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ork pharmacology and molecular
dynamics analysis of Ceiba pentandra compounds
with experimental support for colorectal cancer
therapy

Menaga Suriyakanthan and Geetha Natesan *

This study investigated the anticancer potential of Ceiba pentandra leaf extract against colorectal cancer

(CRC) through integrated computational and experimental approaches. Twenty-nine phytochemicals

were identified, of which ten compounds with high gastrointestinal absorption and drug-like properties

were shortlisted. SwissTargetPrediction and network pharmacology analyses (GeneMANIA, STRING,

Cytoscape) revealed 267 common targets between C. pentandra compounds and CRC-associated

genes. Key hub genes included AKT1, TP53, and STAT3. Molecular docking using Schrödinger followed

by MM-GBSA calculations and 100 ns molecular dynamics (MD) simulations identified kaempferol, linarin,

and b-sitosterol-b-D-glucoside as the most active compounds. The 3CQU–kaempferol complex showed

the greatest structural stability and favorable binding free energy, supporting strong ligand–protein

interactions. KEGG and GO enrichment analyses indicated that these targets were predominantly

involved in the PI3K-Akt and colorectal cancer signaling pathways. In vitro validation using the MTT assay

demonstrated a dose-dependent cytotoxic effect of C. pentandra extract on HCT-116 colon cancer cells

with an IC50 value of 36.9 mg mL−1, while showing good biocompatibility toward 3T3L1 fibroblast cells.

Morphological changes consistent with apoptosis were observed in treated cells. Overall, C. pentandra

exhibits potent, multi-target anticancer activity against colorectal cancer by modulating key oncogenic

pathways. These findings integrate in silico predictions with in vitro validation, highlighting C. pentandra

as a promising natural therapeutic candidate warranting further mechanistic and preclinical investigations.
Introduction

Cancer remains one of the most pressing global health chal-
lenges, with colorectal cancer (CRC) ranking among the top
causes of cancer-related morbidity and mortality worldwide.1

Although conventional treatments such as chemotherapy and
radiotherapy have improved survival rates, they are oen asso-
ciated with signicant toxicity, resistance, and high nancial
burden. In light of these limitations, there is increasing interest
in exploring natural products, particularly plant-derived
compounds, as alternative or complementary anticancer ther-
apies.2 Medicinal plants have historically been a rich source of
bioactive molecules, and several plant-based compounds, such
as paclitaxel and vincristine, have already been successfully
translated into clinically approved anticancer drugs.3 Colorectal
cancer (CRC) management primarily relies on a combination of
surgery, chemotherapy, radiotherapy, and targeted or immu-
notherapeutic approaches, depending on disease stage and
molecular characteristics. Surgical resection remains the
ity, Coimbatore, Tamil Nadu, 641 046,

the Royal Society of Chemistry
cornerstone for localized tumors, oen combined with adjuvant
chemotherapy using agents such as 5-uorouracil, oxaliplatin,
and irinotecan to prevent recurrence and improve survival.
Targeted therapies, including anti-EGFR (cetuximab, pan-
itumumab) and anti-VEGF (bevacizumab) monoclonal anti-
bodies, have further enhanced clinical outcomes in metastatic
CRC.4 However, these treatments are frequently accompanied
by severe adverse effects, including gastrointestinal toxicity,
myelosuppression, and neuropathy, and their efficacy is oen
limited by the emergence of drug resistance and tumor
heterogeneity. Moreover, the high cost and limited accessibility
of these therapies in developing regions underscore the urgent
need for safer, more affordable, and multitargeted therapeutic
alternatives such as those derived from medicinal plants in
order to improve global CRC management5

C. pentandra, a tropical tree widely used in traditional
medicine, has attracted scientic attention due to its diverse
pharmacological properties, including antioxidant, anti-
inammatory, and anticancer activities.6 Recent studies have
demonstrated that C. pentandra extracts exhibit signicant
antiproliferative and pro-apoptotic effects against various
cancer cell lines, including breast, liver, and lung cancers,
RSC Adv., 2025, 15, 49399–49417 | 49399
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supporting its potential relevance in oncology.7 Moreover,
emerging evidence highlights the modulation of oxidative
stress and inammatory pathways by C. pentandra phytocon-
stituents, suggesting a plausible mechanistic basis for its
activity against colorectal cancer. To assess the drug potential
of these phytochemicals, drug-likeness and ADMET (Absorp-
tion, Distribution, Metabolism, Excretion, and Toxicity)
proling using in silico tools such as SwissADME is essential.
These predictive models help identify compounds with
favourable pharmacokinetic properties and minimize the risk
of adverse effects, thereby streamlining the drug discovery
process.8 A network pharmacology approach offers a systems-
level perspective on the multitarget nature of plant-based
compounds, which is particularly relevant for complex
diseases like cancer. Tools such as SwissTargetPrediction
enable the identication of putative molecular targets, while
protein–protein interaction (PPI) networks constructed using
the STRING database can highlight key regulatory genes
involved in cancer pathogenesis.9–11 To gain further mecha-
nistic insight, KEGG pathway enrichment analysis is per-
formed to identify the signalling pathways modulated by the
target proteins. In the context of colorectal cancer, critical
pathways such as PI3K-Akt, MAPK, p53 signalling, and
apoptosis are oen implicated.12

Molecular docking is a widely used computational tech-
nique in drug discovery and development that predicts the
interaction between small molecules (ligands) and their bio-
logical targets, typically proteins or enzymes.13 The primary
goal of docking studies is to estimate the binding affinity and
orientation (pose) of a ligand within the active site of a target
protein,14 providing insight into the molecular mechanisms
underlying therapeutic activity. By simulating these interac-
tions, molecular docking helps identify potential drug
candidates, prioritize compounds for synthesis or testing,
and understand structure–activity relationships.15 The
process involves two key components: sampling, which
explores possible conformations and positions of the ligand,
and scoring, which evaluates the stability and strength of the
ligand–receptor complex based on binding energies. Docking
studies are especially valuable in the early stages of drug
discovery as they are cost-effective, time-efficient, and capable
of screening large compound libraries.16 In vitro cytotoxicity
assays serve as a fundamental approach in cancer research,
enabling the preliminary evaluation of the anticancer poten-
tial of various natural and synthetic compounds.17 The HCT-
116 cell line, derived from human colorectal carcinoma, is
widely used for studying colorectal cancer. Among various
methods, the MTT assay is commonly employed to determine
cell viability by measuring mitochondrial metabolic activity,
offering a reliable estimate of cytotoxic effects.18,19 Utilizing
HCT-116 cells for cytotoxicity screening of plant extracts
provides valuable insights into their potential as natural
anticancer agents and supports the scientic validation of
traditional medicinal practices.20 Despite the traditional use
of C. pentandra, its anticancer potential against colorectal
cancer remains underexplored. Previous studies lack an
integrated approach combining computational predictions
49400 | RSC Adv., 2025, 15, 49399–49417
with experimental validation. Specically, there is limited
evidence on its phytochemical interactions with key onco-
genic targets such as AKT1, TP53, and STAT3. This highlights
the need for a comprehensive study linking molecular dock-
ing, dynamics, and in vitro cytotoxicity to uncover its thera-
peutic potential.

