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ABSTRACT

Objectives: This study aimed to elucidate the multitarget therapeutic mechanisms of Calotropis gigantea leaf extract against vulvovaginal candidiasis 
(VVC) using a network pharmacology (NP) approach integrated with molecular docking.

Methods: Gas chromatography-mass spectrometry (GC-MS) analysis of the methanolic extract of C. gigantea leaves identified 38 phytochemicals. 
Drug-likeness was assessed through SwissADME, and target prediction was performed using Super-PRED and UniProt. VVC-related genes from 
GeneCards were compared using Venny, and common targets were analyzed through STRING for protein–protein interaction. Pathway enrichment 
and network construction were done through Kyoto Encyclopedia of Genes and Genomes (KEGG) and Cytoscape. Key compounds were docked with 
hub protein toll-like receptor 4 (TLR4) using Molsoft ICM.

Results: GC-MS identified key bioactives like 3,6-Octadienal, 3,7-dimethyl- and 1,3,8-p-Menthatriene. Ten overlapping targets with VVC genes were 
found, with TLR4 as a major hub. KEGG analysis highlighted four pathways, including Toll-like receptor signaling. Docking revealed strong binding of 
3,6-Octadienal, 3,7-dimethyl- to TLR4 (−24.9 kcal/mol), exceeding clotrimazole (-18.82 kcal/mol).

Conclusion: C. gigantea Linn. shows promise as a multi-target antifungal agent against VVC by modulating immune pathways. NP and docking 
highlight 3,6-Octadienal, 3,7-dimethyl, as a key bioactive. Among the identified compounds, 3,6-Octadienal, 3,7-dimethyl-  exhibited the strongest 
binding affinity toward TLR4; however, its low concentration (0.11% relative peak area) indicates that its biological impact may be limited and 
potentially synergistic with other more abundant phytoconstituents. Further in vitro and in vivo studies are needed to validate these findings and 
develop clinical formulations.
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INTRODUCTION

Vulvovaginal candidiasis (VVC) is a common mucosal infection that 
affects the lower female reproductive tract. It is primarily caused 
by Candida albicans, an opportunistic fungus with polymorphic 
characteristics. C. albicans is a natural part of the human microbiota 
and can exist in the vaginal environment without triggering any 
symptoms under normal conditions [1]. VVC remains a prevalent 
fungal infection, with nearly three-quarters of women experiencing it 
at least once in their lifetime. C. albicans is the predominant causative 
agent, responsible for 85–95% of reported cases [2]. Although 
C. albicans is the principal etiological agent of VCC, non-albicans 
species such as Candida glabrata, Candida tropicalis, Candida krusei, 
and Candida parapsilosis are also capable of colonizing the vaginal 
niche and contributing to infection. Typically part of the normal 
vaginal microbiota, Candida species can shift from a commensal to a 
pathogenic state under certain yet unidentified conditions, leading to 
disease manifestation [3]. VVC is characterized by clinical symptoms 
such as thick, white, curd-like vaginal discharge, vulvovaginal pruritus, 
erythema, burning sensations, and dyspareunia. The development of 
VVC is often associated with a range of predisposing factors, including 
recent antibiotic use, elevated estrogen levels due to pregnancy, 
hormonal contraceptives, or hormone replacement therapy, poorly 
controlled diabetes mellitus, increased sexual activity, and the frequent 
use of tight-fitting clothing [4].

A subset of women develops recurrent VVC (RVVC), which is 
characterized by multiple symptomatic episodes separated by 
symptom-free intervals. RVVC is commonly defined as the occurrence of 
three or more clinically confirmed episodes within a 12-month period, 
though some authors suggest a stricter criterion of four episodes 
annually for diagnosis [5].

Although first-line antifungal therapies, including fluconazole and 
imidazole agents, result in improved quality of life for approximately 
96% of women with VVC, recurrence remains a significant issue, with 
nearly 63% experiencing repeated infections despite completion of 
maintenance therapy [6]. Persistent vaginal colonization by Candida 
species often leads to significant discomfort and psychological 
distress among affected women, particularly in cases where standard 
antifungal therapies prove ineffective, thereby highlighting critical 
challenges in the development of future treatment strategies [7-9]. 
VVC continues to pose a significant public health concern owing 
to its high global prevalence, frequent persistence of vaginal 
Candida colonization following standard antifungal therapy, and 
the adverse effects associated with prolonged use of topical azole 
agents. Recently, two novel antifungal agents – oteseconazole and 
ibrexafungerp – have emerged as promising therapeutic alternatives, 
demonstrating enhanced efficacy and a reduced incidence of 
adverse effects. Azole antifungals exert their action by inhibiting 
the cytochrome P450 enzyme sterol 14α-demethylase (CYP51), 
also known as lanosterol 14α-demethylase, which is essential for 
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converting lanosterol to ergosterol, a fundamental component of the 
fungal cell membrane [10].

