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Background: Alchornea laxiflora (Benth.) Pax & K. Hoffm. (A. laxiflora) has been indicated in traditional medicine to treat depression. However, scientific rationalization is still lacking. Hence, this study aimed to investigate the antidepressant potential of A. laxiflora using network pharmacology and molecular docking analysis.
Materials and methods: The active compounds and potential targets of A. laxiflora and depression-related targets were retrieved from public databases, such as PubMed, PubChem, DisGeNET, GeneCards, OMIM, SwissTargetprediction, BindingDB, STRING, and DAVID. Essential bioactive compounds, potential targets, and signaling pathways were predicted using in silico analysis, including BA-TAR, PPI, BA-TAR-PATH network construction, and GO and KEGG pathway enrichment analysis. Later on, with molecular docking analysis, the interaction of essential bioactive compounds of A. laxiflora and predicted core targets of depression were verified.
Results: The network pharmacology approach identified 15 active compounds, a total of 219 compound-related targets, and 14,574 depression-related targets with 200 intersecting targets between them. SRC, EGFR, PIK3R1, AKT1, and MAPK1 were the core targets, whereas 3-acetyloleanolic acid and 3-acetylursolic acid were the most active compounds of A. laxiflora with anti-depressant potential. GO functional enrichment analysis revealed 129 GO terms, including 82 biological processes, 14 cellular components, and 34 molecular function terms. KEGG pathway enrichment analysis yielded significantly enriched 108 signaling pathways. Out of them, PI3K-Akt and MAPK signaling pathways might have a key role in treating depression. Molecular docking analysis results exhibited that core targets of depression, such as SRC, EGFR, PIK3R1, AKT1, and MAPK1, bind stably with the analyzed bioactive compounds of A. laxiflora.
Conclusion: The present study elucidates the bioactive compounds, potential targets, and pertinent mechanism of action of A. laxiflora in treating depression. A. laxiflora might exert an antidepressant effect by regulating PI3K-Akt and MAPK signaling pathways. However, further investigations are required to validate.
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1 INTRODUCTION
Network pharmacology has been widely utilized for understanding the underlying molecular mechanism of various traditional medicine systems, including traditional Chinese medicine and Indian Ayurvedic system, via systematic collecting, synthesizing, predicting, and analyzing the gathered information related to bioactive molecular targets and pathways (Chandran and Patwardhan, 2017; Jiashuo et al., 2022). Similarly, network pharmacology has garnered wider attention in exploring ethnobotanical knowledge to add newer therapeutic options to the existing medicines for simple to severe diseases (Jiashuo et al., 2022). Network pharmacology is an emerging technology, along with the rapidly developing bioinformatics approach to deal with complex systems of medicine, including the Indian Ayurvedic system and the traditional Chinese medicine in which the One drug, one Target concept of the Western medicine system does not fit (Guo et al., 2019; Shamsi et al., 2022).
Various researchers have reported the use of integrated network pharmacology and molecular docking analysis to investigate the mechanism of multiple traditional Chinese medicines (TCM), for example, the Xiaoyaosan formula (Gao et al., 2018), Huanglian Jiedu decoction (Li et al., 2022), and Huangqi Sijunzi decoction (Cui et al., 2021). Guo et al. (2019) implemented network pharmacology-based prediction tools to characterize the molecular mechanism of the Zuojin pill on hepatocellular carcinoma. The study found that the therapeutic benefits of the Zuojin pill against hepatocellular carcinoma might be attributed to its ability to regulate the EGFR/MAPK, PI3K/NF-κB, and CCND1 signaling pathways. In another investigation, Ye et al. (2021) utilized a combination of network pharmacology, molecular docking, and molecular dynamics simulation to provide a theoretical basis for the clinical application of Yinchen wuling powder for hyperlipidemia therapy. Yinchen Wuling powder’s anti-hyperlipidemic effect was attributed to its various components (quercetin, isorhamnetin, and taxifolin) that interact with multiple targets (AKT1, IL6, VEGFA, and PTGS2) of hyperlipidemia. Similarly, network pharmacology has been applied to various complex disease conditions, such as Alzheimer, asthma, atherosclerosis, diabetes mellitus, cancer, COVID-19, etc. (Batool et al., 2022; Zhang Z. et al., 2022; Wang et al., 2022; Alnusaire et al., 2023; Rampadarath et al., 2023; Shamsol Azman et al., 2023).
Depression is a psychiatric disorder that clinically presents as mood and cognition changes and loss of interest persisting for at least 2 weeks (Lin et al., 2020). In 2020, the World Health Organization (WHO) declared it the second most significant disease to consider due to the rise in global burden (Gbadamosi et al., 2022). In Africa, depression accounts for 9% of the population, affecting about 30 million people. Nigeria alone harbors 7 million depression patients (Esan and Esan, 2016). With the limited availability of adequate and economical medication, there is a rise in cases of treatment-resistant depression in Africa (Gbadamosi et al., 2022). Owing to the non-affordability of costly medicines by the African diaspora, the use of indigenous therapies for the management of depression is reported in several ethnomedicinal studies (Wubetu et al., 2018). However, a few medicinal plants have been evaluated extensively for their antidepressant mechanism of action (Maina et al., 2020). An array of studies has revealed that medicinal plants may hold the key to discovering lead chemicals for innovative therapeutics against several neurological disorders (Wal et al., 2022; Wal et al., 2023 A.; Wal et al., 2023 P.; Alrouji et al., 2023; Nelson et al., 2023). Hence, research in this area could help develop effective management of psychiatric disorders in Africa.
Alchornea laxiflora (Benth.) Pax & K. Hoffm. (A. laxiflora), belonging to the family Euphorbiaceae is an underexplored African traditional botanical, listed in Cameroonian traditional pharmacopeia for various health issues (Sandjo et al., 2011). It has different vernacular names depending on the cultural and ethnic diversity in Africa. Some common African names include Ewe Pepe, Pepe, Ewe lya, and Gbogbonse (Oladunmoye and Kehinde, 2011). A. laxiflora is endemic to tropical African countries such as Nigeria, Cameroon, South Africa, Tanzania, Uganda, etc. Various phytochemicals have been isolated and reported to possess different pharmacological activities. Detailed information on phytochemistry and pharmacology of A. laxiflora has been reported by Jain et al. (2022b). As per the literature search, a wide array of ethnomedicinal uses are reported for various parts of A. laxiflora, including infectious disease, gastrointestinal disorders, inflammatory conditions, and neurological disorders such as anxiety, depression, insomnia, and epilepsy, but only a few indications have been scientifically validated. The decoction from the leaves of A. laxiflora is traditionally used in the Bafia, Bazou, and Foumbot regions of East and West Cameroon to treat depression. However, there is no pharmacological study available to support this traditional use (Ngnameko et al., 2019). Therefore, the present study aimed to generate networks to provide a rational and molecular mechanism of the ethnomedicinal use of A. laxiflora as an antidepressant botanical by bringing the bioactive compounds, molecular targets, and interacting pathways together.
