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ABSTRACT

Background: Kaempferol, a dietary flavonoid with proven antioxidant and antiinflammatory
properties, has garnered significant interest in cancer research for its ability to modulate
multiple oncogenic pathways, making it a compelling candidate for multitargeted therapy
in addressing the considerable health burden of liver cancer. Objectives: To elucidate the
therapeutic potential of kaempferol through network pharmacology, and in vitro experimental
methodology. Materials and Methods: The pharmacological and physico-chemical properties
of kaempferol were assessed using SwissADME and Protox-3.0. Target prediction utilized
SuperPred and SwissTargetPrediction, filtered for liver cancer-specific genes through GeneCards.
Protein-Protein Interaction (PPI) networks were constructed in Cytoscape, with hub genes
identified via cytoHubba. Functional enrichment analyses, molecular docking, and dynamics
were conducted, supported by GEPIA2 and TIMER analyses. HEP-G2 cell assays evaluated
cell cytotoxicity, cell migration, apoptosis, and cell cycle phase distribution effects. Results:
Kaempferol exhibited favorable drug-likeness, low toxicity, and potent interactions with liver
cancer targets. Hub genes (GSK3B, MMP9, STAT1) were identified, linked to key cancer pathways
(Wnt, PI3K-Akt, ECM-receptor). Molecular docking demonstrated high affinity for GSK3B (-8.9
kcal/mol), MMP9 (-9.2 kcal/mol), and STAT1 (-7 kcal/mol), with stable interactions validated by
dynamics. Expression analyses revealed upregulation of these genes in liver cancer, correlated
with immune infiltration patterns. Experimentally, kaempferol reduced HEP-G2 cell viability in a
dose-dependent manner, significantly inhibited cell migration, induced cell apoptosis (early and
late), and arrested cells at the G2/M phase. Conclusion: Kaempferol regulates critical pathways in
liver cancer, exhibiting potent anticancer effects through induction of apoptosis, inhibition of cell
migration, and cell cycle arrest, thereby positioning it as a compelling prospect for therapeutic
development.
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Hepatocellular Carcinoma (HCC), the most prevalent kind
of primary liver cancer, constitutes 75% of all instances.! It is
the 6™ most frequent malignancy globally and the 4™ largest
cause of cancer-related deaths worldwide.” Notwithstanding
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advancements in early detection techniques and therapeutic
alternatives for HCC, some patients continue to encounter a
poor prognosis, mostly attributable to the aggressive disease
characteristics and late diagnosis.”” Standard treatments now
available, including surgical excision, liver transplantation,
and localised interventions such as radiofrequency-ablation
and transarterial-chemoembolization, demonstrate optimal
efficacy in individuals with early-stage or localised tumours.**
Established therapeutic modalities, including surgical excision,
organ transplantation, and localised therapies, exhibit optimum
effectiveness in handling patients with early-stage or localised
malignancies.>® A significant obstacle in current therapeutic
approaches is the development of treatment resistance, often
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induced by biological mechanisms such as cancer cell plasticity
and epithelial-mesenchymal transition. These pathways not only
promote the dissemination of cancer cells but also augment their
capacity to circumvent therapeutic measures, leading to worse
patient outcomes and treatment resistance.

The polyphenolic compounds found in plants, known as
flavonoids, make up a significant amount of the human diet.”
Among these compounds, the flavonoid kaempferol stands
out as having great potential as a cancer fighter.® Many foods,
including apples, beans, broccoli, tea, and strawberries, are
high in kaempferol.’ Studies have shown that it activates many
pathways that have a role in the control of cancer cells. Even
though it strongly promotes cancer cell apoptosis, kaempferol
also modulates other cell signalling cascades.'” Kaempferol is
also gentler on normal cells than traditional chemotherapy drugs
making it a viable candidate cancer therapy. Kaempferol has
garnered significant interest in cancer research for its ability to
modulate multiple oncogenic pathways, making it a compelling
candidate for multitargeted therapy in addressing the considerable
health burden of liver cancer.

