly in MCF-7 cells,  

					target genes were identified from three datasets: UGR-related  

					compounds (1,879 genes), the MCF-7 cell line (2,479 genes), and  

					general BC-associated genes (16,245 genes). Integration of these  

					datasets using a Venn diagram revealed 604 overlapping genes,  

					representing a critical intersection between natural compounds, specific  

					cell line pathology, and disease-wide relevance (Figure 1A). This  

					overlapping gene set constitutes the most promising pool for further  

					traditional  

					herbal  

					medicine's  

					polypharmacological  

					nature.  
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					Consequently, these genes were selected for PPI analysis and  

					subsequent NP analysis to elucidate the mechanistic basis of UGR's  

					therapeutic potential.  

					Table 2: Topological parameters of the 30 central targets  

					identified from the PPI network.  

					Core Target  

					BtC  

					CC  

					Degree  

					Total  

					Topology  

					110.67  

					68.53  

					62.47  

					56.49  

					55.49  

					54.47  

					53.51  

					53.48  

					51.48  

					51.48  

					47.45  

					46.45  

					45.45  

					43.46  

					40.42  

					39.40  

					38.42  

					38.44  

					37.42  

					37.43  

					37.42  

					37.44  

					36.44  

					36.44  

					34.42  

					34.38  

					34.46  

					33.39  

					33.38  

					33.40  

					Protein-protein interaction network  

					TP53  

					AKT1  

					SRC  

					STAT3  

					EP300  

					0.18  

					0.06  

					0.04  

					0.04  

					0.05  

					0.03  

					0.06  

					0.04  

					0.04  

					0.04  

					0,02  

					0.03  

					0.02  

					0.03  

					0.02  

					0.01  

					0.01  

					0.05  

					0.01  

					0,02  

					0.01  

					0.02  

					0.01  

					0.03  

					0.01  

					0.00  

					0.03  

					0.01  

					0.00  

					0.01  

					0.49  

					0.47  

					0.43  

					0.45  

					0.44  

					0.44  

					0.45  

					0.43  

					0.44  

					0.44  

					0.43  

					0.42  

					0.43  

					0.43  

					0.40  

					0.39  

					0.41  

					0.40  

					0.41  

					0.41  

					0.41  

					0.41  

					0.42  

					0.41  

					0.41  

					0.37  

					0.42  

					0.38  

					0.37  

					0.39  

					110  

					68  

					62  

					56  

					55  

					54  

					53  

					53  

					51  

					51  

					47  

					46  

					45  

					43  

					40  

					39  

					38  

					38  

					37  

					37  

					37  

					37  

					36  

					36  

					34  

					34  

					34  

					33  

					33  

					33  

					Analysis of PPI revealed biological interactions between the active  

					compound targets of UGR with BC-related targets and MCF-7 cells  

					(Figure 1). Integration of the three sources resulted in 604 intersection  

					targets, indicating the probable molecular role of UGR in the biological  

					regulation of BC cells (Figure 1A). STRING was used to build the PPI  

					network with a high Degree of confidence (>0.9), resulting in 529 nodes  

					and 2,733 edges, an average connectivity Degree of 10.3, and an  

					average local clustering coefficient of 0.431 (Figure 1B). These values  

					reflect a complex, organized, and locally strongly connected network  

					structure, indicating the possibility of biologically relevant functional  

					modules. The outcome of this research confirms that the active  

					compound targets of UGR are widely distributed in functional networks  

					related to BC and have the potential to form central protein hubs that  

					play key roles in molecular mechanisms. This provides a strong  

					scientific basis for developing UGR as a candidate for network-based  

					anticancer agents.  