Calotropis gigantea Linn. (Family Asclepiadaceae) is commonly 
found in dry, barren areas. Its leaves are obovate with a cordate base 
and measure about 6–20  cm long. Conventionally, the plant is used 
to manage conditions such as sprains, fatigue, epilepsy, and pain 
and is also known for its role in treating pregnancy-related issues, 
toothaches, and earaches [11,12]. Dried leaves of C. gigantea are known 
for their expectorant and anti-inflammatory effects and are used to 
treat conditions such as paralysis and rheumatic pain. Its leaf extract 
contains bioactive antifungal compounds, effective against C. albicans, 
and can support the synthesis of silver nanoparticles (AgNP) [13,14].

Network pharmacology (NP) is an interdisciplinary approach grounded 
in systems biology, integrating multiple pharmacological pathways 
to understand drug actions and disease mechanisms [34]. Unlike 
traditional single-target approaches, NP explores how drugs act on 
multiple targets. It merges computational tools with molecular biology 
and pharmacology to map disease–target–drug interactions using 
available data on genes, proteins, and diseases [15].

This study employs NP to identify key bioactive compounds from 
C. gigantea Linn. and explore their potential mechanisms against 
VVC. Gas chromatography-mass spectrometry (GC-MS) was used to 
identify plant compounds, which were then screened for drug-likeness. 
VVC-related genes and compound-associated targets were retrieved 
from public databases, and their overlap was analyzed through Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment. 
A  key signaling pathway and hub gene were identified, followed by 
virtual screening of selected compounds against the hub gene [16].

Similar methodological approaches of integrating network 
pharmacology with molecular docking have been successfully used in 
other plant-based investigations as well [27].

Molecular docking is a computational technique that predicts how 
ligands bind to receptor proteins, aiding in the design of new therapeutic 
agents. It is a key tool in structure-based drug discovery and plays a vital 
role in modern drug development [17,18]. Network pharmacology–
based analyses on other medicinal plants have integrated molecular 
docking to identify bioactive compounds, their signaling pathways, and 
their key target interactions, supporting the scientific approach used in 
the present study [28, 32].

NP and molecular docking together provide a comprehensive in silico 
framework ideally suited for the study of complex herbal systems. Herbal 
extracts such as C. gigantea Linn. contain numerous phytoconstituents 
that can act on multiple molecular targets simultaneously, producing 
therapeutic effects through synergistic and multi-pathway interactions. 
Traditional single-target drug discovery approaches often fail to 
capture this complexity, as they focus on isolated compounds and 
individual targets. In contrast, NP systematically integrates these 
multi-component interactions at the molecular and systems levels, 
while molecular docking provides atomic-level insight into the binding 
affinity and interaction mode of the active compounds with specific 
protein targets. Hence, combining these two approaches allows for a 
mechanistic understanding of the overall pharmacological potential 
of C. gigantea against VVC, laying the foundation for subsequent 
experimental validation. Thus, this study aimed to identify a bioactive 
phytoconstituent through NP and molecular docking approaches.

METHODS

Plant collection
The leaves of C. gigantea Linn were collected from the rural areas 
of Shirasi and Bahadurwadi, Sangli, Maharashtra, India. The plant 
specimen was authenticated by the Department of Botany, Sadguru 
Gadage Maharaj College, Karad, ensuring accurate identification and 
classification.

Drying and size reduction
Leaves of C. gigantea Linn. were washed, shade-dried at room temperature, 
and ground into coarse powder using a mechanical grinder [19].

Extraction of C. gigantea Linn leaves
To prepare the methanolic extract, 100  g of dried leaf powder was 
extracted with 1,000  mL of methanol using a Soxhlet apparatus at 
50°C for 24  h. The filtrate was collected, concentrated using a rotary 
evaporator, and stored at 4°C in airtight containers for further use [11].

Phytochemical screening
Preliminary phytochemical screening was performed using standard 
methods to identify bioactive compounds such as tannins, saponins, 
flavonoids, steroids, terpenoids, triterpenoids, alkaloids, carbohydrates, 
proteins, anthraquinones, polyphenols, and glycosides [20,21,33].

GC-MS analysis
GC-MS analysis of the methanolic leaf extract of C. gigantea was 
conducted using a Thermo Scientific Triple Quadrupole system (Trace 
1,300 GC with TSQ 8,000 MS) and a TG 5MS column (30 m × 0.25 mm, 
0.25 μm). Helium served as the carrier gas at 1 mL/min flow rate with a 
1.0 μL injection volume. The injector and ion source temperatures were 
set at 250°C and 230°C, respectively. The oven temperature was initially 
50°C and programmed to reach 280°C [13,45].

