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					ABSTRACT  

					ARTICLE INFO  

					Mitochondrial dysfunction is a critical driver of cardiac remodeling under conditions of chronic  

					stress, such as hypertension and heart failure. Andrographolide, a bioactive diterpenoid from  

					Andrographis paniculata, has demonstrated antioxidative and anti-inflammatory effects;  

					however, its role in mitochondrial quality control within the heart remains unclear. In this study,  
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					network pharmacology approach was applied to explore the molecular targets of  

					andrographolide related to mitochondrial dysfunction in cardiac remodeling. A total of 1763  

					mitochondrial-associated cardiac remodeling genes were retrieved from CardGenes and  

					intersected with 539 andrographolide-related targets identified using PharmMapper,  

					SwissTargetPrediction, and the comparative toxicogenomics database (CTD). Fifty-four  

					overlapping genes were subjected to protein–protein interaction analysis using STRING and  

					Cytoscape. The top-ranked hub gene was identified as TP53. Functional enrichment indicated key  

					involvement in the PI3K-Akt, mitogen-activated protein kinases (MAPK), Forkhead box protein  

					(FOXO), and AGE-RAGE pathways, linking andrographolide to the modulation of oxidative  

					stress, metabolism, and cell survival. Gene ontology (GO) terms supported roles in kinase activity  

					and membrane-associated signaling. Molecular docking showed strong binding affinities between  

					andrographolide and TP53 regulators, particularly ataxia telangiectasia mutated (ATM) (−8.63  

					kcal/mol, Kd 6.34 × 10−7 M) and checkpoint 2 (CHK2) (−8.47 kcal/mol, Kd 4.68 × 10−7 M).  

					Machine learning predictions indicated favorable LELP and moderate bioactivity for ataxia  

					telangiectasia Rad3-related (ATR), CHK2, and Sirtuin 1 (SIRT1). These findings suggest that  

					andrographolide exerts cardioprotective effects by modulating mitochondrial stress signaling and  

					p53 regulatory networks. Further experimental validation is warranted to confirm its therapeutic  

					potential in cardiac remodeling-related diseases.  

					Copyright: © 2025 Fadhillah et al. This is an open-  

					access article distributed under the terms of the  

					Creative Commons Attribution License, which  

					permits unrestricted use, distribution, and reproduction  

					in any medium, provided the original author and  

					source are credited.  
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					Mitochondrial dysfunction is central to this pathophysiological process,  

					which impairs ATP production and oxidative stress, apoptosis, and  

					inflammatory signaling regulation. These mitochondrial disturbances  

					disrupt cellular homeostasis and contribute to cardiomyocyte injury,  

					fibrosis, and impaired contractility.3–5  

					Introduction  

					Cardiac remodeling is a progressive process characterized by  

					cardiac hypertrophy and extracellular fibrosis, often triggered by  

					chronic stressors such as hypertension, ischemia, or metabolic  

					imbalance, ultimately leading to heart failure.1,2  

					Mitochondrial quality control (MQC)—including biogenesis, fusion-  

					fission dynamics, and mitophagy—is critical in maintaining  

					mitochondrial function. Dysregulation of these processes has been  

					closely associated with the onset and progression of cardiac  

					remodeling.6 Despite increasing recognition of mitochondria as  

					therapeutic targets, current interventions such as antioxidants, oxidative  

					phosphorylation (OXPHOS) modulators, or mitochondrial DNA  

					editing have shown limited success due to drug interactions, limited  

					access, and high cost.7 Finding a drug candidate using available sources,  

					such as plants8, is highly promising for addressing this problem.  

					Andrographis paniculata, also known as Sambiloto, is a native plant  

					from Southeast Asia, especially Indonesia, that has demonstrated many  

					pleiotropic effects,9,10 such as anti-inflammatory,9 antioxidant,11,12  

					anticancer,13 and antiatherosclerotic.14 Our previous studies have found  

					that A. paniculata extract shows anti-cardiac remodeling properties  
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					through in-vitro and in-vivo models.15,16 Its main bioactive compound,  

					andrographolide, also exhibited good anti-inflammatory, antioxidant,  

					and cardioprotective effects in preclinical models.17–21 Recent studies  

					suggest that andrographolide can influence mitochondrial pathways;21–  

					however, the precise mechanisms and hub targets by which  

					andrographolide modulates MQC, particularly in the context of cardiac  

					remodeling, remain unclear.  

					We propose an integrative approach that combines network  

					pharmacology, molecular docking, and machine learning-based  

					prediction models to investigate the interaction of andrographolide with  

					mitochondrial regulatory proteins. The use of an in-silico workflow in  

					biological plausibility research is acceptable because it is easy and  

					reduces trial and error before conducting experiments. This study aims  

					to identify relevant drug–target–pathway networks, estimate  

					compound-target affinity, and prioritize druggability, thereby providing  

					mechanistic insight and supporting the therapeutic development of  

					andrographolide in cardiac remodeling.  

