

  applsci-12-10691




applsci-12-10691







Appl. Sci. 2022, 12(21), 10691; doi:10.3390/app122110691




Article



Pharmacoinformatics Analysis Reveals Flavonoids and Diterpenoids from Andrographis paniculata and Thespesia populnea to Target Hepatocellular Carcinoma Induced by Hepatitis B Virus



Vishal S. Patil 1,2[image: Orcid], Darasaguppe R. Harish 1,*[image: Orcid], Umashankar Vetrivel 1,3[image: Orcid], Sanjay H. Deshpande 1,4[image: Orcid], Pukar Khanal 5[image: Orcid], Harsha V. Hegde 1, Subarna Roy 1,*[image: Orcid] and Sunil S. Jalalpure 2,*





1



ICMR-National Institute of Traditional Medicine, Nehru Nagar, Belagavi 590010, India






2



KLE College of Pharmacy, Belagavi, KLE Academy of Higher Education and Research, Nehru Nagar, Belagavi 590010, India






3



ICMR-National Institute for Research in Tuberculosis, Chetpet, Chennai 600031, India






4



Regional Centre for Biotechnology, NCR-Biotech Science Cluster, Faridabad 121001, India






5



Department of Pharmacology, NGSM Institute of Pharmaceutical Sciences, NITTE Deemed-to-be University, Mangalore 575018, India









*



Correspondence: harish.dr@icmr.gov.in (D.R.H.); roys@icmr.gov.in (S.R.); jalalpuresunil@rediffmail.com (S.S.J.)







Academic Editors: Snezana Agatonovic-Kustrin, Antonija Tomić and Dejan Agić



Received: 19 September 2022 / Accepted: 19 October 2022 / Published: 22 October 2022



Abstract

:

Herbs are widely utilized in the Western Ghats region of India to treat liver diseases and viral-like infections. However, such practices lack scientific evidence at the molecular level and may often pose adverse drug reactions. This study intends to identify phytocompounds with druggability and non-toxic profiles with potential activity against hepatitis B virus-induced hepatocellular carcinoma. The details of phytocompounds in traditionally utilized herbs in the Western Ghats region were collated from chemical databases and publications. The druggability and toxicity of these compounds were predicted using MolSoft and ADVERpred, respectively. The probable targets of these phytocompounds were predicted using BindingDB. Moreover, compound-gene set pathways, cellular processes, and functional enrichment analyses were also performed using STRING and KEGG pathway databases. Subsequently, herb–compound–target–disease pathway networks were constructed using Cytoscape. The potential hub protein was virtually screened against the ligand dataset using the POAP pipeline. Finally, molecular dynamics (MD) simulations of the most potential protein–ligand complexes were performed in triplicate using Schrödinger Desmond. Amongst 274 compounds from 16 herbs studied, 36 showed drug-likeness with nontoxic properties and were also predicted to modulate 16 potential targets involved in the pathogenesis of HBV-induced HCC. Among all the molecules screened, flavonoids and diterpenoids from Andrographis paniculata and Thespesia populnea scored the highest edge count via modulating multiple targets and pathways. Moreover, molecular docking and MD simulation (100ns) also inferred that the top-ranking Andrographin and Gossypetin exhibit stable intermolecular interactions with EGFR protein, which was identified as a highly connected hub protein in the constructed network. All these findings are suggestive of identified moieties as potential therapeutics for targeting HBV-associated HCC sans adverse drug reactions.
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1. Introduction


Hepatitis B, caused by the hepatitis B virus (HBV), is a life-threatening chronic liver infection and is one of the major risk factors for the development of hepatocellular carcinoma (HCC), which accounts for 70–90% of all primary liver cancers. HCC is the sixth most common cancer worldwide with a significant mortality rate and is projected to increase by 40% by 2030 [1,2]. Currently, more than 248 million individuals worldwide are living with chronic HBV infection. Africa has the most elevated endemicity with 8.83% of HBsAg prevalence. About 95 million people in China have chronic HBV infection [3]. India is meso-endemic for HBV and is the second leading country after China to have about 50 million individuals with chronic HBV infection with an overall prevalence rate of 2.4% (2.2–2.7%) and a much higher rate of 15.9% (11.4–20.4%) among the tribal population [4].



Multiple studies, such as the accumulation of genetic damage due to immune-mediated hepatic inflammation and chronic hepatic oxidative stress, established a robust correlation between chronic HBV infection and the progression to HCC [5,6,7]. Moreover, HCC mediated by HBV is a polygenic disease that involves multi-protein, multi-pathway pathogenesis. HBV viral proteins alter the expression of endogenous genes within the host tissue. In the hepatocytes, HBV-mediated cytokine production by pro-inflammatory reactions and T-cell dysfunction as well as inflammation-mediated up- and downregulation of signaling pathways enhance the development of viral carcinogenesis and ultimately lead to HCC. Further, Signal Transducer and Activator of Transcription 3 (STAT3) and nuclear factor (NF)-κB play key roles in the regulation of communication between cancer cells and inflammatory cells, which further aids in the regulation of tumor angiogenesis. However, HBV-mediated activation of these two pathways promotes immune escapes, production of interleukin IL-6, and IL-22, and ultimately progresses to the development of HCC [8,9]. The HBV X Interacting Protein (HBXIP) is a transcriptional transactivator that controls the transcription of viral nucleic acid and cellular promotion, i.e., it mediates cell cycle regulatory proteins including p16, p21, p27, cyclin A, D1, and B1, promoting CDK2 activity [10,11,12,13,14,15]. HBx regulates HBV replication and plays a crucial role in the development of HCC. The correlation between HBV-mediated HCC is well established. However, the molecular mechanism is not well understood, because post HBV infection, multiple cascades are involved in HCC development. In addition, numerous scientific reports suggest that the major cause of HCC is due to continuous hepatocyte destruction and regeneration [16].



Since ancient times, herbs and herbal products have been widely utilized as therapeutics for various infectious diseases. Herbs are known to prevent viral infections, delay or arrest the progression or extend the latency period by acting as an agonist, antagonistic, or synergistic via modulating multi-proteins and multi-pathways associated with the disease pathogenesis [17]. Although the use of herbs against specific etiologies such as HBV infection and its associated HCC is not adequately documented, attempts are being continuously made to evaluate if traditionally used herbs could be used against these specific etiologies by a screening of its use against signs and symptoms resembling the disease. In the current study, we identified 16 herbs from the Western Ghats region that are traditionally utilized by the local traditional practitioners against conditions that represent viral infection, fever, inflammation, and jaundice, which are documented in earlier studies by the ICMR-National Institute of Traditional Medicine, Belagavi, India. These herbs include Achyranthes aspera L., Aerva lanata (L.) Juss. ex Schult., Aloe vera (L.) Burm. f., Andrographis paniculata (Burm.f.) Nees, Cassia auriculata (L.) Roxb., Centella asiatica (L.) Urban, Diospyros Montana Roxb., Leucas aspera (Willd.) Link, Mangifera indica L., Phyllanthus virgatus G. Forst., Pongamia pinnata (L.) Panigrahi, Ricinus communis L., Solanum nigrum L., Strychnus nux-vomica L., Thespesia populnea (L.) Sol. ex Corrêa, and Vernonia cinerea (Carl Linnaeus) H.Rob.



In the present study, we utilized the knowledge of polypharmacology and chemoinformatics approaches such as compound-gene set enrichment analysis, network pharmacology, molecular docking, and dynamics studies to identify potential classes (e.g., group of flavonoids, alkaloids, terpenoids, tannins, etc.) of bioactives from herbs with druggable characteristics, non-toxic properties, and potent beneficial effect in the management of HCC induced by HBV. Polypharmacology is the study based on the effect of a single compound on two or multiple protein targets and pathways, which involves a network-based regulation of numerous physiological responses [18]. Understanding the effect of multi-component drug therapy using traditional knowledge provides new insight for the identification of potent therapeutics against complex diseases such as HCC. The workflow of polypharmacology and chemoinformatics approaches implemented in this study is illustrated in Figure 1A, and the findings are illustrated in Figure 1B.




