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Visceral leishmaniasis remains a critical global health concern, necessitating the development of novel
therapeutic agents. In this study, a network pharmacology and molecular docking approach is used to
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identify potential antileishmanial phytochemicals from four traditional Indian medicinal plants: Cassia
fistula, Ceriops tagal, Avicennia paconiifolius, and Mimosa panicula. A total of 256 phytochemicals
are retrieved from the IMPPAT database and screened based on ADME and drug-likeness criteria,
narrowing the pool to 34 compounds. A Venn analysis identified 4 compounds shared among at least
two plant species, suggesting synergistic therapeutic relevance. The predicted targets are intersected
with visceral leishmaniasis-associated genes, revealing 27 shared proteins which formed a highly
connected protein—protein interaction (PPI) network. GO and KEGG enrichment highlighted pathways
related to inflammation, immune response, and oxidative stress. Molecular docking studies confirmed
that Eugenol binds to the same active site as the co-crystallized ligand in the target protein 6TUU, with
significant structural overlap and conserved interactions. These findings propose Eugenol as a
promising ant parasitic agent with potential to modulate visceral leishmaniasis-relevant pathways.
Furthermore, nanotechnology-based approaches enable nanoscale evaluation of ligand—protein
interactions, improve drug delivery potential, and enhance the identification of bioactive compounds
with higher specificity and therapeutic efficiency against visceral leishmaniasis.

Keywords: Visceral leishmaniasis; Eugenol; Network pharmacology; Protein—protein interaction;
Molecular docking.

1. INTRODUCTION

Visceral leishmaniasis (VL), also known as katar, is a neglected tropical disease caused primarily

by Leishmania donovanand transmitted by the bite of infected female sandflies (Phlebotomus
species). The disease is endemic in more than 80 countries, with the highest burden reported in Sout
Asia, East Africa, and parts of South America3|l Clinically, VL is characterized by prolonged
fever, weight loss, hepatosplenomegaly, and pancytopenia, and is fatal if left untreated [4,5]. Despite
sustained control efforts, VL remains a major public health challenge, particularly in relouibe

settings with poor socieconomic conditions and restricted access to healthcare [3,6,7]. Current
chemotherapeutic options for VL include pentavalkemtimonials, amphotericin B, miltefosinand
paromomycin [8,9]. However, their use is limited by severe toxicity, lengthy treatment regimens,
parenteral administration, high cost, and the emergence ofresiggant Leishmania strains [4,5].
These challenges underscore the urgent need for safer, more effective, and affordable antileishmanie
agents [10, 11]. Natural products have historically served as a rich source of lead compounds for drug
discovery [6]. Traditional medicinal plants, in particular, exhibit remarkable chemical diversity and
bioactivity against a wide range of infectious and parasitic diseases [7]. Indian medicinal flora,
supported by extensive ethnobotanical knowledge, represents a valuable reservoir of phytochemical:
with potential antileishmanial properties [8]. However, the complexitypahgpharmacologicahature

of plantderived compounds necessitate integrative approaches to elucidate their mechanisms of actior
[12,13]. Network pharmacology provides a systdevel framework to investigate multitarget
interactions between bioactive compounds, proteins, and disease pathways [9]. When combined with
molecular docking, this approach enables the identification of key molecular interactions and binding
affinities, thereby accelerating rational drug discovery [10,11]. In the present study, an integrative in
silico strategyis employed to identify potential antileishmanial phytochemicals from traditional Indian
medicinal plants using the IMPPAT database. Selected compaueadsreened for pharmacokinetic

and druglikeness properties, followed by molecular docking against a keyad#bciated target
protein (PDB ID: 6TUU), complemented by network pharmacology and enrichment analyses to
elucidate their potential mechanisms of action. Recent advances in nanotechnology have significantly
improved drug discovery processes by enabling nanoscale analysis of biomolecular interactions anc
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enhancing targeted drug delivery systems. Nanotechnology plays a critical role in improving the
bioavailability, stability, and therapeutic efficacy of phytochemicals such as Eugenol. Integrating
nanotechnology with network pharmacology provides a powerful platform for identifying-tamgjét
therapeutic agents against complex diseases such as visceral leishmaniasis