					Functional enrichment analysis  

					We performed functional enrichment analysis using the ShinyGO v0.82  

					web platform (http://bioinformatics.sdstate.edu/go/) to explore the  

					biological relevance of andrographolide-target interactions in the  

					context of mitochondrial dysfunction and cardiac remodeling. This tool  

					facilitates GO and pathway enrichment analysis based on a wide array  

					of curated gene sets from databases such as GO (Biological Process,  

					Molecular Function, Cellular Component) and Kyoto Encyclopedia of  

					Gene and Genomes.  

					A list of putative andrographolide-target genes was obtained from prior  

					network pharmacology analysis and imported into ShinyGO for  

					analysis. The organism was set to Homo sapiens (human), reflecting the  

					translational aspects of the target therapy. Enrichment parameters were  

					configured using the default settings: a false discovery rate threshold of  

					0.05 for significance and a maximum of 20 terms per category  

					displayed.  

					23  

					The results were visualized using bar plots of enriched terms to identify  

					functionally related gene groups. In addition, ShinyGO pathway tree  

					plots and Kyoto Encyclopedia of Genes and Genomes pathway analysis  

					were employed to illustrate gene set connectivity and pathway  

					involvement.  

					Materials and Methods  

					The therapeutic potential of andrographolide in modulating  

					mitochondrial dysfunction and cardiac remodeling was investigated  

					through a series of integrated computational approaches. Using network  

					pharmacology, andrographolide’s protein targets in mitochondrial  

					dysfunction and cardiac remodeling, determining hub proteins,  

					performing functional analysis of pathways and gene ontology (GO),  

					molecular docking analysis, and machine learning-based bioactivity  

					prediction, the entire study workflow is concisely summarized in Figure  

					1.  

					Construction of Disease Database  

					A comprehensive search was conducted using the GeneCard database  

					to identify genes associated with mitochondrial dysfunction in the  

					context of heart failure. This database provides curated information on  

					genes involved in cardiovascular diseases. Key terms, including  

					“mitochondrial dysfunction,” “mitochondrial disorder,” and  

					“mitochondrial disease,” were used to filter for genes with established  

					roles in cardiac remodeling. The resulting gene list served as a disease-  

					relevant mitochondrial target panel for comparison with compound-  

					associated targets.  

					Andrographolide database construction  

					The potential protein targets of andrographolide are predicted using  

					Figure 1: Study Workflow  

					three  

					independent  

					in-silico  

					platforms:  

					PharmMapper,  

					SwissTargetPrediction, and the Comparative Toxicogenomics  

					Database (CTD). The molecular structure of andrographolide, provided  

					in the SMILES format, was submitted to each tool to generate a  

					comprehensive list of predicted targets. All identified genes were  

					standardized according to the UniProt nomenclature, and duplicate  

					entries were removed. Genes overlapping with andrographolide targets  

					Molecular docking simulation  

					The molecular docking simulation was based on the methods of our  

					previous studies.16,24,25 Protein and ligand preparation and molecular  

					docking simulation were performed using the Molegro Virtual Docker  

					(MVD v6.0.1; CLC bio, Aarhus, Denmark). The ligand files were  

					downloaded through PubChem (https://pubchem.ncbi.nlm.nih.gov/) in  

					the 3D conformer SDF file format. After importing the files, the ligand  

					and protein will have an explicit hydrogen atom. Because MVD mimics  

					the force field theory, the ligand’s internal energy will be minimized  

					using the ligand inspector. For protein files, the .pdb format of the hub  

					protein/regulator with <3 Å will be chosen and downloaded, then  

					assigned its internal hydrogen atoms. The PDB files that have native  

					ligand are preferred to be chosen for molecular docking.  

					Molecular docking validity will be determined using redocking analysis  

					and root mean square deviation (RMSD). Pre-docking and post-docking  

					binding poses will be analyzed by observing their similarity in bonded  

					and non-bonded interactions with the receptors. The RMSD will be  

					strictly set to below 2 Å. An internal cavity detector in the MVD was  

					used to optimize the binding site, and the simulation was run >20 times.  

					The results will be defined as a molecular score function based on the  

					piecewise linear potential as the MolDock score (arbitrary unit) is  

					defined below (Equation 1):  

					and  

					mitochondrial  

					dysfunction-related  

					cardiac  

					remodeling  

					genes/proteins were identified and visualized using a Venn diagram  

					(https://www.interactivenn.net/) and used for further interaction and  

					enrichment analysis.  

					Protein–protein interactions  

					A PPI network of the overlapping genes was constructed using the  

					STRING database (v11.5) with a high confidence score threshold of  

					≥0.7. The resulting network was imported into Cytoscape (v3.9.1) for  

					visualization and analysis. The CytoHubba plugin within Cytoscape  

					was used to determine the topological significance and rank candidate  

					hub genes. Five complementary algorithms were applied—Degree,  

					Maximal Clique Centrality, maximum neighborhood component,  

					betweenness, and closeness. Using a Venn diagram, the five hub genes  

					with the highest scores were identified and ranked by calculating their  

					average rank. Genes with the highest average rank in the whole analysis  

					were prioritized as hub proteins for docking and predictive studies. If  

					the target is classified as an undruggable target, its regulator protein  

					(e.g., kinases, acetylases, and others) is selected.  

