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Abstract

Cervical cancer remains the fourth most prevalent malignancy among women worldwide, presenting a severe health
burden particularly in low-resource regions where therapeutic options are limited. This study investigates the anti-cervical
cancer potential of bioactive compounds from Calotropis gigantea flowers using an integrated pipeline of network
pharmacology, molecular docking, and molecular dynamics simulations. Phytochemical screening identified 31
compounds, which were subjected to ADME profiling; flavonoids such as quercetin and kaempferol exhibited superior
drug-likeness and oral bioavailability compared to high-molecular-weight cardenolides.

A systems-level analysis identified 571 common targets between C. gigantea bioactives and cervical cancer. Through
protein—protein interaction network analysis, AKT1, EGFR, SRC, and STAT3 were identified as the primary hub genes
governing tumor progression. Functional enrichment results indicated that these targets are central to the PI3K-AKT and
EGFR-tyrosine kinase inhibitor resistance pathways. Survival analysis further highlighted JUN (HR = 1.7) and EGFR
(HR = 1.6) as significant prognostic biomarkers for poor clinical outcomes in cervical cancer patients.

Molecular docking simulations explored the binding orientations of these ligands within the active sites of key proteins.
In this study, quercetin and kaempferol demonstrated potent binding affinities for SRC (-9.10 kcal/mol and —8.80
kcal/mol, respectively) and EGFR (-8.90 kcal/mol), interacting with critical residues such as MET-793 and THR-338.
Subsequent MD simulations validated the structural stability of these complexes. Notably, the quercetin—SRC complex
exhibited a remarkably low eigenvalue (9.14973 x 10~°) and stabilized fluctuation profiles, indicating high energetic
favorability and structural integrity over time. These results suggest that C. gigantea flower bioactives, particularly
quercetin and kaempferol, are promising multi-targeted candidates for further therapeutic development.

Keywords: Calotropis gigantea, Cervical Cancer, Network Pharmacology, Molecular Docking, Molecular Dynamics,
Quercetin, Kaempferol, AKT1, SRC, Hub Genes.

1.Introduction

Cervical cancer remains a significant global health challenge, ranking as the fourth most common cancer among women
worldwide, with an estimated 604,000 new cases recorded in 2020 (2.13). Despite the implementation of human
papillomavirus vaccinations and screening programs, it continues to be a leading cause of mortality for women in low-
and middle-income countries where access to healthcare infrastructure is limited (1.2). Current standard therapies,
including surgical intervention, chemotherapy, and radiotherapy, often face substantial hurdles such as systemic toxicity,
the development of drug resistance, and poor prognosis for advanced or metastatic stages, where the 5-year survival rate
drops to approximately 19% (1.2). Consequently, there is an urgent demand for the development of novel, effective, and
affordable antineoplastic medications (14).

Natural products derived from medicinal plants have historically played a vital role in drug discovery, offering a diverse
library of bioactive secondary metabolites with potent inhibitory effects against various cancer types (14.15) Among these,
Calotropis gigantea Dryand, a member of the Apocynaceae family, has garnered significant attention for its wide-ranging
pharmacological properties (12). Phytochemical investigations have identified several classes of bioactive compounds
within the plant, including alkaloids, flavonoids, terpenoids, and cardiac glycosides such as cardenolides (12.16)
Specifically, cardenolides like calotropin and uscharin isolated from C. gigantea have demonstrated cytotoxic activity
against various human cancer cell lines, including breast, colon, and cervical cancer cells (16—18) While much research
has focused on the roots and leaves, the flowers of C. gigantea also possess significant antitumor potential, yet their
specific molecular mechanisms against cervical cancer remain to be fully elucidated (11).
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Traditional drug discovery methods are often time-consuming, expensive, and labor-intensive (14). To overcome these
limitations, modern computational approaches such as network pharmacology and molecular docking have emerged as
powerful tools for identifying therapeutic targets and predicting the efficacy of plant-based compounds(14.19) Network
pharmacology adopts a holistic "multi-target, multi-pathway" approach, allowing researchers to map phytochemicals to
specific signaling pathways (e.g., KEGG or Reactome) and construct drug-target-disease networks(19.20)
Complementing this, molecular docking provides a structural basis for these interactions by simulating the binding affinity
of phytochemicals to key cancer-associated proteins(15,21)

This study aims to decipher the anticancer arsenal of Calotropis gigantea flowers by integrating network pharmacology
and molecular docking. By identifying the core phytochemical targets and the underlying signaling pathways involved in
cervical cancer progression, this research seeks to provide a scientific foundation for the development of new, targeted
therapies derived from this ethnomedicinal resource.

2.Methodology

2.1 Identification of bioactive compounds present in Calotropis gigantea flowers

Bioactive compounds present in the flowers of Calotropis gigantea through literature mining (12.16), coupled with the
utilization of the IMPPAT database (https://cb.imsc.res.in/imppat/) with “Calotropis gigantea™ as keywords (22.23). All
compounds and their canonical sequences were retrieved from PubChem (https://pubchem.ncbi.nlm.nih.gov/) (24.25).

2.2 Identification of potential compounds present in Calotropis gigantea flowers

The bioactive compounds identified in the earlier step underwent ADME analysis using the SwissADME server
(http://www.swissadme.ch/) (3). SwissADME was used to evaluate the pharmacokinetic properties, drug-likeness, and
medicinal chemistry compatibility of the small compounds (3.4). ADME, an abbreviation in pharmacokinetics,
encompasses the processes of absorption, distribution, metabolism, and excretion, playing a pivotal role in drug discovery
(4,26). Oral bioavailability is a critical pharmacokinetic measure that indicates a drug's capacity to enter systemic
circulation following oral delivery (26). Drug-likeness refers to the similarity between a chemical and existing medication
(3). OB and DL were used as the primary parameters for screening the active constituents (15.21). To adhere to the ADME
criteria, specific restrictions were imposed, such as an overall OB >30% (15.21) and the exclusion of violations pertaining
to Lipinski's rule of 5, to filter the phytochemical components (3.26).