2. MATERIALS AND METHODS
2.1. Pharmacokinetic evaluation and compound screening

To identify promising phytochemicals for the treatment of visceral leishmaniasis, a systematic
screening of medicinal plants is performed using the IMPPAT (Indian Medicinal Plants,
Phytochemistry and Therapeutics) database. A keyword search for “visceral leishmaniasis” retrieved a
curated list of traditionally used Indian medicinal plants. Information on associated phytochemicals
and their specific plant part localization is collected. Chemical identities and structural data are
validated through cross-referencing with PubChem and supported by relevant scientific literature. All
retrieved phytochemicals are subjected to in silico ADME and drug-likeness evaluation to assess their
pharmacokinetic suitability. Multiple rule-based filters are applied, including Lipinski’s Rule of Five,
Ghose, Veber, Egan, GSK 4/400, and Pfizer 3/75 rules, along with calculation of an overall drug-
likeness score. Compounds satisfying the majority of these criteria are retained. This multistep filtering
strategy ensured selection of phytochemicals with favorable bioavailability and physicochemical
properties for downstream molecular docking against leishmaniasis-related targets [14, 15].

2.2, Construction of the compound-part—plant interaction network

To visualize the complex relationships between the selected medicinal plants, their anatomical parts,
and the associated bioactive phytochemicals, we constructed a compound—part—plant interaction
network using Cytoscape v3.10.0, a widely used platform for biological network visualization and
analysis [16, 17]. Data are organized into an edge list where nodes represented three categories: plant
species, plant parts, and phytochemicals. Edges denoted direct associations between phytochemicals
and the specific plant parts in which they had been reported [18, 19]. The network is visualized using a
circular layout to enhance interpretability of the distribution patterns across plant sources [20]. A color
scheme is applied to distinguish between node types: green for plant species, purple for plant parts, and
orange for phytochemicals. The thickness of edges reflected the frequency or strength of compound-—
part relationships, while node size is scaled by degree centrality, emphasizing hub compounds with
multiple associations [21]. Topological parameters are computed using the NetworkAnalyzer plugin in
Cytoscape to quantify node connectivity and identify phytochemicals with high centrality—key
candidates for bioactivity across multiple plant sources [22]. Furthermore, a Venn diagram is generated
to illustrate the intersection of phytochemicals common to multiple plants, highlighting core bioactive
constituents potentially responsible for therapeutic effects in visceral leishmaniasis.

2.3. Protein—protein interaction (PPI) network construction

A network pharmacology strategy is applied to investigate the molecular mechanisms underlying the
potential therapeutic effects of bioactive phytochemicals against visceral leishmaniasis [23, 24].
Initially, the predicted target genes of the screened compounds are obtained using the SuperPred server
(https://prediction.charite.de/index.php), which predicts likely protein targets based on chemical
structure similarity. The resulting targets are validated and standardized through cross-referencing with
the UniProt database (https://www.uniprot.org/) to ensure accurate gene—protein annotation within the
human proteome [25,26]. Concurrently, disease-related genes associated with visceral leishmaniasis
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are retrieved from the GeneCards database (https://www.genecards.org/) using the keyword “visceral
leishmaniasis.” The intersection of compound-targeted and disease-related genes is identified using
Venny 2.1.0 (https://bioinfogp.cnb.csic.es/tools/venny/), enabling the selection of overlapping targets
potentially relevant to disease modulation [27,28]. The shared targets are subsequently mapped to their
protein products and submitted to the STRING database (version 11.5; https://string-db.org/) for the
construction of the Protein—Protein Interaction (PPI) network [29,30]. The organism is set to Homo
sapiens, and the confidence score threshold is adjusted to medium (interaction score > 0.4) to capture
functionally relevant associations. The resulting interaction data are exported and visualized using
Cytoscape v3.10.0, allowing for comprehensive network topology analysis [31,32].