2. Materials and Methods


2.1. Selection of Plants and Retrieval of Phytocompounds


Sixteen medicinal plants utilized in the region of Western Ghats and North Karnataka for the treatment of fever, jaundice, inflammation, and viral infection were selected based on an online resource documented by ICMR-National Institute of Traditional Medicine (http://nitmmedplantsdb.in/) (accessed on 6 March 2021) [19]. The selected medicinal plants with Ayurveda/common names and a list of references for their above-claimed uses are provided in Table S1. Reported phytocompounds from each plant were retrieved from Dr. Duke’s DB (https://phytochem.nal.usda.gov/phytochem/search; accessed on 7 March 2021) [20], Phytochemical Interaction DB (https://www.genome.jp/db/pcidb/) (accessed on 7 March 2021), ChEBI (https://www.ebi.ac.uk/chebi/) (accessed on 7 March 2021) [21], Database of Ethnomedicinal Plants of Western Ghats (http://nitmmedplantsdb.in/) (accessed on 7 March 2021) [19] and other public repositories.




2.2. Druggability and Toxicity Profile


Molecular formula (MF), molecular weight (MW), hydrogen bond acceptor (HBA), hydrogen bond donor (HBD), logP value, and canonical SMILES of each molecule were retrieved from the PubChem chemical database (https://pubchem.ncbi.nlm.nih.gov/) (accessed on 18 March 2021). The canonical smile data of individual compounds was queried in MolSoft online server (https://molsoft.com/mprop/; accessed on 15 March 2021) [22] to predict the druggability of each phytocompound based on the Lipinski rule of five. The server provides structural information, viz., MF, MW, HBA, HBD, logP, and predicts probable drug-likeness score (DLS). Further, phytocompounds with positive DLS were chosen, and their toxicity was predicted using the ADVERpred server [23]. We opted for this server, as it predicts hepatotoxicity, nephrotoxicity, arrhythmia, and myocardial infarction of unknown molecules based on the probable activity (Pa) and probable inactivity (Pi) and predicts probable side effects. Phytocompounds with a Pa value of ≤0.5 proceeded for further studies.




2.3. Target Identification


Canonical SMILES of the shortlisted phytocompounds were queried into BindingDB [24] for probable target protein identification (p ≥ 0.7). The Gene IDs of the predicted protein targets were retrieved manually from the UniProt web server (https://www.uniprot.org/; accessed on 9 April 2021) [25]. Further, the reported targets involved in the pathogenesis of HBV-induced HCC were retrieved from the KEGG database (https://www.genome.jp/kegg/) (accessed on 9 April 2021) and public repositories.




2.4. Gene Ontology and Pathway Enrichment Analysis


To understand the molecular functions, processes of probable protein targets modulated by the phytocompounds, and to retrieve the protein–protein interactions systematically, a set of retrieved gene IDs was provided as input to STRING 11.0 (Search Tool for the Retrieval of Interacting Genes/Proteins (https://string–db.org) accessed on 9 April 2021) [26]. Gene ontology (GO)-based functional and process enrichment analyses were carried out using the STRING GO tool to retrieve the molecular functions and processes of protein targets. The KEGG pathway (https://www.genome.jp/kegg/pathway.html; accessed on 9 April 2021) [27] was utilized to identify the enriched pathways involved in HBV-induced HCC. In this study, to obtain significant functions, processes, and pathway enrichment, the default false discovery rate (FDR) p value cut-off of <0.05 was considered. The overall pathways involved in HBV-mediated HCC are shown in Figure 2.




2.5. Network Construction


The compound–protein pathway network was constructed using Cytoscape v3.6.1 software (Washington, USA), an open-source software utilized to visualize biological pathways and complex molecular interaction networks [28]. During the construction of the network, the “Network Analyzer” command was used and treated as directed. To express the degree of connections among the compound–protein pathways, edge count calculation was applied. Further, “low values to small sizes” for node size and “low values to bright colors” for node color were applied to design the network [29].




2.6. Structure Refinement, Homology Modeling, and Assessment of Active Site Residues


Among the total targets predicted by bioactive phytocompounds, EGFR was found to score the highest edge count within the network (found to be involved in MAPK, PI3K-Akt, Ras, and Jak-STAT signaling pathways). Hence, EGFR, a highly connected target within the network and a known therapeutic target for hepatocellular carcinoma was chosen to virtually screen the bioactive intermolecular phytocompounds to infer significant intermolecular interactions at active site residues. The wild-type EGFR kinase domain in the complex with dacomitinib (PDB id: 4I23 (2.8 Å resolution) expressed in Spodoptera frugiperda expression system) was selected from the Protein Data Bank (PDB) (https://www.rcsb.org/structure/4i23; accessed on 30 April 2021) [30]. Discovery Studio Visualizer version 2019 (DSV 2019) was used to visualize the missing amino acid residues. ClustalW (https://www.genome.jp/tools-bin/clustalw; (accessed on 30 April 2021) [31] multi-sequence alignment online server was used to align the sequence of crystal structure (PDB 4I23) with the complete sequence of EGFR from Uniprot (UniProt accession no. P00533). This identified twenty amino acid residues data to be missing in the PDB id: 4I23 crystal structure. Further, these missing amino acid residues were fixed using Modeller9.10v software (accessed on 30 April 2021) [32]. While modeling the ligand unbound form, the crystal structure (PDB id: 4I23) was used as a template, and the sequence of UniProt accession no. P00533 entry was used as a query. By using Modeller 9.10v, 100 model structures were generated, and the model with the least discrete optimized protein energy (DOPE) score was chosen and checked for structural homology with the template using superimpose RMSD option in PyMol. The stereochemical check for the modeled structure was assessed using the PROCHECK web server. Further, EGFR active site residues were mapped based on the crystal structure of EGFR in a complex with dacomitinib.




2.7. Least Potential Energy Conformation by Molecular Dynamics (MD) Simulation


MD simulation has become an important method in computational biology for understanding the dynamic behavior of molecular complexes and intermolecular interactions in biologically simulated conditions [33]. To obtain the lowest potential energy (PE in kcal/mol) conformation of the modeled structure of EGFR, MD simulation was performed for 50 ns using the OPLS force field by Schrodinger Desmond v6.5 software [34]. The protein structure was kept at the center of the cuboidal box and solvated using the SPC water model using periodic boundary conditions in all directions. The distance of the cubic box was set to 10 Å far from all protein edges. The system was neutralized by adding 6 Na+ counterions. Further, the SHAKE algorithm was applied to restrain the geometry of water molecules, bond lengths, and bond angles of heavy atoms. The Particle Mesh Ewald method was applied to estimate the long-range interactions that exist between the molecules. The Lennard–Jones interactions cut-off was set to 10 Å. The system was minimized for a 100.0 ps production run using the OPLS force field. Finally, the NPT ensemble was utilized, implementing the Thermostat “Nose-Hoover chain” method with 1.0 ps relaxation time, and the Barostat “Martyana–Tobias–Klein” method (with 2.0 ps relaxation time) was used to maintain the pressure of 1.01325 bar and 300 K temperature. The Coulombic short-range cut-off radius was set to 9.0 Å. The trajectory sampling for the entire run was recorded at an interval of 10.0 ps.




2.8. Molecular Docking


2.8.1. Preparation of Ligand and Protein Target


Based on the network analysis and polypharmacology approach, 11 phytocompounds from Andrographis paniculata and 3 from Thespesia populnea were also found to interact with EGFR (a highly connected target within the network). Thus, the 3D structures of 14 phytocompounds were downloaded from the PubChem database and virtually screened against EGFR protein. Each ligand was energy minimized by mmff94 force field using the steepest descent algorithm at 5000 energy minimization steps by executing the “prepare_ligand4.py” script [35]. The energy minimization step eliminates the clashes within ligand atoms and produces a reasonable starting pose. Further, the convergence criteria were set to default (1 × 10–6) with van der Waals (VDW) cut-off distance to 6.0 Å. Finally, the pose with the lowest energy conformation was chosen and converted into an AutoDock vina file (.pdbqt) using the AutoDock vina POAP pipeline [35]. The EGFR structure with the lowest potential energy conformation from the MD simulation was chosen for subsequent virtual screening studies.




2.8.2. Ligand–Protein Molecular Docking


Molecular docking was carried out using AutoDock vina by POAP pipeline [35]. The grid box was created to center x = 4.00245, y = 10.9442, z = −4.3899; and size x, y, z = 26 Å; spacing 1 Å based on the active site residues inferred from an earlier ligand co-crystallized complex (PDB: 4I23) of EGFR protein. The exhaustiveness was set to 100 in vina. As a result, it generated nine docked conformations and the protein–ligand complex with the lowest RMSD value was considered as the best pose and was visualized for key intermolecular interactions using Discovery Studio Visualizer 2019. The compound with the lowest BE and the maximal number of interactions with the active site residues was chosen and examined for complex stability by MD simulation (100 ns).