2 MATERIALS AND METHODS
2.1 Methodological approach
Various computational tools and databases were used to investigate and predict the bioactive compounds, potential gene targets, and pathways involved in the pharmacological network of A. laxiflora on depressive disorder. In addition, Molecular docking techniques were used to validate the potential underlying mechanisms (Jain et al., 2022a; Abunuwar et al., 2023; Najmi et al., 2023). An outline of the methodological approach in our current study is demonstrated in Figure 1.
[image: Figure 1]FIGURE 1 | An outline of the methodological approach to elucidate the anti-depressant potential of A. laxiflora.
2.2 Screening of bioactive compounds from A. laxiflora
The information on the phytoconstituents of A. laxiflora was retrieved from our previously published systemic review on the phytochemistry and pharmacology of A. laxiflora (Jain et al., 2022b). PubChem (https://pubchem.ncbi.nlm.nih.gov/), assessed on 10 February 2023, was used to collect each active ingredient’s molecular weight, chemical structures, canonical SMILES, and 2D SDfiles (Cheng et al., 2014). Components without Pubchem ID were discarded and were not included for further investigation (Xiao et al., 2022).
2.3 ADME and drug-likeliness screening
Later, all active ingredients screened from the literature survey were virtually analyzed for ADME characteristics using SwissADME (http://www.swissadme.ch/index.php) and Molsoft (https://molsoft.com/mprop/) online tools for oral bioavailability (OB) and drug-likeness (DL) scores, respectively, assessed on 16 February 2023, by entering PubChem ID of the screened bioactive compounds (James et al., 2015; Daina et al., 2017). Blood-brain barrier (BBB) score obtained from Molsoft was also used as screening criteria, cutoff value was set as >1 (Gupta et al., 2019). Compounds with OB ≥ 30% and DL ≥ 0.18 were regarded to have high OB and druggability, respectively, and were set as screening criteria (Shi et al., 2021; Wang et al., 2022). Three compounds with DL < 0.18 were added to the study based on extensive pharmaceutical activities. Using Lipinski’s rule of five, the ADME criteria were also applied, and compounds with >3 violations were excluded from the investigation (Lin et al., 2020).
2.4 Target genes associated with screened bioactive compounds and depression
Target genes of filtered bioactive compounds were predicted using SwissTargetprediction and BindingDB databases. SwissTargetprediction database (http://www.swisstargetprediction.ch/) predicts the most probable gene targets of the entered compound with the “Homo sapiens” setting. The database was searched with canonical SMILES of selected bioactive compounds in the SwissADME tool. The result was imported into the SwissTargetprediction database for the probable gene targets of A. laxiflora active ingredients (Gfeller et al., 2014). The predicted gene targets were further screened for reliability with a probability score ≥0.70.
The BindingDB (https://www.bindingdb.org/rwd/bind/index.jsp) database was queried with 2D SDFiles of selected active compounds to get predicted gene targets with high similarity (≥0.70). UniProt IDs from bindingDB results were used to gather official protein names, gene IDs, and organisms from the UniProtKB database (https://www.uniprot.org/). Predicted gene target data was compiled in an Excel file and limited target selection to “H. sapiens” as species (Gilson et al., 2016). Predicted targets of A. laxiflora bioactive compounds from both databases were combined and checked for duplicate data and their removal. Common targets were saved for further analysis.
Similarly, depression-related gene targets were retrieved using the keywords “depression, major depressive disorder, and mental depression” from the OMIM (https://www.omim.org/), GeneCards (https://www.genecards.org/) and DisGeNET (https://www.disgenet.org/home/) public disease databases (Amberger et al., 2015; Stelzer et al., 2016; Piñero et al., 2017). All the results were aggregated in a single file, and overlapping gene targets were used for further analysis. To identify the intersected depression-related gene targets intervened by A. laxiflora active ingredients, Venny 2.1.0 (https://bioinfogp.cnb.csic.es/tools/venny/) web tool was used (Wang Y. et al., 2021). Intersection gene targets of selected A. laxiflora bioactive compounds and depression were retrieved for subsequent network analysis and molecular docking validation.
2.5 Botanical-bioactive-target (BA-TAR) network construction
A bioactive-target (BA-TAR) network was constructed using Cytoscape v3.9.1 (https://cytoscape.org/) to investigate the multi-component relationship between bioactive compounds and predicted overlapping targets (Shannon et al., 2003). The bioactive compounds and intersecting gene targets were imported into Cytoscape v3.9.1 to construct and analyze the network’s topological structures using the cytoNCA plug-in with the “Degree value” setting. Compounds with high degree values were considered essential bioactive compounds for treating depression.
2.6 Protein-protein interaction (PPI) network construction
The overlapping targets of depression and A. laxiflora bioactive compounds were queried on a STRING v11.5 (https://string-db.org/) online database to identify possible inter-target interactions (Szklarczyk et al., 2019). The official gene names of common targets were searched in multiple proteins by official gene names and the “H. sapiens” setting. A high confidence score of 0.70 was selected as the minimum required interaction to increase the reliability of generated data (Alnusaire et al., 2023). The resulting PPI network was first exported in TSV and PNG format and later imported into Cytoscape v3.9.1 to build a visual PPI network and further topological analysis. The network analyzer in Cytoscape v3.9.1 was used to gather node and edge information (Ibrahim and El-Banna, 2021). The CytoNCA plug-in was used to select core targets based on degree centrality, betweenness centrality, and closeness centrality (Li et al., 2021). Network nodes with degree values two times the median values were chosen as core targets, and a sub-structure was drawn. The top 10 hub targets were also selected using the CytoHubba plug-in using the degree technique out of the 12 topological parameters.
2.7 Gene ontology (GO) and pathway enrichment analysis
To understand the mechanism of A. laxiflora bioactive compounds for the treatment of depression, the above potential antidepressant core targets were queried in the DAVID 2021 functional annotation tool (https://david.ncifcrf.gov/tools.jsp) for Gene ontology analysis and KEGG pathway enrichment analysis (Kanehisa and Goto, 2000; Jiao et al., 2012). The official gene symbols of the core targets were entered with H. sapiens as the selected species. Analyses yielded the top 10 GO biological processes (BP), molecular functions (MF), cellular component (CC) terms, and the top 20 KEGG pathways. We sorted the desired data by applying filters on gene count from largest to smallest, p-value <0.01, and FDR <0.01 (He et al., 2023). The GO terms, KEGG pathways bar plots, and bubble plots were prepared with SRPlot (https://www.bioinformatics.com.cn/en).
2.8 Bioactive-target-pathway (BA-TAR-PATH) network construction
Based on the PPI network and KEGG analysis, Cytoscape v3.9.1 was utilized to construct a BA-TAR-PATH network of A. laxiflora key bioactive compounds, hub gene targets, and the top 20 KEGG pathways. In a constructed network, nodes represent bioactive compounds, targets, and pathways, and edges indicate the interactions among the three.
2.9 Molecular docking simulations
The main bioactive compounds of A. laxiflora from the bioactive-target network and the core protein targets from the protein-protein interaction (PPI) implicated in the bioactive-targets-pathways network were docked using molecular docking. Further, this molecular docking assists in validating the binding affinity of bioactive phytoligands of A. laxiflora, leading to the prediction of their antidepressant activity.