While a few prior studies have investigated C. pentandra
through basic docking or MTT assays, these efforts have been
largely isolated, lacking an integrative systems-level interpreta-
tion or comparative evaluation across major CRC-related
targets. Furthermore, no previous work has comprehensively
combined network pharmacology, enrichment analysis, and
molecular dynamics to delineate the multi-target anticancer
mechanism of C. pentandra compounds. The present study
uniquely advances this eld by bridging computational
predictions with experimental validation, thereby revealing how
specic phytoconstituents modulate central oncogenic regula-
tors, AKT1, TP53, and STAT3 within critical signalling cascades.
This integrative approach not only denes new mechanistic
insights into C. pentandra's action against CRC but also
distinguishes this research as the rst to establish a consoli-
dated pharmacology-to-validation framework for this plant.
Materials and methods
Selection of phytocompounds

C. pentandra, a medicinal plant traditionally used in ethno-
medicine, exhibits a broad spectrum of pharmacological activ-
ities, including anticancer, anti-inammatory, antioxidant, and
antimicrobial effects. Recent studies have highlighted its
potential in oncology, particularly through modulation of
pathways involved in cancer progression. To explore its thera-
peutic promise, the phytochemical constituents of C. pentandra
were identied using multiple phytochemical and ethnobo-
tanical databases, including IMPPAT (Indian Medicinal Plants,
Phytochemistry and Therapeutics), KNAPSACK, and RePharm,
facilitating comprehensive retrieval of 29 known bioactive
compounds. These compounds also consist of compounds
previously identied from our earlier study through GC-MS of C.
pentandra leaf extracts were also incorporated to ensure exper-
imental relevance and continuity between computational and in
vitro analyses.21 These compounds were further evaluated for
drug-likeness and pharmacokinetic properties using the Swis-
sADME tool. Lipinski's rule of ve was applied, allowing at most
one violation, while Veber and Egan criteria were used to assess
molecular exibility, polar surface area (TPSA # 140 Å2), and
oral bioavailability. Additionally, compounds were screened for
high gastrointestinal (GI) absorption and acceptable water
solubility (log S within −6 to 0).22 Based on these lters, 7
compounds failed the Lipinski criteria, 5 did not satisfy the
Veber/Egan thresholds, and 7 exhibited either low GI absorp-
tion or poor solubility, resulting in the exclusion of 19
compounds in total. The remaining 10 phytocompounds
showed favourable drug-like and ADMET properties. The
potential protein targets for each selected compound were then
predicted using the SwissTargetPrediction database, and these
© 2025 The Author(s). Published by the Royal Society of Chemistry
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compounds were further analysed for their molecular interac-
tions with colorectal cancer-associated proteins.23
Identication of colorectal cancer related targets

The keywords “colorectal cancer” were used to search three
databases: GeneCards (https://www.genecards.org/), OMIM
(https://omim.org/), and the GEO database (https://
www.ncbi.nlm.nih.gov/geo/) to identify relevant target genes.24

From GEO, the microarray dataset GSE110224 was obtained,
based on the GPL570 [HG-U133_Plus_2] Affymetrix Human
Genome U133 Plus 2.0 Array platform, which includes 17
colorectal cancer (CRC) and 17 matched normal tissue
samples.25 Differentially expressed genes (DEGs) between CRC
and normal samples were identied using the LIMMA
package with a paired t-test, and genes with adjusted P < 0.05
and jlog2 fold-changej $ 1 were considered signicant. Based
on adjusted P values, the top 10 upregulated and top 10
downregulated genes were selected for further analysis. In
total, 2580 genes from GeneCards, 27 from OMIM, and 20
from GEO were collected, and all genes were merged and
labelled as colorectal cancer-associated genes, resulting in
2672 genes for subsequent analyses.
Construction and analysis of the protein–protein interactions
(PPI) network

To identify overlapping genes between the compound target
dataset and colorectal cancer-associated genes, a Venn diagram
was generated. The intersecting gene set was then subjected to
a protein–protein interaction (PPI) analysis using the STRING
database version 12.0 (https://string-db.org/).26 The analysis was
conducted under the following parameters: organism set to
Homo sapiens and a medium condence score threshold of
$0.4, which is commonly used for moderately reliable
interaction predictions. The resulting PPI network was
exported and visualized using Cytoscape soware (version
3.10.3). Topological parameters, including degree centrality,
betweenness centrality (BC), and closeness centrality (CC),
were computed to assess the inuence and connectivity of
each node within the network.27 These metrics help identify
key regulatory proteins by evaluating how centrally or
strategically they are positioned within the network.

Hub genes were identied by applying the CytoHubba plugin
(version 0.1), which ranks nodes based on maximum degree
values, indicating their potential as critical network regulators.
Additionally, Molecular Complex Detection (MCODE) (version
2.0.2) analysis was performed to identify densely connected
modules within the network, representing potential functional
clusters or biological complexes.28
Gene–gene interactions

To investigate potential interactions among target genes, gene–
gene interaction networks were constructed using the Gene-
MANIA prediction tool (https://genemania.org/).29 This online
bioinformatics platform integrates multiple genomic and
proteomic datasets to predict functional relationships based
© 2025 The Author(s). Published by the Royal Society of Chemistry
on co-expression, physical interactions, shared protein
domains, co-localization, and genetic interactions.

KEGG pathway and GO gene enrichment analysis

This study utilized multiple biological model databases to
explore the roles of cellular components (CC), molecular func-
tions (MF), and biological processes (BP) within large-scale gene
datasets. Gene Ontology (GO) enrichment analysis, performed
using the STRING 12.0 platform, provided in-depth under-
standing of the biological roles, pathways, and subcellular
localizations of enriched genes.30 In addition, the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) database was employed
to systematically examine gene functions and annotate relevant
signaling pathways. By integrating GO and KEGG enrichment
analyses, the research offered a broad functional perspective on
common target genes, enabling the identication of critical
drug–disease interaction pathways. Genes ltered through
STRING were subjected to both GO and KEGG analyses,
producing detailed insights into CC, MF, BP categories, and
associated pathways. The top 10 GO terms and top 20 KEGG
pathways-ranked by statistical signicance (FDR) were selected
for visualization using bar and bubble charts via the bi-
oinformatics visualization platform (https://
www.bioinformatics.com.cn/). Additionally, the interactive
network of active compounds, corresponding targets, and
involved pathways was constructed and illustrated using
Cytoscape soware (version 3.8).

In silico docking of compounds against colorectal cancer
proteins

Pre-processing and analyzing the structures. Structural pre-
processing is a crucial step that involves preparing the protein
for downstream analysis by managing tasks such as heteroatom
state assignment, hydrogen bonding optimization, and energy
minimization.31 Within the Protein Preparation Wizard, this
process includes dening bond orders, adding missing
hydrogen atoms, eliminating water molecules, and modeling
incomplete loop regions.

Ligand structure preparation

Ligand structure preparation using LigPrep involves a compre-
hensive toolset tailored to generate accurate, all atom three
dimensional (3D) models of drug-like compounds. It processes
both two-dimensional (2D) and 3D molecular inputs in formats
such as SDF or Maestro to produce geometrically rened ligand
structures suitable for computational analyses.