2.9. Stability of Protein–Ligand Complex


After the molecular docking step, protein–ligand complexes MD simulation was performed in triplicate to infer the stability of complex formation during 100 ns of the production run, to ensure plausibility. The above-mentioned “MD simulation” procedure was followed, and the trajectories generated were analyzed using in-build Desmond. The parameters describing structural stability and their residue-wise interaction fluctuations were analyzed. RMSD of backbone, complex, ligand heavy atoms was estimated considering the first frame as a reference, a C-α RMSF, radius of gyration (rGyr) of ligand and protein, and residue-wise interactions were considered during analysis.




2.10. Statistical Analysis


False Discovery Rate < 0.05 was considered significant during gene set enrichment analysis. The network was analyzed by the “Edge count” topological parameter. Docking score was represented in kcal/mol. RMSD, RMSF, and rGyr were used to interpret the stability and fluctuations of ligand–protein interactions using MD simulation.





3. Results


3.1. Selection of Plants and Mining of Phytocompounds


Sixteen plants that are utilized by traditional practitioners/local healers in the region of Western Ghats of India for the treatment of fever, jaundice, inflammation, and viral infection were selected. Initially, 629 phytocompounds from the 16 plants were retrieved from various herbal databases and documented literature. Further, 274 phytocompounds were shortlisted by removing the duplicate and aliphatic chain compounds.




3.2. Druglikeness and Toxicity Profile


Among 274 compounds, 145 compounds showed positive drug-likeness properties. Among these 145 compounds, 36 compounds showed Pa ≤ 0.5 and nontoxic properties. Table 1 represents the 36 compounds chemical information, druggability, and toxicity profile with their figures (downloaded from PubChem chemical database). The drug-likeness property and toxicity profile of 274 compounds are shown in Tables S2 and S3, respectively.




3.3. Target Identification


Potential protein targets of 36 phytocompounds were predicted using BindingDB. All these phytocompounds were predicted to modulate 206 protein targets (Table S4). Among these, 16 targets were potentially involved in the pathogenesis of the HBV infection-associated HCC (Table 2).




3.4. Gene Set Enrichment Analysis and Network Construction


Gene IDs of the 16 targets were fetched and provided as input to the STRING 11.0 search. The GO functional and process enrichment showed featured 46 molecular functions and 599 molecular processes to be potentially modulated by these 16 targets (Tables S5 and S6 respectively). Further, the KEGG pathway enrichment analysis inferred that 139 pathways were modulated by 36 compounds. Among these 139 pathways, 14 were found to be involved in the pathogenesis of HBV-induced HCC. The 16 targets involved in 139 pathways were predicted to be potentially modulated by the phytocompounds, as shown in Table S7. Pathways that are solely involved in the HBV-induced HCC modulated by the phytocompounds are shown in Table 3.




3.5. Network Analysis


Network analysis identified Skullcapflavone I, Wightin, 2′-hydroxy-5,7,8-trimethoxyflavone, Altisin, Andrographiside, 5-Hydroxy-7,8,2′-Trimethoxyflavone,5-hydroxy-7,8,2′,3′,4′-pentamethoxyflavone, 5-hydroxy-7,8,2′,5′-tetramethoxyflavone, 5,4′-dihydroxy-7,8,2′,3′-tetramethoxyflavone, Andrographidine C, Wightin, 5-hydroxy-7,8-dimethoxyflavanone, 5-hydroxy-7,8-dimethoxyflavone, 5-Hydroxy-7,8,2′,3′-TetramethoxyflavoneandPaniculide-B from Andrographis paniculata (whole plant); Herbacetin, Gossypetin, Kaempferol-7-Glucoside from Thespesia populnea (Flowers); Isorhamnetin from Aerva lanata (Aerial part); and Pinnatin from Pongamia pinnata (Seed) to have highest edge count. Further, among 14 pathways, EGFR tyrosine kinase inhibitor resistance, hepatitis B, and hepatocellular carcinoma pathways were identified as enriched pathways via modulating EGFR, AKT1, BCL2, HGF, IGF1R, MAP2K1, MAPK1, PRKCA, PRKCB, PRKCG, STAT3, CDK2, CDK6, STAT3, TNF, and TERT as common target proteins (Table 2 and Table 3). However, the above-selected compounds were considered based on polypharmacology therapy due to their probable affinity toward multiple targets and pathways. The herb–compound–protein pathway network is shown in Figure 3. For further docking studies, based on the polypharmacology analysis, phytocompounds that are predicted to modulate multiple protein targets and pathways were selected; therefore, 11 phytocompounds from Andrographis paniculata were predicted to target 13 protein molecules and 3 phytocompounds from Thespesia populnea were predicted to target 8 protein molecules involved in HBV-induced HCC and are represented in a Venn diagram (Figure S1). Phytocompound-affected checkpoints within the Hepatitis B infection pathway (hsa05161) were traced from the KEGG pathway and are represented in Figure 4.



Further, the study was extended to molecular docking and dynamics simulations. As discussed earlier, EGFR was chosen as the most potential target, as it was found to be the highly connected protein target within the network and is also a well-known therapeutic target in many types of cancer, viz., lung cancer [36], glioblastoma [37], breast carcinoma [38], HCC [39,40], and so on. In this study, EGFR was found to be involved in hepatocellular carcinoma, MAPK, PI3K-Akt, Jak-STAT, and Ras signaling pathways, and the EGFR tyrosine kinase inhibitor resistance pathway. Based on the docking study, 11 phytocompounds from Andrographis paniculata and 3 from Thespesia populnea were identified to potentially target EGFR protein.




3.6. Structure Refinement, Homology Modeling, and Active Sites Assessment


As the WT-EGFR crystal structure (PDB id: 4I23) had missing amino acids, the entire structure was rebuilt by homology modeling. To fill the missing residues and to obtain a plausible structure, 100 homology structural models of WT-EGFR were generated using Modeller 9.10v software. Among these, Model number 30 was chosen as the best model, as it featured the lowest DOPE score, and it had an RMSD of 0.292 Å w.r.t. template PDB id: 4I23. The Ramachandran plot also revealed about 89.9% and 8.7% residues in the most favored and additionally allowed region (Figure S2). The active site residues of WT-EGFR reported in the co-crystallized structure are Leu23, Ala48, Lys50, Glu67, Met71, Leu93, Thr95, Gln96, Met98, Pro99, and Gly101 [30].




3.7. Model Stability and Lowest Potential Energy Conformation Sampling by MD Simulation


The stability of the WT–EGFR protein modeled structure was validated by an MD run of 50 ns, and it was found to be highly stable with few perturbations. The lowest PE conformation for the WT–EGFR protein was found to be −129,809.51 kcal/mol at 45,252.0th ps (45.2 ns) (Figure S3B). The lowest PE conformations were extracted and used further for docking studies.




3.8. Molecular Docking Study


Molecular docking of 11 phytocompounds from Andrographis paniculata and 3 from Thespesia populnea were performed with WT–EGFR, and the corresponding binding energies (BE) and intermolecular interactions are summarized in Table 4. First, all 11 compounds from A. paniculata were predicted to form interactions with the active site residues. Among these, Andrographin scored the lowest BE of −8.3 kcal/mol via forming two hydrogen bonds, i.e., Met98…=O, Met98…OH, and forming ten hydrophobic interactions, i.e., Thr159, Lys50, Val31 (2), Ala48 (2), Leu149 (2), Leu23 (2) residues. Among these, seven interactions were found to span the active site residues. The intermolecular interactions of Andrographin with WT-EGFR are shown in Figure 5A. Second, all three compounds from T. populnea were predicted to form stable interactions with active site residues. Among these, Gossypetin scored the lowest BE of −8.5 kcal/mol via forming three hydrogen bond interactions, i.e., Met98...OH, Thr95…OH (2) and eight hydrophobic bonds, i.e., Thr159, Ala48, Val31 (2), Leu149 (2), Leu23 (2). Among these, six interactions were found to span with active site residues. The interactions of Gossypetin with WT–EGFR are shown in Figure 5B.




3.9. Stability of Protein–Ligand Complexes


Based on the lowest BE and maximum intermolecular interactions with active site residues, two compounds were prioritized for MD simulation, i.e., Andrographin from A. paniculata and Gossypetin from T. populnea. The stability of complex formation of the WT-EGFR-Andrographin complex and WT-EGFR-Gossypetin complex were validated by MD simulation for 100 ns. The simulation for both complexes was carried out in triplicate, to ensure plausibility.