					EGFR  

					ESR1  

					CTNNB1  

					JUN  

					HSP90AA1  

					MAPK1  

					TNF  

					MAPK3  

					MAPK8  

					IL6  

					PIK3R1  

					MAPK9  

					FN1  

					PIK3CA  

					NFKB1  

					GAPDH  

					BCL2  

					CREBBP  

					CASP3  

					RELA  

					PIK3CB  

					HIF1A  

					PTGS2  

					PIK3CD  

					CYP19A1  

					PPI: Protein-protein interaction; BtC: Betweenness Centrality; CC:  

					Closeness Centrality  

					Interestingly, several proteins from the MAPK family (MAPK1,  

					MAPK3, MAPK8, and MAPK9), as well as immune mediators, such as  

					TNF, IL6, and NFKB1, also emerged as important nodes. This indicates  

					the involvement of inflammatory and immunomodulatory pathways,  

					which is particularly relevant when targeting conditions, such as cancer  

					that are already hyperinflammatory. The presence of PI3K family  

					members (PIK3CA, PIK3CB, PIK3CD, and PIK3R1) strengthens the  

					indication of activation of the PI3K/AKT/mTOR pathway, which is  

					important in controlling cell proliferation and viability. The  

					PI3K/AKT/mTOR and MAPK pathways are critical in cancer  

					progression and immune regulation. Hyperactivation of these pathways  

					is common in a variety of cancers, including melanoma and triple-  

					negative BC.33 The PI3K/AKT/mTOR pathway is involved in several  

					hallmarks of cancer, such as cell proliferation, apoptosis, and  

					chemotherapy resistance.34 Dysregulation of this pathway has been  

					associated with inflammatory skin diseases, suggesting its importance  

					in immune-mediated conditions.35 The mTOR signaling pathway  

					regulates innate and adaptive immune responses in the tumor  

					microenvironment, affecting immune cell differentiation and  

					function.36 Targeting this pathway, particularly in combination with  

					immune checkpoint inhibitors, presents a promising therapeutic  

					strategy to overcome resistance in cancer treatment.37 Overall, the  

					findings of the PPI analysis demonstrated that the active compounds in  

					the UGR have the potential to target central proteins in important  

					molecular pathways, making them strong candidates for multi-target  

					therapeutic agents in diseases involving abnormal proliferation and  

					chronic inflammation. The CytoHubba plugin was then used to find the  

					crucial central targets in BC therapy.  

					Figure 1: Potential targets of MCF7 in Uncaria gambir RoxB.  

					and the protein-protein interaction (PPI) network. A: The Venn  

					diagram illustrates 604 shared potential targets of MCF7  

					modulated by Uncaria gambir RoxB; B: The PPI network of  

					these 604 targets is shown, where the colour gradient from  

					yellow to green represents an increasing degree value.  

					Protein-protein interaction (PPI) network analysis revealed 30 central  

					targets (Table 2), with TP53 as the most central node based on the  

					highest total score (110.67), supported by the highest Degree (110), BtC  

					(0.18), and CC (0.49). This suggests a critical role for TP53 serving as  

					a central modulator of multiple biological pathways, particularly in cell  

					cycle control and apoptosis. Other important targets included AKT1,  

					SRC, STAT3, and EP300, all of which had scores above 50, indicating  

					strong involvement in cell signaling pathways, transcription, and stress  

					responses. Proteins such as EGFR, ESR1, CTNNB1, and JUN also  

					stood out and were known to be involved in proliferation,  

					differentiation, and inflammatory responses. Recent studies have  

					reported that EGFR and ESR1 interact with oncogenic STAT function,  

					affecting cancer pathways.29 They also exacerbate inflammatory bowel  

					disease by transcriptionally activating MMP12, which contributes to  

					inflammation and potentially increases the risk of colorectal cancer.30  

					JunB, part of the AP-1 complex, regulates immune responses and  

					tumorigenesis by affecting cell proliferation, differentiation, and the  

					tumor microenvironment.31 In oral and gastric cancers, dysregulation of  

					the JAK-STAT and TNF receptor signaling pathways can encourage  

					metastasis, cancer cell survival, and chronic inflammation.32  

					Central target and crucial target screening  

					Further analysis of the PPI network using the CytoHubba plugin with  

					five primary topology methods, Degree, BtC, CC, Maximum  

					Neighborhood Component (MNC), and Bottleneck, resulted in four  
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					crucial proteins consistently appearing in the top five: CTNNB1, TP53,  