Network pharmacology, in silico molecular docking and
dynamics, and bioinformatics collectively streamline the
discovery and development of natural-product-derived
therapeutics, Traditional Chinese Medicine (TCM) and other
herbal formulations by integrating systems-level insight with
atomistic characterization.'’* Network pharmacology results
in the construction of compound-target-pathway networks
to reveal multi-targeted actions and synergistic relationships
among herbal constituents, enabling a holistic understanding
of efficacy and safety profiles.”* In silico docking rapidly screens
bioactive compounds against potential protein targets to
predict binding affinities and modes, while molecular dynamics
simulations refine these complexes over time, assessing
stability and conformational flexibility under physiologically
relevant conditions.” Complementary bioinformatics analyses
such as gene expression profiling, pathway enrichment, and
immune-infiltration  correlation, validate = computational
predictions within biological contexts and identify biomarkers
of response.'"'? By integrating these computational approaches,
researchers can prioritize high-value natural compounds, reduce
dependency on trial-and-error experimentation, and accelerate
the translation of TCM knowledge into evidence-based,
multi-target drug candidates.

This study aims to investigate the potential of kaempferol in
targeting liver cancer, leveraging its capacity to analyse extensive
biological datasets and discern molecular mechanisms. Utilising
bioinformatics tools, we estimated interactions of kaempferol
with essential pathways, particularly those associated with
liver cancer progression and resistance. The insights guided
the experimental design, enabling a targeted approach towards
specific biomarkers and pathways. The use of experimental
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models, such as cell-based assays,

bioinformatics predictions, thereby confirming the anticancer

effectively validated

activity of kaempferol. This comprehensive approach improves
our understanding of the therapeutic potential of kaempferol and
highlights the significance of bioinformatics in the progression of
cancer research (Figure 1). However, its scope is confined to single
hepatocellular carcinoma cell line, limiting generalizability across
diverse genetic backgrounds and tumor microenvironments.
The absence of in vivo or clinical data precludes assessment of
pharmacokinetics, systemic toxicity, and therapeutic efficacy in
whole organisms, and the reliance on predicted targets necessitates
further biochemical validation to confirm mechanism specificity
and offtarget interactions.

MATERIALS AND METHODS

Physicochemical characteristics of kaempferol

The druglikeness of kaempferol, which involved solubility,
molecular  weight, lipophilicity, and pharmacokinetic/
pharmacodynamic parameters, were determined through
SwissADME tool (“https://www.swissadme.ch/”).”® The ADME
profile as well as the drug-likeness along with medicinal
chemistry properties of a molecule are assessed from this
source. The Protox-3.0 server was then applied to calculate
further toxicological profiling by prediction levels of kaempferol
including cytotoxic, hepatotoxic and carcinogenic (“https://tox.
charite.de/protox3/”).*¢

Target predictions for kaempferol

The possible molecular targets of kaempferol were predicted
utilising a chemical similarity technique and a comprehensive
via the wuse

database of compound-protein interactions

of SuperPred, an online platform (“https://prediction.
charite.de/subpages/target_prediction.php”)."” Additionally,
SwissTargetPrediction (“http://www.swisstargetprediction.
ch/”) was used to ascertain prospective biological targets
based on the 2D and 3D structural attributes of kaempferol,
therefore offering a comprehensive investigation of its
interaction capacity.’® By integrating these complementary
ATC-aware
of SuperPred and dual-similarity, species-specific approach of
SwissTargetPrediction-researchers can achieve broad, accurate,
and rapid in silico identification molecular targets, providing a

platforms-machine-learning-driven, framework

strong foundation for subsequent experimental validation. Both
the results files were filtered with probability filter of >65% and
then combined to eliminate duplicate entries.

Target prediction liver cancer

GeneCards was used to get liver cancer-specific targets by
querying the keyword "Liver Cancer" (“https://www.genecards.
org/”)."” It amalgamates genomic, proteomic, and transcriptome
analyses to provide extensive information about genes implicated
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in the genesis and progression of liver cancer. The target screening
was performed by setting the GIFTS score at >55.

Kaempferol and liver cancer common targets and
network construction

Using JVenn, an online tool for generating Venn diagrams and
analyzing overlapping gene sets, common targets between
kaempferol and liver cancer were identified (“https://jvenn.
toulouse.inrae.fr/app/index.html”).* For the construction of
PPI networks, a comprehensive map of molecular interactions
based on experimental as well as computational evidence is
made available by the STRING database (“https://string-db.
org/”).*! Cytoscape, a software package that has been designed for
the investigation and picturing of complex networks, was used
to investigate the resulting PPI network. Using the cytoHubba
plug-in inside Cytoscape, the hub genes critical nodes in the PPI
network of interest were found based on topological parameters.