3.9.1. Andrographin and WT–EGFR Complex


The Andrographin with WT-EGFR simulation of the system was neutralized by adding 8 Na+ ions (12.777 mM concentration) and was subjected to a 100 ns run of production run with a 10 ps recording interval. The backbone RMSD fluctuation was within 0.7 to 3.6 Å, and the average RMSD was 2.28 Å (Figure 6A). The complex RMSD was found within the range of 0.3 to 3.5 Å from 0 to 100 ns in all three replicates. The average RMSD of the complex was 1.24 Å (Figure 6B). Similarly, the initial average RMSD of ligand w.r.t. ligand for all three replicas was 0.356 Å, and the final was 0.45 Å. The total average RMSD of ligand w.r.t. ligand for all three replicas was 0.44 Å (Figure 6C). The RMSF analysis was performed to infer residue-wise fluctuations observed during the production run. The average RMSF value of residues was ∼0.7 Å. The c-terminal loop region shows maximum fluctuations due to the flexibility of terminal residues’ maximum fluctuation (~2.5 Å), whereas the RMSF of active residues involved in the ligand interactions, viz., Gly24, Val31, Met98, and Leu149 was ~1.0 Å (Figure 7A). Additionally, the radius of gyration (rGyr) trajectory over the 100 ns production run was analyzed. The rGyr deviation of Andrographin with EGFR was found within 3.60 to 3.68 Å, which indicates the higher compactness of the Andrographin–EGFR complex (Figure 7B). Similarly, in all three replicas, the protein rGyr was also found to be uniform (within ~20 to 20.8 Å) throughout the simulation period (Figure 7C).



Further, Andrographin–EGFR contact analysis concluded that Met98 formed stable hydrogen-bonded interactions for around 98–99% and 73–77% of the duration with =O and OH group of Andrographin, respectively, in all three replicates. Pro99 and Cys102 and Asp105 were found to be involved in water–bridge interactions and showed around 10–15%, 12–20%, and 19–32% of the time with interaction fractions in all three replicates, respectively. Figure 6, Figure 7, and Figure 8 represent the RMSD, RMSF, rGyr, and contacts of the Andrographin WT–EGFR complex.




3.9.2. Gossypetin and WT–EGFR Complex


The Gossypetin with WT–EGFR simulation of the system was neutralized by adding eight Na+ ions (12.778 mM concentration) and being subjected to a 100 ns run of production with a 10 ps recording interval. The backbone RMSD fluctuation was to be within 1.2 to 3.0 Å, and the average RMSD was found to be ∼2.6 Å for all three replicas (Figure 9A). The complex RMSD fluctuation was found to be within 0.699 to 3.53 Å, and the average RMSD was found to be ∼2.6 Å. In all three replicates, the complex RMSD was gradually increased with slight fluctuation from 0 to 50 ns (~0.7 to ~2.2 Å) and again attained stability from 50 to 100 ns (Figure 9B). Similarly, the initial average RMSD of ligand w.r.t. ligand for all three replicas was 0.294 Å, and the final was 0.313 Å. The total average RMSD of ligand w.r.t. ligand for all three replicas was 0.3 Å. However, replica 3 of Gossypetin showed slight fluctuation from 35 to 50 ns (0.3 to 0.7 Å) and again attained stability from 50 ns at 0.7 Å. Further, a decrease in RMSD was seen at 75 ns (0.7 to 0.3 Å) and was found to be stable throughout 100 ns (Figure 9C). The RMSF analysis was performed to infer residue-wise fluctuations observed during the production run. The average RMSF value of residues was ∼1.4 Å. The c-terminal loop region showed maximum fluctuations due to the flexibility of terminal residues’ maximum fluctuation (~2.5 Å), whereas the RMSF of active residues involved in the ligand interactions, viz., Ser25, Lys50, Cys80, Thr95, Gln96, Met98, Pro99, Leu149, and Thr159 was <1.3 Å (Figure 10A). The radius of gyration (rGyr) trajectory over the 100 ns production run was also analyzed. The rGyr deviation of Gossypetin with EGFR was found within 3.7 to 3.8 Å, which indicates the higher compactness of the Gossypetin–EGFR complex (Figure 10B). Similarly, in all three replicas, the protein rGyr was also found to be uniform (within ~20 to 20.8 Å) throughout the simulation period (Figure 10C).



Further, Gossypetin–EGFR contact analysis concluded that Gln96 formed stable hydrogen-bonded interactions for around ∼93% and 21% of the duration with the OH group of Gossypetin in replicas 1 and 3 and around 53% and 27% of the water–bridge in replicas 2 and 3. Met98, Thr95, and Asp105 residues were found to be common interactive residues and to be involved in hydrogen bonds, hydrophobic bonds, and water–bridge interactions in all three replicates. Figure 9, Figure 10, and Figure 11 represent the RMSD, RMSF, rGyr, and contacts of the Gossypetin–EGFR complex.






4. Discussion


Hepatocyte damage due to HBV infection and pathogenesis of liver disease are not directly associated with HBV; however, they are caused by immune-mediated host HBV interactions [41]. The complex mechanisms that cause HBV-mediated liver disease are not fully understood due to the involvement of complex protein–protein interactions with multiple host factors [42]. However, the utilization of already existing single drug molecules against a cluster of HBV-mediated liver disease pathways may cause adverse drug effects by disrupting the host tissue mechanisms. The utilization of chemotherapeutic agents during HCC may alter hepatic metabolism, reduce efficacy, or may cause liver toxicity by the disposition of the drug in liver tissue [43]. Further, physicians utilize palliative treatments such as systemic chemotherapy, interferon, transarterial chemo-embolization, and hormone therapy against HCC when there are no curative treatment options. However, the utilization of these therapies for HCC patients is challenging because HCC is highly resistant to systemic therapies [44]. In the current study, we elucidated the molecular mechanisms and probable safe use of traditionally used herbs of Western Ghats, Karnataka against jaundice, fever, inflammation, and viral infections via cluster and enrichment analysis of potential HBV disease protein targets that participate in the progression of immune processes and inflammatory responses. The results obtained from the current study predict that flavonoids and diterpenoids from A. paniculata and flavonoids from T. populnea could potentially prevent disease progression and could be effective therapeutics against chronic HBV-induced HCC.



Identification of potent candidates from herbal medicines is not only the key focus of new drug discovery against HBV-induced HCC, but drug safety is also a key concern. This means that ensuring that the drugs have a positive benefit–risk balance is the goal [45]. Hepatotoxicity induced by herbs is one of the most important factors limiting treatment. The issue has often been responsible for post-marketing warnings and withdrawal [46]. Many researchers have well documented adverse hepatic reactions and idiosyncratic liver damage caused by herbs. The major hepatotoxic herbs reported thus far are Teucrium chamaedrys, Larrea tridentate, Cimicifuga racemosa, Scutellaria lateriflora, and Scutellaria baicalensis [47]. In the current study, we screened 274 phytocompounds from 16 herbs for their druggable characteristics using the Lipinski rule of five, and we selected only compounds with positive drug-like properties. Further, these compounds were screened for major adverse drug reactions and side effects, i.e., hepatotoxicity, cardiac toxicity, nephrotoxicity, and potential to cause myocardial infarction using the ADVERpred online prediction. To minimize the toxicity, compounds with a probable toxic activity (Pa) with a p value ≤ 0.5 were considered. Further, compounds were also predicted for their probable affinity toward potential drug targets using BindingDB (p value ≥ 0.7), and they segregated the target associated with HBV infection and HCC with the aid of published literature, KEGG pathway, and Therapeutic Target Database (TTD).