The protein structures in the 3D format of the top six hub genes resulting from network pharmacology were retrieved from the RCSB PDB database (Berman et al., 2000). The selection criteria of the target protein 3D structures are as follows: (a) X-ray solved crystal structures with a better resolution or up to 2.5 Å were included; (b) if two or more numbers of 3D structures are available in the database, then, the better resolution is considered for the selection; (c) target structures bearing the bound ligands are selected with high priority; (d) the proteins isolated from human as an organism are preferably selected.
The core phytoligand’s two-dimensional (2D) structures were acquired from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/), converted to three-dimensional (3D) structures using Chem3D 20.0 version software, and saved in PDB format. PyMOL 2.4.0 software was used to remove water and other non-protein molecules, separate the cognitive bound ligand from the binding site of the protein, repair missing atoms on residues, and add polar hydrogens (Mooers, 2020). Finally, AutoDock 4.2.1. and AutoDock Vina 1.1.2 software was used for the molecular docking tasks (Morris et al., 2009; Trott and Olson, 2010). The grid box for docking was built for each target protein’s binding sites and saved in. pdbqt format. The information on protein targets with their PDB IDs and center coordinates (x,y,z-centre) are mentioned in Table 1. The docking results were visualized and analyzed using BIOVIA Discovery Studio Visualizer 2021 (He et al., 2021).
TABLE 1 | Information on protein targets and their center coordinates.
[image: Table 1]3 RESULTS
3.1 Acquisition of A. laxiflora bioactive compounds
In our previously published systemic review on A. laxiflora, a total of 132 compounds were reported, comprising 43 fatty acids, 22 terpenoids, 19 phenolics, 13 flavonoids, 6 alkaloids, and other secondary metabolites (Jain et al., 2022b). Of the retrieved components, 12 compounds had no PubChem IDs and were excluded from the study. The 120 compounds of A. laxiflora were further studied for ADME and drug-likeness analysis using SwissADME and Molsoft online tools. Of 120 bioactive compounds, 14 met OB ≥ 30% and DL ≥ 0.18 screening criteria (Figure 2). Three more compounds such as capsaicin, dihydrocapsaicin, and 3-O-Methylellagic acid-3′-O-α-rhamnopyranoside with DL < 0.18 were also included in the database based on their potential neuromodulatory activities. Recently, Xia et al. (2021) documented the gut microbiota-mediated protective effect of dietary capsaicin in lipopolysaccharide-induced depression-like behaviors in mice. Dihydrocapsaicin is another capsaicinoid, which has been reported to exert hypothermia-induced neuroprotection in different ischemic stroke animal models (Wu et al., 2017). Similarly, numerous studies have suggested the antidepressant properties of ellagic acid and its derivatives (Mazrooei et al., 2023). Beyond that, all selected compounds followed Lipinski’s rule of five (not more than one violation) and have moderate to high blood-brain barrier permeability (BBB score >1). Therefore, a total of 17 bioactive compounds were selected for subsequent target prediction. Detailed information on the screened compound is listed in Table 2.
[image: Figure 2]FIGURE 2 | Screened bioactive compounds of A. laxiflora using two ADME-related properties; oral availability (OB) and drug-likeness (DL). Venn diagram (A) And Bar chart (B) Showing the number and percentage distribution of the bioactive compounds matching the screening criteria.
TABLE 2 | Detailed information on the Screened A. laxiflora bioactive.
[image: Table 2]3.2 Potential targets of A. laxiflora and depression
After this, two databases were engaged to collect bioactive compounds-related targets. A total of 77 targets were compiled from the SwissTargetprediction database. Seventy-four remain after deleting the duplicate targets. Among 17 bioactive compounds, only five components yielded predicted targets. A total of 307 targets were predicted by the BindingDB database with a high similarity score of ≥0.70. A total of 189 remain after removing overlapping targets. Among the bioactive compounds, 15 compounds yielded targets, and two predicted none. Both databases’ results were merged, and overlapping targets were removed. Finally, we obtained 219 bioactive targets (Figure 3A). Among the bioactive compounds, quercetin (126), 3-acetylursolic acid (47), 3-acetyloleanolic acid (46), cholest-4-en-3-one (33), and zeranol (29) have the highest number of predicted targets, whereas phaeophorbide A and byzantionoside B have no predicted targets (Figure 4).
[image: Figure 3]FIGURE 3 | Potential targets of A. laxiflora and depression. Sunburst diagram depicting (A) Screening of A. laxiflora bioactive compounds target and (B) Depression related targets from different public databases. (C) Venn diagram and bar plot of drug-disease targets.
[image: Figure 4]FIGURE 4 | Bar plot of target distribution of various A. laxiflora bioactive compounds.
Moreover, we searched for depression targets in three public databases: GeneCards, DisGeNET, and OMIM, yielding 14,312, 1,478, and 189 targets, respectively. After removing duplicate values, we obtained 14,547 depression targets (Figure 3B). Both 219 A. laxiflora bioactive compounds targets, and 14,547 depression targets were compared by the online Venny2.1 tool to identify intersecting targets as potential targets of A. laxiflora for depression via drawing a Venn diagram. Two hundred targets were obtained through the Venn diagram (Figure 3C).
3.3 Botanical-BA-TAR network construction
To investigate the relationship between A. laxiflora bioactive compounds and overlapping targets of depression and A. laxiflora bioactive compounds, Cytoscape software was used to build a BA-TAR network. Two hundred potential targets and 15 bioactive compounds of A. laxiflora were input into Cytoscape to build a bioactive-target network. The network analyzer was used to identify the nodes and edge count in the network. The constructed network has 216 nodes and 333 edges with an average number of neighbors of 3.08 (Figure 5).
[image: Figure 5]FIGURE 5 | Bioactive-Target network with 216 nodes and 333 edges linking bioactive compounds of A. laxiflora with 200 targets of depression. Green colored nodes indicate depression’s potential targets while red colored nodes on top reflects A. laxiflora’s 15 bioactives. Larger the node, larger is the degree of bioactive compounds in the network.
Similarly, the degree of 15 bioactive compounds was also analyzed in the BA-TAR network, indicating multi-component and multi-target characteristics of A. laxiflora against depression. As shown in Figure 5, the network of the bioactive compounds was arranged in degree degree-sorted circle layout and size mapped according to the degree analysis. The larger the degree of bioactive compound larger the size of the nodes. The highest degree bearing bioactive compounds of A. laxiflora against depression were quercetin, 3-acetylursolic acid, 3-acetyloleanolic acid, cholest-4-en-3-one, and zeranol, which were linked to 116, 43, 42, 34, and 26 genes, respectively (Table 3). It clearly shows the potential of these bioactive compounds in becoming a key component of A. laxiflora in treating depressive disorder.
TABLE 3 | Degree analysis of selected 15 A. laxiflora bioactive compounds.