Compound database construction and drug-likeness filtering
The information on chemical compounds from C. gigantea Linn. was 
identified using GC-MS analysis. The 38 compounds detected in GC-MS 
were filtered to select chemical compounds of above 1% relative peak 
area. PubChem (https://pubchem.ncbi.nlm.nih.gov/) was utilized 
for the identification of simplified molecular input line entry system 
(SMILES). The SwissADME (http://www.swissadme.ch/) based SMILES 
was used to identify the “Drug-likeness” property [16].

Compounds were evaluated for drug-likeness based on Lipinski’s Rule 
of Five, wherein drug-like compounds are expected to have no more 
than one violation of the five criteria.
a.	 It must have <5 hydrogen bond donors
b.	 It must have <10 hydrogen bond acceptors
c.	 The molecular weight should not be more than 500 daltons
d.	 The log p-value should be <5 [41].

Identification of target proteins associated with bioactives and 
VVC
In the NP workflow, potential targets of the identified phytoconstituents 
were predicted using the Super-PRED database (https://prediction.
charite.de) with a probability threshold of ≥0.7 to ensure high-
confidence associations where Homo sapiens was selected as the 
species. VVC-related targets were retrieved from the GeneCards 
database (https://www.genecards.org/) using a relevance score 
≥50 as the selection criterion to obtain well-supported gene–disease 
associations. Overlapping targets between disease and phytochemicals 
were visualized using Venny 2.1.0 (https://bioinfogp.cnb.csic.es/tools/
venny/) [22].

Protein–protein interaction (PPI)
A PPI network was generated using the STRING database (https://
cn.string-db.org/), focusing on overlapping targets between C. gigantea 
and VVC, with the species restricted to Homo sapiens. A  confidence 
score of 0.150 was set to ensure the highest reliability from the STRING 
database [45]. These shared genes were further analyzed for gene–
gene interactions and KEGG pathway enrichment through the STRING 
platform [23].

Construction of a component‑disease‑pathway‑target network
Targets related to both C. gigantea Linn. compounds and VVC pathways 
were organized in Excel. Initially, disease-related genes (Node 1) were 
imported into Cytoscape 3.7.2 [44] to construct a disease network. 
Then, targets of the plant’s active compounds (Node 2) were added. 
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The two networks were merged using Cytoscape’s merge function 
to identify potential therapeutic targets of C. gigantea in VVC. The 
resulting network highlighted interactions between plant compounds 
and disease-related genes. Network visualization and analysis were 
performed using the Network Analyzer plugin, while hub genes were 
identified using the CytoHubba module [24-26].

Molecular docking
Molecular docking facilitates the study of ligand–protein interactions, 
helping identify potential binding partners. The 3D structure of the 
hub protein Toll-like receptor 4 (TLR4) (protein data bank [PDB] ID: 
5TZ1) was obtained from the Research Collaboratory for Structural 
Bioinformatics PDB database (https://www.rcsb.org/) for docking 
analysis [29,30]. The 2D structures of key phytocompounds and 
the reference drug clotrimazole were retrieved from the PubChem 
database (https://pubchem.ncbi.nlm.nih.gov/) [31]. Before docking, 
water molecules were removed, hydrogen atoms were added, and the 
protein structure was energy minimized using ICM Molsoft.

The binding site was defined based on the coordinates of the ligand in 
the 5TZ1 structure, encompassing the known active pocket of TLR4. Grid 
box was generated to cover the binding cavity. Molecular docking was 
performed using ICM Molsoft software. For each ligand, 10 independent 
docking runs (confirmations) were performed to ensure convergence of 
binding poses, and best-scoring conformation based on the ICM docking 
score (in kcal/mol) was selected for interaction analysis.

The software enabled visualization of molecular interactions in both 2D 
and 3D formats, highlighting hydrogen bonds, hydrophobic interactions, 
and binding scores of the docked complexes [29,30].

RESULTS AND DISCUSSION

Phytochemical screening
Preliminary analysis revealed that the leaf extract contains proteins 
as primary metabolites and various bioactive secondary metabolites, 
including tannins, steroids, terpenoids, triterpenoids, flavonoids, 
alkaloids, carbohydrates, polyphenols, and glycosides (Table 1). Their 
presence suggests the potential medicinal value of the plant.

GC-MS analysis
The GC-MS analysis of the methanolic extract of C. gigantea Linn. 
revealed the presence of 38 different phytochemical constituents, 
identified based on their retention time (RT) and peak area. These 
compounds include terpenes, aldehydes, alcohols, fatty acids, 
and esters, suggesting a diverse phytochemical profile. The major 
compounds identified were 3, 7, 7-Trimethylbicyclo[4.1.0]hept-3-
ene-2,5-dione (RT: 17.448  min, 22.05%), 1, 3, 8-p-Menthatriene 
(RT: 11.216  min, 19.74%), Bicyclo[3.1.0]hex-2-ene, 2-methyl-5-(1-
methyl) (RT: 8.104 min, 9.83%), Longifolene (RT: 20.962 min, 4.75%), 
9-Undecenal, 2,10-dimethyl-  (RT: 37.918 min, 4.71%), p-Cymene-2,5-
diol (RT: 26.004 min, 4.26%), and (1R, 4R, 5S)-1-Isopropyl-4-methoxy-
4-methylbicyclohexane (RT: 13.736 min, 4.11%).