STRING database was also utilized to identify the molecular functions, biological processes, and pathways regulated by the predicted targets, wherein the targets were meticulously chosen solely based on potential molecular functions, processes, and pathways with higher significance (p ≤ 0.05) and those that are only associated with HBV-induced HCC. Based on the results obtained from STRING, we constructed a compound–protein pathway network building to understand the relations between compounds, target proteins, and pathways. One pathway containing many protein molecules modulated by one compound is more essential than the function of one protein that involves many pathways modulated by one drug molecule. The impact of one target in numerous pathways may be less, and the impact of one pathway with multiple protein targets modulated by one compound could be large [48]. Based on this theory, we chose 11 phytocompounds, viz., Andrographidine C, 5-Hydroxy-7,8,2′-Trimethoxyflavone (Andrographin), Skullcapflavone I, 2′-hydroxy-5,7,8-trimethoxyflavone, 5,4′-dihydroxy-7,8,2′,3′-tetramethoxyflavone, 5-hydroxy-7,8-dimethoxyflavone, 5-hydroxy-7,8,2′,5′-tetramethoxyflavone, 5-hydroxy-7,8,2′,3′,4′-pentamethoxyflavone, Wightin, 5-Hydroxy-7,8,2′,3′-Tetramethoxyflavone, and Altisin from A. paniculata (are of Andrographolide derivatives) contained in A. paniculata whole plant and Gossypetin, Herbacetin, and Kaempferol-7-Glucoside contained in T. populnea flowers [49]. These phytocompounds were identified as flavonoids and diterpenoids and were found to modulate thirteen protein molecules involved in the progression of HBV infection to HCC, i.e., CDK1, CDK2, CDK6, EGFR, HGF, IGF1R, TERT, STAT3, PRKCA, PRKCB, PRKCG, AKT1, and TNF. Further, these protein targets were also found to modulate 14 major molecular pathways, i.e., Hepatitis B pathway, hepatocellular carcinoma, MicroRNAs in cancer, MAPK signaling pathway, PI3K-Akt signaling pathway, Ras signaling pathway, mTOR signaling pathway, apoptosis, viral carcinogenesis, TNF signaling pathway, Jak-STAT signaling pathway, p53 signaling pathway, and cell cycle. The roles of each protein target associated with the identified pathways involved in the pathogenesis of HBV infection and progression of HCC are shown in Table S8.



After gene ontology, enrichment, and network analysis, we further extended the study to examine the intermolecular interactions between phytocompounds and predicted protein targets using docking and MD simulation studies. As a result, we have chosen EGFR, as it earned the top-scoring node with the highest edge count of 29. Thus, this formed the sole rationale for the initial blind selection of EGFR as a potential target. On secondary literature analysis, it was found to be well documented as a therapeutic target for cancer (identified to be involved in the MAPK, PI3-Akt, Ras, and Jak-STAT signaling pathways within the network). Moreover, earlier studies have demonstrated that overexpression of EGFR is common in HCC, meaning that it can play a role in the pathogenesis and treatment of the disease. Hence, on cumulative analysis of blind network topology prediction and the documented studies, EGFR was finalized as the most potential target. It is well known that NTCP host receptors are essential for HBV entry. However, NTCP expression alone is not enough for the entry of HBV. EGFR is a host cofactor that regulates the host cell’s ability to support HBV internalization and is essential for NTCP’s viral receptor activity [50]. After HBV binds to NTCP on the cell surface, the HBV–NTCP complex is internalized via EGFR endocytosis machinery, which includes EGFR phosphorylation and the subsequent recruitment of adaptor molecules such as “AP2A1 and EPS15” [51,52,53]. The EGFR-sorting machinery (involving EGFR ubiquitination, STAM, and LAPTM4B) coordinates HBV transport in the endosomal network (early and late endosome and lysosome) [51]. In addition, researchers examined the EGF-related host factor(s) in HBV infection by siRNA-mediated knockdown of endogenous EGFR in HepG2-NTCP cells, HepaRG cells, and primary human hepatocytes and observed a significant reduction in HBV infection. The researchers reported that HBV viral attachment was not decreased in EGFR-knockdown cells, but the level of HBV DNA internalized into cells was significantly reduced by knockdown of EGFR [52]. From early inflammation and hepatocellular proliferation to fibrogenesis and neoplastic transformation, the EGFR signaling mechanisms have been recognized as a central player in all stages of the liver response to injury [39,40]. Schiffer et al. [54] reported Gefitinib, a potent EGFR tyrosine kinase inhibitor to curtail HCC development in rats exposed to diethylnitrosamine. Further, Zheng et al. [55] reported that Tropomodulin 3 levels rise in HCC conditions, especially when it spreads outside the liver. Tmod3 expression was also linked to aggressive malignancy and poor patient survival in HCC patients [56]. Tmod3 enhances matrix metalloproteinase-2, -7, and -9 transcription, which is dependent on PI3K-AKT. The interactions between Tmod3 and EGFR, which promote EGFR phosphorylation, are required for signaling activation of PI3K-Akt. Similarly, VersicanV1 was also found to enhance the EGFR–PI3K–Akt signaling pathway in HCC cells [56]. A recent study by Liu et al. [57] demonstrated that in HCC cells, the EGFR-P38 MAPK axis may upregulate PD-L1 via miR-675-5p and downregulate HLA-ABC via HK2, and this might be responsible for the immune suppression in HCC, and they suggest that EGFR signaling might be targeted for HCC immunotherapy. Hence, based on the potential role of EGFR in HCC and key network hub status in the current study, the phytocompounds were screened against EGFR. Table S9 provides information on phytocompounds targeting protein target and modulated pathways (edge count was mentioned for w.r.t. protein target, i.e., number of compounds and number of pathways connecting to respective protein targets). First, the WT–EGFR X-ray crystallographic protein structure was obtained from the PDB, and the missing residues were fixed by homology modeling. The structural stability of the best model of the EGFR protein was confirmed by molecular dynamics for a 50 ns production run. The least potential energy conformation from MD simulations was retrieved for utilization in docking studies. The molecular docking of 11 compounds from A. paniculta and 3 from T. populnea showed significant intermolecular interactions with active site residues. Further, based on the BE and highest interactions with active site residues, 5-Hydroxy-7,8,2′-Trimethoxyflavone (Andrographin) from A. paniculata and Gossypetin (T. populnea) were identified as lead hits against WT–EGFR. All shortlisted compounds were predicted to interact with active site residues. On post docking studies, the MD method was used to delineate the effects of protein structure stability on ligand binding. To explain the structural modification of the protein upon ligand binding, we ran three replicates of 100 ns MD simulations for Andrographin and Gossypetin with WT–EGFR to ensure the plausibility of complex formation. The protein–ligand interactions for RMSD were found to be stable and formed stable interactions throughout 100 ns production runs in all three replicates.



Andrographis paniculata and Thespesia Populnea


Andrographis paniculata Nees. is known as the “king of bitters”, a member of an Acanthaceae family, and is native to India and Sri Lanka. In Ayurveda, the roots and leaves are used for medicinal purposes [58]. A. paniculata is a key ingredient of many herbal formulations for the treatment of liver disease, hepatitis, diabetes, cancer, etc. [59,60]. A previous study by Tan et al. [61] demonstrated Andrographolide to downregulate EGFR expressed in epidermoid carcinoma (A-431) cells. Andrographolide and Neoandrographolide from A. paniculata showed a protective effect against tert-butyl hydroperoxide intoxication-induced hepatotoxicity in mice [62,63] and protective activity against galactosamine-induced hepatotoxicity in rats [64]. The crude extract of A. paniculata showed potent inhibitory activity against the HBV surface antigen [65]. Dehydroandrographolide and Andrographolide showed potent inhibitory activity against HBV DNA replication [66]. Neoandrographolide is a potent anti-inflammatory compound that acts via inhibition of iNOS and COX-2 expression through inhibiting p38 MAPK activation [67]. It also suppresses NO production in LPS-activated macrophages [65].



Thespesia populnea Soland ex. Correa belongs to the family Malvaceae. It is mainly found in tropical regions and the coastal forests of India. Ayurvedic physicians use bark decoction for the treatment of skin and liver diseases. The bark and flower possess hepatoprotective, antioxidant, anti-inflammatory, memory-improving, and cholesterol-lowering activities, and have been reported for the management of Alzheimer’s disease [68]. In the current study, we identified Gossypetin, Herbacetin, and Kaempferol-7-Glucoside flavonoids from T. populnea flower as potent hepatoprotective hits against HBV-induced HCC. This supports earlier reports of these compounds as potent antiviral flavonoids [49,69,70]. Arthanari et al. also demonstrated that methanolic flower extracts of T. populnea have a strong antiviral potency and possess nontoxic properties [71].



The idea of modulating multiple proteins by a single molecule has triggered researchers’ interest in finding the first strike on specific targets. Phytocompounds from A. paniculata and T. populnea have also been shown to have antiviral and hepatoprotective properties in the past. As a result, the current research discovered 11 compounds from A. paniculata and 3 from T. populnea that may have effectiveness against hepatocellular carcinoma caused by the HBV virus, which has further prompted us to investigate the binding affinity and intermolecular interactions of these compounds with active site residues of EGFR, a well-known cancer therapeutic target. The identified small molecules possess druggability and a non-toxic profile, which ensures safety and efficacy.