					SRC, and ESR1 (Figure 2). These four proteins are the intersection of  

					all five ranking methods, demonstrating that they are the most critical  

					nodes in the network based on various structural perspectives. This  

					strengthens the hypothesis that they have key roles in the regulation of  

					the target biological network of the compound. TP53 plays a role in cell  

					cycle regulation through the p53 signaling pathway.38 SRC, a non-  

					receptor tyrosine kinase, supports cell proliferation by mediating Wnt  

					signaling.39 ESR1, encoding the estrogen receptor, is important in  

					hormone-dependent BC, where its signaling pathway influences tumor  

					growth and therapy resistance.40 The steroid coactivator SRC-3  

					enhances ESR1 activity and promotes malignancy through multiple  

					mechanisms.41 CTNNB1, encoding β-catenin, is a key component of the  

					Wnt pathway that regulates cell proliferation and development.42 These  

					pathways interact, and their abnormal regulation contributes to cancer  

					initiation and progression, making these proteins important targets for  

					diagnosis and therapy.43 These four proteins collectively illustrate that  

					the primary targets of the tested compounds have multi-target potential,  

					affecting signal transduction pathways, hormone regulation, and  

					cellular homeostasis, which are critical in chronic inflammatory cancer  

					diseases. Thus, topological screening through CytoHubba strengthens  

					the biological validity of the PPI results and helps focus attention on  

					crucial targets with high functional significance. Given the importance  

					of mapping biological functions and the involvement of crucial targets  

					in cancer pathophysiological pathways, KEGG and GO analyses were  

					performed to identify relevant signaling pathways, BPs, and cellular  

					locations.  

					transcription regulation. Meanwhile, Molecular Function (MF) is  

					dominated by enzyme binding, kinase binding, and transcription factor  

					binding, indicating the ability of UGR compounds to inhibit signal  

					transduction and gene expression regulation. Overall, UGR active  

					compounds target key proteins involved in proliferation, apoptosis, and  

					signal transduction, primarily through the PI3K-Akt pathway and other  

					cancer pathways. These findings indicate the potential of UGR as a  

					therapeutic agent for BC by modulating various key molecular targets.  

					To make the connections between compounds, targets, and biological  

					pathways clearer, the compound-target-pathway interaction network  

					was visualized.  

					Figure 2: The network of the top 10 crucial targets was  

					screened using: (A) Degree, (B) Closeness Centrality, (C)  

					Betweenness Centrality, (D) Maximal Clique Centrality (E)  

					Bottleneck; (F) The Venn diagram shows four essential targets.  

					Figure 3: Gene Ontology (GO) and Kyoto Encyclopedia of  

					Genes and Genomes (KEGG) enrichment analyses of Uncaria  

					gambir Roxb. (UGR) treatment in the MCF-7 breast cancer cell  

					line. A: KEGG enrichment analyses; B: GO in biological  

					process; C: GO in cellular component; D: GO in molecular  

					function.  

					Gene Ontology and KEGG pathway enrichment analysis  

					Gene Ontology and KEGG enrichment analyses were conducted to  

					identify significant BPs, MFs, and metabolic pathways related to the  

					molecular targets of the active compounds in UGR against MCF-7 BC  

					cells (Figure 3). The results showed that the targets play a role in  

					regulating cell proliferation, apoptosis, and cancer signaling pathways,  

					such as PI3K-Akt and p53, which are relevant to the mechanism of BC  

					therapy. Kyoto Encyclopedia of Genes and Genomes analysis revealed  

					major pathways in cancer, PI3K-Akt signaling, lipid and  

					atherosclerosis, and oncogenic virus infection (HPV, EBV, and  

					hepatitis B/C). These pathways are closely related to proliferation,  

					apoptosis resistance, and cancer progression, indicating an important  

					role for protein targets in modulating cellular signals in BC.  

					In the BP category, the dominant targets are in response to chemical  

					stimulus, positive regulation of metabolism, cell death, and  

					programmed cell death, indicating the potential of UGR compounds in  

					triggering apoptosis and inhibiting cancer cell proliferation. In cellular  

					components, targets are primarily found in nuclear and mitochondrial  

					structures, supporting a role in intrinsic apoptosis mechanisms and  

					Visualization of compound–target–pathway interaction network  

					Compound–target–pathway network analysis showed that bioactive  

					compounds in UGR play a central role in regulating various disease  

					pathways (Figure 4). Three topological metrics were employed to  

					evaluate each compound's strategic placement within the network: BtC,  

					CC, and Degree (Table 3). Catechin occupies a central position in the  

					network with BtC = 0.3723, CC = 0.7425, and Degree = 159, indicating  

					a dominant role in bridging interactions between biological pathways.  

