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					ABSTRACT  

					ARTICLE INFO  

					The inflammatory response is triggered by various stimuli, including the precursor to  

					carcinogenesis. Curcuma longa and Phyllanthus niruri are herbal that have anti-inflammatory  

					activity. This study employed computational predictions, including molecular docking and  

					molecular dynamics simulations. The protein targets for computational analysis included iNOS  

					(PDB ID: 4NOS), JAK3 (PDB ID: 6NY4), STAT3 (PDB ID: 6NUQ), and NF-κB (PDB ID:  

					1NFI). The results showed that eriodictin exhibited the most potent binding affinity with target  

					proteins, including JAK3, iNOS, NF-κB, and STAT3, with binding affinity values of -9.5, -10.1,  

					-7.8, and -7.3 kcal/mol, respectively. The RMSD analysis for a 20 ns molecular dynamics  

					simulation of NF-κB, iNOS, JAK3, and STAT3 protein complexes showed that the NF-κB–  

					eriodictine complex reached stability within the 6–8 Å range after 10 ns, followed by increased  

					fluctuations. A similar trend was observed in the NF-κB complex with the inhibitor, used as a  

					control. Meanwhile, the RMSD of the iNOS–eriodictine complex stabilized at approximately 3 Å  

					for 15 ns. The JAK3–eriodictine, STAT3–eriodictine, and STAT3–inhibitor complexes  

					maintained stability within the 2–3 Å range throughout the simulation. The stability observed in  

					these complexes suggests that eriodictine has potential as an effective therapeutic agent targeting  

					NF-κB, iNOS, JAK3, and STAT3 proteins. Further studies, including in vitro and in vivo assays,  

					are needed to validate these findings and assess their clinical applications. This study highlights  

					the potential of Curcuma longa and Phyllanthus niruri derivatives as natural compound-based  

					alternatives for managing chronic inflammation in cancer.  
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					A cascade of molecular events that take place within inflammatory cells  

					is what starts the production of inflammatory mediators. Certain  

					Introduction  

					The involvement of inflammation in the initiation and  

					advancement of cancer has been widely recognized for a considerable  

					period of time. The initiation of the inflammatory process occurs when  

					a damaged tissue releases specific chemical mediators such as cytokine  

					pro inflammatory as know as interferon-γ (IFN-γ) and tumor necrosis  

					factor-α (TNF-α).1 This response is triggered by the presence of foreign  

					entities in the body, including bacteria, parasites, viruses, antigenic  

					substances, or chemicals, which interact with various cell receptors.2  

					Inflammation is a known predisposing factor for the development of  

					cancer and plays a significant role in promoting tumor formation.3 The  

					presence of a tumor can lead to chronic inflammation, which  

					significantly affects the environmental conditions within the tumor,  

					namely the tumor microenvironment. This chronic inflammation also  

					has a notable influence on the plasticity of both tumor cells and stromal  

					cells.4 In general, it is more probable that persistent inflammation will  

					promote rather than suppress the development of tumors.  

					mediators, like nitric oxide (NO) and TNF-α, have cytotoxic properties  

					towards both invading pathogens and host cells, consequently leading  

					to tissue damage.5 Transcription factors, such as NF-κB and STAT3,  

					are significant contributors to the regulation of gene expression  

					associated with pro-inflammatory processes. Furthermore, the  

					activation of JAK3 has been observed to facilitate the activation of  

					STAT3, resulting in the upregulation of genes associated with pro-  

					inflammatory responses.6 During the inflammatory response, the  

					activation of epithelial and immunological cells leads to the generation  

					of reactive oxygen species (ROS) and reactive nitrogen species (RNS)  

					via the stimulation of NADPH oxidase and nitric oxide synthase  

					(NOS).7 The upregulation of NADPH oxidase and NOS, together with  

					the resultant reactive oxygen and nitrogen species (RONS), has been  

					observed in several cancer types, suggesting the involvement of free  

					radicals in the initiation and progression of malignancies.8  

					Chronic inflammation occurs when pro-inflammatory cytokines are  

					present and signaling pathways, such as NF-κB and STAT3, are  

					continuously activated, which can lead to the development of cancer.9  

					The activation of JAK3 has been observed to induce the overexpression  

					of STAT3, hence implicating the JAK/STAT3 pathway in the processes  

					of carcinogenesis and chemotherapy resistance across many cancer  

					types. The activation and interaction of STAT3 and NF-κB are crucial  

					in regulating the intercellular communication between cancer cells and  

					inflammatory cells.10 The activation of NF-κB leads to the secretion of  

					various pro-inflammatory cytokines and chemokines, which play  

					crucial roles in processes such as cell proliferation, angiogenesis,  

					invasion, and inhibition of apoptosis.11 STAT3 is an additional  

					transcription factor that becomes activated by signaling generated by  
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					cytokines and growth factors.12 Several recent findings have shown  

					evidence of functional interaction between NF-κB and STAT3  

					transcriptional activity, which is crucial for achieving optimal induction  

					and activation of cytokines. Moreover, it is imperative to regulate the  

					suppression of proteins or genes that trigger inflammation in the context  

					of cancer therapy.13  

					Maximal Clique Centrality (MCC) analysis using cytoHubba to identify  

					the importance of nodes in the network based on the largest cluster  

					(clique) that includes those nodes. The interaction network for JAK3,  

					STAT3, iNOS, and NF-κB highlighted their roles in inflammation and  

					cancer cell progression. All proteins identified in Cytoscape were  

					exported and uploaded to the Database for Annotation, Visualization,  

					Flavonoids have anti-inflammatory effects by changing the way a  

					number of regulatory chemicals and immune system responses work.  