Receptor grid generation

Receptor grid generation is a crucial preliminary step in
molecular docking, carried out using the receptor grid genera-
tion module. Docking simulations cannot proceed without
completing this step. A properly prepared protein structure-with
accurate bond orders and formal charges is required for grid
construction. The process involves navigating through four key
conguration tabs to dene and generate the docking grid
RSC Adv., 2025, 15, 49399–49417 | 49401
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around the active site. The grid box coordinates were obtained
from PrankWeb (https://prankweb.cz/) and subsequently
validated before being used for docking simulations. The grid
box was centered on the top-ranked predicted binding pocket,
with dimensions of 20 Å in all directions around the site
center.32
Ligand docking

In the next step, the grids generated were used to dock the
ligands prepared from LigPrep performed. Ligands were docked
in extra precision mode for better results. The resulting docking
score was analyzed, and hydrogen bonding was also visualized
using 2D and 3D diagrams.
Molecular dynamics (MD) simulation analysis

The Optimized Potentials for Liquid Simulations 2005
(OPLS_2005) force eld was used for all simulations. Prior to
production runs, the systems were energy-minimized using
Desmond's built-in relaxation protocol (convergence threshold:
1 kcal mol−1; 2000 iterations), followed by pre-equilibration
under NVT and NPT ensembles. During equilibration, posi-
tional restraints were applied to heavy atoms, and constraints
on all bond lengths involving hydrogen atoms were maintained
using the M-SHAKE algorithm.33

Simulations were performed in Desmond (Schrödinger 2023-
1) using the OPLS_2005 force eld and TIP3P water model
within an orthorhombic box (10 Å buffer). Systems were
neutralized with Na+/Cl− and adjusted to 0.15 M ionic strength.
Energy minimization and NVT/NPT equilibration preceded 100
ns production runs (310 K, 1 bar, 2 fs time step) with Nosé–
Hoover thermostat and Martyna–Tobias–Klein barostat. Post-
simulation analyses included evaluation of the root mean
square deviation (RMSD), root mean square uctuation (RMSF),
radius of gyration (Rg), solvent-accessible surface area (SASA),
and intermolecular hydrogen bond proles to assess structural
stability, compactness, and interaction persistence of the
protein–ligand complexes throughout the trajectories.

The trajectories for RMSD and RMSF of both protein and
ligand were computed using standard mathematical expres-
sions, which quantify atomic displacement relative to a refer-
ence structure over time.

RMSDx ¼
ffiffiffiffiffi
1

N

r
�
X

ði ¼ 1 to NÞ
��

r
0
iðtxÞ � r

iðtrefÞ
�2
�

where N represents the total number of atoms selected; tref
denotes the reference time point, typically the rst frame used
as a baseline at time t= 0; and r0 indicates the coordinates of the
selected atoms in frame x aer alignment to the reference
frame, with frame x captured at time tx.

RMSFi ¼
ffiffiffiffi
1

T

r
�
X

ðt ¼ 1 to TÞ
��

r
0
iðtÞ � r

iðtrefÞ
�2
�

where, T represents the total duration of the trajectory over
which the RMSF is calculated, while tref is the reference time
point (time t = 0). Here, r corresponds to the position of an
49402 | RSC Adv., 2025, 15, 49399–49417
atom at the reference time tref, and r0 is the position of the atom
at time t aer alignment to the reference frame.
Prime MM-GBSA analysis

The most stable docking poses, based on docking scores and
visual inspection of key interactions, were selected for subse-
quent analysis. The binding free energies (DG-bind) of the
docked ligand–protein complexes were estimated using the
Molecular Mechanics/Generalized Born Surface Area (MM/
GBSA) approach implemented in the Prime module of Schrö-
dinger Maestro (Schrödinger Release 2023-4). The MM/GBSA
method provides an approximate free energy of binding by
combining molecular mechanics energies with solvation and
surface area contributions.34

The total binding free energy was calculated using the
following equation:

DGbind = Gcomplex − (Gprotein + Gligand)

where Gcomplex, Gprotein, and Gligand represent the free energies of
the optimised complex, receptor, and ligand, respectively. Each
free energy term was derived as:

G = EMM + Gsolv + GSA

Here, EMM is the molecular mechanics energy (sum of van der
Waals and coulombic interactions), Gsolv is the polar solvation
energy calculated using the Generalized Born (GB) model, and
GSA is the nonpolar solvation contribution estimated from the
solvent-accessible surface area (SA).

The Prime MMGBSA calculation was executed using the
default OPLS4 force eld, with the VSGB 2.0 solvation model
applied for implicit solvent representation. The protein–ligand
complexes obtained from docking studies were minimized
before energy evaluation. Both solvated (DG_bind) and no-
solvent (DG_bind(NS)) binding energies were computed to
assess the inuence of solvation effects on complex stability.
The coulombic and van der Waals energy components were
extracted to analyze the electrostatic and hydrophobic contri-
butions to binding.35
Plant collection and extraction

Plant materials were collected from the Coimbatore district and
authenticated by the Botanical Survey of India, Coimbatore
(BSI/SRC/5/23/2024-25/Tech./514). The leaves were thoroughly
cleaned, shade-dried for six weeks, and then powdered using
amixer grinder. A total of 50 g of the powdered leaf material was
subjected to sequential Soxhlet extraction using ve solvents of
differing polarity in a Soxhlet apparatus. Finally, methanolic
leaf extract was chosen and the extracts obtained were
concentrated to dryness under reduced pressure using a rotary
evaporator and, for cell-based assays, the extracts were di-
ssolved in dimethyl sulfoxide (DMSO) to prepare stock solu-
tions, ensuring that the nal DMSO concentration in the culture
medium did not exceed 0.5%, and vehicle controls were
included.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cell line propagation and treatment

HCT-116, a human colorectal carcinoma cell line, and 3T3L1,
a normal broblast cell line, were procured from the National
Centre for Cell Science (NCCS), Pune, India, and cultured in T25
asks containing Dulbecco's Modied Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum and 1% antibiotics
(100 mg permL penicillin and 100 mg permL streptomycin) at 37 °C
in a humidied incubator with 5% CO2.36 Once the cells reached
conuency, they were detached using trypsin and sub-cultured for
experimental use, and following treatment, cell viability was
determined and expressed as a percentage relative to the untreated
control.

Extract preparation for anti-cancer activity

The antiproliferative effect ofC. pentandra leaf extract was assessed
on HCT-116 and 3T3L1 broblast cells using doxorubicin (1.5 mM)
as a positive control. Methanol Soxhlet extracts of C. pentandra
leaves were used for all cell-based assays. Extraction procedures
and phytochemical quantication (including yield, compound
proling, and characterization) followed the previously published
protocol by the same author, ensuring reproducibility and meth-
odological transparency. All experiments included vehicle
controls, using DMSO at a nal concentration not exceeding 0.1%
(v/v). Cells were cultured in T25 asks using a 1 : 1 mixture of
DMEMand Leibovitz's L-15medium, supplemented with 10%FBS
and 1% antibiotics (100 U per mL penicillin, 100 mg per mL
streptomycin), and maintained at 37 °C with 5% CO2. Upon
reaching conuency, cells were trypsinized and seeded into 96 well
plates at a density of 5000 cells per well. Once 50% conuent, cells
were treated with C. pentandra extract at concentrations of 50–300
mg mL−1 for HCT-116 cells and 50–500 mg mL−1 for 3T3L1 bro-
blast cells for 24 hours. Cell viability was determined using the
MTT assay, with absorbance measured at 450 nm using a micro-
plate reader (EnSpire, PerkinElmer, USA).