2.3 Identification of potential targets of C.gigantea flowers

Target interactions of the Dbioactive compounds were investigated using SwissTargetPrediction
(http://www.swisstargetprediction.ch/) (27).Target selection was conducted using the SwissTargetPrediction tool with a
p-value greater than 0.4 (28). This systematic target mapping approach enables the identification of molecular interactions
specific to the phytochemical profile of C.gigantea flowers.

2.4 Screening for disease targets for Cervical cancer

Various databases, including the Therapeutic Target Database (https:/db.idrblab.net/ttd/) (8), OMIM
(https://www.omim.org/) (with a probability threshold > 0.4) (5.29), and GeneCards (https://www.genecards.org/) (with
a relevance score exceeding 30) (5.30), have been used to identify the target proteins associated with cervical cancer

(5.8.30).

2.5. Identification of Overlapping Drug-Disease Targets

Common targets between the identified floral phytochemicals and cervical cancer-associated proteins were identified
using the Venny 2.1.0 web tool (https://bioinfogp.cnb.csic.es/tools/venny/) (5.30). The intersection of these target sets
reveals core therapeutic targets through which the bioactive constituents of Calotropis gigantea flowers potentially exert
their antineoplastic effects (5.8). This comparative analysis is essential for visualizing the drug-disease target overlap,
providing critical insights into the multi-target mechanism of action and the complex relationships between bioactive
substances and their corresponding molecular pathways in cervical cancer (5,30).

2.5. Protein—Protein Interaction Network Construction and Topological Analysis

Protein—protein interactions are fundamental to governing cellular functions and complex biological processes, providing
a systems-level understanding of infection mechanisms and facilitating the development of targeted therapeutic strategies
(31.,32). To elucidate the functional crosstalk between the identified targets of Calotropis gigantea floral phytochemicals
and cervical cancer-associated proteins, a PPI network was constructed using the STRING database (https://string-db.org/)
(5.33). The analysis was restricted to Homo sapiens with a high-confidence interaction score threshold of 0.7 to ensure
the reliability of the predicted and experimental associations (10.34). The resulting interaction data were exported in a
tab-separated value format and imported into Cytoscape v3.9.1 software for advanced visualization and network analysis
(35.36). Topological parameters, including degree centrality, betweenness centrality, and closeness centrality, were
calculated to identify pivotal hub genes within the network, while functional enrichment was performed to map these
interactions to specific Gene Ontology terms and KEGG signaling pathways (6.36.37).
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2.6. Construction and Topological Analysis of the Compound-Target—Disease (C—T-D) Network

A Compound-Target-Disease (C—T—D) network was constructed to visualize the complex multi-component and multi-
target mechanisms of Calotropis gigantea floral phytochemicals against cervical cancer using Cytoscape v3.9.1 software
(https://cytoscape.org/) (10.36). The network integrated distinct nodes representing the identified bioactive compounds,
their corresponding protein targets, and the disease state (5.34). To quantify the significance of each node within the
biological system, network topology was analyzed using the CytoHubba plugin, which calculated centrality measures
such as degree, betweenness, and closeness (35.37). Advanced visualization techniques, including color and node-size
scaling, were employed to depict the architecture; the diameter of each node was mapped to its degree of connectivity,
ensuring that the largest nodes represented the most critical hub components or targets with the highest number of
interactions (6.36). Finally, the phytochemical components were ranked in ascending order of importance based on their
degree values to prioritize candidate molecules for further mechanistic validation (33.37).

2.7. Functional Enrichment and Pathway Analysis

Functional and biological pathway enrichment analysis was performed wusing ShinyGO 0.7
(http://bioinformatics.sdstate.edu/go/) to elucidate the molecular mechanisms governing the identified target genes (6.30).
This platform incorporates a comprehensive set of enrichment ontologies, including Gene Ontology biological processes,
Kyoto Encyclopedia of Genes and Genomes pathways, Reactome gene sets, canonical pathways, and the Comprehensive
Resource of Mammalian Protein Complexes (34,36). Specifically, GO biological process enrichment and KEGG pathway
analysis were applied to the core targets identified within the protein—protein interaction network to identify the signaling
cascades modulated by Calotropis gigantea floral phytochemicals in the context of cervical cancer (5.8,10). This
systematic annotation enables the identification of critical regulatory pathways—such as those involved in cell cycle
control and apoptosis—that are pivotal to the antineoplastic activity of these bioactive compounds (30,34).

2.8. Validation of Hub Gene Expression via GEPIA 2

The Gene Expression Profiling Interactive Analysis (GEPIA 2, http://gepia.cancer-pku.cn/) database was utilized to
evaluate the expression profiles of the identified hub genes within clinical datasets (8.34). Specifically, the mRNA
expression levels of these core targets were compared between Cervical Squamous Cell Carcinoma and Endocervical
Adenocarcinoma samples and corresponding normal tissues (34). Following the criteria established by Muthuramalingam
et al., the thresholds for significant differential expression were set at a [log_2FC| value of 1 and a p-value 0of 0.01 (30.34).
This validation step confirms the clinical relevance of the predicted targets, ensuring they are significantly dysregulated
in cervical cancer patients and reinforcing their potential as viable therapeutic targets for Calotropis gigantea floral
phytochemicals (8.34).

2.9. Prognostic Value and Survival Analysis

Overall survival and survival map analysis of the top five identified hub genes were conducted to evaluate their prognostic
significance in cervical cancer using the GEPIA 2 server (8.34). The expression-based survival impact was validated
against the built-in Cervical Squamous Cell Carcinoma and Endocervical Adenocarcinoma datasets to predict how these
molecular targets influence patient survival time (34). Survival curves were generated using the Kaplan-Meier plotter
within GEPIA 2, employing preset default parameters to determine the correlation between high and low gene expression
levels and clinical outcomes (30,34). This analysis is critical for confirming that the predicted targets of Calotropis
gigantea floral phytochemicals are not only differentially expressed but also serve as reliable prognostic biomarkers for
cervical cancer progression (8.34).