					This leads to different regulation of the production of pro-inflammatory  

					and anti-inflammatory cytokines.14 These encompass the suppression of  

					NF-κB, JAK3, STAT3, and iNOS. Flavonoids act as antioxidants that  

					come from the outside of the body.15 They do this by inhibiting nitric  

					oxide (NO) synthase, xanthine oxide synthase, or modulating ion  

					channels. This lowers the amount of reactive species in the body. The  

					utilization of natural products derived from plant extracts has garnered  

					growing interest in addressing inflammatory illnesses.16 Moreover,  

					flavonoid chemicals have been identified in a multitude of plant species,  

					including C. longa and P. niruri, which are among the primary sources  

					of flavonoids. Numerous pharmacological advantages of C. longa and  

					P. niruri, encompassing anti-inflammatory, anti-apoptotic, antioxidant,  

					anti-tumorigenic, and anti-angiogenic properties, have been  

					documented, with no observed adverse effects.17 Therefore, the  

					exploration of potential bioactive compounds in C. longa and P. niruri  

					for their capacity to suppress cancer malignancy via anti-inflammatory  

					mechanisms presents a promising alternative approach in cancer  

					therapy. Considering the pivotal role of inflammation in cancer  

					progression and the well-documented anti-inflammatory properties of  

					these plants, this study investigates their combined effects on key  

					inflammatory signaling pathways, including JAK3, iNOS, NF-κB, and  

					STAT3. In light of the limited research on the synergistic interaction  

					between C. longa and P. niruri in modulating these pathways, this study  

					offers novel insights into their underlying mechanisms of action. The  

					molecular impact on pro-inflammatory mediators associated with  

					carcinogenesis is evaluated through cytokine profiling, supported by  

					computational analysis.  

					and  

					Integrated  

					Discovery  

					(DAVID)  

					webserver  

					(https://david.ncifcrf.gov/). This analysis utilized databases including  

					Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and  

					Genomes (KEGG). The GO database categorizes genes according to  

					their roles in the cell across three primary domains: molecular function,  

					biological process, and cellular component. Additionally, KEGG  

					pathway identification was performed to classify genes based on their  

					associated cellular pathways, thereby enhancing our understanding of  

					gene functions within a broader biological framework.18  

					Molecular docking  

					Bioactive compound derived from the selected herbs C. longa and P.  

					niruri was docked using AutoDock Vina through Pyrex software.  

					Bioactive compounds are optimized using OpenBabel in PyRx through  

					format conversion, energy minimization, and conformation  

					stabilization, ensuring accurate structures for reliable molecular  

					docking and computational analysis results.20 The target protein (iNOS,  

					NF-κB, JAK3, and STAT3) were obtained from RCSB Protein Data  

					Bank (Table 1). The protein target was prepared, which involved  

					removing ligand residues and other non-protein compounds. Docking  

					visualizations were conducted using Discovery Studio 2019 software.21  

					Molecular dynamics  

					Molecular dynamics were performed using the YASARA (Yet Another  

					Scientific Artificial Reality Application) software, employing the  

					AMBER14 force field. The system parameters were set to mimic the  

					physiological environment of the cells, including 37°C, pH 7.4, 1 atm,  

					and 0.9% salt concentration, over a duration of 20 ns. The main  

					programs used were md_run for running the simulations, md_analyze  

					for evaluating Root Mean Square Deviation (RMSD), and  

					md_bindingenergy for examining the molecular dynamics binding  

					energy of protein-ligand complexes.18 Next, the molecular dynamic  

					PDB files were prepared for structural validation and uploaded to the  

					MolProbity web server (http://molprobity.biochem.duke.edu/) for  

					Ramachandran plot analysis based on the phi (φ) and psi (ψ) distribution  

					values for each residue.22  

					Materials and Methods  

					Compound data mining  

					The chemicals present in the herbs C. longa and P. niruri were acquired  

					from the literature study. In addition, the three-dimensional structure  

					and canonical smiles of the chosen compounds are acquired from the  

					PubChem database (http://pubchem.ncbi.nlm.nih.gov/).  

					Results and Discussion  

					Druglikeness screening  

					The compounds present in the herbs C. longa and P. niruri were  

					subjected to drug-likeness screening using the SWISS ADME web  

					server (https://www.swissadme.ch/). By adhering to the drug-likeness  

					rule, this screening sought to identify compounds with advantageous  

					properties and safety characteristics. This screening drug-likeness  

					encompasses five drug-likeness parameters, including Lipinski's Rule  

					of Five, Ghose, Veber, Egan, and Muegge's rules.18  

					Bioactive compound and protein target interaction  

					The identification of bioactive compounds from C. longa and P. niruri  

					was conducted through a literature review of studies utilizing ethanol  

					extraction. Based on the investigation of bioactive compounds present  

					in C. longa and P. niruri, a total of 20 potential compounds have been  

					identified. C. longa yields 9 compounds, including Catechin, Genistein,  

					Galangin, Naringin,23 Quercetin,24 Apigenin,25 Rutin, Kaempferol, and  

					Myricetin.26-28 In contrast, P. niruri contains 11 compounds, which  

					consist of Gallocatechin,29 Nirurin, Quercetin,30 Quercitrin, Rutin,29  

					Astragalin,31 Niruriflavone,32 Kaempferol 3-(4-O-acetyl-alpha-L-  

					rhamnopyranoside), Fisetin-4-O-glucoside, Isoquercitrin,31 and  

					Eriodictin.33 Notably, the compound Quercetin is found in both herbs  

					(Table 2). Specifically, the compounds were selected based on prior  

					reports highlighting their antioxidant properties and potential  

					therapeutic roles in cancer treatment.  

					Furthermore, the bioactive compounds found in C. longa and P. niruri  

					were assessed based on various drug-likeness parameters, including  

					those established by Lipinski, Ghose, Veber, Egan, and Muegge. The  

					evaluation revealed that the selected bioactive compounds exhibited  

					differing degrees of violations concerning these drug-likeness criteria.  

					Compounds with more than two violations were excluded from further  

					analysis (Figure 1a). Utilizing the SWISS ADME web server for drug-  

					likeness assessment, 11 compounds with two or fewer violations were  

					identified and proceeded to further evaluation.  