					Eq. 1  

					푀표푙푑표푐푘 푆푐표푟푒 = 퐸ꢀ푥푡 − 퐸푖푛푡  
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					Where:  

					Results and Discussion  

					Eext = Protein-ligand interaction calculated using hydrogen, steric, and  

					electrostatic bonds  

					Analysis of the Network Pharmacology  

					Molecular Target Identification  

					Eint = Internal ligand interactions calculated based on torsional strain,  

					steric, electrostatic, and hydrogen interactions in ligand atoms  

					The CardGenes database identified 1763 mitochondrial dysfunction-  

					related genes implicated in cardiac remodelling. Compound target  

					prediction for andrographolide yielded 281 unique target proteins from  

					PharmMapper, 96 targets from SwissTargetPrediction, and 184 proteins  

					from the CTD. After normalization and deduplication, 539 unique  

					protein targets were identified. By intersecting andrographolide-  

					associated targets with the mitochondrial-related gene set in HF, 54  

					common proteins were identified. The overlapping targets were then  

					analyzed using the STRING database to generate a PPI network. The  

					network was visualized and analyzed topologically in Cytoscape using  

					the CytoHubba plugin (Figure 2).  

					The negative MolDock score refers to the spontaneous binding between  

					the protein and ligand, and its stability and affinity will be normalized  

					using the internal scoring of the Rerank score (arbitrary unit) provided  

					by MVD. Interaction bonds between the andrographolide and the  

					standard ligand will be analyzed and compared.  

					Binding energy refinement  

					Since MVD uses a non-specific unit of scoring, we tried to refine and  

					predict the binding energy using the protein binding energy  

					(PRODIGY) prediction (ΔGpred) (https://rascar.science.uu.nl/prodigy/)  

					web server. The calculation was based on the atomic contact between  

					the protein and ligand within 10.5 Å, as optimized by the founder.26,27  

					The ΔGpred was calculated using the following formula (Equation 2):  

					Furthermore, after identifying 10 hub genes in each algorithm, five  

					proteins/genes were identified as the top 10 hub genes: tumor protein  

					53 (TP53), proto-oncogene tyrosine kinase Src (SRC), catenin beta 1  

					(CTNNB1), signal transducer and activator of transcription 3 (STAT3),  

					and epidermal growth factor receptor (EGFR) (Figure 3). Based on the  

					rank calculation (Table 1), TP53 has the highest average rank (1.2)  

					compared with the other genes/proteins. Thus, we selected TP53 as the  

					target for molecular docking and machine learning. Our network  

					pharmacology revealed that TP53, SRC, CTNNB1, STAT3, and EGFR  

					became the most significant hub targets with various algorithms  

					provided by CytoHubba. Among these, TP53 emerged as a critical  

					player, displaying the highest average rank, which led us to select it for  

					further docking studies. TP53 is relevant as a potential target therapy  

					Eq. 2  

					훥퐺푝ꢁꢀꢂ = 0.0115퐸ꢀꢃꢀꢄ − 0.001퐴퐶ꢄꢄ + 0.005 퐴퐶푁푁  

					− 0.130퐴퐶푥푥 − 5.100  

					Where:  

					Eelec= Energy electrostatic  

					ACcc = atomic contact between carbon and carbon  

					ACNN = atomic contact between nitrogen and nitrogen  

					ACxx = atomic contact with another atom  

					because of its disturbance in pathological cardiac remodeling,29–33  

					which has  

					potential linkage to mitochondrial function.34  

					,

					a

					Andrographolide is a well-known chemoprevention agent in many  

					preclinical studies through the TP53 pathways.35–37 However, to the best  

					of our knowledge, no relevant studies have discussed its molecular  

					effect on noncancerous diseases. Despite these facts, andrographolide  

					possibly has a Janus-faced mechanism, like the fate of cells, between  

					pro-aging and tumor state.38 For instance, andrographolide has pro-  

					apoptotic activity to kill cancer cells39,40 and is an anti-apoptotic agent  

					that preserves homeostasis in non-cancer cells.41–45  

					PRODIGY-LIG predicts the binding affinity energy  

					(kcal/mol) using the molecular docking process in MVD. A binding  

					energy of <−6 kcal/mol will be considered strong. The binding energy  

					data can also be transformed into the dissociation constant (Kd) using  

					Equation (3):  

					Eq. 3  

					ΔG = RT ln (퐾퐷)  

					Where:  

					R: Ideal gas constant, 1.987 cal. mol−1. K−1  

					T: Absolute Temperature, equal to 298 K  

					Functional enrichment analysis  

					Pathway Analysis  

					The enriched pathways (Figure 4), along with their adjusted p-values,  

					gene counts, and fold enrichment, are visualized in a bubble plot, where  

					the color intensity reflects the enrichment magnitude and the bubble  

					size corresponds to the number of involved genes. A hierarchical  

					clustering dendrogram illustrates the functional relationships among  

					these pathways.  