A complete list of all compounds with their RT and peak area is 
presented in Table 2. These compounds are known for various biological 
activities such as antimicrobial, antioxidant, and anti-inflammatory 
effects, which could support the therapeutic potential of the extract. 
The total ion chromatogram (TIC) of the GC-MS analysis is shown in 
Fig. 1, illustrating the retention peaks of the identified phytochemicals.

Compound database construction and drug-likeness filtering
Out of the 38 identified phytoconstituents, 35 satisfied the applied drug-
likeness criteria and were retained for subsequent target prediction 
and NP analysis.

Identification of gene protein associated with bioactive and VVC
Target prediction was performed using the Super-PRED database, 
and protein targets were converted to official gene symbols using 

Table 2: GC‑MS analysis of methanolic extracts of Calotropis 
gigantea Linn. leaves

Sr. No. Compound name Retention 
time

Peak 
area (%)

01 Bicyclo[3.1.0]hex‑2‑ene, 
2‑methyl‑5‑(1‑methy

8.104 9.83

02 Bicyclo[3.1.1]heptane, 
6,6‑dimethyl‑2‑methyl

9.638 1.87

03 1,3,8‑p‑Menthatriene 11.216 19.74
04 gamma.‑Terpinene 12.045 0.82
05 cis‑4‑methoxy thujane 13.071 0.69
06 (1R,4R,5S)‑1‑Isopropyl‑4‑ 

methoxy‑4‑methylb
13.736 4.11

07 3,6‑Octadienal, 3,7‑dimethyl‑ 14.902 0.11
08 3‑Cyclohexen‑1‑ol, 

4‑methyl‑1‑(1‑methylethyl
15.464 0.33

09 (3E,5E)‑2,6‑Dimethylocta‑ 
3,5,7‑trien‑2‑ol

15.872 0.13

10 Octanoic acid 16.349 0.60
11 3,7,7‑Trimethylbicyclo 

[4.1.0]hept‑3‑ene‑2,5‑d
17.448 22.05

12 2,4‑Decadienal, (E, E)‑ 18.268 1.04
13 Benzene, 

2‑methoxy‑1,3,5‑trimethyl‑
18.760 5.37

14 Tricyclo[5.4.0.0 (2,8)]undec‑9‑ene, 
2,6,6,9‑tetr

19.558 1.47

15 2‑Undecenal 19.842 1.35
16 1‑Cyclohexene‑1‑ 

carboxaldehyde, 2,6,6‑trime
20.347 0.32

17 Longifolene 20.962 4.75
18 2‑Tridecanone 22.933 0.22
19 alpha.‑Bisabolol 23.368 0.31
20 Epizonarene 23.921 0.08
21 p‑Cymene‑2,5‑diol 26.004 4.26
22 Tetradecanal 26.794 0.17
23 1,8,11‑Heptadecatriene, (Z, Z)‑ 28.164 0.16
24 0s, 11s‑Himachala‑3 (12),4‑diene 28.641 0.14
25 2‑Pentadecanone 29.166 0.38
26 Pentadecanal‑ 29.592 0.31
27 5‑Caranol, trans, trans‑(+)‑ 30.115 0.42
28 Tetradecanoic acid 31.420 3.83
29 Hexadecanoic acid, methyl ester 34.228 1.45
30 Phenanthrene, 

7‑ethenyl‑1,2,3,4,4a, 4b, 5,6,7,9,
34.883 1.47

31 9‑Tetradecen‑1‑ol, acetate, (Z)‑ 35.067 0.58
32 2,3‑Dihydrofarnesyl decanoate 35.309 2.34
33 Butyric acid, hexadecyl ester 35.524 0.63
34 Methyl 10‑trans, 

12‑cis‑octadecadienoate
37.682 1.66

35 9‑Undecenal, 2,10‑dimethyl‑ 37.918 4.71
36 6‑Octadecenoic acid 41.324 0.01
37 9,12‑Octadecadienoic acid (Z, Z)‑ 41.541 0.12
38 Oxacycloheptadec‑8‑en‑2‑one, (8Z)‑ 42.673 2.76
GC‑MS: Gas chromatography‑mass spectrometry

Table 1: Qualitative analysis of Calotropis gigantea Linn leaf extract

Phytochemicals Results
Tannins +
Saponins −
Steroids +
Terpenoids +
Triterpenoids +
Flavonoids +
Alkaloids +
Carbohydrate +
Proteins +
Anthraquinones −
Polyphenols +
Glycosides +
Indications: “+” means positive activity, “−” means negative activity
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Fig. 1: Gas chromatography-mass spectrometry chromatogram of methanolic extract of Calotropis gigantea Linn. leaf

UniProt IDs. Targets with a probability score above 0 were considered. 
From GeneCards, 127 genes related to VVC were identified, while 
440 phytoconstituent-related genes were obtained from the STRING 
database. The intersection revealed 10 common targets between 
C. gigantea bioactives and VVC-related genes. A Venn diagram illustrated 
these overlapping targets (Fig. 2).