Assessment of cell proliferation

The antiproliferative activity of C. pentandra leaf extract on HCT-
116 and 3T3L1 broblast cells was evaluated using the MTT
Table 1 ADME/T information of anticancer compounds in C. pentandra

S. no. Compound name
GI
absorption

H-bond
donor

1 (+)-Catechin High 5
2 (−)-Beta-sitosterol Low 1
3 Vavain High 2
4 D-Glucuronic acid Low 5
5 D-Galactose Low 5
6 2,7-Dimethoxy-5-isopropyl-

3-methyl-8,
1-naphthalene
carbolactone

High 0

7 Kaempferol High 4
8 Linarin Low 7
9 Beta-sitosterol-beta-D-

glucoside
Low 4

10 Caffeic acid High 3

© 2025 The Author(s). Published by the Royal Society of Chemistry
assay. Cells were seeded in 96 well plates (15 000 cells per well)
and incubated at 37 °C with 5% CO2. At 60–70% conuency,
cells were treated with C. pentandra extract. Aer 24 hours, MTT
solution (2 mg mL−1) was added and incubated for 3 hours.
Formazan crystals were solubilized in 200 mL DMSO, and
absorbance was measured at 570 nm. Reduced absorbance
indicated decreased viability. Data are presented as mean ± SD
from triplicate experiments.37
Statistical analysis

Statistical analysis was performed using GraphPad Prism so-
ware. Data were expressed as mean± standard deviation (SD) of
three independent experiments. One-way analysis of variance
(ANOVA) was conducted to assess signicant differences among
groups, followed by Tukey's post hoc test for multiple
comparisons.
Results
Analysis of bioactive compounds present in the sample

In this study, 29 bioactive compounds of C. pentandra were
retrieved from various databases. From these, 10 phyto-
compounds exhibiting high gastrointestinal (GI) absorption
and favourable drug-like characteristics were shortlisted using
the SwissADME tool. Furthermore, the potential targets for each
selected compound were identied using the Swis-
sTargetPrediction database. A probability cutoff of $0.1 was
applied to retain reliable target predictions, with the species
restricted to Homo sapiens. Aer all ltering steps, a total of 519
ligand target genes were selected for subsequent analysis. The
details of these 10 compounds are presented in Table 1.
Therapeutic targets of C. pentandra bioactive compounds for
colorectal cancer treatment

To identify genes associated with colorectal cancer, the keyword
“Colorectal Cancer” was used to search multiple databases. A
total of 2672 disease-related genes were collected, of which 2580
were retrieved from GeneCards, representing literature and
H-bond
acceptor

Molecular
weight TPSA

Rotatable
bond

6 290.27 74.33 1
1 414.71 133.2 6
7 344.32 91.44 4
7 194.14 36.35 1
6 180.16 35.74 1
4 286.32 81.44 3

6 286.24 76.01 1
14 592.55 141.8 7
6 576.85 165.6 9

4 180.16 47.16 2
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Fig. 1 Venn diagram depicting the overlap between colorectal cancer-associated genes retrieved from GeneCards (2580), OMIM (27), and GEO
(20) and ligand target genes (519). The intersection identifies 267 common genes, representing potential therapeutic targets used for further
analyses.
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database supported targets, 27 were from OMIM and 20 were
obtained from the GEO database, reecting experimentally vali-
dated genes. These disease-associated genes were then compared
with 519 ligand target genes, resulting in 267 overlapping genes.
These common genes, representing potential therapeutic targets
supported by both disease relevance and ligand targeting, were
selected for further analyses, as illustrated in Fig. 1.

Gene–gene interactions

A Gene MANIA-derived interaction network, dominated by
physical (49.34%) and genetic (22.45%) interactions, revealed
TP53, AKT1, EGFR, STAT3, and SRC as central hub genes
interconnected through diverse functional associations, high-
lighting their key roles in apoptosis, cell signalling, and onco-
genic regulation. Fig. 2.
Fig. 2 GeneMANIA-derived interaction network showing key hub
genes (TP53, AKT1, EGFR, STAT3, SRC) with predominant physical
(49.34%) and genetic (22.45%) interactions. Node size reflects
connectivity; edge thickness and color indicate interaction strength
and type.

49404 | RSC Adv., 2025, 15, 49399–49417
PPI network visualization and analysis

To elucidate the molecular interactions among the 267 pre-
dicted therapeutic targets of C. pentandra, a protein–protein
interaction (PPI) network was constructed using the STRING
database and visualized in Cytoscape version 3.10.3. The
resulting network comprised 267 nodes and 5528 edges, with an
average node degree of 45.853, indicating extensive inter-
connectivity among the targets (Fig. 3).

Topological analysis revealed AKT1, TP53, STAT3, TNF,
EGFR, BCL2, HSP90AA1, ESR1, JUN, and MAPK3 as the top 10
hub genes based on degree centrality (Table 2). Further
assessment of betweenness and closeness centralities
conrmed the prominent regulatory positions of AKT1, TP53,
STAT3, TNF, and EGFR, all of which are crucial mediators in
colorectal cancer (CRC) progression. These ndings suggest
that C. pentandra may exert therapeutic effects by targeting
multiple central nodes within cancer-associated signalling
pathways. Functional module analysis using the MCODE plugin
identied four major clusters within the PPI network (Table 3).

Cluster 1 (score = 42.0), the most signicant, contained key
proteins such as AKT1, TP53, STAT3, EGFR, TNF, and MTOR,
predominantly enriched in PI3K/AKT/mTOR, MAPK, and NF-kB
signaling pathways. These are central to cell survival, apoptosis,
and proliferation, suggesting that C. pentandra compounds may
simultaneously modulate multiple oncogenic cascades. Cluster
2, with a score of 12.5 comprised regulators of cell cycle, JAK/
STAT, and VEGF signaling (e.g., JAK1, TYK2, CDK1, RAF1),
indicating a role in inhibiting tumor growth and angiogenesis.
Cluster 3 (score = 5.3) included MMP1, MMP9, TGFBR1,
ROCK1, and NOS2, associated with extracellular matrix
remodelling and metastasis, implying potential anti-invasive
effects of C. pentandra constituents. Cluster 4 (score = 5.2)
was enriched with CYP family members and prostaglandin-
related enzymes, suggesting modulation of lipid metabolism
and inammatory mediators relevant to tumor microenviron-
ment regulation. These results indicate that C. pentandra
compounds act on multiple functional modules and hub
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Protein–Protein Interaction (PPI) network of core target genes. Darker and larger nodes represent proteins with higher degree values,
indicating greater connectivity and central importance within the network.
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proteins involved in key oncogenic pathways, providing
a mechanistic basis for their potential therapeutic role in
colorectal cancer.