					Identification of probability activity  

					The identification of probability activity is conducted through the  

					utilization  

					of  

					the  

					Pass  

					Online  

					web  

					server  

					(https://www.way2drug.com/passonline/). The selection of probable  

					activities is determined by identifying potential activities that have the  

					potential to mitigate the severity of symptoms experienced after cancer  

					treatment. The predictive efficacy of a biological function is contingent  

					upon the value of its associated probability activity (Pa). The parameter  

					Pa quantifies the significance of the accuracy of the computed  

					prediction function. A higher value of Pa indicates a greater level of  

					accuracy in the function.19  

					Protein-protein interaction (PPI) prediction  

					Protein interaction analysis was conducted using Cytoscape alongside  

					the STRING 11.0 plugin, focusing on the target proteins JAK3, STAT3,  

					iNOS, and NF-κB. The protein interaction data were imported with a  

					confidence cut-off set at 0.4. The analysis revealed that these target  

					proteins have 40 indirect interactions, further examined through  
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					Table 1: Molecular docking protein preparation  

					No  

					Protein  

					PDB ID  

					Active Site  

					Inhibitor  

					Grid Center  

					2- [(1r)-3-Amino-1-Phenyl-  

					Propoxy]-4-Chloro-Benzonitrile or  

					A54  

					Center : X: -2.3507, Y: 96.3682, Z:  

					21.5164  

					Glu377, Trp372,  

					Gly371, Phe369, and  

					Val352  

					1

					iNOS  

					4NOS  

					Dimensions (A) : X: 25.0000, Y: 25.0000,  

					Z: 28.5667  

					(Formula : C16H15ClNO2)  

					Center : X: -3.9570,Y: 47.6062, Z: 13.0995  

					Andrographolide  

					2

					3

					NF-κB  

					1NFI  

					-

					Dimensions (A) : X: 43.5615, Y: 53.4930,  

					Z: 111.2785  

					(Formula : C20H30O5)  

					pyrrolo[1,2-b]pyridazine-3-  

					carboxamides  

					Center : X: 0.0434,Y: -12.4015, Z: -3.6835  

					Glu903, Leu828,  

					Gly829, Gln853,  

					JAK3  

					6NY4  

					Dimensions (A) : X: 25.0000, Y: 25.0000,  

					Z: 20.7117  

					(Formula : C18H20N4O3)  

					Leu905, and Leu956  

					Ser636, Arg609,  

					Ser611, Glu612,  

					Ser613, Val637,  

					Glu638, Pro639,  

					Gln644, and Tyr657  

					Center : X: 9.6118, Y: 52.0303, Z: 7.0136  

					SI-109  

					4

					STAT3  

					6NUQ  

					Dimensions (A) : X: 32.6326, Y: 46.7959,  

					Z: 34.6653  

					(formula : C40H44F2N7O9P)  

					These compounds include Catechin, Quercetin, Apigenin, Kaempferol,  

					Genistein, Myricetin, Galangin, Gallocatechin, Kaempferol 3-(4-O-  

					acetyl-alpha-L-rhamnopyranoside), Niruriflavone, and Eriodictin. This  

					analysis indicates that these compounds possess attributes that enhance  

					their potential as drug candidates, primarily due to their favorable  

					bioavailability. Such characteristics facilitate the compounds’ ability to  

					traverse biological membranes efficiently, supporting effective oral  

					absorption and positioning them as promising candidates for drug  

					development.34  

					Based on probable activity, Kaempferol 3-(4-O-acetyl-alpha-L-  

					rhamnopyranoside) showed the highest potential as Proliferative  

					disease treatment (with Pa value: 0.927), Free radical scavenger (0.978),  

					Membrane integrity agonist (0.983), Hepatoprotectant (0.929),  

					Cardioprotection (0.955), Hemostatic (0.986), Immunostimulant  

					(0.553). Eriodictin showed higher probable activity than other  

					compounds in Lipid peroxidase inhibitor (0.967) and Chemopreventive  

					(0.948) activities. Myricetin showed the highest possible activity as  

					Antimutagenic (0.963), Antioxidant (0.924), and chemoprotective  

					(0.694). Gallocathechin is a transcription factor NF-κB inhibitor with a  

					probable activity value of 0.496. So, the compounds in C. longa and P.  

					niruri have great potential as powerful antioxidants capable of  

					neutralizing free radicals, protecting cells from oxidative stress  

					(Reactive oxygen species/ROS), and reducing cellular damage  

					36  

					associated with cancer development.35,  

					In addition, the phenolic  

					structure of flavonoid compounds supports their role in cell cycle  

					regulation and modulation of genes related to inflammation and  

					apoptosis.37 Such biological activities reinforce the potential of C. longa  

					and P. niruri as effective anti-inflammatory agents, with mechanisms  

					involving inhibition of oxidative stress, regulation of inflammatory  

					processes, as well as protection of tissues from ROS-induced damage.17  

					This study focuses on key targets, including NF-κB (represented as  

					NFKB1), iNOS (NOS2), STAT3, and JAK3 proteins, which play  

					crucial roles in inflammatory responses and cancer progression.  

					Abnormal activation of these proteins is frequently linked to chronic  

					inflammation, oxidative stress, and the enhanced proliferation of cancer  

					cells. Consequently, targeting these proteins presents a promising  

					strategy for developing therapeutic agents in cancer treatment.  

					Figure 1: Potential bioactive compound and protein interaction  

					prediction. (a) druglikeness screening based on SWISS ADME; (b)  

					Bioactivity Identification based on PASS online Webserver; (c) Indirect  

					protein interaction identification; (d) MCC prediction on protein  

					interaction; (e) GO terms related to the target proteins Based on DAVID  

					webserver, f) KEGG pathway prediction related to target proteins  
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					Prediction analysis of target protein interactions was used by STITCH  