2.4. Gene ontology (GO) and KEGG pathway enrichment analysis

To investigate the biological relevance of the overlapping target proteins, functional enrichment
analyses are carried out. Gene Ontology (GO) enrichment is used to classify the genes into three core
categories: Biological Processes (BP), Molecular Functions (MF), and Cellular Components (CC),
enabling a comprehensive understanding of their functional roles. In parallel, Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis is performed to identify signaling and metabolic
pathways potentially involved in leishmaniosis-related biological processes. Default statistical
thresholds and filtering parameters are applied to determine significantly enriched terms [33, 34]. The
most relevant GO terms and KEGG pathways are ranked based on significance values and selected for
further visualization. High-quality graphical representations, including bar plots, chord diagrams, and
annotated KEGG  pathway maps, are  generated wusing the  SRplot platform
(http://www.bioinformatics.com.cn/srplot) to aid in biological interpretation. To further integrate
compound—target—pathway relationships, a Compound-Target—Pathway (C-T-P) network is
constructed in Cytoscape v3.10.0 [35, 36]. In this network, bioactive compounds, predicted targets,
and enriched pathways are represented as nodes, while their functional associations are illustrated as
edges [37-40]. The resulting visualization revealed key targets involved in multiple pathways and
highlighted convergence points indicative of multi-target mechanisms, offering insight into the
potential therapeutic action of the phytochemicals [41-43].

2.5. Molecular docking

The three-dimensional structures of the selected phytochemicals: Quercetin, Methyleugenol, Eugenol,
and Benzyl salicylate, are retrieved from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/).
These compounds are downloaded in SDF format and converted to PDB format using OpenBabel GUI
[44, 45]. Ligand preparation is performed using AutoDockTools, where polar hydrogens are added,
Gasteiger charges are assigned, and rotatable bonds are defined to allow ligand flexibility during
docking. The target protein, Leishmania infantumRad51 surrogate LiRadA10 in complex with 5,6,7,8-
tetrahydro-2-naphthoic acid (PDB ID: PDB ID: 6TUU), is obtained from the RCSB Protein Data Bank
(https://www.rcsb.org/structure/2WUU). Protein preparation involved removal of water molecules and
heteroatoms, addition of polar hydrogens, and assignment of Kollman charges using AutoDockTools
[46-51]. The protein is saved in PDBQT format for docking. Molecular docking simulations are
performed using AutoDock Vina, with the grid box centered on the active site to fully encompass the
binding pocket. Grid parameters are defined in a configuration file for precise docking. To validate the
docking protocol, the co-crystallized ligand is redocked into the binding site [13, 14]. The docking
reproduced the experimentally observed binding conformation with a root-mean-square deviation
(RMSD) below 2 A, confirming the accuracy and reliability of the docking setup. All docked
complexes are converted to PDB format using OpenBabel and analyzed for intermolecular interactions
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with LigPlot+ [15]. Final visualizations and detailed inspection of ligand—protein interactions are
conducted using PyMOL, providing insights into binding modes and key contact residues in L.

nfantum.
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Figure 1 2D chemical structures of the selected ligands: Quercetin, Methyleugenol, Eugenol, Benzyl

salicylate, and the co-crystallized ligand, 2-oxopentadecanoyl coenzyme A, drawn using ChemDraw
software.
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Figure 2 3D Structures of the target protein (PDB ID: 2WUU) visualized using Pymol software.
2.6. Nanotechnology-based computational enhancement

Nanotechnology-based computational approaches are considered to enhance molecular docking and
network pharmacology analysis. Nanoscale modeling allows precise evaluation of ligand—protein
interactions, binding stability, and conformational changes. Additionally, nano-enabled drug delivery
concepts can be incorporated to predict improved pharmacokinetic behavior and targeted therapeutic
action of selected phytochemicals.

3. RESULTS AND DISCUSSION
3.1.  Phytochemical selection

A total of 256 phytochemicals are initially retrieved from the IMPPAT (Indian Medicinal Plants,
Phytochemistry and Therapeutics) database (Figure 3). These compounds originated from the selected
medicinal plants and are first evaluated based on pharmacokinetic and physicochemical properties. As
a result, 34 compounds demonstrating the most favorable ADME parameters and drug-likeness
profiles are shortlisted for further analysis (Table 1). To explore shared bioactive constituents across
the studied plants, a Venn diagram analysis is performed (Figure 4). This visualization involved four
medicinal plant species. Cassia fistula (C. fistula), Ceriops tagal (C. tagal), Avicennia paconiifolius
(A. paconiifolius), and Mimosa panicula (M. panicula). Each species is represented by a differently
colored circle, and overlapping areas indicate shared phytochemicals between species. Quantitative
analysis showed that M panicula contributed the majority of compounds with 174 phytochemicals
(63.3% of the total), followed by C. fistula with 55 compounds (20%), A. paconiifolius with 14
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compounds (5.1%), and C. fagal/ with 4 compounds (1.5%). The intersections revealed that C. fistula
and C. tagal shared only 1 compound (0.4%), while A. paconiifolius and C. fistula had a more notable
overlap of 3 compounds (1.1%). Importantly, the Venn diagram identified 4 compounds common to at
least two or more of these species, highlighting potential polyherbal synergy and rationalizing their
selection for subsequent in silico analyses. This graphical representation effectively illustrates the
distribution and interrelationships of phytochemicals among the selected plants, providing insight into
shared bioactive molecules that may contribute to their combined therapeutic effects.
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Figure 3 Network representation of key phytocompounds from Cassia fistula, Ceriops tagal,
Avicennia paconiifolius, and Mimosa panicula, traditionally used in the treatment of visceral
leishmaniasis.
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Figure 4 Venn diagram illustrating the overlap of phytochemical compounds among four medicinal
plants: Cassia fistula, Ceriops tagal, Avicennia paconiifolius, and Mimosa panicula.
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Table 1 Pharmacokinetic and Drug-Likeness Evaluation of Selected Phytochemicals.