KEGG enrichment analysis and GO ontology

KEGG pathway enrichment analysis identied 127 signaling
pathways, with the top 20 (Fig. 4A) prominently associated with
pathways in cancer, colorectal cancer, PI3K-Akt signaling, ErbB
signaling, estrogen signaling, and IL-17 signaling. Key targets
such as PIK3CA, TP53, BCL2, CDK4, STAT3, AR, and ESR1 were
enriched in these networks, indicating that C. pentandra
bioactives may inuence multiple oncogenic and survival
pathways. Mechanistically, the modulation of the PI3K-Akt and
MAPK pathways may restore apoptotic signaling and inhibit
abnormal cell proliferation, while regulation of IL-17 and NF-kB
pathways could suppress the pro-inammatory microenviron-
ment that drives colorectal cancer progression. The involve-
ment of estrogen and ERBB signalling further suggests
potential interference with hormone receptor-mediated path-
ways, highlighting the multi-pathway synergistic action of C.
pentandra phytochemicals. This KEGG pathway map titled
Table 2 Descriptions of the PPI network hub genes

Target
name Degree

Closeness
centrality

Betweenness
centrality ASPL

AKT1 171 0.76 0.06 1.31
TP53 170 0.74 0.04 1.33
TNF 169 0.74 0.53 1.34
EGFR 160 0.72 0.03 1.37
STAT3 151 0.70 0.27 1.41
BCL2 144 0.69 0.03 1.43
HSP90AA1 143 0.69 0.02 1.44
ESR1 142 0.69 0.04 1.46
JUN 138 0.68 0.02 1.49
MAPK3 122 0.65 0.01 1.52

© 2025 The Author(s). Published by the Royal Society of Chemistry
Pathways in Cancer illustrates the complex network of signal-
ling pathways and molecular interactions that drive cancer
development and progression. The red-highlighted genes and
proteins such as PIK3CA, TP53, BCL2, CDK4, STAT3, and
hormone receptors like AR and ESR1 represent key molecules
that are upregulated in the dataset being analyzed. These genes
play critical roles in regulating cell proliferation, inhibiting
apoptosis, promoting cell cycle progression, enabling genomic
instability, and modulating hormone responses. The KEGG
pathway analysis (Fig. 4B) revealed that the identied target
genes regulated by C. pentandra compounds are predominantly
involved in key cancer-associated pathways governing
apoptosis, cell proliferation, and survival signalling.

Gene Ontology (GO) analysis revealed signicant enrichment
in biological processes such as positive regulation of gene
expression, suppression of apoptosis, and response to xenobi-
otic stimuli; cellular components like the nucleus and cytosol;
and molecular functions including protein binding, enzyme
regulation, and ubiquitin ligase activity (Fig. 4C). These results
indicate that C. pentandra compounds may modulate key
intracellular regulatory systems affecting protein stability,
transcriptional control, and stress responses. Collectively, the
KEGG and GO ndings suggest that C. pentandra exerts anti-
cancer effects through coordinated modulation of cell survival,
inammatory, apoptotic, and hormonal signaling networks,
providing a mechanistic basis for its therapeutic potential
against colorectal cancer.
Relationship between active compounds-potential
therapeutic target, and critical pathways involved

The interaction between bioactive compounds, target genes/
proteins, and KEGG pathways relevant to cancer are shown in
Fig. 5. The yellow nodes are phytochemicals (e.g., catechin,
kaempferol, beta-sitosterol), the green ellipses are their associ-
ated protein targets, and the pink triangles indicate the KEGG
RSC Adv., 2025, 15, 49399–49417 | 49405
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Table 3 Cluster analysis of the protein modules within the PPI network

Genes Cluster Score Node

AR, MAPK3, MDM2, CDK2, HSP90AA1, HSPA8,
HSP90AB1, NFE2L2, HDAC6, CDK4, NR3C1,
ABCB1, MMP2, KDR, MAPK1, DNMT1, TNF,
TERT, TLR4, NTRK1, MMP9, TP53, IL2,
MAP2K1, SRC, MAPK14, PTGS2, EGFR, RAF1,
STAT3, PTPN11, STAT1, RPS6KB1, PGR, PIK3CA,
EP300, JAK2, GSK3B, MCL1, FGF2, IGF1R,
PPARG, ABL1, CDK1, BCL2, CCND1, AKT1,
PPARA, MTOR, MAPK8, BCL2L1, RELA, ERBB2,
BRAF, HIF1A, ESR1, SLC2A1, PARP1, KIT

1 42.0 61

PTK2, PRKCA, TYK2, FYN, HSP90B1, FGFR1,
CDK2, ALK, ESR2, HSPA8, CHEK1, PRKACA,
PIK3CG, HDAC6, PIK3R1, ABCG2, JAK1, MET,
ABCB1, PIK3CD, CDK6, CHEK2, KDR, ABL1,
CDK1, TERT, NTRK1, AURKA, PPARA, SYK,
SERPINE1, ERBB2, RAF1, LCK, SLC2A1, FLT1,
PTPN11

2 12.5 37

PTPN6, CYP19A1, PRKCD, NOS2, MPO, PTK2B,
MMP3, SHH, ROCK1, MMP14, PPARD, JAK3,
MMP1, IDO1, PIK3CB, PLG, PLAU, LGALS3,
FGF1, FLT3, NOS3, FASN, BTK, MAP2K2,
MMP13, MAPK9, TGFBR1, CSF1R, CSNK2A1,
ACE, TLR9, PPP2CA

3 5.3 34

CYP17A1, KCNH2, SRD5A2, CYP1B1, ALOX12,
PLA2G2A, CYP2C19, CYP2C9, STS, PTGES,
PTGFR, CYP2D6, AKR1C1, PTGER1, PON1,
PTGER2, AHR, CYP1A2, TTR, HSD17B1

4 5.2 20

49406 | RSC Adv., 2025, 15, 49399–49417 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Shows the relationship between key target genes and
significantly enriched signalling pathways. The right bubble plot
represents the top enriched pathways ranked by gene ratio. The
bubble size indicates the number of genes involved in each pathway,
while the colour intensity corresponds to the significance level (−log10
P-value). (B) Shows the KEGG pathways in cancer map showing target
genes (red) regulated by C. pentandra compounds involved in
apoptosis, proliferation, and survival signalling. (C) GO enrichment
analysis of target genes of C. pentandra compounds. The bubble plot
shows enriched terms for Biological Process (BP), Cellular Component
(CC), and Molecular Function (MF). Bubble size represents gene count,
and colour indicates significance (−log10 P-value).
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pathways (e.g., hsa05200: pathways in cancer, hsa04151: PI3K-
Akt signalling pathway). The numerous connecting edges
show how each compound inuences multiple targets, and how
these targets are involved in multiple cancer-related pathways.
This indicates that the phytochemicals may exert their
© 2025 The Author(s). Published by the Royal Society of Chemistry
anticancer effects through multi-target, multi-pathway mecha-
nisms. Among them the most interactive compounds are
vavain, linarin, beta-sitosterol-beta-D-glucoside, caffeic acid
beta-sitosterol, and kaempferol with a score of 100 and the most
interactive genes are AKT1, MAPK3, Tp53, and MTOR with
a score of 21. These compounds are further chosen for molec-
ular docking using Schrodinger soware.