2.10. Molecular Docking and Binding Affinity Analysis

Molecular docking studies were performed to elucidate the binding mechanisms and orientations of Calotropis gigantea
floral phytochemicals within the active sites of identified cervical cancer targets (30.34). The 3D structures of the target
proteins were retrieved and visualized using UCSF Chimera, which served as the primary platform for structural
preparation (38). Both the preparation of the macromolecular targets and the energy minimization of the floral
phytochemical ligands were conducted within the UCSF Chimera environment to ensure stable, low-energy conformations
prior to docking (9).

The docking procedure was executed using the AutoDock Vina plugin integrated within UCSF Chimera (9). This
computational approach explores various ligand conformations within the macromolecular binding sites to provide an
accurate estimation of receptor—ligand binding free energies (9.38). AutoDock Vina is recognized for its high accuracy
and computational efficiency in modern drug discovery workflows (9). Following the docking simulations, the resulting
complexes and their intermolecular interactions were analyzed and visualized using BIOVIA Discovery Studio to evaluate
the binding geometries and identify critical residues involved in the stabilization of the drug-target complexes (6.9). This
multi-step process provides mechanical insights into how bioactive compounds potentially modulate core proteins
involved in cervical cancer progression (6.34).
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2.11. Molecular Dynamics Simulations

To further examine the dynamic behavior and stability of the docked complexes, molecular dynamics simulations were
conducted using the iMODS platform (https://imods.igf.csic.es/) (34). This tool utilizes Normal Mode Analysis to simulate
biomolecular systems at the atomic level, providing essential insights into conformational changes, structural flexibility,
and the stability of interactions over time (34).

In this investigation, MD simulations were performed on specific protein—ligand complexes, such as quercetin bound to
five critical hub proteins—AKT1, EGFR, SRC, MMP9, and IGF1R—which are central to the pathophysiology of cervical
cancer. The complexes were previously optimized through molecular docking to prepare them for dynamic analysis.
Simulations were run for a duration of ten minutes using the default iMODS parameters, ensuring a standardized protocol
that includes force field selection and integration time steps (34). This duration effectively captures critical molecular
transitions and interactions that impact binding affinity. Furthermore, the CABS-flex 2.0 server
(https://biocomp.chem.uw.edu.pl/CABSflex2) was employed to visualize the Root Mean Square Fluctuation values and
generate contact maps, enabling the assessment of rigidity and stability within the protein—ligand complexes (10.34).

Results

3.1 Physicochemical and ADME Analysis of Bioactive Compounds from Calotropis gigantea flowers

A total of 31 bioactive compounds were examined for their drug-likeness and oral bioavailability using Lipinski’s rule of
five and SwissADME parameters, including molecular weight, hydrogen bond acceptors and donors, lipophilicity
(MlogP), bioavailability score, and topological polar surface area (TPSA), are presented in Table 3.1. The investigation
revealed that several compounds, specifically low-molecular-weight flavonoids and small heterocyclic compounds,
exhibited favorable physicochemical properties with no Lipinski violations. Compounds such as flavylium, kaempferol,
quercetin, caloside H, 5-hydroxy-(2-methoxymethyl) pyridine, nicotinic acid, p-(acetylamino)phenol, thymine, and 4'-
methyl-2-phenylindole possessed molecular weights below 500 Da, acceptable hydrogen-bonding capacity, balanced
lipophilicity, and TPSA values below 140 A2, indicating good potential for oral absorption and membrane permeability.
By comparison, high-molecular-weight compounds such as uscharin, asclepin, calotropin, calactin, calotoxin, and
cosmomycin B showed one or more Lipinski violations, primarily due to excessive molecular weight and/or high TPSA,
which may impede gastrointestinal absorption. Highly lipophilic compounds, including B-amyrin, taraxasterol acetate,
stigmasterol, and long-chain hydrocarbons, displayed increased MLogP values, indicating poor aqueous solubility
irrespective of acceptable bioavailability scores. Most compounds showed a moderate predicted bioavailability score of
0.55, whereas nicotinic acid displayed an increased score (0.85), indicating superior oral bioavailability. Glutathione and
cosmomycin B showed poor bioavailability due to their high polarity and molecular complexity. Overall, the Swiss ADME
evaluation emphasized a subset of bioactive compounds with favourable drug-like properties appropriate for
pharmacokinetic and molecular docking studies, whereas larger and highly lipophilic molecules may require structural
optimization or alternative delivery methods.

Table 3.1: ADME properties of the selected bioactive compounds of Calotropis gigantea flowers

Lipinski’
T s Bioavailability | TPSA

Lipinski Rules Violation |Score (A2)
S.No (Nam of the compound s

MW

HBA |HBD |MLog P

g/mol <1 >(.1 <140

<500 <10 |5 |4.15
1 Uscharin 587.72 9 2 2.5 1 0.55 149.18
) Flavylium 207.25 1 0 2.64 0 0.55 13.14
3 Asclepin 574.66 10 2 2.29 1 0.55 137.82
4 Calotropin 532.62 9 3 1.89 1 0.55 131.75
5 Calactin 532.62 9 3 1.89 1 0.55 131.75
6 Kaempferol 286.24 6 4 1.58 0 0.55 111.13
7 Quercetin 302.24 7 5 1.23 0 0.55 131.36
8 Calotoxin 548.62 10 4 1.01 0 0.55 151.98

Taraxasterol acetate

9 468.75 2 0 7.51 1 0.55 26.30
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10 Beta-Amyrin 426.72 1 1 7.16 1 0.55 20.23
11 Glutathione 307.32 7 5 -2.36 0 0.11 197.62
12 Stigmasterol 412.69 1 1 6.98 0 0.55 20.23
13 Caloside H 338.31 8 4 -0.05 0 0.56 125.68