					and visualized in Cytoscape, it was discovered that iNOS, NF-κB,  

					JAK3, and STAT3 potentially interact within complex networks and  

					significantly contribute to inflammatory and immunomodulation  

					pathways. The dysregulation of JAK3, STAT3, iNOS, and NF-κB has  

					been implicated in various chronic inflammatory diseases, autoimmune  

					disorders, and even cancer.38, 39 Therefore, modulating their activity can  

					potentially address a wide range of pathological conditions. Targeting  

					these proteins is promising because of their central roles in  

					inflammation and immune modulation, which are critical for the  

					development and progression of various inflammatory diseases. These  

					proteins are known to perform essential functions in various biological  

					processes: NF-κB acts as a principal regulator of inflammatory gene  

					expression; JAK3 and STAT3 are integral to signal transduction via the  

					JAK-STAT pathway; and iNOS generates nitric oxide, which serves as  

					an effector molecule in immune responses. A confidence score cut-off  

					of 0.40 was applied in this analysis, offering a moderate coverage of  

					interactions and enabling the identification of proteins and small  

					molecules with intermediate associations. This method uncovers direct  

					interactions among the significant proteins while highlighting the  

					potential involvement of small molecules, such as inhibitors or  

					mediators, that might influence or be influenced by these proteins in  

					relevant biological pathways.40  

					Maximal Clique Centrality (MCC) analysis is a valuable method for  

					assessing the importance or centrality of proteins within a network  

					based on their participation in highly interconnected sub-networks,  

					known as "cliques." This analysis offers crucial insights into these  

					proteins' roles in biological signal coordination.41 The MCC diagram  

					illustrates a protein's level of centrality through a gradient of colors,  

					with red signifying a high degree of centrality and yellow representing  

					a lower degree. Within this network, STAT3 and NF-κB (NFKB1) are  

					highlighted as central figures in the MCC analysis, indicated by their  

					dark red coloration. This elevated centrality underscores their  

					significance as critical regulators in immune system function,  

					inflammation, and gene expression.42 Conversely, JAK3 and iNOS  

					(NOS2) are depicted in yellow, suggesting a lower centrality in the  

					MCC network compared to STAT3 and NF-κB. Nonetheless, JAK3  

					mutations are associated with a number of diseases, including immune  

					cell malignancies and immunodeficiency.43 Meanwhile, iNOS is  

					implicated in the production of nitric oxide (NO), which actively  

					influences adaptive immune responses by modulating T and B cell  

					functions, and is involved in inflammation regulation.44  

					Next, functional annotation analysis using Gene Ontology (GO) was  

					performed through the DAVID webserver to evaluate 44 proteins  

					obtained from network analysis using Cytoscape through the STITCH  

					database. This analysis included three main categories within the GO  

					framework: molecular function, biological process, and cellular  

					component. Gene Ontology serves to classify genes and gene products  

					based on their functional attributes, making it an important tool for  

					understanding the biological roles of proteins in complex networks.45 In  

					the Molecular Function category, protein binding emerged with the  

					highest frequency (42 proteins), indicating that interprotein interactions  

					play a central role in this network. Such interactions support the  

					formation of important protein complexes in signaling pathways,  

					modulation of biochemical activities, and coordination of various  

					cellular responses. In addition, the identical protein binding (17  

					proteins), cytokine activity (13 proteins), and DNA-binding  

					transcription factor activity (12 proteins) also showed significant  

					contributions. Identical protein binding reflects the protein's role in  

					oligomerization, while cytokine and transcription factor activities  

					indicate the protein's involvement in regulating gene expression and  

					immune response. These activities are essential in regulating  

					inflammatory processes and the body's protective mechanisms against  

					infection.46  

					cells to combat pathogens or respond to inflammatory stimuli.  

					Additionally, processes such as immune response (15 proteins), signal  

					transduction (14 proteins), and inflammatory response (12 proteins)  

					further emphasize the role of these proteins in modulating immune  

					signaling pathways and inflammatory mechanisms. This underscores  

					the significance of these proteins (JAK3, STAT3, iNOS, and NF-κB) in  

					maintaining homeostasis and responding to external stimuli through  

					both the activation of immune pathways and the regulation of  

					inflammation.39 In the Cellular Component category, a substantial  

					number of proteins were identified in the cytosol (23 proteins),  

					cytoplasm (21 proteins), and nucleus (21 proteins). This location  

					suggests that these proteins function primarily in the intracellular  

					environment, particularly within the cytosol and nucleus, to coordinate  

					signaling processes and regulate gene expression. The presence of  

					proteins in the nucleus is particularly significant for their roles as  

					transcription factors or signaling regulators that influence the  

					expression of immune and inflammatory genes.47 Additionally, the  

					localization of proteins to the plasma membrane (18 proteins) and  

					extracellular region (17 proteins) highlights their roles as receptors or  

					mediators of signals from outside the cell. Such functions capture  

					environmental signals and initiate cellular responses by activating  

					intracellular signaling pathways.  

					Based on the KEGG Pathway analysis conducted on the 44 proteins  

					identified. The results indicated significant participation of these  

					proteins in the JAK-STAT Signaling Pathway and Pathways in Cancer,  

					each involving 27 proteins. This suggests many analyzed proteins are  

					strongly associated with cancer processes, particularly those related to  

					regulating cell growth and immune responses.48, 49 Additionally, the  

					Th17 Cell Differentiation pathway (23 proteins) and Inflammatory  

					Bowel Disease pathway (19 proteins) exhibited substantial  

					contributions, underscoring the role of these proteins in modulating  

					inflammatory responses and autoimmune diseases. The PD-L1 and PD-  

					1 Checkpoint Pathway (13 proteins) and TNF Signaling Pathway (12  

					proteins) also highlighted the involvement of these proteins in  

					immunomodulation mechanisms, especially concerning immune  

					regulation in the context of cancer and inflammatory disorders.  

					Furthermore, the NF-κB Signaling Pathway (7 proteins) and MAPK  

					Signaling Pathway (8 proteins) were identified, both known to play  

					critical roles in regulating inflammation, apoptosis, and cell  

					proliferation.50  

					In addition, pathways involving Estrogen, ErbB, and VEGF signaling  

					showed the involvement of 7, 6, and 3 proteins, respectively. That  

					indicated a link to cell proliferation and angiogenesis processes, which  

					are crucial in tumor progression.51 The FoxO Signaling Pathway (6  

					proteins) showed potential involvement in cell cycle regulation and  

					apoptosis.52 Protein interaction analysis showed that proteins in this  

					tissue play a significant role in immunological processes, such as  

					protein binding, cytokine activity, and regulation of DNA transcription.  

					Thus, based on these protein-protein interactions, it can be concluded  

					that the target protein-protein interactions participate in complex  

					signaling pathways that coordinate immune and inflammatory  

					responses at the molecular and cellular levels.53 These findings can be  

					the basis for further research development to understand the role of  

					these proteins in disease pathogenesis in understanding inflammatory  

					response pathways and potential targets for innovative therapies.  

					Molecular docking  

					Furthermore, selected compounds as many as 11 potential compounds  

					were evaluated for their docking capabilities against the target proteins  

					JAK3, NF-κB, STAT3, and iNOS. The docking results of the selected  

					bioactive compounds from C. longa and P. niruri, presented as Gibbs  

					free energy or binding affinity, are detailed in Table 2. The data  

					indicates that these 11 compounds exhibit better binding affinities (ΔG)  

					than the control (inhibitor) for the JAK3, NF-κB, and iNOS proteins. In  

					contrast, their ΔG values for the STAT3 protein are comparable to that  

					of the control (Table 3).  