					Pathway enrichment analysis revealed significant hub gene  

					involvement in key intracellular signalling cascades and disease-related  

					pathways. Notably, the phosphoinositide 3-kinase-protein kinase B  

					(PI3K-Akt), mitogen-activated protein kinases (MAPKs), and Ras  

					signalling pathways were among the top-enriched, highlighting their  

					relevance to cell growth, survival, and stress responses. Several cancer-  

					associated pathways—including those related to pancreatic, colorectal,  

					and prostate cancer—also showed high fold enrichment (~20 to >50),  

					indicating potential links between the target genes and tumorigenic  

					processes.  

					In addition, pathways involved in metabolic regulation and  

					cardiovascular remodelling, such as the Forkhead box protein (FOXO)  

					signalling, advanced glycation end products (AGE)—receptor for AGE  

					(RAGE) signalling in diabetic complications, and lipid and  

					atherosclerosis pathways, were significantly enriched. These findings  

					suggest a mechanistic relevance to cardiometabolic dysfunction and  

					MQC, supporting the therapeutic potential of andrographolide.  

					The clues about how andrographolide modulates mitochondrial  

					function are explained well by the functional enrichment analysis,  

					which highlighted some kinase signalling cascades, such as the PI3K-  

					Akt, MAPK, and Ras pathways, which are integral to cell growth,  

					survival, and stress responses. Previous studies have also revealed the  

					potential modulation of the MAPK signalling pathway by  

					andrographolide on cardiac hypertrophy.19  

					Kd is the binding affinity, defined as the M concentration. A lower Kd  

					value indicates that the drug binds effectively to the hub protein/protein  

					interface.  

					Machine Learning Prediction  

					The machine learning methods used in this study were also detailed in  

					our previous study.24 Machine learning-based activity prediction was  

					conducted using DataWarrior (v6.1.0; Actelion Pharmaceuticals Ltd.,  

					Allschwil, Switzerland), which was linked to the ChEMBL database.  

					Predictive modeling used SkelSpheres descriptors to encode the  

					molecular features of the compounds. In this model, the support vector  

					machine algorithm was chosen and evaluated for its R² value, root mean  

					square error (RMSE), residual plot, and Spearman-rank to predict IC₅₀  

					or EC₅₀ values associated with selected protein/hub protein targets.  

					After cleansing the dataset, the compounds were clustered based on  

					their chemical similarity (threshold ≥ 0.85), and the dataset was  

					randomly split into 80% training and 20% testing subsets to validate the  

					model’s robustness. Performance was assessed by comparing the  

					predicted and actual activity values, where available. In addition to  

					bioactivity, ligand efficiency is an important parameter to consider.  

					Therefore, we added ligand efficiency lipophilicity (LELP) as one of  

					the ligand efficiency metrics based on compound lipophilicity28 to  

					determine whether andrographolide might become  

					specifically for the selected hub gene/regulator.  

					a

					hit target  
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					Figure 2: (A) Database intersection results from the GeneCards and Drug Database of Andrographolide targeting mitochondrial  

					dysfunction and cardiac remodelling (B). Protein-protein interaction analysis of intersecting andrographolide target and mitochondrial  

					function  

					Figure 3: (A) Intersection of the Hub Protein/Gene detected in each CytoHubba algorithm and the Hub gene results based on (B)  

					Degree, (C) MCC, (D) MNC, (E) Betweenness, and (F) Closeness  

					Other pathways, such as the AGE-RAGE and FOXO signalling  

					pathways, were also significantly enriched. Our previous research using  

					an in-silico workflow revealed the activation of the AGE-RAGE  

					signalling pathway in the cardiac tissue of SHRs, which is potentially  

					alleviated by andrographolide and its derivatives.46 FOXO also  

					correlates positively with TP53 and SIRT1 proteins,47 which are  

					potentially modulated by andrographolide or its derivative to modulate  

					mitochondrial functions.48 The enrichment of cancer-associated  

					pathways also raises important considerations regarding the dual roles  

					of these targets in tumorigenesis and cardiac disease. This intersection  

					suggests that targeting these pathways with compounds such as  

					andrographolide may not only offer therapeutic benefits for patients  

					with heart failure but could also mitigate the risk of cancer, particularly  

					in populations at higher risk for both conditions.  

					terms, such as cellular response to endogenous stimuli and response to  

					oxygen-containing compounds, suggest that hub genes participate in  

					intracellular signalling and metabolic stress responses.  

					Cellular component enrichment was strongly associated with  

					membrane microdomains, plasma membrane protein complexes,  

					endosomal compartments, and mitochondrial structures. Caveola, cell  

					surface, and anchoring junctions play potential roles in membrane-  

					associated signalling and organelle-specific functions.  