5-hydroxy-(2-
14 methoxymethyl)pyridine |139.15 3 1 0.6 0 0.55 42.35
15 Nicotinic Acid 123.11 3 1 0.32 0 0.85 50.19
16 p-(acetylamino)phenol 151.16 2 2 0.93 0 0.55 49.33
17 Thymine 126.11 2 2 0.15 0 0.55 65.72
18 1-Tetradecene 196.37 0 0 5.71 1 0.55 0.00
19 3-Ethyl-1-Tetradecene 238.45 0 0 6.58 1 0.55 0.00
20 3-Octadecene, (E) 252.48 0 0 6.97 1 0.55 0.00
Pentadecanoic acid, 14-
21 methyl-, methyl ester 270.45 2 0 5.48 1 0.55 26.30
9,12-Octadecadienoic
22 acid, methyl ester 294.47 2 0 0 0 0 26.30
23 Ethyl linoleate 308.50 2 0 0 0 0 26.30
Methyl 17-methyl-
24 octadecanoate 312.53 2 0 6.54 1 0.55 26.30
25 Docosane 310.60 0 0 8.64 1 0.55 0.00
26 Nonacosane 408.79 0 0 11.18 1 0.55 0.00
27 Tricosane 324.63 0 0 9 1 0.55 0.00
28 4' Methyl-2 Phenylindole |233.31 0 0 3.91 0 0.55 3.24
29 Heptacosane 380.73 0 0 10.46 1 0.55 0.00
Octadecane, 3-ethyl-5-(2-
30 ethylbutyl) 366.71 0 0 9.68 1 0.55 0.00
31 Cosmomycin B 771.85 15 6 2.43 3 0.17 214.14

3.2 Prediction of potential targets for Calotropis gigantea flowers in the treatment of Cervical Cancer

Bioactive compounds from Calotropis gigantea flowers were subjected to target prediction analysis using
SwissTargetPrediction, which identified 627 potential targets. A comprehensive analysis was conducted to identify the
target genes associated with cervical cancer. By searching databases such as GEO Omnibus (GSE9750, GSE138080, and
GSE7803), Malacards, OMIM, and GeneCards, with the keyword 'Cervical Cancer,' a total of 15824 target genes were
retrieved. Using Venny 2.1.0, an overlap analysis between Calotropis gigantea flower-associated and cervical cancer-
related targets identified 571 common targets (Fig. 3.1).
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C.giganten Cervieal Cancer

Fig. 3.1. Venn diagram illustrating the overlap between predicted targets of Calotropis gigantea flower—derived
bioactive compounds and cervical cancer—associated genes.
\

3.3 Construction of Protein-Protein Network

Protein—protein interaction network analysis was performed using the STRING database, and the results are shown in Fig.
3.2. The proteins identified in the PPI network are represented by circular nodes, with their respective 3D structures
depicted within the nodes. Protein interactions, shown as lines between nodes, have an increased number correlating with
stronger interactions. Topological analysis was performed to identify the top 10 genes using the CytoHubba plug-in in
Cytoscape 3.9. The top 10 identified genes were AKT1, ALB, SRC, EGFR, STAT3, ESR1, BCL2, CASP3, JUN, and
HSP90AAL, as shown in Table 3.2. The top 10 PPI networks comprised 10 nodes and 45 edges, with an average of 188
neighbours. These hub genes, considered key regulatory genes, play a significant role in the treatment of cervical cancer,
as shown in Fig. 3.3. Node scores are displayed by colour grading, with darker and redder nodes indicating higher node
scores.
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Fig. 3.2. Protein-protein interaction (PPI) network of potential targets for Calotropis gigantea flowers in the treatment
of Cervical Cancer (CC)
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Fig. 3.3. Identification and ranking of Key Hub Genes in the Network Module Using CytoHubba in Cytoscape

Table 3.2: The degree centrality (DC), betweenness centrality (BC), and closeness centrality (CC) values of the hub

genes

Gene Degree Betweenness Closeness
AKTI 241 0.06034791 0.625962596
ALB 217 0.074424824 0.610515021
SRC 204 0.065718882 0.589026915
EGFR 188 0.037112487 0.587809917
STAT3 180 0.024100554 0.586597938
ESRI1 178 0.039063151 0.578840285
BCL2 177 0.017946479 0.579429735
CASP3 174 0.020373998 0.576494428
JUN 163 0.01376423 0.56956957
HSP90AA1 161 0.021911324 0.563924678

3.4 C-T-D Network Construction and Analysis
3.4.1 Construction Compound Target Network

Cytoscape was used to construct a compound-target-pathway network to visualize the interrelationship between
compounds, targets, and disease pathways. The C-T-D network is shown in Fig. 3.4. It consists of 91 nodes and 163 edges,
with an average number of neighbours of 2.3. Table 3.3 displays the degree, betweenness, and closeness centralities of
the top five bioactive compounds associated with cervical cancer. Among the bioactive compounds analysed, p-
(acetylamino)phenol, kaempferol, 5-hydroxy-(2-methoxymethyl)pyridine, quercetin, and thymine showed the highest

degrees, in the range of 3-5.

Table 3.3: Degree centrality (DC), betweenness centrality (BC), and closeness centrality (CC) values of compounds

exhibiting high node degrees.

Compounds Degree Betweenness Closeness

Centrality Centrality
p-(acetylamino)phenol 5 0.28846286 0.458333333
Kaempferol 4 0.085830475 0.423076923
5-hydroxy-(2-methoxymethyl)pyridine 4 0.157363368 0.458333333
Quercetin 3 0.046327842 0.392857143
Thymine 3 0.135261708 0.423076923
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Fig. 3.4. Compound-target-pathway network diagram. The orange colour represents the target, the orange diamond is
the compound, and the green triangle is Pathway

3.5 Gene Ontology (GO) enrichment analysis

Gene Ontology (GO) enrichment analysis was conducted between the common target genes associated between Calotropis
gigantea flowers and cervical cancer. Gene Ontology enrichment analysis revealed multiple biological processes
associated with cervical cancer progression. The pathways related to responses to organic cyclic compounds,
organonitrogen compounds, and oxygen-containing compounds showed the involvement of the identified targets in
cellular responses to various chemical stimuli (Fig.3.5A). Additionally, some pathways were observed in cellular
responses to endogenous stimuli, nitrogen-containing compounds, and chemical stress. The prominent biological
pathways were related to phosphate-containing compound metabolic processes, phosphorus metabolism, and protein
phosphorylation—related signalling events. Furthermore, some biological processes, such as regulation of signalling,
regulation of cell communication, homeostatic processes, and stress response, were found to be enriched, highlighting the
significance of coordinated signalling and adaptive cellular mechanisms in cervical cancer pathogenesis.