[image: Table 3]3.4 PPI network construction and identification of depression core targets
The potential gene targets obtained after intersecting bioactive compound targets with the depression gene targets were used to build the PPI network by the STRING database. Figure 6A shows that the network consisted of 200 nodes and 640 edges with an average local clustering coefficient of 0.478 and an average node degree of 6.4. The network results were further imported to Cytoscape for better understanding and visualization of the network. As shown in Figures 6B, 7A, the network visualization demonstrated the presence of 175 nodes and 640 edges with a characteristic path length of 2.611 and an average number of neighbors of 7.314. The node size corresponds to the degree of protein targets in the network. The PPI network was subjected to visual topological analysis using CytoNCA application based on “Degree, Betweenness, and Closeness” centralities. A total of 46 targets were chosen as core targets of depression based on degree ≥10, i.e., two times of median of all nodes (Figure 7B). Among the 46 core targets, SRC (50), STAT3 (41), EGFR (36), MAPK1 (31), PIK3R1 (29), and AKT1 (29) have the greatest degree (Table 4).
[image: Figure 6]FIGURE 6 | Protein-protein interaction (PPI) network of intersecting targets of A. laxiflora and depression. (A) STRING database PPI network (confidence score ≥0.70) (B) PPI network constructed by Cytoscape v3.9.1. Nodes reflecting targets and edges stand for the interaction between the targets. The larger the nodes, the larger the degree and greater importance in the network.
[image: Figure 7]FIGURE 7 | Hub gene target screening process. The red nodes depict the targets that meet the screening criteria (A,B). Top 10 hub genes ranked by degree method (C), Bar chart of degree analysis of top 10 targets (D). Inverted structures depict the top 10 core hub targets. The color and size of the nodes are according to the degree. The larger the size, the larger the degree, and as the degree lowers, the color changes from red to yellow.
TABLE 4 | Core targets of depression based on degree centrality (DC), betweenness centrality (BC), and closeness centrality (CC).
[image: Table 4]The highest degree between the targets suggests the higher interconnectivity and possibility of their involvement in disease development (Alnusaire et al., 2023). Furthermore, the Hub genes were identified using CytoHubba plug-in, with degree technique utilized out of 12 ways of topological analysis. SRC (29), STAT3 (27), EGFR (26), PIK3R1 (21), AKT1 (19), MAPK1(18), AR (16), VEGFA (15), ESR1 (14) and PTK1 (13) were the among the top ten Hub genes with high degree values in the core target sub-network (Figures 7C, D).
3.4 GO and KEGG pathway enrichment analysis
The 46 antidepressant core targets were subjected to KEGG pathway and GO annotation analysis using the DAVID 2021 functional annotation tool to display the molecular mechanism of A. laxiflora in treating depression. From the analyzed targets, significantly enriched (p < 0.01) 129 GO terms were obtained, including 82 BP, 14 CC, and 34 MF terms, based on the p-value and FDR value. The top ten terms of each BP, CC, and MF were selected to draw the bubble plot, as shown in Figure 8. The five most target-enriched GO BP terms were signal transduction (GO:0007165), negative regulation of apoptotic process (GO:0043066), positive regulation of transcription from RNA polymerase II promoter (GO: 0045944), positive regulation of cell proliferation (GO: 0008284), and positive regulation of gene expression (GO: 0010628). The most affected GO CC entries were cytoplasm (GO: 0005737), plasma membrane (GO: 0005886), endoplasmic reticulum membrane (GO: 0005789), macromolecular complex (GO: 0032991) and mitochondrion (GO: 0005739). The most common GO MF terms were identical protein binding (GO: 0042802), ATP binding (GO: 0005524), enzyme binding (GO: 0019899), protein serine/threonine/tyrosine kinase activity (GO: 0004712), and protein kinase binding (GO: 0019901).
[image: Figure 8]FIGURE 8 | GO analysis of the potential core targets of A. laxiflora for depression. The scatter plot of the top 10 biological processes (BP), cellular component (CC), and molecular function analysis of GO enrichment. The enrichment factor and enrichment terms are depicted on the x-axis and y-axis, respectively. 
Furthermore, KEGG enrichment analysis yielded highly enriched 108 pathways. The top 20 significantly enriched (p < 0.01) pathways associated with depression were chosen to draw a Sankey diagram with bubble plots (Figure 9). Figure 9 depicts the highly significant enriched top 20 KEGG pathways and the hub genes within each pathway on the y-axis and the gene ratio (p-value ≤0.01 and FDR ˂ 0.01) on the x-axis. Among the top 10 hub gene targets, MAPK1, AKT1, PIK3R1, EGFR, STAT3, and SRC were the most enriched targets in the selected KEGG pathway, suggesting their critical role in the pathogenesis of depression.
[image: Figure 9]FIGURE 9 | KEGG enrichment pathway. Bubble plot combined with Sankey diagram depicting highly enriched top 20 KEGG pathways and the hub genes within each pathway on the y-axis and the gene ratio (p-value ≤0.01 and FDR ˂ 0.01) on the x-axis.
Among these pathways, the literature review showed a significant association between the PI3K-Akt signaling pathway (hsa04151) and MAPK signaling pathway (hsa04010) in the depression pathophysiology, suggesting targeting of these pathways by A. laxiflora’s bioactive compounds as a possible mechanism of action (Su et al., 2017; Li et al., 2023). Notably, most of the PPI network’s hub genes were involved in the PI3K-Akt signaling pathway (hsa04151), highlighting the importance of this pathway for identifying the underlying mechanism of A. laxiflora in depression in future exploratory studies. MAPK signaling pathway (hsa04010), Rap1 signaling pathway (hsa04015), Ras signaling pathway (hsa04014), and HIF-1 signaling pathway (hsa04066) were some other prominent enriched pathways that might contribute to the A. laxiflora response in depression. Figure 10 demonstrates the PI3K-Akt signaling pathway and MAPK signaling pathways with highlighted potential targets of depression.
[image: Figure 10]FIGURE 10 | KEGG pathway analysis: (A) PI3K-AKT signaling pathway and (B) MAPK signaling pathway. The red colored star depicts potential antidepressant targets of A. laxiflora.
3.5 BA-TAR-PATH network construction
A visual bioactive-target-pathway network was constructed using Cytoscape v3.9.1 to analyze the interaction among bioactive compounds, hub gene targets, and significantly enriched KEGG pathways. The constructed network had 39 nodes (9 bioactive compounds, 10 hub gene targets, and 20 KEGG pathways) and 141 edges (Figure 11). Degree analysis revealed a higher degree of some pathways. Notably, MAPK1, PIK3R1, EGFR, AKT1, and SRC were the essential Hub genes found to be implicated in several pathways, such as PI3K-Akt signaling pathway (hsa04151) and MAPK signaling pathway (hsa04010) among all of the targets studied in the network, which suggests that A. laxiflora bioactive compounds may exert antidepressant effect by regulating these targets enriched in reported pathways. Similarly, quercetin, 3-acetylursolic acid, and 3-acetyloleanolic acid had the highest degree in the network, suggesting key ingredients that might play a vital role in the therapeutic effects of A. laxiflora.
[image: Figure 11]FIGURE 11 | Bioactive- Target-Pathway network in which brick-colored diamonds depict bioactive compounds, red-colored circle nodes represent targets and green-colored triangles represent pathways.