Gene-Ontology and KEGG pathway assessments

The kaempferol hub targets were functionally annotated and
pathway enrichment analyses were conducted using the ShinyGo
This
platform would provide insight into the Biological Processes

database  (“https://bioinformatics.sdstate.edu/go/”).*
(BP), Molecular Functions (MF), and Cellular Components
(CC) associated with the identified targets, particularly KEGG
pathways relevant to liver cancer in our case.

Expression Analysis using GEPIA

Using GEPIA2, “Gene Expression Profiling Interactive Analysis
2”7, we compared the expression levels of kaempferol targeted hub
genes in normal tissues with those in liver cancer.” Differential
expression, survival, and correlation investigations of hub genes
are made possible by this online service that incorporates RNA
sequencing data from the TCGA and GTEx projects. Available at:
https://gepia2.cancer-pku.cn/#index

Effects on Tumor Microenvironment (TME)

TME studies of kaempferol impact were evaluated through the
TIMER (Tumor Immune Estimation Resource) server.?* TIMER
server providesin-depth immune infiltration analysis and explores
the correlation between different immune cell populations and
hub gene expression. TIMER leverages TCGA data to estimate
the abundance of immune cell infiltrates-such as T cells, B cells,
macrophages, neutrophils, and dendritic cells-in tumor tissues
across diverse cancer types, enabling researchers to correlate
specific gene expression with immune infiltration patterns (e.g.,
high CD8* T cell levels), compare gene expression between tumor
and normal tissues, and generate Kaplan-Meier survival plots that
integrate gene expression and immune contexture for identifying
prognostic biomarkers and immunerelated therapeutic targets.
Available at: http://timer.cistrome.org/
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Molecular docking and Dynamics

Kaempferol was prepared using ChemDraw to optimize the
chemical structure and assign charges. Protein structures for
GSK3B, MMP9, and STAT1 (1h87, 1gkc and 8d3f) were obtained
from the RCSB PDB and prepared in BIOVIA Discovery Studio
where water molecules were removed, hydrogens added, and
charges assigned. These prepared structures were then uploaded
to CB-Dock2 (online molecular docking server available at:
“https://cadd.labshare.cn/cb-dock2/index.php”) that predicted
curpockets or potential active sites on the proteins. It performs
blind docking. Kaempferol was free to bind at any point of the
protein's surface. Interactions were viewed using Discovery
Studio, which allows for 2D and 3D images of ligand-protein
interaction, including highlighting key binding residues and
interactions.

Chemicals and Reagents

Kaempferol (Sigma-Aldrich, St. Louis, MO, USA; Cat. No.
K0133); Dulbeccos Modified Eagle Medium (DMEM; Gibco,
Grand Island, NY, USA; Cat. No. 11965-092); Fetal Bovine Serum
(FBS; Gibco; Cat. No. 16000-044); Penicillin-Streptomycin
(Gibco; Cat. No. 15140-122); MTT reagent (Sigma-Aldrich; Cat.
No. M5655); FITC Annexin V Apoptosis Detection Kit I (BD
Biosciences, San Jose, CA, USA; Cat. No. 556547); Propidium
lIodide (Sigma-Aldrich; Cat. No. P4170); and Ribonuclease A
(Sigma-Aldrich; Cat. No. R6513).

Cell Culture

The THLE-2 (normal liver cell line; Cat. no. #CRL-2706; ATCC,
Manassas, USA) and HEP-G2 (liver cancer cell line; Cat. no.
HB-8065; ATCC, Manassas, USA). Cells were cultured in DMEM
(Gibco, NY, USA) supplemented with 10% FBS (Gibco, Grand
Island, NY, USA) and 1% penicillin-streptomycin under standard
conditions (37°C, 5% CO,). Cells were subcultured every 2-3
days and seeded into appropriate culture plates (depending on
assay type) at a density of 1x10° cells per well for treatment with
kaempferol. The cell lines were grown to 80% confluency before
being exposed to varying concentrations of kaempferol (0, 15, 30,
60, and 120 pM). DMSO served as a vehicle control, and cells were
incubated for 24 or 48 hr depending on the assay. All experiments
were performed in triplicates to ensure reproducibility.