5. Conclusions


Currently, there is no satisfactory therapy for HBV infection and HCC. The present study identified a group of druggable and nontoxic phytocompounds from herbs modulating the therapeutic targets involved in HBV infection and HCC through in silico techniques involving compound–protein pathway enrichment analysis coupled with network pharmacology, molecular docking, and dynamics simulation studies. Results of this study suggest that flavonoid and a diterpenoid fraction of A. paniculata and flavonoid fraction of T. populnea could be potent as a combined therapy for the treatment of patients with HBV infection and its associated HCC without expecting adverse drug reactions. Theoretical and predicted knowledge generated in this study needs to be further confirmed using in vitro studies including in viral cell lines and animal models.
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Figure 1. (A). Workflow implemented in the present study. (B). Results highlight of the present study. 
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Figure 2. Network representation of pathways involved in HBV infection-induced HCC. 
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Figure 3. Network representation of herbs–phytocompounds–proteins pathways of HBV infection and HCC. The network node size “Low to High” representation is based on the degree of connection among the nodes and was analyzed by a network topological parameter “edge count”. It is highly evident that the EGFR node scored the highest edge count of 29, compared to all the other targets studied. 
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Figure 4. Major checkpoints to be affected by the phytocompounds.  [image: Applsci 12 10691 i037] Affected checkpoints. 
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Figure 5. Intermolecular interactions of (A) Andrographin and (B) Gossypetin with WT–EGFR; (1) 2D representation and (2) 3D representation of compounds within the binding pocket. 
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Figure 6. Andrographin with WT–EGFR 100 ns MD production run. (A) RMSD plot depicting the “Protein Backbone”. (B) Plot depicting the docked complex stability “ligand–protein complex RMSD”. (C) Plot depicting the stability of “ligand w.r.t. ligand”. 
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Figure 7. EGFR–Andrographin complex 100 ns MD production run. (A) Protein RMSF plot. (B) A gyration plot depicting the extendedness of a ligand. (C) A gyration plot of protein during a 100 ns production run. 
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Figure 8. EGFR–Andrographin complex sustained intermolecular interactions and percentage interaction fraction throughout 100 ns production run. 
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Figure 9. Gossypetin with WT–EGFR 100ns MD production run. (A) RMSD plot depicting the “protein backbone”. (B) Plot depicting the docked complex stability “ligand–protein complex RMSD”. (C) Plot depicting the stability of “ligand w.r.t. ligand”. 
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Figure 10. EGFR–Gossypetin complex 100 ns MD production run. (A) Protein RMSF plot. (B) Gyration plot depicting the extendedness of a ligand. (C) Gyration plot of protein during a 100 ns production run. 
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Figure 11. EGFR–Gossypetin complex sustained intermolecular interactions and percentage interaction fraction throughout 100 ns production run. 






Figure 11. EGFR–Gossypetin complex sustained intermolecular interactions and percentage interaction fraction throughout 100 ns production run.



[image: Applsci 12 10691 g011]







[image: Table] 





Table 1. Phytocompounds with positive for drug-like properties and their toxicity profile.
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Plant Name

	
Phytocompounds

	
PubChem CID

	
MF

	
MW (g/mol)

	
HBA

	
HBD

	
LogP

	
DLS

	
Pa (≤0.5)

	
Pi

	
Side Effect

	
Structure






	
Aloe vera

	
2-Methyl-2-Phytyl-6-Chromanol

	
9865117

	
C26H44O2

	
388.33

	
2

	
1

	
10.24

	
0.83

	
0.421

	
0.244

	
Hepatotoxicity

	
 [image: Applsci 12 10691 i001]




	
Centella asiatica

	
3-Glucosylkaempferol

	
5282102

	
C21H20O11

	
488.1

	
11

	
7

	
−0.26

	
0.8

	
0.35

	
0.3

	
Hepatotoxicity

	
 [image: Applsci 12 10691 i002]




	
0.332

	
0.127

	
Nephrotoxicity




	
Centella asiatica

	
3-Glucosylquercetin

	
5280804

	
C21H20O12

	
464.1

	
12

	
8

	
−0.64

	
0.89

	
0.369

	
0.282

	
Hepatotoxicity

	
 [image: Applsci 12 10691 i003]




	
0.302

	
0.155

	
Nephrotoxicity




	
Andrographis paniculata

	
5-Hydroxy-7,8,2′,3′-Tetramethoxyflavone

	
5319878

	
C19H18O7

	
358.11

	
7

	
1

	
3.46

	
0.5

	
Nil

	
 [image: Applsci 12 10691 i004]




	
Andrographis paniculata

	
5-Hydroxy-7,8,2′-Trimethoxyflavone

	
5318506

	
C18H16O6

	
328.09

	
6

	
1

	
3.49

	
0.61

	
Nil

	
 [image: Applsci 12 10691 i005]




	
Aloe vera

	
Aloe-Emodin

	
10207

	
C15H10O5

	
270.05

	
5

	
3

	
1.91

	
0.25

	
0.5

	
0.05

	
Cardiac failure

	
 [image: Applsci 12 10691 i006]




	
0.426

	
0.24

	
Hepatotoxicity




	
0.263

	
0.198

	
Nephrotoxicity




	
Aloe vera

	
Aloenin

	
162305

	
C19H22O10

	
410.12

	
10

	
5

	
−1.36

	
0.73

	
0.36

	
0.108

	
Nephrotoxicity

	
 [image: Applsci 12 10691 i007]




	
Mangifera indica

	
Cyanidin 3-arabinoside

	
74079809

	
C20H19O10

	
419.1

	
10

	
7

	
−0.07

	
0.38

	
Nil

	
 [image: Applsci 12 10691 i008]




	
Aloe vera

	
Feralolide

	
5317333

	
C18H16O7

	
344.09

	
7

	
4

	
1.58

	
0.82

	
0.281

	
0.178

	
Nephrotoxicity

	
 [image: Applsci 12 10691 i009]




	
0.242

	
0.229

	
Cardiac failure




	
Thespesia populnea

	
Gossypetin

	
5280647

	
C15H10O8

	
318

	
8

	
6

	
1.61

	
0.62

	
0.392

	
0.265

	
Hepatotoxicity

	
 [image: Applsci 12 10691 i010]




	
Thespesia populnea

	
Herbacetinz

	
5280544

	
C15H10O7

	
302.04

	
7

	
5

	
1.99

	
0.63

	
0.411

	
0.25

	
Hepatotoxicity

	
 [image: Applsci 12 10691 i011]




	
Aerva lanata

	
Isorhamnetin

	
5281654

	
C16H12O7

	
316.06

	
7

	
4

	
2.46

	
0.67

	
0.245

	
0.231

	
Nephrotoxicity

	
 [image: Applsci 12 10691 i012]




	
Phyllanthus virgatus

	
Kaempferol 8-C-sulfate

	
10500456

	
C15 H10O9S

	
366

	
9

	
5

	
0.41

	
0.27

	
Nil

	
 [image: Applsci 12 10691 i013]




	
Thespesia populnea

	
Kaempferol-7-Glucoside

	
10095180

	
C21H20O11

	
448.1

	
11

	
7

	
−0.26

	
0.81

	
0.363

	
0.288

	
Hepatotoxicity
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0.329

	
0.129

	
Nephrotoxicity




	
Vernonia cinerea

	
Luteolin-7-Mono-Beta-D-Glucoside

	
5280637

	
C21H20O11

	
448.1

	
11

	
7

	
−0.07

	
0.86

	
0.395

	
0.262

	
Hepatotoxicity
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0.373

	
0.1

	
Nephrotoxicity




	
Mangifera indica

	
Myrtillin

	
165558

	
C21H21 O12.Cl

	
500.07

	
12

	
9

	
−0.76

	
0.29

	
Nil

	
 [image: Applsci 12 10691 i016]




	
Andrographis paniculata

	
Neoandrographolide

	
9848024

	
C26H40O8

	
480.27

	
8

	
4

	
2.17

	
0.17

	
0.424

	
0.075

	
Nephrotoxicity

	
 [image: Applsci 12 10691 i017]




	
Andrographis paniculata

	
Paniculide-B

	
101289823

	
C15H20O5

	
280.13

	
5

	
2

	
0.72

	
0.09

	
Nil

	
 [image: Applsci 12 10691 i018]




	
Cassia auriculata

	
Pelargonidin 5-galactoside

	
44256698

	
C21H21O10

	
433.11

	
10

	
7

	
−0.26

	
0.32

	
Nil

	
 [image: Applsci 12 10691 i019]