					Quercetin is in second place (BtC = 0.3262; CC = 0.6958; Degree =  

					150) and shows high connectivity. Both are flavonoids with antioxidant,  

					anticancer, and immunomodulatory activities widely found in  

					medicinal plants.44,45  
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					assessed using MD analysis as a subsequent step. This analysis will  

					strengthen the biological validity of the network results and reveal  

					specific binding mechanisms at the molecular level as a basis for the  

					development of more precise natural drug candidates.51  

					Table 3: Topological parameters of compound–target–pathway.  

					Name  

					BtC  

					CC  

					Degree  

					159  

					150  

					106  

					65  

					Catechin  

					0.3723  

					0.3262  

					0.1124  

					0.0354  

					0.0364  

					0.0260  

					0.0291  

					0.0226  

					0.7425  

					0.6958  

					0.5321  

					0.4364  

					0.4326  

					0.4270  

					0.4270  

					0.4181  

					Quercetin  

					Molecular docking  

					Pathways in cancer  

					Epicatechin  

					Molecular docking results showed that several bioactive compounds  

					have strong binding affinity to key target proteins in cancer  

					pathogenesis, namely TP53, SRC, ESR1, and CTNNB1. The affinity  

					values (kcal/mol) were compared with standard drugs, such as Pri-724,  

					Fulvestrant, Dasatinib, and Fluorouracil, to assess their potential  

					pharmacological effects (Table 4). Molecular docking visualization  

					(Figure 5) shows the ligand positions in the active pockets of cancer  

					target proteins, namely SRC, ESR1, CTNNB1, and TP53. The ligand's  

					orientation within the active site is depicted in the three-dimensional  

					view. At the same time, 2D analysis displays the types of interactions  

					formed, such as hydrogen bonds, hydrophobicity, and π-π stacking, as  

					well as the residues involved.  

					In the quercetin–SRC complex, the ligand forms hydrogen bonds with  

					Arg10, Thr230, and Val229, indicating strong affinity. The interaction  

					with ESR1 involves Leu384, Thr347, and Ala350. Meanwhile,  

					quercetin–CTNNB1 interacts with Met315, Ala397, and Leu435, while  

					catechin–TP53 forms bonds with Arg273, Glu271, and Ser241. These  

					results are supported by Table 4, which shows that quercetin has the  

					highest affinity for SRC (-8.9 kcal/mol) and ESR1 (-8.5 kcal/mol),  

					stronger than the control drug Fulvestrant (-8.1 kcal/mol). This  

					confirms its potential as a modulator of hormonal and proliferative  

					pathways in BC.  

					PI3K-Akt signaling pathway  

					Hepatitis B  

					63  

					61  

					Lipid and atherosclerosis  

					61  

					Kaposi sarcoma-associated  

					herpesvirus infection  

					Human cytomegalovirus  

					infection  

					56  

					0.0143  

					0.4078  

					50  

					Proteoglycans in cancer  

					0.0206  

					0.0043  

					0.4078  

					0.3727  

					49  

					27  

					Human papillomavirus  

					infection  

					BtC: Betweenness Centrality; CC: Closeness Centrality  

					Figure 4: Compound–core target–pathway interaction network  

					The 'Pathways in cancer' pathway emerged as the most connected  

					disease node (BtC = 0.1124; CC = 0.5321; Degree = 106), highlighting  

					a strong association between UGR compounds and cancer-related  

					mechanisms. The PI3K-Akt signaling pathway is also dominant  

					(Degree = 63), which plays an important role in proliferation, cell  

					growth, and apoptosis resistance.46,47 The involvement of Hepatitis B,  

					human cytomegalovirus infection, and Kaposi sarcoma-associated  

					herpesvirus infection pathways strengthens the immunomodulatory  

					potential of UGR bioactive compounds in the context of cancer-  

					associated viral infections.48 These findings strengthen the hypothesis  

					that catechin and quercetin are multi-target agents capable of  

					modulating various biological pathways simultaneously.44,49 Their  

					involvement in central nodes indicates a high potential to intervene in  

					complex biological systems, such as cancer, viral infections, and  

					inflammation.10 This aligns with the NP approach, which emphasizes  

					intervention in integrated molecular systems rather than just one  

					target.50 This approach supports the development of more effective and  

					precise phytopharmaceuticals in the context of personalized medicine.  