					Significant terms within the Molecular Function category included  

					protein kinase activity, adenyl nucleotide binding, and transferase  

					activity, particularly related to phosphorylation. Enrichment of terms  

					such as enzyme binding and catalytic activity acting on proteins  

					underscores the involvement of these genes in kinase-driven signalling  

					pathways and regulatory enzymatic mechanisms.  

					GO analysis of andrographolide targets provided valuable insights into  

					the functional roles of hub genes, revealing their involvement in  

					phosphorylation, signal transduction, and metabolic responses. The  

					biological and molecular functions primarily mentioned are enzyme  

					activity, primarily kinase and transferase. These findings confirmed  

					how andrographolide might regulate TP53, which depends on kinases  

					and transferases through its activation. Previous heart failure models  

					using uninephrectomized, deoxycorticosterone injection, and salt  

					supplementation showed a significant positive regulation of TP53 in  

					proteomic and phosphoproteomic analyses.49  

					Gene Ontology Analysis  

					To further elucidate the functional roles of the hub genes, GO  

					enrichment analysis was performed using ShinyGO across the three GO  

					domains: Biological Process, Cellular Component, and Molecular  

					Function. The analysis identified distinct clusters of significantly  

					enriched terms with high fold enrichment and gene counts (Figure 5).  

					In the Biological Process category, the enriched terms were  

					predominantly related to the positive regulation of phosphorylation,  

					signal transduction, and phosphorus metabolic processes. Additional  
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					Table 1: Rank average in the intersected gene  

					Hub Gene  

					TP53  

					Degree  

					MCC  

					MNC  

					Betweeness  

					Closeness  

					Rank Average  

					1

					2

					6

					4

					5

					1

					7

					2

					4

					6

					2

					2

					1

					2

					2

					1

					2

					6

					4

					6

					1

					3

					2

					4

					5

					1.2  

					3.2  

					3.4  

					3.6  

					4.8  

					SRC  

					CTNNB1  

					STAT3  

					EGFR  

					These findings also link the potential role of TP53 through fatty acid  

					oxidation, which is an important common thread of mitochondrial  

					functions.49 Another important cue is that the cellular function also  

					captures mitochondria as one of the possible targets from GO. TP53 is  

					known to have a direct mechanism in causing MQC and function  

					disruption by reducing mitochondrial biogenesis, reducing mitophagy,  

					and balancing mitofission and/or mitofusin mechanisms.50 Our  

					doxorubicin cardiotoxicity rat model showed that andrographolide  

					reduced cardiac injury,51 and our unpublished data revealed that the  

					mRNA expression of peroxisome proliferator-activated receptor  

					gamma (PGC)-1α and mitochondrial transcription factor A (TFAM)  

					was increased in the rat group treated with 60 mg/kg of  

					andrographolide. The possibility of andrographolide as a mitochondrial  

					biogenesis enhancer was also mentioned in another atrial fibrillation  

					study.21  

					Figure 4: Pathway analysis. (A) Bubble plot of significant pathways. (B) Interrelationship of each pathway based on tree plots.  

					Figure 5: (A) Biological process, (B) cellular process, and (C) molecular function analyses  
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					robust binding (MolDock score: −103.31, ΔG: −8.47 kcal/mol), with  

					significant hydrogen bonding to Glu302 and Met304 and interaction  

					with multiple residues such as Leu301, Leu303, and Glu305. The  

					binding energy surpassed that of the standard compound (−7.01  

					kcal/mol), highlighting the potential of andrographolide in CHK2  

					modulation. Finally, SIRT1 docking indicated a favorable interaction  

					(MolDock score: −100.36, ΔG: −8.03 kcal/mol) with the key residues  

					Ile210 and Phe414, and several stabilizing hydrophobic interactions  

					were observed. Andrographolide exhibited a more negative binding  

					energy than resveratrol (−7.07 kcal/mol), a well-known SIRT1  

					activator, suggesting a promising interaction profile.  

					Molecular Docking Analysis  

					Validation of Molecular Docking  

					Since TP53 is known not to have specific inhibitors in its  

					conformational sites, its kinases (ataxia telangiectasia mutated (ATM)  

					kinase, ataxia telangiectasia Rad3-related (ATR) kinase, checkpoint 1  

					(CHK1) kinase, checkpoint 2 (CHK2) kinase), and transferase (Sirtuin  

					1 (SIRT1) deacetylase) were chosen to dock with and predict its  

					bioactivity properties. The selected proteins for docking were ATM  

					(PDB: 7NI4), ATR (PDB: 5UK8), CHK1 (PDB: 2WMW), CHK2  

					(PDB: 2XBJ), and SIRT1 (PDB: 5BTR), which are related to TP53  

					activation, stabilization, and nuclear or mitochondrial translocation.  