GO enrichment analysis of the cellular component (CC) category revealed a prominent association with cervical cancer
(Fig.3.5 B). Key processes related to cellular components include membrane rafts and microdomains, which play
important roles in signaling pathways and receptor-mediated interactions. Pathways involving receptor complexes, plasma
membrane regions, and cell surface components suggest the crucial role of membrane-associated signalling in cervical
cancer progression. Additionally, components such as extracellular vesicles, extracellular exosomes, cytoplasmic and
intracellular vesicles, and cell junctions were significantly enriched, indicating the involvement of vesicle-mediated
transport, intracellular communication, and cell-cell interactions. The enrichment of synapse-related structures and neuron
projection-associated components shows the broader signalling and communication roles of these targets within this
complex cellular network.

GO enrichment analysis of the molecular function (MF) category showed a strong correlation between functional
associations and cervical cancer (Fig.3.5 C). Significant enrichments included protein serine/threonine/tyrosine kinase
activity, protein serine kinase activity, and general protein kinase activity, highlighting their significant roles in kinase-
mediated signalling pathways during the progression of cervical cancer. Pathways such as phosphotransferase activity,
transferase activity transferring phosphorus-containing groups, and kinase binding were also involved, supporting the
involvement of phosphorylation-dependent regulatory mechanisms in this process. Moreover, the enrichment of signalling
receptor activity, molecular transducer activity, enzyme binding, and small-molecule binding shows the functional
diversity of the identified targets in controlling signal transduction, catalytic regulation, and ligand-protein interactions
associated with cervical cancer development.

6.3.6 Interpretation of KEGG Pathway Enrichment Analysis

KEGG pathway enrichment analysis showed the significant involvement of various signalling and metabolic pathways
relevant to cancer progression and drug resistance (Fig.3.5 D). Steroid hormone biosynthesis is one of the most highly
enriched pathways and plays a significant role in hormone-related metabolic regulation in cervical cancer. The pathway
related to EGFR-tyrosine kinase inhibitor resistance involves signalling adaptation that reduces therapeutic response and
increases tumour survival.
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Cancer-associated pathways, such as microRNAs in cancer, pathways in cancer, and proteoglycans in cancer, were
significantly enriched, showing the involvement of the identified targets in the regulation of transcription, tumour
microenvironment remodelling, and oncogenic signalling processes. The enrichment of the PI3K-AKT, HIF-1, and cAMP
signalling pathways highlights their involvement in survival signalling, hypoxia response, and intracellular signal
transduction pathways in the pathogenesis of cervical cancer.

Inflammation and stress-related pathways, including inflammatory mediator regulation of TRP channels, AGE-RAGE
signalling in diabetic complications, and chemical carcinogenesis—reactive oxygen species, involve oxidative stress,
inflammatory signalling, and cellular stress responses. Additionally, pathways related to focal adhesion, calcium
signalling, and neuroactive ligand—receptor interactions suggest roles in cell adhesion, migration, calcium homeostasis,
and receptor-mediated communication.

Metabolic and vascular-related pathways, such as lipid and atherosclerosis, fluid shear stress and atherosclerosis, and
metabolic pathways, further reveal the disruption of cellular metabolism and mechanotransduction processes.

Overall, KEGG pathway analysis showed that the identified targets are involved in diverse but interconnected pathways
responsible for cell proliferation, survival, inflammation, metabolism, and therapeutic resistance, which are collectively

responsible for the development and progression of cervical cancer.
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Fig. 3.5. The top 20 Gene Ontology (GO) terms pathways associated with the Calotropis gigantea flowers and Cervical
cancer are categorized as follows: A) Biological Processes, B) Cellular Components, C) Molecular Functions, D) KEGG

Pathway analysis

6.3.7 Survival Analysis
The Kaplan-Meier plotter showed that among the identified genes, JUN was significantly associated with patient

outcomes, meeting the p-value threshold of 0.05 for overall survival (Fig. 3.6). Specifically, genes with high expression
and their recorded associations with survival included JUN (HR = 1.7; P = 0.027), which indicated a markedly higher risk
of death, and EGFR (HR = 1.6; P = 0.055), which demonstrated a borderline significant association with lower survival
rates. Other genes analysed that did not reach statistical significance in their connection to survival included BCL2 (HR
=0.72; P=0.17), AKT1 (HR = 1.1; P =0.63), CASP3 (HR = 0.92; P = 0.74), and ESR1 (HR = 1.1; P =0.77).

Furthermore, the results indicated that high expression of both SRC (HR = 1; P =0.93) and STAT3 (HR =0.99; P =0.97)
resulted in almost no difference in survival probability compared with the low expression groups. Based on these survival
analyses, JUN expression at diagnosis can be considered an undesirable prognostic factor that may lower the overall

survival of the studied individuals.
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Fig. 3.6. Overall survival analyses demonstrating the prognostic significance of cervical cancer—associated hub genes
were conducted using Kaplan—Meier survival curves and log-rank tests based on TCGA-CESC (cervical squamous cell
carcinoma and endocervical adenocarcinoma) datasets, visualized using GEPIA2. The dashed lines indicate the upper
and lower confidence intervals. (A) JUN, (B) EGFR, (C) BCL2, (D) AKT1, (E) CASP3, and (F) ESR1

3.8 Molecular Docking

Molecular docking studies were conducted to examine the binding affinities and interaction patterns of the selected
bioactive compounds with key cancer-related proteins, including AKT1, EGFR, ESR1, SRC, STAT3, HSP90AA1, BCL2,
and ALB. The docking results were interpreted based on binding energy, hydrogen bond interactions, and involvement of
key amino acids, which together display the stability and potential biological relevance of the ligand-protein complexes,
was presented in Table 3.4.