3.6 Molecular docking simulations
By comparing the top ten hub gene targets in the PPI network and the targets involved in the PI3K-Akt signaling pathway (hsa04151) and MAPK signaling pathway (hsa04010), six common proteins (MAPK1, SRC, EGFR, AKT1, STAT3, and PI3KR1) were considered as suitable protein targets for the molecular docking simulation. In general, molecular docking helps to validate the findings from the results of network pharmacology. Hence, molecular docking simulations were carried out for the potential bio-active phytoligands (Quercetin, 3-acetylursolic acid, 3-acetyloleanolic acid, and cholest-4-en-3-one) against each of the identified six protein targets. The binding energy (kcal/mol) of each phytoligand against all the selected targets is presented in Table 5.
TABLE 5 | The binding energy (kcal/mol) of each phytoligand against all the selected targets.
[image: Table 5]The stability of target-ligand binding depends on the binding energy: the lower the binding energy of the complex, the target-ligand binding interaction will be more stable which is mainly due to the formation of stronger hydrogen bonding interactions between targets and ligands. It is strongly believed that binding energy less than −5 kcal/mol is an indication of better binding affinity between target and ligand, which in turn substantiates better pharmacological activity (Shi et al., 2021). The docking results demonstrated that the binding energies of all the complexes between targets and phytoligands of A. laxiflora were determined to be less than −5 kcal/mol.
In particular, phytoligands quercetin and 3-acetylursolic acid had better binding affinities, making more hydrogen bonds to the binding pocket regions of the corresponding target proteins. The quercetin showed better binding energy towards the protein targets AKT1, PI3KR1, and MAPK1 at −9.8 kcal/mol, −8.3 kcal/mol, and −8.2 kcal/mol, respectively. However, quercetin exhibited good equipotent binding affinity against SRC and EGFR at −7.8 kcal/mol, whereas against STAT3, the binding energy is −5.9 kcal/mol indicating appreciable affinity. Among all the phytoligands, the binding energy of 3-acetylursolic acid against the AKT1 target is −11.5 kcal/mol which is the best binding energy that can substantiate and support the better pharmacological profile. Similarly, the same ligand exhibited better equipotent binding affinity against MAPK1, and SRC targets at −9.2 kcal/mol, and with EGFR, it showed a binding energy of −8.9 kcal/mol which is still good. Moreover, it showed appreciable binding affinity against the targets STAT3 and PI3KR1 as evidenced by the binding energy values of −6.9 kcal/mol and −7.9 kcal/mol. The phytoligand 3-acetyloleanolic acid also exhibited better binding affinity towards MAPK1 and SRC with energy of −9.4 kcal/mol and −9.1 kcal/mol, whereas, against the target AKT1, it showed nearly better binding energy of −8.5 kcal/mol. Equipotent binding affinity was also observed for this ligand towards the targets EGFR and PI3KR1 at −8.2 kcal/mol, whereas, with the protein STAT3, the ligand showed appreciable binding energy (−6.8 kcal/mol). The steroid-based phytoligand Cholest-4-en-3-one exhibited the best binding affinity towards AKT1 at an energy of −10.3 kcal/mol, whereas, the same ligand exhibited an almost similar pattern of binding energy between −8.0 kcal/mol to −8.4 kcal/mol with other targets (MAPK1, SRC, EGFR, and PI3KR1). However, the phytoligand Cholest-4-en-3-one showed an appreciable binding with STAT3 protein (−5.8 kcal/mol). To gain a good understanding, the docking simulation results of the key targets and active phytoligands with crucial amino acid residues interacting through intermolecular hydrogen bonding and their bond lengths are collected in Table 6.
TABLE 6 | Hydrogen bonding interaction between key amino acid residues of targets and active phytoligands with hydrogen bond length in Å.
[image: Table 6]Quercetin, a flavonoid group of compounds showed stronger binding against all the studied protein targets, especially against MAPK1, it showed three crucial hydrogen bonding interactions. The carbonyl group and hydroxyl group of benzopyranone moiety of quercetin interacted with the amino acids Met108 and Gln105 through hydrogen bonding at distances of 3.1 Å and 2.5 Å, respectively. The third hydrogen bonding is formed between the hydroxyl group of catechol moiety and Ala52 at 2.8 Å. Further, the quercetin is buried in the binding site amino acid residues such as Leu156, Ser153, Ile31, Asp167, Val39, and Lys54 indicating non-bonding hydrophobic interactions. Against the SRC protein target, the catechol moiety of quercetin exhibited a very strong hydrogen bonding (1.9 Å) with Phe332, whereas, the benzopyranone core moiety of quercetin was surrounded by amino acids such as Gly369, Met366, Val306, Ala318, Glu364, and Phe303. The catechol moiety of quercetin demonstrated two hydrogen bonding interactions with both acidic amino acid Asp136 and basic amino acid Arg140 at distances of 2.5 Å and 3.1 Å, respectively in the target EGFR protein. Hence, the benzopyranone moiety is oriented towards the binding pocket formed by the aliphatic amino acids (Gly18, Leu143, Leu17, Ala42, and Val25). Against the AKT1 protein, the quercetin demonstrated three hydrogen bonding interactions with the amino acids such as Gln82 (3.2 Å), Tyr275 (3.0 Å), and Ile293 (3.1 Å) which indicated a weaker binding affinity for the target-ligand complexes. In the quercetin, the hydroxyl group of catechol moiety has shown a strong hydrogen bonding at 2.0 Å with Glu512 of STAT3 protein. The benzopyranone core moiety of quercetin was surrounded by hydrophilic amino acids such as Gly530, Tyr531, Lys532, and Ile527. Against the PI3KR1 protein, the phytoligand quercetin has shown two significant hydrogen bonding interactions. The hydroxyl and carbonyl oxygen of benzopyranone core of quercetin exhibited hydrogen bonding interactions with the same amino acid Val812 at 2.3 Å and 2.9 Å, respectively.
The other potential phytoligand 3-acetylursolic acid interacted well with the protein AKT1. The carbonyl group of the acetyl ester group showed a hydrogen bonding interaction with the hydroxyl group of aromatic amino acid Tyr21 at 3.1 Å. This hydrogen bonding interaction guides the fused pentacyclic structure to orients towards the binding site amino acids such as Glu88, Gln82, Lys271, Leu267, Aspr295, and Arg276. Further, a weak hydrogen bonding is observed between the carbonyl group of carboxylic acid moiety of 3-acetylursolic acid and the hydroxyl group of Tyr275. Against, the MAPK1 protein, the 3-acetylursolic acid has shown one strong hydrogen bond with Ser153 at 2.4 Å 3-acetyloleanolic acid has shown one hydrogen bonding interaction with Ser153 of MAPK1 protein target at 2.3 Å. Against the AKT1 target, this ligand indicated a weak hydrogen bond (3.3 Å) with the aromatic amino acid residue of Tyr21. The ligand cholest-4-en-3-one did not show any significant bonding interactions with almost all the protein targets except the protein AKT1, wherein a weak hydrogen bond (3.4 Å) is observed with the basic amino acid residue Arg276. The data suggested that MAPK1, EGFR, and AKT1 were the major protein targets for achieving the desired pharmacological effect, whereas, quercetin and 3-acetylursolic acid might be predicted as the most active phytoligands of A. laxiflora to treat mental depression. The docking simulation resulting in significant molecular interactions of the selected target-ligand complexes is presented in Figure 12.