					The affinity of catechin and quercetin's direct interactions with  

					important molecular targets in associated biological pathways will be  

					Figure 5: Molecular docking visualization of Uncaria gambir  

					Roxb. (UGR) compounds with crucial targets in the MCF-7  

					breast cancer subtype  

					Table 4: Binding energy comparison of bioactive compounds  

					on crucial target of breast cancer  

					Compounds  

					Catechin  

					TP53  

					-7.2  

					-7.2  

					-7.2  

					-7.2  

					SRC  

					-8.5  

					-8.1  

					-7.4  

					-8.9  

					ESR1  

					-8.4  

					CTNNB1  

					-6.4  

					Epicatechin  

					Hirsutin  

					-8,8  

					-6.2  

					-7.3  

					-6.2  

					Quercetin  

					-8.5  

					-6.4  
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					Pri-724  

					-7.0  

					Fulvestrant  

					Dasatinib  

					Fluorouracil  

					-8.1  

					-9.7  

					-5.7  

					Catechin and epicatechin also showed high affinity for SRC (-8.5 and -  

					8.1 kcal/mol) and ESR1 (-8.4 and -8.8 kcal/mol), comparable to the  

					control. Although the affinity for CTNNB1 was lower (-6.3 to -6.4  

					kcal/mol), the involvement of key residues, such as Leu435 and Ala397,  

					supports its function in modulating the Wnt/β-catenin pathway. The  

					affinity value of catechin to TP53 (-7.2 kcal/mol) is higher than  

					Fluorouracil (-5.7 kcal/mol), indicating its potential as an anticancer  

					compound based on cell cycle regulation and DNA repair. In  

					comparison, Dasatinib shows the highest affinity to SRC (-9.7  

					kcal/mol), but this drug is known to have high systemic toxicity.52 In  

					contrast, natural compounds, such as quercetin, catechin, and  

					epicatechin, offer better therapeutic potential and safety.53  

					These results support the concept of multi-target natural compounds,  

					where quercetin and catechin do not only target one protein but  

					modulate multiple important biological pathways simultaneously. Their  

					central role in biological networks and the binding stability  

					demonstrated through docking strengthen their systemic therapeutic  

					potential. Visualizing these interactions strengthens the validity of the  

					NP results and provides a rational basis for further testing in vitro and  

					in vivo. This approach aligns with plant-based precision medicine  

					principles that emphasize efficacy, safety, and systemic interventions.54  
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					Conclusion  

					This study presents a comprehensive integrative framework combining  

					NP and MD to elucidate the multi-target anticancer potential of UGR  

					against ER-positive BC. Identifying four key compounds; catechin,  

					epicatechin, quercetin, and hirsutine, with favorable ADMET properties  

					and low predicted toxicity underscores the therapeutic relevance of  

					UGR. The discovery of 604 overlapping target genes, particularly  

					TP53, CTNNB1, SRC, and ESR1, revealed the depth of molecular  

					interaction and the compound’s capacity to modulate critical pathways,  

					such as PI3K-Akt and p53. Notably, catechin and quercetin emerged as  

					central modulators with strong binding affinities to key oncogenic  

					proteins, validating their potential as lead compounds. The strength of  

					this research lies in its systematic, data-driven approach to unraveling  

					complex compound–target interactions from a traditionally used  

					medicinal plant, offering a rational basis for drug discovery. Beyond  

					validating traditional claims, the findings open new avenues for  

					developing multi-targeted phytopharmaceutical agents with improved  

					efficacy and specificity. Future research should prioritize in vitro and in  

					vivo validation, formulation development, and clinical translation.  

					Moreover, investigating synergistic effects among UGR constituents  

					and optimizing delivery systems may further enhance therapeutic  

					outcomes. These promising directions position UGR as a valuable  

					candidate in the natural product–based BC therapeutics pipeline.  
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