3.8.1 AKT Serine/Threonine Kinase 1-AKT1

Among the compounds docked against AKT1, quercetin and kaempferol showed strong binding affinities, with binding
energies of —7.80 kcal/mol and —7.60 kcal/mol, respectively, as shown in Fig. 3.7 and Fig. 3.8. Quercetin formed several
hydrogen bonds with GLU-198, GLU-228, and ALA-230, whereas kaempferol interacted with GLU-228 and ALA-230.
The presence of several hydrogen bonds with key amino acid residues within the active site reflects stable ligand
accommodation and signifies the role of flavonoids in modulating AKT1-mediated signalling pathways involved in cancer
cell survival and proliferation
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Fig. 3.8. Kaempferol-AKT Serine/Threonine Kinase 1-AKT1 docked complex and interaction map

3.8.2 Epidermal Growth Factor Receptor -EGFR

Docking against EGFR showed that quercetin (— 8.90 kcal/mol) and kaempferol (— 8.70 kcal/mol) displayed the strongest
binding energies compared to the other tested bioactive compounds, as shown in Fig. 3.9 and Fig. 3.10. Both bioactive
compounds interact with the critical MET-793 residue, which is essential for EGFR kinase activity. Additionally,
quercetin formed hydrogen bonds with THR-854 and ASP-855, further increasing the stability of the ligand-protein
complex. Notably, flavylium exhibited the lowest binding energy (—8.40 kcal/mol), despite the absence of hydrogen bond
formation, indicating that hydrophobic and n—= interactions may significantly contribute to its binding affinity. These
findings collectively suggest that flavonoid-based compounds are effective EGFR inhibitors.
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Fig. 3.9. Quercetin-EGFR docked complex and interaction map
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Fig. 3.10. Kaempferol- EGFR docked complex and interaction map

3.8.3 Estrogen Receptor 1-ESR1

Kaempferol and flavylium showed strong binding affinities of —8.40 kcal/mol and —8.60 kcal/mol, towards Estrogen
receptor alpha (ESR1), as displayed in Fig. 3.11 and Fig. 3.12. Kaempferol develop a hydrogen bond with GLY-521, a
residue involved in stabilization of ligand within the hormone-binding domain. Conversely, stigmasterol displayed weak
binding affinity (-~1.00 kcal/mol), poor interactions, and limited therapeutic relevance. These results indicate that the
interaction between polyphenolic compounds and ESR1 potentially influences hormone-dependent cancer pathways.
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Fig. 3.12. Flavylium- Estrogen Receptor 1-ESR1 docked complex and interaction map

3.8.4 SRC Proto-Oncogene, Non-Receptor Tyrosine Kinase -SRC

Among all SRC-targeting compounds, quercetin exhibited the highest binding affinity (-9.10 kcal/mol) and formed
several hydrogen bonds with LEU-273, MET-341, THR-338, and ASP-404, as shown in the Fig. 3.13. Similarly,
kaempferol and taxasterol acetate displayed strong binding energies of —8.80 and —8.10 kcal/mol, respectively. The
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involvement of residues such as THR-338 and MET-341, which are considered critical for SRC kinase function, suggests

that these compounds effectively inhibit SRC-mediated oncogenic signalling.

Fig. 3.13. Quercetin-SRC docked complex and interaction map

3.8.5 HSP90AA1, BCL2, and ALB
Compounds docked with HSP9OAA1 and BCL2 displayed moderate binding affinities ranging from —5.00 to —5.60
kcal/mol, suggesting less dominant inhibition. Interaction with SER-52 and ASP-93 in HSP90OA A1 may disrupt chaperone
activity. Compounds binding to ALB show interactions rather than interacting with anticancer targets, which is consistent

with its physiological role.
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Overall, the molecular docking results clearly show that flavonoids, such as quercetin and kaempferol, consistently exhibit
the strongest binding affinities across various cancer-relevant targets, particularly AKT1, EGFR, SRC, and ESR1. The
formation of several hydrogen bonds with catalytically important residues and favourable binding energy indicates high
complex stability and potential multitarget inhibitory activities. These findings demonstrate that the bioactive compounds
in C. gigantea flowers exert anticancer effects by simultaneously modulating multiple oncogenic signalling pathways

Table 3.4: Basic information on the molecular docking results of the Calotropis gigantea flowers and target proteins

Residue involved in H H-bond length |Binding energy
Molecular name Targets | PDB ID bonding A) (kcal/Mol)
Kaempferol AKTI1 6CCY ALA-230;GLU-228 3.21;2.40 -7.60
GLU-198; GLU-228;ALA-
Quercetin AKTI 6CCY 230 2.24;2.42;3.30 -7.80
9,12-Octadecadienoic acid,
methyl ester BCL2 2W3L LEU-96 3.16 -5.60
p-(acetylamino)phenol ALB 2BX8 ARG-257 3.05 -5.70
5-hydroxy-(2-
methoxymethyl)pyridine EGFR IXKK | CYS-775;ASP-855;THR-854| 3.82;3.69;4.33 -4.80
Acetaminophen EGFR 1XKK LEU-777;CYS-775 3.25;2.51 -6.20
Flavylium EGFR IXKK - - -8.40
AL722;LYS745;ASP837;AS (3.19;3.22;2.44;3.0
Glutathione EGFR 1XKK P855;ASN842; THR854 4;2.40;3.04 -6.60
Kaempferol EGFR 1XKK MET-793 3.26 -8.70
Quercetin EGFR IXKK |MET-793;THR-854;ASP-855| 3.25;2.58;2.48 -8.90
Thymine EGFR 1XKK PHE-856 3.65 -5.20
5-hydroxy-(2-
methoxymethyl)pyridine ESRI1 1X7R - - -4.20
Flavylium ESRI1 1X7R - - -8.60
Kaempferol ESR1 1X7R GLY-521 3.07 -8.40
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p-(acetylamino)phenol ESRI1 1X7R GLU-353 2.92 -6.00
Stigmasterol ESR1 1X7R GLU-353 2.27 -1.00
HSP90AA
Nicotinic Acid 1 1IBYQ SER-52 2.99 -5.00
HSP90AA
p-(acetylamino)phenol 1 1BYQ SER-52;ASP-93 2.97;2.29 -5.20
5-hydroxy-(2-
methoxymethyl)pyridine SRC 2H8H PHE-321 1.86 -4.80
9,12-Octadecadienoic acid,