[image: Figure 12]FIGURE 12 | Molecular docking simulation results of the best target-ligand interactions in 2D (left side-wire-frame model of the ligand structure) and 3D (right side-atom colored, thick ball and stick representation) images: (A) MAPK1-Quercetin; (B) SRC-Quercetin; (C) EGFR- Quercetin; (D) AKT1-3-acetylursolic acid; (E) STAT3- Quercetin; (F) PI3KR1-Quercetin. On the 2D figures analysis, green-colored dotted lines indicate hydrogen bonding interactions involving electronegative elements like nitrogen and oxygen atoms; light purple-colored dotted lines indicate π-alkyl interactions; violet-colored dotted lines indicate π-sigma interactions. Light green color amino acids without bonding represent van der Waals interactions, whereas, orange-red color amino acids indicate unfavorable interactions. The light-blue halo surrounding the interacting residues represents the solvent-accessible surface that is proportional to its diameter.
4 DISCUSSION
A. laxiflora has been under scrutiny for its impact on neurological disorders such as Parkinson’s disease, Alzheimer’s disease, epilepsy, and anxiety over the last few years (Bum et al., 2009; Nwonu et al., 2018; Ndam Ngoungoure et al., 2019; Ngnameko et al., 2019). In an in vivo investigation, A. laxiflora leaves aqueous extract at a dose of 120 mg/kg showed a strong protective effect against strychnine-induced seizures. Nwonu et al. (2018) reported significant sedative activity of aqueous and methanolic extract of A. laxiflora in mice using a staircase climbing model. Another investigation reported the protective effect of A. laxiflora extract against aminochrome-induced toxicity in U373MG and U373MGsiGT6 human astrocytoma cell lines, indicating the potential usefulness of A. laxiflora in Parkinson’s disease treatment (Ngoungoure et al., 2019). A. laxiflora extracts’ neuro-modulatory potential has been studied using in vitro and in vivo experimentations. However, information on molecular mechanisms and responsible phytochemicals is still lacking. Depression is another neurological indication against which A. laxiflora is under application in folklore medicine (Ngnameko et al., 2019). Network analysis was done to rationalize the antidepressant effect and delineate the molecular mechanism. Herein, we used network pharmacology with molecular docking to elucidate the antidepressant potential of A. laxiflora and its mechanism of action. Our study provides a foundation for screening A. laxiflora bioactive compounds and suitable target-enriched pathways for future novel therapeutic research against depression.
First, we developed a BA-TAR network of overlapping targets of depression and A. laxiflora bioactive compounds to identify the core bioactive compounds having antidepressant potential. Fifteen active components were screened, and the five bioactive compounds identified through the BA-TAR network were quercetin, 3-acetyursolic acid, 3-acetyloleanolic acid, cholest-4-en-3-one, and zeranol, having more targets than rest of the active components. Following the principle of one compound, several targets and several compounds may act on the same target; it is inferred that A. laxiflora may act on numerous targets of depression through several compounds.
Multiple studies have suggested the role of quercetin in alleviating anxiety and depression via neuroprotective effects. As a potential antidepressant compound, quercetin is reported to regulate neurotransmitter levels, promote hippocampal neuron regeneration, reduce inflammatory and oxidative stress, and normalize hypothalamus-adrenal axis dysfunction (Chen et al., 2022). Quercetin, the most abundant flavonoid in various fruits and vegetables, exerts good neuroprotective effects due to its ability to cross the blood-brain barrier (Silvestro et al., 2021). Adeoluwa et al. (2023), in a study involving lipopolysaccharide (LPS) induced neuroinflammation in rats, indicated that quercetin could significantly attenuate the expression of inflammasomes, inducible NOS, NF-κB, proinflammatory cytokines, and microglia cells in the hippocampus and prefrontal cortex, thus presenting antidepressant-like property. Similar results were reported by Fang et al. (2019), wherein quercetin could mitigate LPS-induced depression in rats via regulating brain-derived neurotrophic factor (BDNF) related variance expression of Copine 6 and TREM1/2 in the hippocampus and prefrontal cortex. In vivo, quercetin demonstrated antioxidant and anti-inflammatory activity in the cerebral cortex and hippocampus by ameliorating the cyclophosphamide-induced oxidative and inflammatory stress via mitigating immunosuppressive indoleamine 2,3-dioxygenase and tryptophane 2,3 dioxygenase activities (Ebokaiwe et al., 2022). Quercetin has also been found to exert antidepressant activity in estrogen receptor-α deficient mice through BDNF-troponin-related kinase B (TrkB)-AKT/ERK1/2 signaling (Wang G. et al., 2021).
3-acetylursolic acid is a natural pentacyclic triterpene ursolic acid derivative in common herbs and medicinal plants reported for various therapeutic effects. Ursolic acid is reported to demonstrate neuroprotection via antioxidant and anti-inflammatory activity in various central nervous system disorders, including anxiety, depression, cognition deficit, brain injury, and cerebral ischemia (Habtemariam, 2019). It has exhibited antidepressant activity in various in vitro and in vivo studies (González-Cortazar et al., 2013). In an experimental study, ursolic acid prevented chronic unpredictable stress-induced depression-like behavior via modulating Bcl-2/Bax gene expression (Colla et al., 2021). Ursolic acid has various other pharmacological effects, such as anti-cancer, anti-microbial, and anti-diabetic activity. A similar or enhanced therapeutic potential has been reported with other structural ursolic acid derivatives such as amides, ester, and oxadiazole quinolone (Mlala et al., 2019). 3-acetylursolic acid is a 3-acetylated derivative of ursolic acid, which has been reported to demonstrate similar potency and efficacy to ursolic acid when investigated for anti-proliferative and anti-migratory effects on melanoma cells (AlQathama et al., 2020).
Similarly, 3-acetyloleanolic acid is another natural pentacyclic triterpenoid, reported to possess various biological properties such as induction of apoptosis in cancer cell lines, suppressing allergic and atopic contact dermatitis and inflammatory bone loss in mice models (Kim et al., 2016). In an in vivo investigation in rats, 3-acetyloleanolic acid was reported to exert a protective effect against hyperlipidemia in non-alcoholic fatty liver disease by activating the AMPK pathway (Ou-Yang et al., 2018). This drug has also been reported to suppress angiogenesis-triggered tumor growth by exhibiting anti-angiogenic and induction of apoptosis in human umbilical vein endothelial cells (Cui et al., 2013). Similar results were obtained in the study reported by (Hwang-Bo et al., 2018), in which 3-acetyloleanolic acid isolated from the seeds of Vigna sinensis K. exhibited inhibition of VEGF-A-induced lymph-angiogenesis both in vitro and in vivo through suppressing VEGF-A-VEGFR-1 and -2 signaling in human lymphatic microvascular endothelial cells (HLMECs) and oral cancer sentinel lymph node animal model (OCSLN). In a recent study, (Hwang-Bo et al., 2020), reported the mechanism of anti-lymph-angiogenic and tumor angiogenesis effect, involving inhibition of activation of downstream signaling factors FAK, AKT, and ERK1/2 associated with an angiopouetin-1-Tie-2 signaling pathway, in both in vitro and in vivo. Although reported biological activities of 3-acetyloleanolic acid are mostly related to cancer, given its inhibitory effect on AKT and ERK1/2 factors, it can be investigated for antidepressant potential. Our study indicated that this compound might exhibit an antidepressant effect by modulating PI3K-AKT and MAPK signaling pathways.