PPI
The PPI network generated through the STRING database (Fig. 3) revealed 
strong interaction among 10 key targets, including TLR4, STAT1, AR, 
ESR1, KIT, BRAF, IDO1, SLC5A1, SLC5A2, and ABCB1. TLR4 and STAT1 
were identified as central hub proteins with the highest interaction 
degrees, suggesting their major involvement in immune and inflammatory 
pathways. These results highlight the functional relevance of the identified 
targets in the potential mechanism of action. The top 10 hub genes 
identified based on degree centrality values are summarized in Table 4.

Construction of a component‑disease‑pathway‑target network
The KEGG pathway enrichment analysis showed that 9 target 
proteins were associated with 4 signaling pathways (False Discovery 
Rate <0.05). The 4 signaling pathways were directly related to VVC. The 
description of 4 signaling pathways is presented in Table 3. The top 4 
KEGG pathways are as follows: Breast cancer (hsa05224), inflammatory 
bowel disease (IBD) (hsa0521), Endocrine resistance (hsa01522), and 
Toll-like receptor signaling pathway (hsa05200). The resulting PPI 
network consisted of 10 nodes and 33 edges, as illustrated in Fig. 3. The 
top GO terms for biological process (BPs), molecular function (MFs), 
and CCs are depicted in Figs. 4-6, respectively.

A S-T-B network of C. gigantea Linn. leaves is displayed in Fig. 3. There 
were 35 bioactives, 11 target proteins, and 4 pathways. TLR4 emerged 
as the major target, indicating its central role in the mechanism of 
action. The identified targets were associated with relevant pathways 
such as Toll-like receptor signaling, endocrine resistance, and immune 
response, suggesting that C. gigantea exerts its antifungal and anti-
inflammatory effects through a multi-target, synergistic approach.

In PPI, the TLR4 target exhibited the highest degree (27) and it is 
considered as a hub target protein (Fig. 7).

Molecular docking
Based on the PPI network, we employed molecular docking to 
determine the possibility of binding between VVC-related core targets 
and phytoconstituents of C. gigantea Linn. leaves methanolic extract. 
TLR4 was selected as a protein receptor because it had connected or 
interacted with 35 bioactive compounds in the component-disease-
pathway target network. The compound with the most negative binding 
energies is 3,6-Octadienal, 3,7-dimethyl-(-24.9 kcal/mol), indicating 
very strong interactions with the target proteins. This compound exhibits 

Fig. 2: Venn diagram analysis of the intersection targets between 
Calotropis gigantea Linn. leaves and vulvovaginal candidiasis

Fig. 3: Overlapping 10 gene-gene networking nodes and edges 
(false discovery rate <0.05)
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Table 3: The description of 4 signaling pathways

KEGG ID Pathways Target protein
hsa05224 Breast cancer KIT, ESR1, BRAF
Hsa0521 Inflammatory bowel disease STAT1, TLR4
hsa01522 Endocrine resistance ESR1, BRAF
hsa04620 Toll‑like receptor signaling pathway STAT1, TLR4
TLR4: Toll‑like receptor 4, KEGG: Kyoto encyclopedia of genes and genomes

Table 4: Top 10 hub genes identified from the PPI network 
based on degree centrality (score) values calculated using 

CytoHubba in Cytoscape

Rank Name Score
1 TLR4 9
2 ABCB1 9
3 IDO1 7
4 BRAF 7
5 ESR1 7
6 AR 7
7 STAT1 7
8 KIT 7
9 SLC5A2 3
10 SLC5A1 3
TLR4: Toll‑like receptor 4, PPI: Protein–protein interaction

Fig. 4: Biological process (gene ontology) enrichment

robust binding, which suggests its potential for high biological activity. 
The binding energy values of all docked phytoconstituents, including 
the standard drug clotrimazole as a standard drug (18.82 kcal/mol), are 
summarized in Table 5. The detailed interaction profile of the standard 
drug clotrimazole with the 5TZ1 receptor is presented in Table 7. The 
interaction of the major phytoconstituent 3,6-Octadienal, 3,7-dimethyl- 
with the 5TZ1 receptor demonstrated stable binding, as shown in the 
3D and 2D docking visualizations (Fig. 9). For comparison, the standard 
antifungal drug clotrimazole exhibited strong interactions with the 
5TZ1 receptor, as depicted in the corresponding 3D & 2D docking 
model (Fig. 10).

DISCUSSION

This study employed a multidisciplinary approach combining 
phytochemical screening, GC-MS analysis, NP, and molecular docking 
to investigate the antifungal potential of C. gigantea Linn. leaf extract 
against VVC. The findings confirm that C. gigantea is a valuable source 
of bioactive compounds with significant therapeutic relevance.