	
Mangifera indica

	
Peonidin galactoside

	
91810512

	
C22H23 O11.Cl

	
498.09

	
11

	
7

	
−0.04

	
0.08

	
Nil
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Mangifera indica

	
Petunidin 3-glucoside

	
176449

	
C22 H23 O12.Cl

	
514.09

	
12

	
8

	
−0.41

	
0.42

	
Nil

	
 [image: Applsci 12 10691 i021]




	
Pongamia pinnata

	
Pinnatin

	
5320607

	
C18H12O4

	
292.07

	
4

	
0

	
4.42

	
0.24

	
Nil

	
 [image: Applsci 12 10691 i022]




	
Pongamia pinnata

	
Pongamone A

	
11588678

	
C22H22O5

	
366.15

	
5

	
0

	
5.32

	
0.47

	
0.397

	
0.106

	
Cardiac failure
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Aerva lanata

	
Tiliroside

	
5320686

	
C30H26O13

	
594.14

	
13

	
7

	
2.49

	
0.85

	
0.263

	
0.198

	
Nephrotoxicity

	
 [image: Applsci 12 10691 i024]




	
Andrographis paniculata

	
Andrographiside

	
44593583

	
C26H40O10

	
512.26

	
10

	
6

	
0.55

	
0.08

	
0.333

	
0.126

	
Nephrotoxicity

	
 [image: Applsci 12 10691 i025]




	
Andrographis paniculata

	
Altisin

	
15100719

	
C19H18O7

	
358.11

	
7

	
1

	
2.81

	
0.03

	
0.306

	
0.296

	
Arrhythmia

	
 [image: Applsci 12 10691 i026]




	
Andrographis paniculata

	
2′-hydroxy-5,7,8-trimethoxyflavone

	
21668878

	
C18H16O6

	
328.09

	
6

	
1

	
3.9

	
0.2

	
Nil

	
 [image: Applsci 12 10691 i027]




	
Andrographis paniculata

	
5-hydroxy-7,8,2′,3′,4′-pentamethoxyflavone

	
12315479

	
C20H20O8

	
388.12

	
8

	
1

	
3.4

	
0.36

	
Nil

	
 [image: Applsci 12 10691 i028]




	
Andrographis paniculata

	
Wightin

	
12444943

	
C18H16O7

	
344.09

	
7

	
2

	
3.08

	
0.19

	
0.342

	
0.308

	
Hepatotoxicity

	
 [image: Applsci 12 10691 i029]




	
Andrographis paniculata

	
5-hydroxy-7,8-dimethoxyflavanone

	
13963770

	
C17H16O5

	
300.1

	
5

	
1

	
3.02

	
0.48

	
0.322

	
0.269

	
Arrhythmia

	
 [image: Applsci 12 10691 i030]




	
Andrographis paniculata

	
5-hydroxy-7,8-dimethoxyflavone

	
188316

	
C17H14O5

	
298.08

	
5

	
1

	
3.74

	
0.17

	
0.309

	
0.291

	
Arrhythmia

	
 [image: Applsci 12 10691 i031]




	
Andrographis paniculata

	
Skullcapflavone I

	
5320399

	
C17H14O6

	
314.08

	
6

	
2

	
3.71

	
0.33

	
Nil

	
 [image: Applsci 12 10691 i032]




	
Andrographis paniculata

	
5-hydroxy-7,8,2′,5′-tetramethoxyflavone

	
10948318

	
C19H18O7

	
358.11

	
7

	
1

	
3.41

	
0.11

	
Nil

	
 [image: Applsci 12 10691 i033]




	
Andrographis paniculata

	
5,4′-dihydroxy-7,8,2′,3′-tetramethoxyflavone

	
13963777

	
C19H18O8

	
374.1

	
8

	
2

	
3.02

	
0.31

	
Nil

	
 [image: Applsci 12 10691 i034]




	
Andrographis paniculata

	
Andrographidine A

	
13963762

	
C23H26O10

	
462.15

	
10

	
4

	
0.91

	
0.38

	
0.43

	
0.072

	
Nephrotoxicity

	
 [image: Applsci 12 10691 i035]




	
Andrographis paniculata

	
Andrographidine C

	
5318484

	
C23H24O10

	
460.14

	
1

	
4

	
1.67

	
0.24

	
0.348

	
0.116

	
Nephrotoxicity

	
 [image: Applsci 12 10691 i036]








MF, molecular formula; MW, molecular weight; HBA, hydrogen bond acceptor; HBD, hydrogen bond donor; LogP, partition co-efficient; DLS druglikeness score; Nil, non-toxic; Pa, probable activity to cause toxicity; Pi, probable inactivity for non-toxicity. 
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Table 2. Phytocompounds and their probable predicted protein targets involved in hepatitis B infection pathways and associated hepatocellular carcinoma.
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Plant Name