					Eriodictin demonstrated significant inhibitory potency for JAK3, NF-  

					κB, and iNOS, with the highest binding affinity values of -9.5, -7.8, -  

					7.3, and -10.1 Kcal/mol, respectively. This suggests that Eriodictin has  

					a markedly strong interaction.  

					In the Biological Process category, the Gene Ontology analysis revealed  

					that the Positive Regulation of Transcription By RNA Polymerase II  

					was the most prominent process, encompassing many proteins (25  

					protein interactions). This finding highlights the pivotal role of these  

					proteins in the analyzed tissues within cytokine-mediated signaling  

					pathways, which are crucial signaling molecules in immune responses.  

					Cytokines are instrumental in coordinating the activities of immune  
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					Table 2: Collection of bioactive compounds of C. longa and P. niruri from previous studies23-33  

					Molecular Weight  

					Herbal  

					Compound  

					Pubchem ID  

					(g/mol)  

					290.27  

					270.24  

					284.26  

					726.7  

					Catechin  

					Genistein  

					Galangin  

					Naringin  

					Quercetin  

					Apigenin  

					Rutin  

					9064  

					5280961  

					5281946  

					74819376  

					5280343  

					5280443  

					5280805  

					5280863  

					5281672  

					65084  

					C. longa  

					302.23  

					270.24  

					610.5  

					Kaempferol  

					Myricetin  

					Gallocatechin  

					Rutin  

					286.24  

					318.23  

					306.27  

					610.5  

					5280805  

					5280343  

					125896  

					Quercetin  

					Nirurin  

					302.23  

					664.6  

					Quercitrin  

					Astragalin  

					Niruriflavone  

					5280459  

					5282102  

					11494293  

					448.4  

					448.4  

					P. niruri  

					364.3  

					Kaempferol 3-(4-O-acetyl-alpha-L-  

					rhamnopyranoside)  

					10624340  

					474.4  

					Fisetin-4-O-glucoside  

					Isoquercitrin  

					44258681  

					45933929  

					101789466  

					448.4  

					464.4  

					434.4  

					Eriodictin  

					Table 3: Potential Binding afinity on molecular docking  

					Binding afinity (Kcal/mol)  

					Ligand  

					JAK3  

					(6ny4)  

					-9.5  

					-9.5  

					-8  

					NF-κB  

					(1nfi)  

					-7.8  

					-7.1  

					-6.7  

					-7.1  

					-7.3  

					-7  

					STAT3  

					(6nuq)  

					-7.3  

					iNOS  

					(4NOS)  

					-10.1  

					-9.7  

					Eriodictin*  

					Kaempferol 3-(4-O-acetyl-alpha-L-rhamnopyranoside)  

					-6.7  

					Galangin  

					Apigenin  

					-6.5  

					-9.7  

					-8.3  

					-8.1  

					-8.6  

					-8.4  

					-8.2  

					-8.3  

					-8.6  

					-8.3  

					-8.2  

					-6.4  

					-9.6  

					Kaemferol  

					Niruriflavone  

					Quercetin  

					Catechin  

					-6.3  

					-9.4  

					-6.9  

					-9.2  

					-7.1  

					-6.9  

					-7.3  

					-7  

					-6.3  

					-9.1  

					-6.3  

					-9.1  

					Genistein  

					-6.7  

					-8.9  

					Myricetin  

					Gallocathechin  

					Inhibitor  

					-6.3  

					-8.8  

					-6.8  

					-6.5  

					-6.3  

					-8.8  

					-9.3  

					-8.6  

					Note : *The most potential compoun  
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					Kaempferol 3-(4-O-acetyl-alpha-L-rhamnopyranoside) and Galangin  

					also exhibited high affinity towards iNOS (-9.7). Conversely, the  

					inhibitor showed the highest affinity for STAT3 (-9.3), highlighting its  

					specific effectiveness for this protein. Binding affinity is a crucial  

					parameter in drug design, reflecting the strength of the interaction  

					between a molecule and its target protein. It is influenced by the  

					mechanisms of recognition between proteins and ligands. Overall,  

					Eriodictin emerged as the most promising compound due to its high  

					affinities for three targets, while the inhibitor was more potent  

					specifically for STAT3.  

					with key residues such as LEU828 and VAL836, while Kaempferol  

					engaged with LEU828, LYS830, and ALA853. The control inhibitor  

					interacted with the identical residues, with LYS830 acting as a critical  

					residue in protein-ligand binding. Moreover, molecular docking results  

					for the iNOS protein indicated that residues TRP194 and PHE369 were  

					pivotal in forming hydrophobic interactions with all three tested  

					ligands: Eriodictyol, Kaempferol, and the standard inhibitor. Residue  

					ASN370 was also significant in forming hydrogen bonds with  

					Eriodictyol and the inhibitors. This suggests that TRP194 and PHE369  

					are vital components of the hydrophobic binding site on iNOS, while  

					ASN370 contributes to ligand stabilization through hydrogen bond  

					formation.  

					Molecular docking studies of the JAK3 protein (PDB ID: 6NY4)  

					revealed significant interactions with three ligands: Eriocitrin,  

					Kaempferol, and a control inhibitor (Figure 2). Eriocitrin interacted  

					Figure 2: Molecular docking simulation (a) Protein-ligand complex interaction; (b) 2D visualization of the binding interaction of ligan-  

					protein complex  

					Molecular docking result with 6NUQ protein reveals that, several  

					residues were similarly engaged in interactions with Eriodictyol and  

					Niruriflavone ligands yet did not exhibit similarities with the standard  

					inhibitors. Residues CYS468 and ILE467 formed hydrogen bonds with  

					Eriodictyol and Niruriflavone, whereas PRO471 participated in  

					hydrophobic interactions. In contrast, the inhibitor interacted with  

					various residues, including ARG609, GLU612, GLU638, and TYR657,  

					via hydrogen bonds and TYR640 and ILE653, through hydrophobic  

					interactions. The molecular docking results for the 1NFI protein  

					revealed that residues VAL121 and LYS122 are essential for their  

					interactions with Ganestin and the inhibitor, primarily through  

					hydrophobic interactions. Overall, the findings indicate that  

					hydrophobic interactions play a dominant role in ligand-protein  

					binding.  
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					The stability of these interactions significantly enhances the affinity of  

					ligands for proteins, particularly in targets that contain predominantly  

					non-polar residues, such as leucine (LEU), valine (VAL), and alanine  

					(ALA). These non-polar side chains significantly contribute to protein  

					stability and folding through hydrophobic interactions and helix  

					formation, making them vital components for the structural integrity of  

					proteins. The molecular docking results also suggest that eriodiction  

					exhibits the highest binding affinity, warranting further molecular  

					dynamics analysis. Finally, the molecular docking results for the 1NFI  

					protein indicated that residues VAL121 and LYS122 were crucial for  

					interactions with Ganestin and the inhibitor, primarily through  

					hydrophobic interactions.  