					Table 2 lists the defined binding box of each receptor based on the  

					native ligands. Each native ligand showed RMSD <2 Å and comparable  

					binding amino acid residues through redocking methods, as shown in  

					Figure 6. The andrographolide results will also be compared with the  

					standard drug for each receptor, such as ATM inhibitor (Azd1056:  

					PubChem ID 118502708), ATR inhibitor (Ceralasertib: PubChem ID  

					121596701), CHK1 inhibitor (Prexasertib: PubChem ID 46700756),  

					CHK2 inhibitor (Azd7762: PubChem ID, and SIRT1 activator  

					(Resveratrol: PubChem 445154).  

					The possibility that andrographolide modulates TP53 activity by  

					targeting important kinases (ATM, ATR, CHK1, and CHK2) is  

					generally accepted, as evidenced by numerous previous studies  

					discussing the potential modulation of andrographolide on kinases19,52–  

					54  

					and its activity in reducing TP53 downstream signalling, such as  

					apoptosis.40–44 This study found that the interaction of andrographolide  

					is comparable to that of standard drugs that inhibit ATM, ATR, CHK1,  

					and CHK2. Another insight from machine learning prediction showed  

					that andrographolide has an IC50 not better than that of standard drugs,  

					which means andrographolide only temporarily disrupts the  

					overactivation of TP53, preventing the progression of pathological  

					cardiac remodelling.  

					Table 2: Binding cavity coordinates  

					Binding Coordinate  

					Molecule  

					Radius  

					X

					Y

					Z

					ATM  

					−2.7  

					−9.22  

					19.95  

					9

					ATR  

					191.34 241.92 23.62  

					9

					9

					9

					8

					CHK1  

					CHK2  

					SIRT1  

					17.26 −3.25  

					−8.08 48.79  

					−20.26 59.52  

					11.28  

					6.57  

					8.89  

					Molecular Docking Results  

					Molecular docking simulations were performed to investigate the  

					binding affinities and interaction profiles of andrographolide and their  

					respective standard drugs with the identified hub proteins: ATM, ATR,  

					CHK1, CHK2, and SIRT1. The binding scores (MolDock score and  

					Rerank score from MVD, and G binding energy with G score from  

					PRODIGY) and key interacting amino acid residues are presented for  

					each protein, with detailed visualization obtained from Discovery  

					Studio based on the best poses (See supplementary figures).  

					Andrographolide exhibited favorable binding affinities across all  

					targets, with docking scores ranging from −92.2 to −103.3 and binding  

					energies between −8.03 and −8.63 kcal/mol. Although the docking  

					scores were generally lower than those of standard drugs,  

					andrographolide maintained comparable or stronger predicted binding  

					free energies (ΔG), particularly for ATM (−8.63 kcal/mol) and CHK2  

					(−8.47 kcal/mol). Generally, andrographolide has a similar Kd across  

					selected targets compared with the respective standard drugs (Table 3).  

					For ATM, andrographolide achieved a MolDock score of −94.74 and  

					ΔG of −8.63 kcal/mol, closely approaching the binding energy of  

					Azd1056 (−8.77 kcal/mol). Hydrogen bonding was observed with  

					residues Glu2768, Asn2875, and Asp2889, while key van der Waals  

					interactions involved Lys2717, Leu2722, and Trp2769, indicating  

					stable interactions within the active site. Unlike ATR, andrographolide  

					interacted strongly with Glu2768, Cys2770, and Asp2889 and  

					demonstrated a ΔG of −8.37 kcal/mol, slightly better than that of the  

					reference compound Celasertib (−7.63 kcal/mol), suggesting its  

					comparable binding capability despite a less favorable MolDock score.  

					Although andrographolide showed a weaker MolDock score (−96.02)  

					than the known CHK1 inhibitor (−112.49), its ΔG of −8.45 kcal/mol  

					was more favorable, indicating a potential binding strength. Hydrogen  

					bonds were formed with Leu15, Lys38, and Asp148, involving essential  

					kinase domain residues. In the case of CHK2, andrographolide showed  

					Figure 6: Molecular docking validity analysis of (A) ATM,  

					(B) ATR, (C) CHK1, (D) CHK2, and (E) SIRT1  

					Bioactivity Prediction by Machine Learning  

					Several statistical metrics were evaluated to assess the predictive  

					performance of the machine learning models built using DataWarrior,  

					including the coefficient of determination (R²), Spearman’s correlation  

					coefficient (r), and RMSE, supplemented by residual plot analysis.  

					These models were developed for five key protein targets from the  

					human species—ATM (Uniprot ID M0QXY8), ATR (Uniprot ID  

					D6RIG7), CHK1 (Uniprot ID O14757), CHK2 (Uniprot ID O96017),  

					and SIRT1 (Uniprot ID Q96EB6)—using datasets of known ligands to  

					predict IC50 (or EC50 for SIRT1) and LELP values. The entire dataset  

					is available in the supplementary files.  