	
Phytocompounds

	
Plant Part

	
Compound Type

	
Gene Count

	
Protein Targets Involved in Hepatitis B Infection and HCC Pathways






	
Aerva lanata

	
Isorhamnetin

	
Aerial

	
Flavonoid

	
7

	
CDK1, CDK2, CDK6, EGFR, HGF, IGF1R, TERT




	
Tiliroside

	
Aerial

	
Flavonoid

	
1

	
TNF




	
Aloe vera

	
2-Methyl-2-Phytyl-6-Chromanol

	
Whole plant

	
Phylloquinone

	
1

	
AKT1




	
Aloe-Emodin

	
Leaf, Juice

	
Anthraquinone

	
1

	
BCL2




	
Aloenin

	
Whole plant

	
Glucoside

	
1

	
TNF




	
Feralolide

	
Leaf

	
Coumarin

	
2

	
MAP2K1, MAPK1




	
Andrographis paniculata

	
5-Hydroxy-7,8,2′,3′-Tetramethoxyflavone

	
Whole plant, Root

	
Flavonoid

	
6

	
CDK1, CDK6, EGFR, HGF, IGF1R, TERT




	
5-Hydroxy-7,8,2′-Trimethoxyflavone

	
Whole plant, Root

	
Flavonoid

	
6

	
CDK1, CDK6, EGFR, HGF, IGF1R, TERT




	
Neoandrographolide

	
Whole plant, Root

	
Diterpenoid

	
1

	
STAT3




	
Paniculide-B

	
Whole plant, Stem

	
Diterpenoid

	
3

	
PRKCA, PRKCB, PRKCG




	
Andrographiside

	
Whole plant, Stem

	
Flavonoid

	
4

	
PRKCB, PRKCA, PRKCG, STAT3




	
Altisin

	
Whole plant, Stem

	
Flavonoid

	
6

	
CDK1, CDK6, EGFR, HGF, IGF1R, TERT




	
2′-hydroxy-5,7,8-trimethoxyflavone

	
Whole plant, Stem

	
Flavonoid

	
6

	
CDK1, CDK6, EGFR, HGF, IGF1R, TERT




	
5-hydroxy-7,8,2′,3′,4′-pentamethoxyflavone

	
Whole plant, Stem

	
Flavonoid

	
6

	
CDK1, CDK6, EGFR, HGF, IGF1R, TERT




	
Wightin

	
Whole plant, Stem

	
Flavonoid

	
6

	
CDK1, CDK6, EGFR, HGF, IGF1R, TERT




	
5-hydroxy-7,8-dimethoxyflavanone

	
Whole plant, Stem

	
Flavonoid

	
3

	
AKT1, HGF, TERT




	
5-hydroxy-7,8-dimethoxyflavone

	
Whole plant, Stem

	
Flavonoid

	
6

	
CDK1, CDK6, EGFR, HGF, IGF1R, TERT




	
Skullcapflavone I

	
Whole plant, Stem

	
Flavonoid

	
6

	
CDK1, CDK6, EGFR, HGF, IGF1R, TERT




	
5-hydroxy-7,8,2′,5′-tetramethoxyflavone

	
Whole plant, Stem

	
Flavonoid

	
6

	
CDK1, CDK6, EGFR, HGF, IGF1R, TERT




	
5,4′-dihydroxy-7,8,2′,3′-tetramethoxyflavone

	
Whole plant, Stem

	
Flavonoid

	
6

	
CDK1, CDK6, EGFR, HGF, IGF1R, TERT




	
Andrographidine C

	
Whole plant, Stem

	
Flavonoid

	
2

	
EGFR, TNF




	
Cassia auriculata

	
Pelargonidin 5-galactoside

	
Leaves

	
Anthocyanidin

	
2

	
EGFR, TNF




	
Centella asiatica

	
3-Glucosylkaempferol

	
Leaves

	
Flavonoid

	
2

	
EGFR, TNF




	
3-Glucosylquercetin

	
Leaves

	
Flavonoid

	
2

	
EGFR, TNF




	
Mangifera indica

	
Cyanidin 3-arabinoside

	
Peel

	
Anthocyanin

	
1

	
TNF




	
Myrtillin

	
-

	
Phenolic compound

	
1

	
TNF




	
Peonidin galactoside

	
Peel

	
Anthocyanin

	
1

	
TNF




	
Petunidin 3-glucoside

	
Peel

	
Anthocyanin

	
1

	
TNF




	
Phyllanthus virgatus

	
Kaempferol 8-C-sulfate

	
Whole plant

	
Flavonoid

	
1

	
EGFR




	
Pongamia pinnata

	
Pinnatin

	
Seed

	
Flavonoid

	
6

	
CDK1, CDK6, EGFR, HGF, IGF1R, TERT




	
Pongamone A

	
Stem

	
Flavonoid

	
1

	
EGFR




	
Thespesia populnea

	
Gossypetin

	
Flower, Stem, Root

	
Flavonoid

	
7

	
CDK1, CDK2, CDK6, EGFR, HGF, IGF1R, TERT




	
Herbacetin

	
Flower

	
Flavonoid

	
7

	
CDK1, CDK2, CDK6, EGFR, HGF, IGF1R, TERT




	
Kaempferol-7-Glucoside

	
Flowers

	
Flavonoid

	
2

	
EGFR, TNF




	
Vernonia cinerea

	
Luteolin-7-Mono-Beta-D-Glucoside

	
Seed

	
Flavonoid

	
2

	
EGFR, TNF
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Table 3. Pathways involved in HBV infection and associated hepatocellular carcinoma modulated by the phytocompounds.
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	KEGG ID
	Pathway Name
	Gene Count
	False Discovery Rate
	Modulated Gene within a Pathway





	hsa05161
	Hepatitis B
	11
	1.07E-18
	AKT1, BCL2, CDK2, CDK6, MAP2K1, MAPK1, PRKCA, PRKCB, PRKCG, STAT3, TNF



	hsa05225
	Hepatocellular carcinoma
	11
	3.43E-18
	AKT1, CDK6, EGFR, HGF, IGF1R, MAP2K1, MAPK1, PRKCA, PRKCB, PRKCG, TERT



	hsa01521
	EGFR tyrosine kinase inhibitor resistance
	11
	6.37E-21
	AKT1, BCL2, EGFR, HGF, IGF1R, MAP2K1, MAPK1, PRKCA, PRKCB, PRKCG, STAT3



	hsa05206
	MicroRNAs in cancer
	9
	2.07E-14
	BCL2, CDK6, EGFR, MAP2K1, MAPK1, PRKCA, PRKCB, PRKCG, STAT3



	hsa04010
	MAPK signaling pathway
	10
	7.51E-14
	AKT1, EGFR, HGF, IGF1R, MAP2K1, MAPK1, PRKCA, PRKCB, PRKCG, TNF



	hsa04151
	PI3K-Akt signaling pathway
	10
	3.22E-13
	AKT1, BCL2, CDK2, CDK6, EGFR, HGF, IGF1R, MAP2K1, MAPK1, PRKCA



	hsa04014
	Ras signaling pathway
	9
	5.60E-13
	AKT1, EGFR, HGF, IGF1R, MAP2K1, MAPK1, PRKCA, PRKCB, PRKCG



	hsa04150
	mTOR signaling pathway
	8
	1.52E-12
	AKT1, IGF1R, MAP2K1, MAPK1, PRKCA, PRKCB, PRKCG, TNF



	hsa04210
	Apoptosis
	5
	2.18E-07
	AKT1, BCL2, MAP2K1, MAPK1, TNF



	hsa05203
	Viral carcinogenesis
	5
	8.12E-07
	CDK1, CDK2, CDK6, MAPK1, STAT3



	hsa04668
	TNF signaling pathway
	4
	3.85E-06
	AKT1, MAP2K1, MAPK1, TNF



	hsa04630
	Jak-STAT signaling pathway
	4
	1.57E-05
	AKT1, BCL2, EGFR, STAT3



	hsa04115
	p53 signaling pathway
	3
	4.58E-05
	CDK1, CDK2, CDK6



	hsa04110
	Cell cycle
	3
	0.00021
	CDK1, CDK2, CDK6
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Table 4. Binding energy and molecular interactions of phytocompounds with WT–EGFR protein target.
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	Compound Name
	BE (kcal/mol)
	Hydrogen Bond Interactions (No. of Interactions)
	Van der Waals, Pi-Alkyl, CH, Pi-Cation, Pi-Sigma, Pi-Pi Stacked, Pi-Pi T-Shaped Interactions (No. of Interactions)
	Active Sites Residues within Interactions
	No. of Interactions with Active Site Residues





	Kaempferol-7-Glucoside
	−8.8
	Asp105…OH, Thr95…OH, Gln96…OH
	Val31, Leu149, Leu23 (3), Cys102
	Thr95, Gln96
	5



	Herbacetin
	−8
	Thr95…OH, Met98…OH (2), Gly101…OH
	Leu23 (2), Leu149 (2), Val31 (2), Ala48, Cys80, Thr159
	Thr95, Met98, Gly101, Leu23, Ala48
	7



	Gossypetin
	−8.5
	Met98...OH, Thr95…OH (2)
	Thr159, Ala48, Val31 (2), Leu149 (2), Leu23 (2)
	Thr95, Met98, Leu23, Ala48
	6



	Andrographidine C
	−8.3
	Thr95…OH (2), Gln96…OH, Gly26
	Arg146, Val31, Leu149, Leu23 (2), Cys102 (2), Asp105
	Thr95, Gln96, Leu23, Cys102
	7



	5-Hydroxy-7,8,2′-Trimethoxyflavone (Andrographin)
	−8.3
	Met98…=O, Met98…OH
	Thr159, Lys50, Val31 (2), Ala48 (2), Leu149 (2), Leu23 (2)
	Met98, Lys50, Ala48, Leu23
	7



	Skullcapflavone I
	−8.1
	Met98…=O, Met98…OH
	Thr159, Val31 (2), Lys50, Ala48 (2), Leu23 (2), Leu149, Asp105
	Met98, Lys50, Ala48, Leu23
	7



	2′-hydroxy-5,7,8-trimethoxyflavone
	−8.1
	Nil
	Gly101, Leu23 (2), Leu149 (2), Val31 (2), Gly24
	Leu23
	2



	5,4′-dihydroxy-7,8,2′,3′-tetramethoxyflavone
	−7.7
	Nil
	Gln96, Ala48, Thr159, Lys50, Val31 (2), Leu149, Leu23 (2), Cys102 (2), Asp105
	Gln96, Ala48, Lys50, Leu23, Cys102
	7



	5-hydroxy-7,8-dimethoxyflavone
	−8.2
	Met98…=O
	Leu23 (2), Thr159, Val31 (2), Lys50, Ala48 (2), Lue149 (2), Asp105
	Met98, Lys50, Ala48, Leu23
	5



	5-hydroxy-7,8,2′,5′-tetramethoxyflavone
	−8.4
	Met98…=O
	Val31 (2), Lys50, Thr159, Ala48, Leu23 (2), Leu149 (2), Asp105
	Met98, Lys50, Ala48, Leu23
	5



	5-hydroxy-7,8,2′,3′,4′-pentamethoxyflavone
	−8
	Nil
	Lys50, Thr159 (2), Val31 (2), Gln96, Ala48, Leu149, Leu23 (2), Cys102 (2)
	Lys50, Gln96, Ala48, Leu23
	5



	Wightin
	−8.3
	Met98…=O, Met98…OH
	Val31 (2), Lys50, Thr159, Ala48 (2), Leu23 (2), Leu149 (2), Asp105
	Met98, Lys50, Leu23, Ala48,
	7



	5-Hydroxy-7,8,2′,3′-Tetramethoxyflavone
	−8.6
	Met98…=O
	Asp105, Val31 (2), Thr159, Lys50, Leu23 (2), Leu149 (2), Ala48, Gln96
	Met98, Lys50, Leu23, Ala48, Gln96
	6



	Altisin
	−7.8
	Met98…O-
	Val31 (2), Ala48, Leu149 (2), Leu23 (2)
	Met98, Ala48, Leu23
	4







BE, binding energy.
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