					The RMSD All showed that the stability binding complex of iNOS-  

					eriodictin have been stable in 3 Ǻ since 15 ns.  

					Meanwhile, the molecular docking results showed that hydrophobic  

					interactions dominate in ligand-protein binding (Table 4). The stability  

					of these hydrophobic interactions contributes significantly to the  

					affinity of ligands to proteins, especially in targets with predominantly  

					non-polar residues, such as Leucine (LEU), valine (VAL), and alanine  

					(ALA) are indeed non-polar residues.54 Their non-polar side chains  

					contribute significantly to protein stability and folding through  

					hydrophobic interactions and helix formation. These properties make  

					them crucial components in the structural integrity of proteins.55 The  

					molecular docking results show that eriodiction has the best binding  

					affinity value, so it is continued for further molecular dynamic analysis.  

					Molecular dynamic simulation  

					The RMSD results of the complex NF-κB-eriodictin more stability  

					compared to the inhibitor (Andrographolide). The RMSD All shows  

					that the stability binding complex of NF-κB-eriodictin was stable in 6-  

					8 Å since 10 ns (Figure 3A). In contrast, the complex of NF-κB-  

					inhibitor showed that it has more RMSD All value fluctuation since 10  

					ns. The RMSD backbone showed the stability of the protein complex  

					after docked with eriodictin or andrographolide in 20 ns simulation.56  

					The RMSD backbone showed that the protein stability complex of NF-  

					κB-eriodictin was stable in 6-8 Ǻ since 10 ns (Figure 3B). However, the  

					protein stability of the complex between NF-κB-inhibitor showed that  

					it has more RMSD All fluctuation since 10 ns. The ligand conformation  

					(LigConf) analysis showed that the inhibitor remains stable with  

					minimal fluctuations compared to eriodictin. In the early phase,  

					eriodictin exhibited fluctuations between 0-10 ns but stabilized after 10  

					ns. The ligand conformation of eriodictin remained within 3 Å. This  

					indicates that eriodictin maintains a relatively unchanged structure  

					throughout the simulation, suggesting it is more ideal for sustaining  

					effective molecular interactions (Figure 3C).  

					The ligand movement analysis revealed that eriodictin exhibited the  

					highest fluctuations between 4 and 5 ns. However, its fluctuations  

					decreased significantly from 10 ns to the end of the simulation (20 ns).  

					In contrast, the inhibitor showed higher fluctuations in ligand  

					movement from 10 ns until the end of the simulation (Figure 3D). The  

					higher SurfAcc values observed for the inhibitor suggest greater protein  

					structure flexibility, allowing it to adapt to various conformations of the  

					target protein. The complex eriodictin demonstrated lower SurfAcc  

					values after 10 ns, with a tendency to fluctuate more. Despite this, the  

					SurfAcc values of eriodictin and the inhibitor were comparable (Figure  

					3E). Additionally, the radius of gyration simulation indicated that both  

					ligands induced slight conformational and compactness changes in the  

					protein structure (Figure 3F). The RMSF of NF-κB showed that protein  

					complexed with eriodictin has less RMSF value compared with NF-κB  

					inhibitor, showed indicated stable residues (Figure 3G). The ligand-  

					protein interaction is stronger on eriodictin, as shown Figure 3H, where  

					the number of hydrogen bonds still appear hydrogen bond interaction at  

					4-6 during simulation, compared to the inhibitor. Furthermore, the  

					binding energy of eriodictin showed that the binding energy value of  

					eriodictin (-110 kJ/mol) was close to that of the inhibitor, with stability  

					starting to be achieved after 10 ns. The quality of the protein structure  

					after simulation was analyzed through (Figure 3J and 3K)  

					Ramachandran Plot Graphs. The complex with eriodictin has an outlier  

					of 1.02%, lower than the inhibitor which has 2.39%. This indicates that  

					the protein structure is better preserved during the simulation.  

					Figure 3. RMSD comparison between NF-κB with eriodictin,  

					and its control ligand. (A) RMSD all; (B) RMSD backbone protein;  

					(C) ligand conformation; (D) Ligand movement; (E) Solvent Accessible  

					Surface Area (SurfAcc); (F) Radius of gyration; (G) The root mean  

					square fluctuation (RMSF); (H) Number of Hydrogen Bond; (I)  

					Binding Energy; (J) Ramachandran Plot of inhibitor; (K)  

					Ramachandran Plot of eriodictin  

					On the other hand, the complex of iNOS-inhibitor showed that it has  

					more RMSD All fluctuation since 10 ns (Figure 4A). The RMSD  

					backbone showed the stability of the protein complex after docked with  

					eriodictin or inhibitor in 20 ns simulation (Figure 4B). LigConf  

					eriodictin shows small fluctuations in 13-15 ns, and showed similar  

					stability with inhibitor (Figure 4C). Ligand movement showed that  

					eriodictin and inhibitor have the minimum movement that was proven  

					by the value of ligand movement from both ligands below 3 Ǻ from the  

					beginning of the simulation to the end of the simulation (Figure 4D).  

					SurfAcc showed eriodictin and inhibitor similar protein surface  

					accessibility, with stability value post 10 ns (Figure 4E). The radius  

					gyration simulation indicates that both ligands do not induce  

					conformation and compactness change in the protein, indicated by the  

					minimum fluctuation of the radius gyration value (Figure 4F).  