Viability Assessment

To evaluate the cytotoxic effects of kaempferol on HEP-G2 cells,
the cells were treated with increasing concentrations (0, 15, 30, 60,
and 120 pM) of kaempferol for 24 hr. Cell viability was assessed
using the MTT assay, where MTT reagent was added to each well
and incubated for 4 hr at 37°C. The resulting formazan crystals
were dissolved in DMSO, and the absorbance was measured
at 570 nm using a microplate reader (BioTek Instruments, VT,
USA). Cell viability was expressed as a percentage of control cells
(0 M kaempferol), with each experiment conducted in triplicate.
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Figure 1: Flow chart illustrating the study design and methodology adopted for the current research work.

Transwell Assay for Migration

The migration ability of HEP-G2 cells treated with kaempferol
was assessed using a Transwell migration assay. Cells were
serum-starved for 24 hr before being resuspended in serum-free
media and seeded into the upper chambers of a Transwell
insert (8.0 um pore size membrane; Corning, NY, USA; Cat.
No. #3428). The lower chamber contained DMEM with 10%

Indian Journal of Pharmaceutical Education and Research, Vol 60, Issue 3, Jul-Sep, 2026

FBS as a chemoattractant. Cells were treated with kaempferol
concentrations of 0, 15, 60, and 120 uM for 24 hr. Following
incubation, the migratory cells were identified by fixing them
with methanol, staining them with crystal violet, and counting
them under a light microscope. The surface of the membrane
was cleaned of cells that had not migrated. Cell migration was
quantified by counting cells in five randomly chosen fields per
well, and each treatment was examined in triplicate.
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Annexin V/PI Staining

To analyze apoptosis induced by kaempferol in HEP-G2 cells,
Annexin V-FITC and Propidium Iodide (PI) staining was
performed by a FITC Annexin V Apoptosis Detection Kit (BD
Biosciences, USA). Cells were treated with 0, 15, 60, and 120 uM
kaempferol for 24 hr, then harvested and washed with PBS. The
cells were resuspended in binding buffer, and Annexin V-FITC
was added to label early apoptotic cells, followed by PI staining
to identify late apoptotic or necrotic cells. After incubation for
15 min at room temperature in the dark, samples were analyzed
by Attune™ NxT Flow Cytometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). The apoptotic population was quantified by
measuring the fluorescence intensities of Annexin V and PI, with
each condition tested in triplicate.

Cell Cycle (Flow Cytometry)

Cell cycle analysis was performed to assess the effect of kaempferol
on the progression of HEP-G2 cells. After treatment with 0, 15,
60, and 120 pM kaempferol for 24 hr, cells were harvested and
fixed in 70% ethanol overnight at 4°C. The fixed cells were then
stained with PI solution containing RNase A to degrade RNA,
followed by incubation for 30 min at 37°C. Flow cytometric
analysis was conducted to determine the distribution of cells in
different phases of the cell cycle (G0/G1, S, and G2/M). Data were

collected using an Attune™ NxT Flow Cytometer (Thermo Fisher
Scientific Inc., Waltham, MA, USA), and the percentage of cells
in each phase was calculated using Flow]o software. Experiments
were repeated in triplicate to ensure statistical reliability.

Statistical analysis

The data from triplicate repetitions for each experiment was
taken to maintain reproducibility and was revealed as+SD. Data
analysis and student t-test execution were conducted using
Origin Pro software, which was followed by a two-way ANOVA.
The thresholds for statistical significance were p values below 0.05
and 0.01.

RESULTS

The drug-likeness characteristics for kaempferol

The complete study design and methodology adopted for the
current research work are depicted in Figure 1. Kaempferol has
advantageous drug-likeness characteristics (Table S1), indicating
its potential as a therapeutic agent, with a molecular weight of
286.24 g/mol, fulfilling the requirements of a drug candidate.
A consensus Log p value of 1.58 indicates a moderate degree
of lipophilicity, influencing its solubility and bioavailability.
The molecule has one flexible bond, which makes it more rigid,
and it has six sites that can accept hydrogen bonds and four

npferol
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Figure 2: Comprehensive network linking kaempferol’s hub genes and KEGG-enriched pathways relevant to liver
cancer, demonstrating its multidimensional therapeutic potential.
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sites that can donate hydrogen bonds, allowing it to interact
well with biological targets. The TPSA of 111.13 A? exhibited
excellent hydrogen-bonding capacity,
better
Kaempferol is water-soluble and has a bioavailability score of