Anti-COAD hub gene expression and prognosis of colorectal
cancer patients

The study also aimed to determine whether the hub targets of C.
pentandra, which act on colorectal cancer (CRC), could serve as
potential molecular markers for predicting CRC prognosis. To
achieve this, we employed Kaplan–Meier survival analysis to
evaluate the association between the expression levels of ten
hub target genes and the overall survival of colorectal cancer
patients Fig. 6. According to the investigation, patients with
high expression of TP53 and MMP9 showed better overall
survival (OS) than those with low expression of these genes (p <
0.05). In contrast, patients with low expression of AKT1, TNF,
and EGFR had signicantly better OS compared to those with
high expression levels (p < 0.01). Meanwhile, the expression
levels of STAT3, HSP90AA1, HIF1A, and MAPK3 did not show
any statistically signicant effect on the overall survival of
colorectal cancer patients (p > 0.05).

Molecular docking

The top genes were selected, and key compounds such as
linarin, beta-sitosterol, kaempferol, caffeic acid, vavain, beta-
sitosterol-beta-D-glucoside, and (+)-catechin were identied
from the compound–ligand target interaction network. The
crystal structure 1XQH represents the TP53 macromolecule co
crystallized with SET7/9 lysine methyltransferase and the
cofactor S-adenosyl-L-homocysteine (SAH). The structure was
resolved at 1.75 Å and contains chains A, B, E, and F. It corre-
sponds to the wild-type enzyme, with no engineered mutations
reported. Several residues and loop regions are missing,
particularly in exible surface-exposed regions as indicated in
the PDB entry.

The 6TLC structure corresponds to human STAT3 in complex
with a designedmonobody inhibitor (MS3-6). It was determined
at a resolution of 2.90 Å, containing multiple chains (B–D)
representing STAT3 dimers and monobody units. The structure
represents unphosphorylated wild-type STAT3, with no small-
molecule cofactors. Minor missing residues are reported in
surface-exposed loop regions and N-/C-terminal ends, which are
typical for exible domains not resolved in electron density.

The 3CQU structure represents the active form of human
AKT1 kinase domain in complex with a substrate peptide and
a spiroindoline inhibitor. The structure includes chain A,
covering residues 144–480 of AKT1, and was determined at 2.70
Å resolution. The protein carries a S473D mutation to mimic
phosphorylation and contains phosphorylated Thr308 (pT308),
corresponding to its active conformation. The N-terminal
regulatory region (residues 1–143) and a few surface loops are
missing from the model due to lack of interpretable density.
RSC Adv., 2025, 15, 49399–49417 | 49407
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Fig. 5 Visualization of active compounds, potential targets, signalling pathways. Red node represents the signalling pathways; green node
represents the active compounds, and pink node represents the potential targets here: hsa05205: proteoglycans in cancer, hsa04630: JAK-STAT
signaling pathway, hsa04010: MAPK signaling pathway, hsa05222: small cell lung cancer, hsa04668: TNF signaling pathway, hsa04657: IL-17
signaling pathway, hsa04151: PI3K-Akt signaling pathway, hsa05224: breast cancer, hsa04012: ErbB signaling pathway, hsa05163: human
cytomegalovirus infection, hsa05418: fluid shear stress and atherosclerosis, hsa05219: bladder cancer, hsa05212: pancreatic cancer, hsa04066:
HIF-1 signaling pathway, hsa05161: hepatitis B, hsa04915: estrogen signaling pathway, hsa05207: chemical carcinogenesis – receptor activation,
hsa05417: lipid and atherosclerosis, hsa05215: prostate cancer, hsa05200: pathways in cancer and hsa01522: endocrine resistance.
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The analysis demonstrated the strongest binding affinities
between the selected ligands and target proteins: kaempferol
with AKT1 (binding affinity:−7.307), linarin with TP53 (binding
affinity: −5.177), and beta-sitosterol-beta-D-glucoside with
STAT3 (binding affinity: −5.324), as illustrated in Fig. 7, and
their 2D and 3D structures are shown in Fig. 8A–C.
Molecular dynamics simulation studies

Three distinct cancer-related receptors such as 1XQH, 3CQU,
and 6TLC, were selected for molecular dynamics simulation
studies. Each receptor was paired with its top-performing ligand
based on docking scores: linarin for 1XQH, kaempferol for
3CQU, and beta-sitosterol-b-D-glucoside for 6TLC.
49408 | RSC Adv., 2025, 15, 49399–49417
Root mean square deviation (RMSD) plot over a 100
nanosecond molecular dynamics (MD) simulation

The root-mean-square deviation (RMSD) proles over a 100 ns
molecular dynamics simulation provided valuable insights into
the conformational stability of the protein–ligand complexes.
The 1XQU with linarin complex (Fig. 9A) displayed a gradual
structural deviation, with the protein backbone RMSD
increasing from approximately 2.5 Å to 5.6 Å, indicating
moderate conformational exibility. Meanwhile, the ligand
RMSD rose signicantly from ∼1.0 Å to over 12.0 Å, peaking
around 13.5 Å, suggesting notable ligand repositioning within
the binding pocket. In contrast, the 3CQU–kaempferol complex
(Fig. 9B) demonstrated higher structural stability, with protein
RMSD maintained between 1.4 and 2.8 Å and the ligand RMSD
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 KM plotter analysis of the relationship between hub target gene expression and colorectal cancer patient survival.

Fig. 7 Clustering heatmap of binding energies (kcal mol−1) from molecular docking. The darker the color, the higher the free energy for the
phytocompounds to bind to the hub targets.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 49399–49417 | 49409
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Fig. 8 (A–C) Shows the binding affinity and their 2D and 3D images of 1XQH with linarin, 3CQUwith kaempferol and 6TLC with beta-sitosterol-
beta-D-glucoside.
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remaining stable around 2.5–3.0 Å, apart from minor uctua-
tions near 50 ns, indicating a well-maintained binding confor-
mation. However, the 6TLC–beta-sitosterol-b-D-glucoside
complex (Fig. 9C) exhibited substantial uctuations, with the
protein RMSD increasing from ∼2.0 Å to 6.5 Å and the ligand
RMSD peaking at 17 Å, reecting pronounced ligand movement
and potential binding instability. Overall, the 3CQU–kaemp-
ferol complex showed the greatest stability among the three,
while the other complexes displayed higher deviations, indi-
cating more dynamic interactions.
Root mean square uctuation (RMSF)

The RMSF analysis reveals distinct exibility proles across the
three protein–ligand complexes. For the 1XQU-Linarin complex
(Fig. 10A), moderate uctuations are observed overall, with
pronounced peaks reaching approximately 8.0 Å around resi-
dues 240–260 and 470–490, indicating highly exible loop
regions, while the majority of residues remain within a stable
range of 1.0–3.0 Å. In the case of the 3CQU–kaempferol complex
(Fig. 10B), residue exibility is predominantly low, ranging from
∼0.5 to 1.5 Å, with isolated peaks near residues 50, 200, and 300
showing uctuations up to 4.3 Å, suggesting limited localized
exibility within an otherwise rigid structure. The 6TLC–beta-
49410 | RSC Adv., 2025, 15, 49399–49417
sitosterol-b-D-glucoside complex (Fig. 10C) displays a wider
range of uctuations, with multiple peaks occurring between
residues 500 and 1200, particularly around residues 600, 800,
and 1000. Where RMSF values exceed 6.0 Å, indicating
substantial structural exibility; in contrast, the region span-
ning residues 100–400 exhibits relatively stable behaviour, with
uctuations ranging from 1.0 to 2.5 Å.
Molecular docking interaction proles of selected ligands
with target protein residues