					The IC50 prediction models for ATM, ATR, CHK1, CHK2, and SIRT1  

					generally showed moderate to strong performance, with R² values  

					ranging from 0.58 to 0.74 and Spearman’s r from 0.71 to 0.82. CHK2  

					had the best IC50 model (R² = 0.7398; r = 0.7912; RMSE = 0.5367),  

					whereas SIRT1 had the weakest (R² = 0.2896; r = 0.5064). Residual  

					analysis revealed some heteroscedasticity, particularly in the ATM and  

					CHK1 IC50 models. Conversely, the LELP prediction models were  

					consistently more robust across all targets, with high R² (≥0.88) and r  

					values (≥0.69), especially for ATR (R² = 0.9577; r = 0.9780) and CHK2  

					(R² = 0.9433; r = 0.9702), indicating superior reliability in capturing  

					ligand efficiency trends (Figure 7).  
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					Table 3: Docking scores, binding energies, dissociation constants (Kd), and interacting residues of protein-ligand complexes  

					MolDock score Rerank Score Hydrogen ΔG Binding Energy Dissociation constant  

					Hydrogen-Bond Amino  

					Acid Residue  

					Receptor  

					Ligands  

					G Score  

					The van der Waals amino acid residue  

					(a.u.)  

					(a.u.)  

					Bond  

					(Kcal/mol)  

					(Kd) (M)  

					Val2696, Gly2695, Lys2717, Leu2722, Asp2725,  

					Val2757, Trp2769, Thr2773, His2872, Gln2874,  

					Val2886, and Leu2890  

					Glu2768, Asn2875, and  

					Asp2889  

					ATM  

					Andrographolide −94.74  

					−78.81  

					−5.30  

					−8.63  

					−8.77  

					−8.37  

					4.68 × 10−7  

					122.21  

					Ala2693, Gly2694, Gly2695, Asp2720, Leu2722,  

					Asp2725, Tyr2755, Glu2768, Val2774, His2872,  

					Leu2890, and Asp2889  

					ATM  

					ATR  

					Azd-1056  

					−145.82  

					−112.97  

					−5.28  

					3.69 × 10−7  

					7.26 × 10−7  

					108.1  

					Lys2717 and Cys2770  

					Ala2693, Gly2694, Val2696, Asn2697, Ile2701,  

					Lys2717, Leu2767, Thr2773, His2872, Gln2874,  

					Leu2877, and Val2886  

					Glu2768, Cys2770,  

					Andrographolide −92.20  

					−80.87  

					−9.48  

					128.87  

					Asn2875, and Asp2889  

					ATR  

					Ceralasertib  

					Andrographolide −96.01  

					Prexasertib −112.48  

					−113.45  

					−95.88  

					−2.27  

					−4.72  

					−5.49  

					−6.22  

					−7.63  

					−8.45  

					−7.34  

					2.53 × 10−7  

					6.34 × 10−7  

					4.13 × 10−7  

					131.15  

					127.99  

					136.15  

					Glu2768, Cys2770  

					No residues  

					Gly16, Val68, Leu84, Glu85, Gly90, Glu91, and  

					Ser147  

					CHK1  

					CHK1  

					Leu15, Lys38, and Asp148  

					−87.94  

					Cys87, Glu134, and Glu135 No residues  

					Gly227, Ala247, Lys249, Ile286, Leu301, Leu303,  

					CHK2  

					CHK2  

					Andrographolide −103.30  

					−77.58  

					−6.99  

					−8.47  

					6.13 × 10−7  

					7.21 × 10−7  

					128.4  

					Glu302 and Met304  

					Glu305, Gly306, Gly307, Glu308, Asp311, Leu354,  

					and Thr367  

					Ser228, Gly229, Ala230, Ala247, Lys249, Ile286,  

					Leu303, Glu305, Gly307, Lys349, Leu354, Thr367,  

					and Asp368  

					Azd-7726  

					−117.24  

					−96.18  

					−3.54  

					−7.01  

					147.86  

					Asn352  

					Thr290, Pro211, Glu214, Leu215, Asp292, Gln294,  

					Ala295, Phe297, Asp298, Ile299, Glu300, and  

					Gly415  

					SIRT1 Andrographolide −100.35  

					−81.23  

					−5.04  

					−8.03  

					1.28 × 10−7  

					6.52 × 10−7  

					133.4  

					Ile210 and Phe414  

					Asp292, Asp298, and  

					Lys444  

					SIRT1  

					Resveratrol  

					−76.51  

					−61.33  

					−7.32  

					−7.07  

					149.76  

					No residues  
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					Figure 7: Prediction of machine learning data accuracy  