methyl ester SRC 2H8H SER-261 2.71 -6.60

Kaempferol SRC 2H8H THR-338;MET-341 2.61;2.82 -8.80

p-acetoaminophenol SRC 2H8H THR-338;PHE-405 2.98;2.92 -5.90
LEU-273;MET-341;THR- (2.79;2.80;2.12;2.9

Quercetin SRC 2H8H 338;ASP-404 5 -9.10

Taxasterol Acactate SRC 2H8H ARG-304 2.70 -8.10
5-hydroxy-(2- ARG-609;SER-611;GLU- (2.94;2.06;3.02;2.9

methoxymethyl)pyridine STAT3 6NJS 612;SER-613 4 -4.00

9,12-Octadecadienoic acid,
methyl ester STAT3 6NJS | SER-611;GLU-612;SER-613| 2.91;2.88;2.88 -3.30
Taxasterol Acaetate STAT3 6NJS | SER-611;GLU-612;SER-613| 2.70;2.92;3.06 -6.10
ARG-445;GLU-448;SER-
Thymine STAT3 6NJS 449 2.36;2.19;1.88 -6.10

3.9 Molecular Dynamic Stimulation Analysis

3.9.1 Molecular Dynamic Stimulation Analysis of Quercetin—SRC docked complex

In the MD simulation analysis of the Quercetin-SRC-docked complex, the main-chain deformability graph showed distinct
regions of high deformability (Fig. 3.14 A). These prominent peaks indicate hinge regions, which are characteristic of
flexible segments within the protein that play a major role in facilitating ligand binding. The presence of such hinge
regions demonstrates the effective conformational adaptation of the target protein upon ligand binding, thereby promoting
stable complex formation.

B-factor analysis revealed that the fluctuation patterns obtained from normal mode analysis (NMA) closely overlapped
with those obtained from the PDB Structure (Fig. 3.14 B). The similarity in peak distribution clearly shows that ligand
binding does not cause abnormal flexibility; instead, it stabilizes the intrinsic dynamic behaviour of the protein.

The eigenvalue analysis displayed a very low eigenvalue for the complex (9.14 x 10-%), as shown in (Fig. 3.14 D). A low
eigenvalue correlates with decreased energy requirements for molecular motion, signifying increased flexibility and
structural adaptability of the protein. This low eigenvalue demonstrates that the protein-ligand complex is highly stable
and energetically favourable, validating the strong intermolecular interactions.

The variance plot shows a relatively high cumulative variance contribution around the first few modes (Fig. 3.14 C),
signifying that the collective motion governs the structural dynamics of the complex. The individual variance level was
considerably high, further substantiating the presence of low-frequency motions required for biological activity and stable
ligand binding.

The covariance matrix analysis displayed a balanced distribution of correlated (red), anti-correlated (blue), and non-
correlated (white) motions among the residues (Fig. 3.14 E). The presence of substantial correlated and anti-correlated
motions signifies effective communication between distant residues, which is crucial for the signal transduction and
functional stability of the protein-ligand complex.

The Root Mean Square Fluctuation (RMSF) analysis, combined with secondary structure information, showed that most
residues displayed low to moderate fluctuations, specifically within the a-helical and B-sheet regions (Fig. 3.14 G). The
increased fluctuations were mainly due to the loop and coil regions, which are naturally flexible. Importantly, the residues
involved in ligand binding displayed decreased fluctuations, indicating ligand-induced stabilization of the binding pocket
of the target protein.

Finally, the elastic network model revealed low stiffness around the protein structures, as demonstrated by the dominance
of the light grey regions (Fig. 3.14 F). This suggests that the protein can be easily deformed to accommodate ligand
binding, further supporting the formation of a stable and dynamic protein—ligand complex.
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Fig. 3.14. MD simulation output for Quercetin—SRC docked complex: (A) Deformability; (B) B-factor; (C) Variance;

(D) Eigenvalue; (E) Covariance map; (F) Elastic network model; (G) RMSF Analysis of the Quercetin—SRC Complex

(CABS-flex 2.0) (protein rigidity: 1.0, number of cycles: 50, cycle between trajectory: 50 for 10 ns) from CABS-Flex
3.0 server

3.9.2 Molecular Dynamic Stimulation Analysis of Kaempferol-SRC docked complex

In the molecular dynamics (MD) simulation analysis of the Kaempferol-SRC-docked complex, the main chain
deformability analysis showed the presence of various regions exhibiting elevated deformability (Fig. 3.15 A). These
peaks are related to the hinge regions, which correspond to the flexible regions of the SRC protein that promote ligand
binding and conformational adaptability of the protein. The presence of these hinge points indicates effective interactions
between kaempferol and SRC, facilitating the structural adjustments required for stable complex formation.

The B-factor analysis indicated that the fluctuation patterns derived from the normal mode analysis closely aligned with
those obtained from the experimental PDB structure (Fig. 3.15 B). The similarity in peak distribution indicates that ligand
binding did not cause abnormal structural instability but rather maintained the intrinsic dynamic behaviour of the protein.
This finding further confirms the structural integrity and stability of the kaempferol-SRC complex

The eigenvalue analysis displayed a very low eigenvalue of 9.14973 x 107° (Fig. 3.15 D). A low eigenvalue indicates that
minimal energy is required to deform the protein structure, signifying increased flexibility and favourable conformational
dynamics of the protein. This remarkably low eigenvalue demonstrates that the interaction between kaempferol and SRC
is energetically favourable, leading to the formation of a highly stable protein-ligand complex.
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Variance analysis showed that the cumulative variance increased constantly across the first 20 modes, with the initial
modes contributing significantly to the overall motion of the complex (Fig. 3.15 C). The relatively high individual variance
observed in the lower modes facilitates the dominance of collective motions, which are important for biological function
and signal transduction, further confirming the dynamic stability of the kaempferol-SRC complex.