Compounds Number | Lipinski’s | Number | Ghose | Veber | Egan | GSK | Pfizer | drug-
of rule of 5 | of Ghose rule rule rule 4/400 3/75 | likeness
Lipinski’s rule rule rule score
rule of 5 violations
violations
Triacontane 1 Passed 3 Failed Bad Bad Bad Bad 0.12
Betulinic acid 1 Passed 3 Failed | Good Bad Bad Bad 0.44
Oxalic acid 0 Passed 4 Failed | Good | Good | Good Bad 0.38
Quercetin 0 Passed 0 Passed | Good | Good | Good | Good 0.43
Fucosterol 1 Passed 3 Failed | Good Bad Bad Bad 0.42
Tannic acid 1 Passed 3 Failed | Good Bad Bad Bad 0.42
Stigmasterol 1 Passed 2 Failed | Good Bad Bad Bad 0.46
beta-Sitosterol 1 Passed 2 Failed | Good Bad Bad Bad 0.44
beta-Bisabolene 1 Passed 0 Passed | Good | Good Bad Bad 0.56
Octadecane 1 Passed 1 Failed Bad Bad Bad Bad 0.27
Methyl salicylate 0 Passed 3 Failed | Good | Good | Good Bad 0.61
Eugenol 0 Passed 0 Passed | Good | Good | Good Bad 0.69
Methyl linoleate 1 Passed 1 Failed Bad Good Bad Bad 0.22
Methyl linolenate 1 Passed 1 Failed Bad Good Bad Bad 0.25
Methyleugenol 0 Passed 0 Passed | Good | Good | Good Bad 0.66
Eicosane 1 Passed 1 Failed Bad Bad Bad Bad 0.24
Methyl palmitate 1 Passed 1 Failed Bad Good Bad Bad 0.3
Benzyl salicylate 0 Passed 0 Passed | Good | Good | Good Bad 0.82
Heptadecane 1 Passed 1 Failed Bad Bad Bad Bad 0.29
Nonadecane 1 Passed 1 Failed Bad Bad Bad Bad 0.25
Docosane 1 Passed 1 Failed Bad Bad Bad Bad 0.21
Pentacosane 1 Passed 2 Failed Bad Bad Bad Bad 0.17
Asperglaucide 0 Passed 0 Passed | Bad Good Bad Bad 0.47
cis-beta-Farnesene 1 Passed 0 Passed | Good | Good Bad Bad 0.39
alpha-Terpineol 0 Passed 1 Failed | Good | Good | Good Bad 0.58
Nerol 0 Passed 1 Failed | Good | Good | Good Bad 0.62
Phytol 1 Passed 1 Failed Bad Bad Bad Bad 0.39
Nerolidol 0 Passed 0 Passed | Good | Good Bad Bad 0.63
Ethyl butyrate 0 Passed 2 Failed | Good | Good | Good Bad 0.52
Stearic acid 1 Passed 1 Failed Bad Bad Bad Bad 0.34
Oleic acid 1 Passed 1 Failed Bad Bad Bad Bad 0.29
Lupeol 1 Passed 3 Failed | Good Bad Bad Bad 0.42
Palmitic acid 1 Passed 0 Passed Bad Good Bad Bad 0.41
D-Glucose 0 Passed 2 Failed | Good Bad Good | Good 0.29