Preliminary phytochemical screening revealed the presence of 
flavonoids, tannins, terpenoids, alkaloids, polyphenols, and glycosides 
– classes of compounds previously reported to possess antifungal 
and anti-inflammatory activities [11]. These compounds are known 
to interfere with fungal cell wall integrity, inhibit virulence factors, 
and suppress inflammatory pathways, all of which are central to 

Fig. 5: Molecular function (gene ontology) enrichment
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the treatment of VVC [14]. Similar phytochemical profiles were 
also reported by Sharma et al. 2016 [13], confirming the consistent 
composition of C. gigantea leaves across studies.

GC-MS analysis further validated the presence of 38 compounds, with 
major constituents such as 3,7,7-trimethylbicyclo[4.1.0]hept-3-ene-
2,5-dione, 1,3,8-p-Menthatriene, and Longifolene – compounds that 
have demonstrated antimicrobial or immunomodulatory activities 
in earlier reports. A  comparable GC-MS profile was reported by 
Madhavan et al. 2020 [19], who also found terpenes and fatty acid 
derivatives contributing to antifungal action. The detection of 
p-Cymene-2,5-diol and methyl esters of long-chain fatty acids further 
supports the extract’s membrane-targeting activity against fungal 

pathogens, potent anti-Candida effects of AgNP synthesized using 
C. gigantea extract [12].

Through NP, 10 overlapping targets between bioactive compounds and 
VVC-related genes were identified. Notably, key targets such as TLR4, 
STAT1, ESR1, and BRAF have been implicated in immune modulation 
and epithelial defense mechanisms. The TLR4 receptor, which showed 
the highest interaction degree, is a known pattern recognition receptor 
for fungal pathogens like C. albicans. Prior studies have established 
that modulation of TLR4 signaling can suppress inflammation while 
enhancing pathogen clearance in mucosal infections [7]. Fig. 8 shows 
connectivity pattern of the top 10 hub targets was visualized using 
a protein–protein interaction network constructed through the 

Fig. 6: KEGG pathways enrichment

Fig. 7: Component-disease-pathway target network. Green triangles represent pathways, pink hexagons indicate genes involved in 
disease, blue circles represent phytoconstituents in Calotropis gigantea Linn, and the g-ray edges indicate the interactions between the 

targets and the active ingredients
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Table 5: Virtual docking of TLR4 targets with corresponding active phytoconstituents from Calotropis gigantea Linn. leaves extract and 
standard compound

Sr. No. Structure Phytochemical Binding energy (BE)
1. Clotrimazole −18.82

2. 3,6‑Octadienal, 3,7‑dimethyl‑ −24.9

3. 2‑Pentadecanone −22.7

4. Octanoic acid −22.28

5. 3,7,7‑Trimethylbicyclo[4.1.0]hept‑3‑ene‑2,5‑dione −20.78

6. Tetradecanal −20.28

7. Pentadecanal −19.6

8. 9‑Undecenal, 2,10‑dimethyl‑ −18.72

9. 2,4‑Decadienal, (E, E)‑ −18.62

10. 2‑Tridecanone −18.33

11. 9‑Tetradecen‑1‑ol, acetate, (Z)‑ −17.91

12. Tetradecanoic acid −17.46

(Contd...)
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Table 5: (Continued)

Sr. No. Structure Phytochemical Binding energy (BE)
13. 6‑Octadecenoic acid −17.35

14. (3E,5E)‑2,6‑Dimethylocta‑3,5,7‑trien‑2‑ol −17.1

15. Butanoic acid, hexadecyl ester −16.19

16. p‑Cymene‑2,5‑diol −15.9

17. Tricyclo[5.4.0.0 (2,8)]undec‑9‑ene, 
2,6,6,9‑tetramethyl

−15.44

18. Methyl 10‑trans, 12‑cis‑octadecadienoate −14.4

19. 1,8,11‑Heptadecatriene, (Z, Z)‑ −14.4

20. alpha.‑Bisabolol −14.25

21. Hexadecanoic acid, methyl ester −13.63

22. 2,3‑Dihydrofarnesyl decanoate −13.09

23. Oxacycloheptadec‑8‑en‑2‑one, (8Z)‑ −12.98

24. 1,3,8‑p‑menthatriene −11.94

25. 3‑Cyclohexen‑1‑ol, 4‑methyl‑1‑(1‑methylethyl −11.85

(Contd...)
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Table 5: (Continued)

Sr. No. Structure Phytochemical Binding energy (BE)
26. Epizonarene −11.85

27. 2‑Undecenal −11.78

28. Longifolene −11.67

29. 10s, 11s‑Himachala‑3 (12),4‑diene −11.12

30. gamma.‑terpinene −10

31. Bicyclo[3.1.0]hex‑2‑ene, 2‑methyl‑5‑(1‑methyethyl −9.222

32. 1‑Cyclohexene‑1‑carboxaldehyde, 2,6,6‑trimethyl −8.895

33. Phenanthrene, 7‑ethenyl‑1,2,3,4,4a, 4b, 5,6,7,9, −7.413

34. cis‑4‑methoxy thujane −5.756

35. Benzene, 2‑methoxy‑1,3,5‑trimethyl‑ −4.475

TLR4: Toll‑like receptor 4
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CytoHubba plugin. Thus, our finding of TLR4 as a hub gene strengthens 
the hypothesis that C. gigantea may exert its effect by restoring innate 
immune balance.