The interaction proles of the ligand–protein complexes reveal
that linarin, when bound to 1XQU, forms strong hydrogen
bonds with HIS297 (57%), ILE223, and TRP352 (61%), with
a notable interaction between the carbonyl oxygen and
a hydroxyl group (96%), indicating substantial binding stability
(Fig. 11A). Kaempferol in complex with 3CQU exhibits prom-
inent interactions with PHE161, ASP292 (73%), LEU156 (47%),
GLU228, and ALA230 (69%), along with water-mediated
hydrogen bonds, suggesting a robust binding affinity
(Fig. 11B). In contrast, the 6TLC–beta-sitosterol-b-D-glucoside
complex shows a single dominant interaction with TRP510,
reecting a relatively weaker but specic binding, primarily
driven by hydrophobic interactions (Fig. 11C).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (A–C) Shows the RMSD plot of the receptor (A) 1XQU with linarin (B) 3CQUwith kaempferol and (C) 6TLC–beta-sitosterol-b-D-glucoside
complex.

Fig. 10 (A–C) Shows the RMSF plot of the receptor (A) 1XQUwith linarin (B) 3CQUwith kaempferol and (C) 6TLC–beta-sitosterol-b-D-glucoside
complex.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 49399–49417 | 49411
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Fig. 11 (A–C) Shows the interaction profiles of the ligand–protein complexes (A) 1XQU with linarin (B) 3CQU with kaempferol and (C) 6TLC–
beta-sitosterol-b-D-glucoside complex.

Fig. 12 (A–C) Shows the interaction profiles of the protein–ligand contacts of (A) 1XQU with linarin (B) 3CQU with kaempferol and (C) 6TLC–
beta-sitosterol-b-D-glucoside complex.

49412 | RSC Adv., 2025, 15, 49399–49417 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Relative binding free energies (kcal mol−1) of ligand–protein complexes obtained from Prime MM-GBSA calculations

Compound
DG_bind
(kcal mol−1)

DG_Coulomb
(kcal mol−1)

DG_bind(NS)
(kcal mol−1)

DG(NS)_Coulomb
(kcal mol−1)

3CQH −129.47 −64.64 −172.28 −80.53
1XQH −63.56 −15.09 −67.33 −21.04
6TLC −25.17 −14.87 −35.22 −14.07

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 1
1:

48
:0

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Protein–ligand interaction analysis of selected cancer
receptors

The protein–ligand interaction analysis revealed that 1XQU–
linarin and 3CQU–kaempferol complexes exhibited extensive
hydrogen bonding and water bridge interactions, with TRP351
in 1XQU and ASP292 in 3CQU contributing signicantly to
ligand binding through high interaction fractions Fig. 12A and
B. Notably, 3CQU–kaempferol also displayed strong hydro-
phobic and ionic interactions at residues such as GLU234 and
TYR229, suggesting a highly stable and diverse binding mode.
In contrast, the 6TLC–beta-sitosterol-b-D-glucoside complex
demonstrated fewer and weaker interactions, predominantly
water bridges and hydrophobic contacts, with a prominent but
isolated hydrophobic peak at TRP510 Fig. 12C. These ndings
indicate that linarin and kaempferol form more stable and
functionally relevant interactions with their respective receptors
compared to beta-sitosterol-b-D-glucoside, supporting their
potential as promising anticancer agents.

Prime MMGBSA calculations

Prime MMGBSA calculations were performed to evaluate the
binding affinities of the docked complexes. Among the
compounds, 3CQH exhibited the most favorable total binding
free energy (DG_bind = −129.47 kcal mol−1), indicating the
strongest interaction with the target protein. 1XQH showed
moderate binding (−63.56 kcal mol−1), while 6TLC had the
weakest affinity (−25.17 kcal mol−1). The coulombic energy
supported these results, with 3CQH (−64.64 kcal mol−1)
showing strong electrostatic stabilization, compared to 1XQH
(−15.09 kcal mol−1) and 6TLC (−14.87 kcal mol−1). Similarly,
no-solvent (NS) binding energies followed the same trend,
where 3CQH (−172.28 kcal mol−1) demonstrated superior
stability relative to 1XQH (−67.33 kcal mol−1) and 6TLC
(−35.22 kcal mol−1).

Overall, 3CQH formed the most stable and energetically
favorable complex, mainly due to strong electrostatic and van
der Waals interactions, while 6TLC showed the least stable
binding among the tested ligands (Table 4).

Effects of C. pentandra leaf extract and doxorubicin on the
cytotoxicity of HCT-116 cell line

The cytotoxic activity of the leaf extract of C. pentandra against
the HCT-116 colorectal cancer cell line was evaluated using the
MTT assay. Cells were treated with increasing concentrations of
the extract (50–300 mg mL−1) for 24 hours, and the percentage of
cell inhibition was calculated. The results revealed a clear dose-
dependent increase in cytotoxicity, where the extract showed
© 2025 The Author(s). Published by the Royal Society of Chemistry
approximately 49% inhibition at 50 mg mL−1, 60% at 100 mg
mL−1, 75% at 150 mg mL−1, 79% at 200 mg mL−1, 87% at 250 mg
mL−1, and reached 93% inhibition at 300 mg mL−1. The calcu-
lated IC50 value of the extract was 36.9 mg mL−1, indicating
potent anticancer activity at higher concentrations.

For comparison, the standard drug doxorubicin (positive
control) also exhibited a concentration-dependent cytotoxic
effect, with percentage inhibitions of 18.09%, 38.39%, 57.89%,
71.09%, and 80.07% at concentrations 1–5 mg mL−1, respec-
tively. These ndings suggest that while doxorubicin demon-
strated strong cytotoxic potential as expected, the C. pentandra
leaf extract also exerted a signicant inhibitory effect on HCT-
116 cells, supporting its potential as a natural anticancer
agent Fig. 13A–C.
Effects of C. pentandra leaf extract on the viability of 3T3L1
broblast cells

The cytotoxic effects of the plant extract were evaluated on 3T3-
L1 broblast cells using a cytotoxicity assay. Cells were treated
with increasing concentrations of the plant extract (0–500 mg
mL−1), and cell viability was assessed aer the treatment
period. The ndings revealed a dose-dependent reduction in
cell viability shows in Fig. 14A and B.