					The RMSF of iNOS-eriodictin has similar fluctuation with the iNOS-  

					inhibitor. The RMSF result showed that iNOS protein that complexed  

					with both inhibitor and eriodictin have stability complex because the  

					majority value did not exceed 3 Ǻ. Only in THR109, CYS110,  

					ARG111, SER112, and C-terminal residue that have a value above 3 Ǻ  

					that indicated the unstable region of the protein (Figure 4G). The  

					interaction of iNOS-eriodictin showed a higher number of hydrogen  

					bonds (5–8) in 12- 14 ns compared to the inhibitor, along with bond  

					energies similar to those of the inhibitor (Figure 4H and 4I). This  

					indicates a stronger and more stable interaction, supporting the  

					effectiveness of the complex during the simulation. In the  

					Ramachandran plot, the protein structure of the eriodictin complex has  

					an outlier of 1.20%, slightly higher than the inhibitor (0.96%), but still  

					showing values comparable to the inhibitor. The iNOS-eriodictine  

					complex showed similar stability to the iNOS-inhibitor complex, with  

					strong interactions and high stability throughout the simulation  

					supported by the higher hydrogen bond count results, despite some  

					minor fluctuation results that did not significantly affect the stability.  

					Based on the RMSD analysis showed that the complex of JAK3-  

					eriodictin has a similar stability compared to the JAK3-inhibitor  

					((pyrrolo[1,2-b]pyridazine-3-carboxamides)).  

					The stability complex iNOS-eriodictin has a similar to iNOS-inhibitor  

					(2- [(1r)-3-Amino-1-Phenyl-Propoxy]-4-Chloro-Benzonitrile or A54).  
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					eriodictin complex was more stable than the STAT3-inhibitor complex.  

					It approached the inhibitor’s values at 10–20 ns, remaining below 3 Å  

					(Figure 6C).  

					Figure 4: RMSD comparison between iNOS with eriodictin,  

					and its control ligand. (A) RMSD all; (B) RMSD backbone protein;  

					(C) ligand conformation; (D) Ligand movement; (E) Solvent Accessible  

					Surface Area (SurfAcc); (F) Radius of gyration; (G) The root mean  

					square fluctuation (RMSF); (H) Number of Hydrogen Bond; (I)  

					Binding Energy; (J) Ramachandran Plot of inhibitor; (K)  

					Ramachandran Plot of eriodictin  

					Figure 5: RMSD comparison between JAK3 with eriodictin,  

					and its control ligand. (A) RMSD all; (B) RMSD backbone protein;  

					(C) ligand conformation; (D) Ligand movement; (E) Solvent Accessible  

					Surface Area (SurfAcc); (F) Radius of gyration; (G) The root mean  

					square fluctuation (RMSF); (H) Number of Hydrogen Bond; (I)  

					Binding Energy; (J) Ramachandran Plot of inhibitor; (K)  

					Ramachandran Plot of eriodictin  

					The RMSD All showed that the stability binding complex of JAK3-  

					eriodictin and inhibitor has been stable in 2 and 2.5 Å since the  

					beginning of the simulation (Figure 5A). The RMSD backbone showed  

					the stability of the JAK3-eriodictin or inhibitor in a 20 ns simulation.  

					The RMSD backbone shows that the protein stability complex of JAK3-  

					eriodictin and inhibitor showed similar stability with a range value  

					between 1-2 Ǻ (Figure 5B). Ligand Conformation (LigConf) analysis  

					shows that the JAK3-inhibitor complex exhibits a more stable  

					interaction compared to the JAK3-eriodictin complex, with values  

					below 3 Å. Meanwhile, the ligand conformation of eriodictin showed  

					minimal fluctuations during the 20 ns simulation (Figure 5C). In other  

					hand, Ligand movement showed that eriodictin had a slight movement  

					that was proven by the value of ligand movement being stable in 4 Ǻ  

					compared to inhibitor (Figure 5D). SurfAcc analysis showed that  

					eriodictin and the inhibitor have similar protein surface accessibility,  

					with fluctuating values observed between 15–20 ns (Figure 5E). The  

					radius gyration simulation indicates that both ligands do not induce  

					conformation and compactness change in the protein, indicated by the  

					minimum fluctuation of the radius gyration value (Figure 5F).  

					The RMSF complex of JAK3-eriodictin and JAK3-inhibitor have  

					similar fluctuation and the RMSF value below 3 Ǻ. The residue in  

					PRO893, GLN988, ARG1042, and C-terminal have a value above 3 Ǻ,  

					that indicated the unstable region of the protein (Figure 5G). The  

					number of hydrogen interactions (Figure 5H) was higher in the JAK3-  

					eriodictin complex (6-8). This result supports the stability of ligand  

					binding to the protein. Additionally, the binding energy of the JAK3-  

					inhibitor complex has similar stability with eriodictin (Figure 5I), which  

					indicated the strong ligand-protein interaction. Then, Ramachandran  

					plots (Figure 5J and 5K) show that the JAK3-inhibitor complex has a  

					smaller proportion of outliers (0.37%) compared to JAK3-eriodictin  

					(0.74%), indicating that the protein structure in the JAK3-inhibitor  

					complex is closer to the less conformation.  

					The RMSD All showed that the stability binding complex of STAT3-  

					eriodictin and inhibitor has been stable between 2 and 3 Ǻ (Figure 6A).  

					The RMSD backbone showed the stability of the STAT3-eriodictin or  

					inhibitor in 20 ns simulation. The RMSD backbone shows that the  

					protein stability complex of STAT3-eriodictin and inhibitor showed  

					similar stability since the beginning of the simulation, with a range  

					value 1.5-3 Ǻ (Figure 6B). LigConf analysis showed that the STAT3-  

					Figure 6. RMSD comparison between STAT3 with eriodictin,  

					and its control ligand. (A) RMSD all; (B) RMSD backbone protein;  

					(C) ligand conformation; (D) Ligand movement; (E) Solvent Accessible  

					Surface Area (SurfAcc); (F) Radius of gyration; (G) The root mean  

					square fluctuation (RMSF); (H) Number of Hydrogen Bond; (I)  

					Binding Energy; (J) Ramachandran Plot of inhibitor; (K)  

					Ramachandran Plot of eriodictin  
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					Table 4: Residues of potential ligand interaction results  

					Residues  

					Protein  

					Ligand  

					Hydrogen Bond  

					Hydrophobic  

					PRO471, LYS573  

					MET470, PRO471  

					Eriodictin  

					CYS468, ILE467, HIS332, LYS615  

					CYS468, ILE467, THR515  

					Niruriflavone  

					STAT3  

					ARG609, SER611, GLU612, SER613,  

					GLU638, GLN644, TYR657, SER636,  

					TYR640, PRO639, GLN644  

					(6NUQ)  