Additionally, zeranol, an estrogenic lactone derivative, is reported to produce neuroprotective effects in cerebral ischemia-reperfusion rat model mediated by activation of ERK signaling and subsequent inhibition of inflammation and apoptosis (Fleck et al., 2012; Mohamed et al., 2019). Cholest-4-en-3-one is another bioactive highlighted in our study and is a cholesterol and plant sterol metabolite (Nagao et al., 2021). It has been reported to differentiate neural stem cells into dopaminergic neurons via upregulating the TET1 and FoxA2 expression and their binding, indicating potential application as neural stem cell replacement therapy for neurodegenerative diseases (Ye et al., 2020). In a previously reported study, cholest-4-en-3-one induced time-dependent phosphorylation of AKT for inhibiting lung adenocarcinoma metastasis (Ma et al., 2016). Hence, these finding indicates the theoretical basis for these compounds in treating depression alone or synergistic. Our study is probably the first to divulge the potential antidepressant effect of these compounds except quercetin. And they could be the subject of future exploratory studies, resulting in exciting outcomes.
GO enrichment analysis revealed the biological information of antidepressant targets. In the analysis, antidepressant targets of A. laxiflora were mainly associated with signal transduction, negative regulation of the apoptotic process, protein serine/threonine/tyrosine kinase activity, and protein kinase binding. Additionally, KEGG analysis disclosed the involvement of targets in multiple depression-related pathways. The putative core targets were significantly enriched in several depression-related pathways, such as the PI3K-Akt signaling pathway, MAPK signaling pathway, Rap1 signaling pathway, Ras signaling pathway, and HIF-1 signaling pathway. The PI3K-AKT and MAPK signaling pathways mainly enriched our core gene targets.
A plethora of evidence suggests that PI3K-AKT signaling is a crucial pathway involved in the pathogenesis of depression (Li et al., 2023). PI3K-Akt signaling regulates various neuronal activities such as synaptic neuroplasticity, cell proliferation, cell migration, and apoptosis (Matsuda et al., 2019). Hence, dysregulation of this signaling is considered to be associated with several mental illnesses, including depression and anxiety. Ye et al. (2019) reported the inhibition of PI3K-Akt signaling as a critical mechanism of action in the neuroprotective effect of sertraline. One of the studies found that catalpol-induced upregulation of the PI3K/Akt/Nrf2/HO-1 signaling pathway may improve hippocampal neuroprotective, neurotrophic, and antioxidant levels in animal models of depression (Wang J. et al., 2021). MAPK signaling is another functionally enriched pathway in the pathobiology of depression. By regulating various downstream mediators such as extracellular signal-regulated kinase (ERK), c-Jun amino-terminal kinase (JNK), and p38 proteins, MAPK signaling may control neuronal cell death and depression-like behavior. Neuroinflammation is one of the aspects of depression mediated by NLRP3 inflammasomes involving the MAPK pathway as one of the downstream signaling in CUMS-induced depression (Su et al., 2017). Moreover, MAPK signaling disruption during depression development is believed to be associated with long-lasting neuroadaptations in the brain, essential for enduring depression and antidepressant efficacy (Wang and Mao, 2019). Polyphenols may ameliorate depression by inhibiting the MAPK signaling pathway-dependent oxidative stress and inflammation in depression (Behl et al., 2022). Recently, Chen et al. (2023) showed the antidepressant potential of saffron essential oil in chronic unpredictable mild stress-induced depression in mice by regulating the MAPK-CREB1-BDNF signaling pathway. In another investigation, paroxetine, in combination with fluorouracil, alleviated depression in colorectal cancer mouse models by inhibiting the IL-22-dependent MAPK signaling pathway (Zhang et al., 2020). In the present investigation, various other pathways were enriched with core targets, such as the HIF-1 signaling pathway, Rap1 signaling pathway, and Ras signaling pathway. Multiple network pharmacology studies have suggested that these pathways have therapeutic efficacy in managing depression. Therefore, the present study indicates that active ingredients of A. laxiflora and associated core targets might exert a potent and synergistic effect on depression.
Topological analysis of the bioactive-target-pathway network indicated that MAPK1, PIK3R1, EGFR, AKT1, and SRC were the core targets enriched in crucial signaling pathways associated with treating depression by A. laxiflora. Previous studies have suggested downregulation of MAPK1 attenuates depressive-like behaviors and inflammation in CUMS mice (Chang et al., 2021). Moreover, in a recent clinical investigation on 80 patients with major depressive disorder, MAPK1 polymorphism was linked with relapse during antidepressant treatment (Santos et al., 2023). PIK3R1 is an essential member of the PI3K/Akt signaling pathway and is implicated in various cellular events, such as proliferation and apoptosis (Yagci et al., 2019). In a recent investigation, including analysis of microarray profile datasets to recognize CUMS induced differentially expressed genes in pathologically affected brain parts like the anterior cingulate cortex and dentate gyrus, PIK3R1 was one of the critical hub genes identified in the anterior cingulate cortex of the major depressive disorder brain (Wei et al., 2021). Multiple pharmacological network studies have suggested the role of EGFR in major depressive disorder (Zhang T. et al., 2022). EGFR gene upregulation has been linked with multiple cancer types, such as breast cancer, non-small cell lung cancer (NSCLC), and head and neck squamous cell carcinoma (Sekine, 2014).
Furthermore, EGFR amplifications have been linked to various primary tumors of the nervous system, such as glioblastoma and oligodendrogliomas (Alvarez and Bredel, 2013). In a clinical investigation on NSCLC patients to examine the relationship between the severity of the major depressive disorder and EGFR mutation, the results indicated lower depression severity in EGFR-mutated NSCLC patients than with patients harboring wild-EGFR (Jacobs et al., 2017). AKT1 dysregulation is considered an integral component in the pathogenesis of multiple psychiatric disorders (Li et al., 2020). The disease severity, anxiety, and suicidal tendencies in depressive patients were associated with AKT1 polymorphism (Yang et al., 2012). SRC is an important prototype of SRC family kinases (SFKs). It is considered to be involved in multiple cellular processes, including apoptosis, cell proliferation, differentiation, migration, and metabolism (Ortiz et al., 2021; Jain et al., 2023). Previous studies have suggested SRC tyrosine kinase as a potential therapeutic target for various neuroinflammation-related disorders (Yang et al., 2020). Our results indicate the multi-target nature of A. laxiflora in treating depression, and these targets might be critical targets for depression.