Covariance matrix analysis revealed a combination of correlated (red), anti-correlated (blue), and non-correlated (white)
motions among the residues (Fig. 3.15 E). The presence of prominent correlated and anti-correlated regions indicates
effective interactions between various parts of the proteins upon ligand binding. Such coordinated residue movements are
indicative of functional stability and suggest that kaempferol binding activates significant dynamic responses within the
SRC protein.

Root mean square fluctuation (RMSF) analysis, combined with secondary structure information, showed that most
residues displayed low-to-moderate fluctuations during the simulation period (Fig. 3.15 G). Higher RMSF values were
prominently observed in the loop and coil regions, which are inherently flexible, whereas the a-helical and B-sheet regions
displayed decreased fluctuations. Importantly, the residues within and surrounding the ligand-binding regions showed
lower RMSF values, suggesting ligand-induced stabilization of the binding pockets.

Finally, the elastic network model showed relatively low stiffness around the SRC protein structure, as indicated by the
prominent light-grey regions (Fig. 3.15 F). This indicates that the protein exhibits sufficient flexibility to undergo
conformational changes upon ligand binding. The low stiffness observed further supports the ability of SRC to
accommodate kaempferol and the formation of a stable and flexible complex.
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Fig. 3.15. MD simulation output for Kaempferol—SRC docked complex: (A) Deformability; (B) B-factor; (C)
Variance; (D) Eigenvalue; (E) Covariance map; (F) Elastic network model; (G) RMSF Analysis of the Kaempferol—
SRC Complex (CABS-flex 2.0) (protein rigidity: 1.0, number of cycles: 50, cycle between trajectory: 50 for 10 ns) from
CABS-Flex 3.0 server

Discussion

The results of this study demonstrate that Calotropis gigantea flowers contain a diverse array of bioactive compounds that
potentially exert multi-targeted anti-cervical cancer effects by modulating key oncogenic signaling pathways. By
integrating network pharmacology, molecular docking, and MD simulations, we have identified specific hub genes and
molecular mechanisms through which these floral bioactives may inhibit cervical cancer progression.

The phytochemical analysis of C. gigantea flowers identified 31 bioactive compounds, including flavonoids like quercetin
and kaempferol, and cardiac glycosides such as calotropin and uscharin. ADME profiling revealed that flavonoids and
small heterocyclic compounds (e.g., flavylium and 5-hydroxy-(2-methoxymethyl)pyridine) possess favorable drug-like
properties, adhering to Lipinski’s Rule of Five with high oral bioavailability scores (3.4). While high-molecular-weight
cardenolides like uscharin and calotropin exhibited Lipinski violations due to their complexity, they remain
pharmacologically significant as potent cytotoxic agents known to induce apoptosis in various cancer cell lines, including
HeLaand HCT116 (16.17). This suggests that the anti-cancer potential of C. gigantea stems from a synergistic interactions
between highly bioavailable flavonoids and more complex, highly potent glycosides (11.12).

The PPI network analysis identified AKT1, EGFR, SRC, and STAT3 as critical hub genes with the highest degree of
connectivity. AKT1, a central component of the PI3K-AKT pathway, is frequently mutated in cervical cancer and
promotes cell survival, proliferation, and angiogenesis (6.7). Similarly, the overexpression of EGFR and SRC is closely
linked to tumor growth and resistance to therapy (39.40). Our survival analysis further validated the clinical relevance of
these targets, particularly JUN (HR = 1.7) and EGFR (HR = 1.6), which were identified as significant prognostic markers
of poor survival in cervical cancer patients. This aligns with recent studies suggesting that targeting these core regulatory
nodes can disrupt the hallmark processes of tumorigenesis (10.34).

GO and KEGG enrichment analyses provided a systems-level understanding of the "multi-component, multi-pathway"
mechanism. The targets were significantly enriched in pathways such as PI3K-AKT signaling, EGFR-tyrosine kinase
inhibitor resistance, and steroid hormone biosynthesis (5.8). The modulation of these pathways suggests that C. gigantea
bioactives may not only inhibit primary tumor growth but also overcome therapeutic resistance—a major challenge in
treating advanced cervical cancer (1.2). Furthermore, the enrichment of apoptosis-related terms and cell cycle control
reinforce the findings that C. gigantea extracts induce programmed cell death by regulating pro-apoptotic factors like
CASP3 and BCL2 (18.41).

Molecular docking confirmed the high affinity of flavonoids for these hub proteins. Quercetin and kaempferol consistently
exhibited the strongest binding energies, particularly against SRC (—9.10 kcal/mol) and EGFR (—8.90 kcal/mol). These
compounds formed stable hydrogen bonds with critical catalytic residues such as MET-793 in EGFR and THR-338/MET-
341 in SRC, which are essential for kinase activity (6.9).

The MD simulations further substantiated these interactions, showing that the Quercetin—SRC and Kaempferol-SRC
complexes are highly stable. The very low eigenvalues 9.14973 x 10~° and consistent B-factor profiles indicate that the
ligand-protein complexes are energetically favorable and maintain structural integrity over time (10.34). The low RMSF
values in the binding residues during simulations suggest that the binding of these bioactives stabilizes the target proteins,
thereby effectively inhibiting their oncogenic functions (7.42).

Conclusion

In conclusion, this study provides a comprehensive computational foundation for using Calotropis gigantea floral
bioactives as potential therapeutic agents against cervical cancer. The integration of high-affinity binding, stable molecular
dynamics, and multi-pathway modulation highlights these compounds, particularly quercetin and kaempferol, as
promising candidates for further in vitro and in vivo validation.
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