					Inhibitor  

					TYR640, ILE653  

					Eriodictin  

					Ganestin  

					Inhibitor  

					Eriodictin  

					ILE224, ARG30, LYS28  

					VAL121  

					ARG236, PHE239, LYS28  

					VAL121, LYS37, LYS122  

					VAL121, ALA129, LYS122  

					LEU828, VAL836, LEU956  

					NF-κB  

					(1NFI)  

					ARG124, GLU89  

					LYS855, CYS909, ASP912, ASP967  

					Kaempferol 3-(4-O-acetyl-  

					alpha-L-  

					LEU828, LEU956, LYS830,  

					LEU828, ALA853  

					JAK3  

					GLU903, PRO906  

					GLY829, LYS830  

					rhamnopyranoside)  

					(6NY4)  

					LEU956, LYS830, ARG953,  

					VAL836, LEU828, ALA853  

					Inhibitor  

					TYR347, TRP372, GLU377, ASN370,  

					GLY202  

					TRP194, PHE369, PRO350,  

					ALA351  

					Eriodictin  

					iNOS  

					Kaempferol 3-(4-O-acetyl-  

					alpha-L-  

					(4NOS)  

					TRP194, PHE369, TRP463,  

					ALA197, ARG199  

					TYR489, CYS200  

					VAL352, ASN370  

					rhamnopyranoside)  

					Inhibitor  

					TRP194, PHE369, CYS200, LEU209  

					Ligand movement showed that eriodictin had a high fluctuation in 10  

					ns. But at the end of the simulation, it had decreased fluctuation until it  

					had a similar value with inhibitor. On the other hand, inhibitor had  

					stable ligand movement which was proven by the value of ligand  

					movement being stable in 4-5 Ǻ (Figure 6D). SurfAcc simulations  

					showed fluctuations in the values of eriodictin and the inhibitor, but  

					overall, the SurfAcc value of eriodictin showed similar results to the  

					inhibitor (Figure 6E). The radius gyration simulation indicates that both  

					ligands do not induce conformation and compactness change in the  

					protein, indicated by the minimum fluctuation of the radius gyration  

					value (Figure 6F). The RMSF of STAT3 indicated that STAT3  

					complexed with both its inhibitor (SI109) and eriodictin have similar  

					fluctuation. The residues that have high fluctuation are GLN 193, ARG  

					379, ARG 417, and ILE 628 which indicate the unstable region of  

					protein (Figure 6G). The number of hydrogen interactions (Figure 6H)  

					shows a significant difference, with the STAT3-inhibitor complex  

					exhibiting more hydrogen interactions (~10–12) compared to STAT3-  

					eriodictin. This suggests that the inhibitor has a greater capacity to form  

					hydrogen bonds, potentially increasing the stability of the ligand-  

					protein interaction. On the binding energy (Figure 6I), the STAT3-  

					inhibitor complex shows a lower (more negative) binding energy  

					compared to STAT3-eriodictin, indicating a stronger interaction  

					between the inhibitor and the protein. Ramachandran plots (Figure 6J  

					and 6K) show that the STAT3-inhibitor complex has a much lower  

					proportion of phi-psi angle outliers (0.78%) compared to STAT3-  

					eriodictin (1.17%), indicating that the complex with the inhibitor has a  

					structure closer to the less conformation compared to eriodictin.  

					According to the results of molecular dynamic identification during  

					simulation based on Ramachandran plot, the simulation of eriodictine  

					with protein complex shows good quality of protein structure between  

					−2.0 and 2.0.57 This is shown by the low Ramachandran outlier value  

					under 2%, which indicates that the percentage of residues that are out  

					of position should be very small. So that complex has more stable  

					conformation than during simulation. This result also supports the  

					RMSD All, and backbone, that protein complexed with eriodictin has  

					less conformation change compared with andrographolide as inhibitor.  

					RMSD All indicated the stability of the complex between ligand and  

					protein by determining all atom conformation changes in the molecular  

					system per simulation time. If the RMSD all has a value over 3 Ǻ  

					indicates there are changes in all atoms during simulation that reflected  

					conformation change if compared to the complex before simulation.18,  

					58, 59 RMSD backbone indicated the stability of protein conformation by  

					defining Cα atoms structure during simulation. If the RMSD backbone  

					has value over 3 Ǻ indicates that there is a conformation change in  

					protein Cα atoms during simulation compared to protein Cα atoms  

					conformation before simulation.20 RMSD ligand movement indicated  

					the average distance movement of ligands during simulation compared  

					to before the simulation process.18, 60 The radius of gyration indicates  

					the conformation and compactness change of protein by determining  

					the radius distance of protein from the center of protein to the outer side  

					of protein.59, 61  
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					Based on the result above, eriodictin has the most stable binding with  

					Funding  

					iNOS and JAK3 proteins compared to other proteins. Eriodiction  

					stability was indicated by stable RMSD ligand movement, RMSD all,  

					RMSD backbone, and radius of gyration value. In the case of NF-κB  

					protein, eriodictin has induced lower conformation change compared to  

					NF-κB inhibitor (andrographolide), indicated by RMSD all and  

					backbone that reached equilibrium at 10 ns compared to  

					andrographolide that still had higher fluctuation until the end of the  

					simulation. The RMSD ligand movement indicates that eriodictin has  

					lower distance movement compared to andrographolide. In the case of  

					STAT3 protein, eriodictin did not induce any conformation change  

					when docked with STAT3 protein, indicated by RMSD all, and RMSD  

					backbone value did not exceed 3 Ǻ, and minor change in radius of  

					gyration value. In the RMSD ligand movement, eriodictin has higher  

					fluctuation at 10 ns until it equilibrated at 18 ns and has a similar  

					fluctuation value with STAT3 inhibitor (SI109). In other, RMSF (Root  

					Mean Square Fluctuation) in molecular dynamics was used to  

					determine the flexibility of each residue in a protein. The higher value  

					of RMSF indicated that a residue has more conformation flexibility and  

					higher mobility compared to before simulation. The higher value of  

					RMSF (above 3Ǻ) also indicated that a residue site is not stable.58, 59, 62  
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