PI3K-Akt and MAPK signaling pathways were the most prominent pathways highlighted in the present study. Additionally, molecular docking simulation was employed to establish interaction between core targets and high-degree core compounds of A. laxiflora. In molecular docking validation, 3-acetylursolic acid and 3-acetyloleanolic acid portrayed excellent binding capacity with all five core targets, such as AKT1, MAPK1, PIK3R1, EGFR, and SRC. The results indicated that 3-acetylursolic acid, 3-acetyloleanolic acid, quercetin, and cholest-4-en-3-one bound stably with the core targets and could be used for treating depression.
5 LIMITATIONS
The present study is a preliminary attempt to predict the efficacious active compounds, their intended targets, and connected pathways for the treatment of depression, thereby suggesting intriguing theoretical evidence for future experimental and clinical research required for a thorough investigation of A. laxiflora potential as an antidepressant medicinal application. Owing to the inherent limitations of network pharmacology, which relies on data mining from different databases. There are possibilities for inconsistencies due to various information resources and experimental results. High throughput techniques like liquid chromatography and mass spectrometry may solve such issues (Batool et al., 2022). The present study also has limitations. The current study is based on traditional claims; no preclinical evidence is available in the public domain. Moreover, this work is carried out in silico; no in vitro or in vivo experiments were conducted. Moreover, only part of the screened bioactive compounds had low to moderate blood-brain barrier permeability. Although based on the results, they exhibit interaction with antidepressant targets as predicted by our network pharmacological investigation, their actual binding sites in the central nervous system are still unclear. Therefore, to validate the findings of our study, detailed preclinical and clinical experiments are required.
6 CONCLUSION
In our study, quercetin, 3-acetylursolic acid, 3-acetyloleanolic acid, cholest-4-en-3-one, and zeranol are the potential active compounds for treating depression according to the analysis done using network pharmacology and docking analysis. A. laxiflora treated depression by targeting multiple vital targets such as SRC, STAT3, EGFR, PIK3R1, AKT1, MAPK1, AR, VEGFA, ESR1, and PTK1, and through biological processes such as signaling transduction, negative regulation of the apoptotic process, and positive regulation of transcription from RNA polymerase II promoter. PI3K-AKT signaling and MAPK signaling pathway were the critical signaling pathways utilized by A. laxiflora to exert antidepressant action, and MAPK1, PIK3R1, EGFR, AKT1, and SRC were the core targets significantly enriched in these pathways. Molecular docking validation demonstrated that multiple core compounds of A. laxiflora could bind stably to the multiple core targets of depression, indicating the suitability of A. laxiflora in treating depression. Therefore, the present study provides a novel insight into treating depression in humans using A. laxiflora, which exerts multi-component, multi-target, and multi-pathway causal relationships. This underexplored traditional herb may be suitable for in-depth preclinical or clinical investigation.
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12 B-Sitosterol-3-O-p-D-glucopyranoside 5742,590 Terpenoids 5
13 2H-Pyran-2-one, tetrahydro-4-hydroxy-6-pentyl 538,589 Fatty acids 3
14 D-galactitol, 3,6-anhydro-1,2,4,5-tetra-o-methyl 551,497 Reduced sugar 2
15 4-Fluoro-2-nitroaniline, 5-[4-(pyrrolidin-1-yl)carbonylmethylpiperazin1-yl] 620,007 [ Alkaloids 2
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S. No. PubChem ID Compound name OB
1 5,280,343 Quercetin 055 052 255
2 6,475,119 3-Acetylursolic acid 085 084 161
3 151,202 3-Acetyloleanolic acid 085 057 461
4 91477 Cholest-4-en-3-one 055 062 279
5 2,999,413 Zeranol 055 05 333
6 62453 4-Vinylphenol 055 029 333
7 6,452,096 Ethyl iso-allocholate 055 039 408
8 1,548,943 Capsaicin 055 014 211
9 107,982 Dihydrocapsaicin 055 01 155
10 5,319,609 3-O-Methylellagic acid-3'-O-a-rhamnopyranoside 055 005 263
1 5,742,590 B-Sitosterol-3-O--D-glucopyranoside 055 05 358
12 10,140 Glycocholic acid 0.56 029 2n
13 538,589 2H-Pyran-2-one, tetrahydro-4-hydroxy-6-pentyl 055 029 416
14 620,007 4-Fluoro-2-nitroaniline, 5-[4-(pyrrolidin-1-yl)carbonylmethylpiperazin1-yl] 055 046 417
15 551,497 D-galactitol, 3,6-anhydro-1,2,4,5-tetra-o-methyl 055 029 108
16 253,193 Phaeophorbide A 056 06 193
17 14,135,395 Byzantionoside B 055 06 379

OB, oral bioavailability; DL, drug-likeness; BBB, blood brain bar:

r; LV, number of Lipinski's rule of five violations.
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Phytoconstituent name (PubChem | MAPK1 SRC EGFR AKT1

Quercetin (5,280,343) -82 -78 -78 -98 -59

3-Acetylursolic acid (6,475,119) -92 -92 -89 -115 -69 -79
3-Acetyloleanolic acid (151,202) 94 9.1 -82 -85 -68 -82
Cholest-4-en-3-one (91,477) -84 -8.1 -80 -103 -58 -82
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No Target BC cC Targets D BC CE
1 SRC 50 5,738.983 0.142041 29 CYPI7A1 12 2105127 012766
2 STAT3 4 2737239 0.140097 30 PGF 1 17.75029 012627
3 EGER 36 2,739.046 0.140097 31 PRKCA 11 2766442 0132018
4 MAPKI 31 2,985.99 0137767 32 IGFIR 1 80.07095 0132521
5 PIK3RI 29 6229562 0.135409 33 SNCA 11 1121348 0.130827
6 AKT1 2 1,074,001 0137767 34 F2 1 1,130.115 0133641
7 VEGFA 25 1,819.169 0.135093 35 PTPRC 11 425.0942 013142
8 ESRI 2 14430216 0136364 36 GSK3B 1 1724104 013024
9 ALB 2 3340745 0.1369 37 PGR 10 169.6428 0133641
10 CYP3A4 2 2620855 0131519 38 CDK1 10 3542064 0130729
1 PTK2 21 273.6661 013242 39 CYP4ALL 10 631.8848 0127753
2 AR 21 2463.67 013615 40 PTPNI 10 30.16577 0.128603
13 AKRIC3 20 1317.498 0.128889 41 KIT 10 31.93589 0129272
s ReLa 20 im0 2 HSDI17B2 10 48.97945 0121508
15 HSP9OABI 20 1284788 0.13562 13 SRD5A2 10 2619411 0124197
16 CYPIAL I 005634 [ oxass08 44 | cvmia 10 397.3055 0125723
17 LCK 16 183.2239 0132018 45 AHR 10 615.5516 0132926
18 | Nmscr 16 | 7038682 Lons 46 CYP2D6 10 1555887 0.120666
19 KDR 15 111483 0.129657
2 MMPY 15 9892133 0.133436
2 CYP19AL 15 1025711 0.129368
2 APP 15 | 9639133 0.134156 [
TLR4 14 548.1858 0.134259
| pras2 14 i o133
2 UGT2B7 14 2610851 0122708
2 PDGERB 13 2100354 onm
27 MAP2KI 12 1337814 0130142
3 MET 12 8836432 0.130533
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