At the lowest concentration (50 mg mL−1), cell survival was
slightly reduced to 94.54% compared to the control (100%). As
the concentration increased, a gradual decline in viability was
observed, with 84.05% at 100 mg mL−1, 79.70% at 200 mg mL−1,
and 79.19% at 300 mg mL−1. Notably, a more pronounced
cytotoxic effect was evident at higher concentrations, with
viability decreased to 59.78% at 400 mg mL−1 and 44.79% at 500
mg mL−1. These ndings suggest that C. pentandra leaf extract
exhibits dose-dependent cytotoxicity in 3T3-L1 cells, with
signicant reductions observed at concentrations $ 400 mg
mL−1. The IC50 value of the cells are 446.3 mg mL−1.
Discussion

Twenty-nine bioactive compounds were initially retrieved from
multiple databases, of which ten were shortlisted based on
likable pharmacokinetic proles, including high gastrointes-
tinal absorption and compliance with drug-likeness lters
assessed using SwissADME. These parameters including Lip-
inski's rule of ve, bioavailability, and GI permeability support
the selection of compounds with potential for oral systemic
activity. The gene–gene interaction network generated through
GeneMANIA revealed a highly interconnected module domi-
nated by physical (49.34%) and genetic (22.45%) interactions,
RSC Adv., 2025, 15, 49399–49417 | 49413
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Fig. 13 (A) Determination of cytotoxicity of C. pentandra on HCT-116 cells (% of inhibition of cell growth) by MTT assay. Cells were treated
subsequently with (50–300 mg mL−1) of plant extract. (B) Determination of cytotoxicity of doxorubicin on HCT-116 cells (% inhibition of cell
growth) by MTT assay. Cells were treated with increasing concentrations of doxorubicin (1–5 mg mL−1) for 24 h. Data are expressed as mean ±

standard error (SE) of triplicate experiments. The size of the error bars represents the variation among replicates. Statistical significance was
evaluated using one-way analysis of variance (ANOVA). (C) Shows the morphological examination of HCT-116 cells to study the cell proliferation
inhibitory concentrations of C. pentandra leaf extract. (a) Control cells (b) cells treated with (IC50) concentration of plant extract 36.9 mg mL−1,
a noticeable decrease in the number of viable cells (c) doxorubicin treated cells.
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underscoring the biological complexity of the identied targets.
Hub genes such as TP53, AKT1, EGFR, STAT3, and SRC emerged
as key regulators of apoptosis, cell proliferation, and oncogenic
signaling. The centrality of TP53 (a tumor suppressor) and
AKT1/EGFR (master regulators of the PI3K/AKT and EGFR/ERK
pathways) aligns with their well-documented roles in colorectal
49414 | RSC Adv., 2025, 15, 49399–49417
cancer (CRC) progression and therapeutic resistance.38 Protein–
protein interaction (PPI) analysis further identied AKT1, TP53,
STAT3, TNF, and EGFR as major hub genes based on high
degree, betweenness, and closeness centrality values. These
genes collectively inuence cellular survival, DNA repair, and
apoptotic regulation core mechanisms implicated in CRC.39
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (A) Illustrates the determination of cell viability in 3T3L1 cells treated with C. pentandra extract, expressed as the percentage inhibition of
cell growth, using the MTT assay. The cells were exposed to varying concentrations of the plant extract (50–500 mg mL−1). Data are presented as
mean± SD with the error bars representing the variation across triplicate samples. Statistical analysis was performed using one-way (ANOVA). (B)
Shows the morphological examination of 3T3L1 cells to study the cell proliferation inhibitory concentrations (IC50 = 446.3 mg mL−1) treated of C.
pentandra leaf extract. (a) Non-treated cells (b) cells treated with half-maximal inhibitory concentration (IC50) 446.3 mg L−1 of plant extract.
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KEGG pathway enrichment highlighted their involvement in
cancer-associated signaling, including PI3K-Akt, ErbB,
estrogen, and IL-17 pathways. Rather than implying redun-
dancy, the recurrence of these pathways emphasizes their
convergence on cell survival and inammatory mechanisms,
which may synergistically or competitively inuence thera-
peutic outcomesS.40 Potential off-target or toxicity effects arising
from multi-pathway interactions should also be considered in
future studies. Phytochemicals such as linarin, b-sitosterol, and
kaempferol demonstrated multitarget interactions with these
hub genes, suggesting a polypharmacological mode of action.
However, molecular docking and dynamics simulations are
hypothesis-generating tools and not denitive proof of efficacy.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The observed stable binding affinities, such as kaempferol with
AKT1 (−7.307 kcal mol−1), linarin with TP53
(−5.177 kcal mol−1), and b-sitosterol-b-D-glucoside with STAT3
(−5.324 kcal mol−1) suggest plausible biochemical interactions
that warrant validation through target-engagement assays.
Future experimental validation will involve western blot anal-
yses of p-AKT and p-ERK to conrm pathway modulation, along
with TP53 functional assays such as p53 reporter or phosphor-
ylation assays to substantiate the computational predictions. In
addition, qRT-PCR will be conducted to assess the expression of
key target genes (AKT1, TP53, BCL2, and CASP3), while ow
cytometry and immunouorescence analyses will be employed
to evaluate apoptosis, cell cycle arrest, and AKT
RSC Adv., 2025, 15, 49399–49417 | 49415
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phosphorylation, thereby providing comprehensive biochem-
ical conrmation of the in silico ndings. Similar approaches
have been reported that b-sitosterol suppressed the PI3K/AKT
and MAPK signaling pathways through decreased p-AKT and
p-ERK expression in HT-29 colon cancer cells.41

Kaplan–Meier survival analysis indicated that elevated
expression of TP53 and MMP9 correlates with improved CRC
patient survival, while high levels of AKT1, TNF, and EGFR
associate with poorer prognosis. These results should be
interpreted cautiously, as TP53 mutation status and expression
level dynamics can produce variable clinical outcomes. There-
fore, further integration of mutation data with expression-based
survival analysis is recommended for more accurate prognostic
insights. The cytotoxic potential of C. pentandra leaf extract
against HCT-116 colorectal cancer cells revealed a dose-
dependent reduction in cell viability, with an IC50 of 35.77 mg
mL−1 aer 24 hours. This activity is comparable to reports from
other medicinal plants such as Annona muricata (IC50 = 11.43 ±

1.87 mg mL−1) and Eclipta alba (IC50 = 179 ± 0.81 mg mL−1),
highlighting the moderate but signicant cytotoxicity of C.
pentandra.42,43 The induction of apoptosis-like morphological
features at IC50 suggests possible engagement of intrinsic
apoptotic pathways. Overall, these ndings support C. penta-
ndra as a promising candidate for anticancer exploration
through multi-target modulation. Nevertheless, the in silico and
network-based results should be considered as preliminary
hypotheses requiring conrmation via targeted biochemical
assays, such as phosphorylation analysis of AKT/ERK, TP53
activation studies, and validation in normal versus cancer cell
lines to substantiate the predicted molecular mechanisms and
assess potential off-target effects.

Conclusion

This study highlights the anticancer potential of C. pentandra
against colorectal cancer using a combination of computa-
tional, network pharmacology, and in vitro approaches. Out of
29 identied phytocompounds, 10 showed favourable ADME
proles, with kaempferol, linarin, and b-sitosterol-b-D-glucoside
showing strong interactions with key cancer targets like AKT1,
TP53, and STAT3. Molecular docking and MD simulations
conrmed stable binding, especially in the 3CQU–kaempferol
complex, which showed minimal uctuations. Network and
pathway analyses revealed the involvement of multiple cancer-
related signalling pathways, including PI3K-Akt and colorectal
cancer pathways. The MTT assay demonstrated dose-dependent
cytotoxicity of C. pentandra against HCT-116 cells (IC50= 36.9 mg
mL−1), with morphological signs of apoptosis. C. pentandra acts
through a multi-target, multi-pathway mechanism, supporting
its potential as a natural therapeutic agent for colorectal cancer.
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