					Comparative evaluation between andrographolide and standard  

					inhibitors revealed that andrographolide had generally higher predicted  

					IC50 values but maintained favorable LELP scores (mostly <7),  

					suggesting acceptable lipophilic efficiency (Table 4). For ATM,  

					andrographolide showed a predicted IC50 of 2.52 µM and LELP of 6.1,  

					compared to the standard inhibitor’s much lower IC50 (0.0068 µM) but  

					higher LELP (8.2). In ATR, andrographolide demonstrated better  

					potency (IC50: 3.287 µM vs. 7.72 µM) and more favorable LELP (6.2  

					vs. 14.88), suggesting the potential of alternative or non-competitive  

					inhibition. For CHK1, andrographolide showed weak predicted activity  

					(IC50: 111.4 µM; LELP: 8.68), indicating a low likelihood of direct  

					inhibition. CHK2 predicted activity was more promising (IC50: 2.319  

					µM; LELP: 6.09), supporting the partial inhibition potential. Notably,  

					for SIRT1, andrographolide outperformed the standard in both the  

					predicted EC50 (3.645 µM vs. 17.579 µM) and LELP (6.31 vs. 7.37).  

					Other than the kinases mentioned, SIRT1 has also become an important  

					TP53 modulator that possibly alleviates cardiac remodeling.55,56  

					Acetylation of TP53 is a significant mechanism of TP53 activation in  

					cardiac remodeling.57,58 Furthermore, SIRT1, which might also be  

					activated by adenosine monophosphate-activated protein kinase  

					(AMPK), deacetylates TP53 as a counter regulatory mechanism to its  

					overactivation. Together, AMPK/SIRT1 axis activation might be  

					directly linked to increased mitochondrial function through PGC-1α in  

					preventing cardiac remodelling progression. On the other hand,  

					machine learning analysis also confirmed the ATM, ATR, CHK1, and  

					CHK2 as targets of andrographolide that are crucial to regulate TP53,  

					linking DNA damage response to mitochondrial dysfunction and  

					maladaptive cardiac remodelling. Persistent activation of ATM, ATR,  

					CHK1, and CHK2 proteins promotes TP53 stabilization and activity,  

					thereby enhancing apoptotic and senescence pathways, whereas SIRT1-  

					driven deacetylation of TP53 provides a compensatory mechanism to  

					attenuate excessive activation. Resveratrol, a known SIRT1 activator,  

					has no better binding and bioactivity than andrographolide based on our  

					in-silico workflow. Interestingly, andrographolide has also been  

					reported to modulate SIRT1/ERK signalling.59 In our previous work,  

					we used a crude extract of A. paniculata containing 12.28%  

					andrographolide to potentially activate SIRT1 in high glucose-exposed  

					endothelial cells.60 Moreover, andrographolide can directly interact  

					with SIRT1 to prevent TP53 overactivation, highlighting its potential as  

					a dual modulator of mitochondrial quality control and DNA damage  

					response in cardiac remodelling.  

					Table 3: Bioactivity comparison of andrographolide and  

					standard drugs against their receptor  

					Predicted  

					Predicted  

					Receptor  

					Ligands  

					IC50  

					Category  

					LELP  

					(µM)  

					ATM  

					ATM  

					ATR  

					ATR  

					Andrographolide 2.52  

					Azd1056 0.007  

					Andrographolide 3.29  

					Ceralasertib 7.72  

					6.10  

					Good activity, ideal  

					Excellent activity,  

					ideal  

					8.20  

					6.20  

					14.88  

					Proposed Andrographolide Mechanism in Mitochondrial Function  

					Our proposed mechanism of how andrographolide exerts its  

					mitochondrial dysfunction modulator in cardiac remodeling is primarily  

					mediated through the modulation of key hub genes such as TP53, ATM,  

					ATR, CHK1, CHK2, and SIRT1, which are intricately linked to critical  

					intracellular signaling pathways, including the PI3K-Akt, MAPK, and  

					Ras pathways, as well as the AGE-RAGE and FOXO signaling  

					pathways. These pathways are vital for regulating cell growth, survival,  

					and stress responses, as highlighted in the GO analysis, which identified  

					significant enrichment in phosphorylation, signal transduction, and  

					metabolic regulation processes. Furthermore, the enrichment results  

					underscored the involvement of cancer-associated pathways,  

					suggesting a dual role of these targets in cardiac health and  

					tumorigenesis. By influencing these interconnected pathways,  

					andrographolide may enhance MQC and metabolic regulation,  

					ultimately leading to improved cardiac function and attenuation of HF  

					remodeling processes. Figure 8 shows a visual representation of the  

					proposed mechanism.  

					Good activity, ideal  

					Good activity, not  

					ideal  

					CHK1  

					CHK1  

					CHK2  

					Andrographolide 111.40  

					Prexasertib 2.42  

					Andrographolide 2.32  

					8.68  

					6.06  

					6.09  

					Low activity, ideal  

					Good activity, ideal  

					Good activity, ideal  

					Excellent activity,  

					ideal  

					CHK2  

					Azd7726  

					0.01  

					5.33  

					SIRT1  

					SIRT1  

					Andrographolide 3.65  

					Resveratrol 17.58  

					6.31  

					7.37  

					Good activity, ideal  

					Good activity, ideal  
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