KEGG pathway enrichment analysis revealed Toll-like receptor 
signaling, endocrine resistance, breast cancer, and IBD as significantly 
associated with the compound–target network. These pathways are 
relevant to VVC pathogenesis, particularly under estrogen-dominant 
conditions and in women with recurrent infections, highlighting the 
interplay between hormonal regulation, immune responses, and 
mucosal integrity.

The enriched GO terms were classified into BP and MF categories. 
The top GO biological processes were inflammatory response (GO: 
0006954), immune response (GO: 0006955), defense response (GO: 
0006952), and cell surface receptor signaling pathway (GO: 0007166), 
suggesting that the target genes are mainly involved in immune and 
inflammatory regulation. Enrichment in MF included protein binding 
(GO: 0005515) and cytokine receptor activity (GO: 0004896), while 
Cellular Component terms such as plasma membrane (GO: 0005886) 
and cytoplasm (GO: 0005737) indicated membrane-associated 
signaling roles.

Gene set enrichment across all conditions demonstrated strong 
statistical significance, with FDR values ranging from 0.0000014 to 
0.0045, well below the accepted threshold of 0.05. Enriched pathways 
were supported by multiple genes (counts of 2–7) and showed high gene 
ratios, underscoring their biological relevance. Together, these metrics 
confirm a robust enrichment of immune, cell cycle, and morphogenetic 
processes – highlighting a coordinated molecular response to the 
experimental intervention.

TLR4 plays a central role in host defense against C. albicans in the 
vaginal mucosa. It is expressed on epithelial cells, macrophages, and 
dendritic cells, where it recognizes O-linked mannosyl residues of 
Candida mannoproteins, triggering downstream signaling and cytokine 
release. This response promotes a Th1-type protective immunity 
through interleukin-12, interferon gamma, and tumor necrosis 
factor-α, inhibiting the transition of Candida from its commensal 
yeast form to the invasive hyphal form. Impaired or suppressed TLR4 
signaling compromises this defense, allowing fungal overgrowth 
and symptomatic infection. Modulation of TLR4 activity, therefore, 
represents a promising therapeutic target to restore mucosal immunity 
and prevent recurrence [34-36].

Estrogen further contributes to Candida virulence by inducing Gpd2-
mediated recruitment of Factor H, facilitating evasion of complement-
mediated opsonophagocytosis. This hormone-specific adaptation 
impairs innate immune clearance and supports fungal survival, 
suggesting that targeting Gpd2 or its regulatory pathways may provide 
novel strategies for managing estrogen-associated RVVC [37].

Comorbid conditions such as active IBD and breast cancer can 
also influence VVC susceptibility. IBD is associated with mucosal 
inflammation and barrier disruption, which may exacerbate 
vulvovaginal discomfort, while C. albicans can worsen epithelial damage 
through candidalysin and IL-17-mediated immune responses [38,39]. 
Breast cancer treatments, particularly aromatase inhibitors, lower 
estrogen levels, weakening vaginal immunity and microbiome balance, 
thereby promoting Candida overgrowth. These findings underscore the 
clinical significance of managing both fungal burden and host immune 
responses in susceptible populations [41,42].

In the molecular docking analysis, 3,6-Octadienal, 3,7-dimethyl- exhibited 
the highest binding affinity to TLR4, despite its very low abundance 
(0.11%) in the C. gigantea leaf extract. This highlights a well-recognized 
phenomenon in phytomedicine, where minor constituents can contribute 
to the overall biological effect through synergistic interactions with 
more abundant compounds. Several major phytochemicals, including 

2-Pentadecanone, Octanoic acid, 3,7,7-Trimethylbicyclo[4.1.0]hept-
3-ene-2,5-dione, also demonstrated favorable binding energies and, 
given their higher abundance, may play a more prominent role in the 
therapeutic potential of the extract. Although the absolute docking scores 
appear unusually low, the relative comparison to the standard antifungal 
drug clotrimazole indicates that these compounds could effectively 

Table 6: Detailed view of interaction of 3,6‑Octadienal, 
3,7‑dimethyl‑ in the binding of 5TZ1 receptor

Amino acids Distance Å Interaction type
H377 2.87 Hydrogen bond
Y118 3.78 Hydrophobic bond
L121 3.74 Hydrophobic bond
T122 3.63 Hydrophobic bond
Y132 4.20 Hydrophobic bond
F233 4.01 Hydrophobic bond
L376 3.87 Hydrophobic bond
S378 4.32 Hydrophobic bond
F380 3.47 Hydrophobic bond
M508 4.27 Hydrophobic bond

Table 7: Detailed view of interaction of standard drug 
clotrimazole in the binding of 5TZ1 receptor

Amino 
acids

Distance Å Interaction type

R381 2.90 Hydrogen bond
F105 4.14 Hydrophobic bond
Y132 4.21 Hydrophobic bond
T311 4.40 Hydrophobic bond
L376 3.13 Hydrophobic bond
I379 4.40 Hydrophobic bond
G464 4.13 Hydrophobic bond
H468 3.79 Hydrophobic bond
R469 4.25 Hydrophobic bond
C470 3.63 Hydrophobic bond

Fig. 8: The PPI network of 10 hub targets of Calotropis gigantea 
Linn. Leaves in the treatment of vulvovaginal candidiasis 

constructed using the CytoHubba plugin in Cytoscape 3.7.2. 
The node color ranges from yellow to red, indicating increasing 

degree values, where red nodes represent proteins with the 
highest degree of connectivity
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interact with TLR4. Collectively, these findings suggest that both major 
and minor constituents may synergistically contribute to the modulation 
of TLR4-mediated pathways, potentially enhancing the antifungal 
activity of the extract. Previous molecular docking studies on plant-based 
antifungals also highlighted similar interactions between terpenoids and 
immune receptors, validating the approach and supporting the relevance 
of our docking predictions [40].

The molecular docking analysis of the ligand with the target protein 
(Table  6) revealed that it forms a hydrogen bond with H377 at a 
distance of 2.87 Å, which likely stabilizes its position within the binding 
pocket. In addition, multiple hydrophobic interactions were observed 
with residues Y118, L121, T122, Y132, F233, L376, S378, F380, and 
M508, with distances ranging from 3.47 to 4.32 Å. These hydrophobic 
contacts contribute to the overall stability of the ligand within the active 
site and enhance binding specificity. Collectively, these interactions 
suggest that the ligand can effectively occupy the protein’s binding 
pocket, potentially modulating its activity. The pattern of interactions 
supports the predicted therapeutic relevance of the ligand and provides 
mechanistic insight into how it may work in synergy with other 
phytoconstituents, even if present at low abundance, to exert biological 
effects.

Taken together, the integration of NP and docking results suggests that C. 
gigantea leaf extract acts through a multi-target, synergistic mechanism, 
modulating host immune responses while directly inhibiting fungal 
virulence. These findings are consistent with previous bioinformatics-
based investigations on medicinal plants such as Lespedeza bicolor 
[16] and Fumaria indica [15], which demonstrated similar multi-target 
antifungal mechanisms through Toll-like receptor and MAPK signaling 

pathways. The outcomes of the present analysis are in agreement with 
recent network pharmacology research conducted on medicinal plants 
for cancer applications [43].

However, this study is limited by its in silico nature. Future work should 
include in vitro antifungal assays and in vivo validation using animal 
models of VVC to confirm pharmacological activity and optimize 
delivery systems. Nonetheless, this study offers a strong scientific 
foundation and supports further investigation of C. gigantea as a novel 
plant-based candidate for treating VVC.

CONCLUSION

The present study demonstrates that C. gigantea Linn. leaf extract 
possesses significant multi-target antifungal potential against VVC. 
Integration of NP and molecular docking approaches revealed that 
bioactive compounds, particularly 3,6-Octadienal, 3,7-dimethyl-, 
interact strongly with key immune-regulatory targets such as TLR4, 
suggesting modulation of host innate immune responses as a potential 
mechanism of action. Despite its low abundance, this compound, 
along with other major phytoconstituents, may act synergistically to 
enhance antifungal efficacy. Enrichment analyses highlighted relevant 
pathways, including Toll-like receptor signaling, immune response, 
and inflammatory regulation, supporting the therapeutic relevance 
of the extract. While these findings are hypothesis-generating and 
provide mechanistic insights, experimental validation through in vitro 
and in vivo studies is necessary to confirm efficacy and guide the 
development of optimized delivery systems for vaginal application. 
Overall, this work lays a foundation for future studies evaluating the 
therapeutic potential of C. gigantea in VVC.

Fig. 9: (a) Binding of 3,6-Octadienal, 3,7-dimethyl- with 5TZ1 receptor (3D diagram). (b) Binding of 3,6-Octadienal, 3,7-dimethyl- with 
5TZ1 receptor (2D diagram)

Fig. 10: (a) Binding of clotrimazole with 5TZ1 receptor (3D diagram). (b) Binding of clotrimazole with 5TZ1 receptor (3D diagram)

a b

a b
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