which compensates
for its gastrointestinal absorption characteristics.
0.55, indicating its potential for oral absorption. Significantly, it
does not traverse the blood-brain barrier, thereby reducing the
likelihood of adverse effects on the central nervous system. The
druglikeness characteristics of kaempferol were also visualized
with a radar plot obtained from SwissADME server (Figure S1).
It has a non-toxic profile, as it does not exhibit hepatotoxicity,
neurotoxicity, cytotoxicity, cardiotoxicity, or nephrotoxicity,
rendering it sufficiently safe for therapeutic uses (Table S1). These

qualities demonstrate that kaempferol satisfies the requirements

for druglikeness, making it a prospective agent that may be
regarded as both safe and effective.

Kaempferol-associated biological targets and their
intersection with liver cancer

The use of Superpred and SwissTargetPrediction servers allowed
for the confirmation of 80 biological targets for kaempferol
(Supplementary Table S2). Figure S2-A shows that the targets
predicted by SwissTarget Prediction belonged to several
classifications. With a GIFTS score filter of 55 and higher, 3936
disease targets for liver cancer (Supplementary Table S3) were
predicted using Genecards. There were 70 genes that overlapped
or intersected with the kaempferol-associated biological targets
(Supplementary Table S4) (Figure S2-B).
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Figure 3: (A) Cytotoxic effects of kaempferol on HEP-G2 cells, showing a dose-dependent reduction in viability, with
significant cytotoxicity observed at 60 pM and 120 uM compared to controls. (B) Transwell migration assay demonstrating
reduced migratory capacity of HEP-G2 cells upon treatment with kaempferol at 60 and 120 uM, with fewer cells traversing

the membrane. (C) Microscopic analysis of kaempferol-treated HEP-G2 cells, revealing reduced cell adherence and clustering,
consistent with decreased migratory potential at higher concentrations. The data was shown as £SD and the statistical
significance was set at *p<0.05 and **p<0.01.

Indian Journal of Pharmaceutical Education and Research, Vol 60, Issue 3, Jul-Sep, 2026

1211



He, et al.: Kaempferol in Liver Cancer Treatment

@
365% 05%

5 Jor s Jor
10" Vam 10 ore

10
Annexin-V

opuM

10
Annexin-V

Annexin-V

Apoptotic cells (%)

0 15 60
Kaempferol concentration (M)

(B)

BG0/G1
S
a8G2/M

3k

Q.

Z

60 M " 120 uM
E 20 §
10 §

o

Kaempferol concentration (nM)

(@

Figure 4: (A) Flow cytometric analysis of apoptosis in HEP-G2 cells treated with kaempferol, showing
increased apoptotic populations at 15, 60, and 120 uM concentrations. (B) Detailed apoptosis data
showing predominantly early and late apoptotic populations in kaempferol-treated cells, with
negligible necrotic effects, confirming its pro-apoptotic mode of action. (C) Cell cycle analysis of
HEP-G2 cells treated with kaempferol, showing dose-dependent arrest at the G2/M phase, indicating
disruption of mitotic progression and inhibition of proliferation. The data was shown as +SD and the
statistical significance was set at *p<0.05 and **p<0.01.

PPI Network and hub targets for kaempferol

Seventy overlapping genes were mapped into the STRING
database to form the PPI network, as seen in Figure S3-A.
Cytoscape was used to assess the created network, with statistical
values presented in Figure S3-B. The structure had 70 nodes
interconnected by 154 edges, resulting in an average node degree
of 4.4 and an average local clustering coeficient of 0.428. The high
significance of the PPI enrichment p-value (<1.0e-16) suggests
a significant degree of functional connectivity between these
genes when compared to the expected edge count for a random
network (65). Significant hub genes with notable connections,
such as GSK3B, MMP9, and STAT1, were identified as essential
regulators within the network and are emphasised in Figure
S3-C. These results underscore the biological significance of these
genes in the fundamental processes, indicating their potential as

therapeutic or diagnostic targets.
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Kaempferol associated hub targets gene-ontology
and enrichment pathways

The functional enrichment analysis highlights several key BP, CC
and ME, and pathways associated with kaempferol and its hub
targets, particularly in the context of liver cancer.

BP: Kaempferol influences pathways involved in the positive
regulation of smooth muscle cell proliferation, protein
autophosphorylation, and the cellular response to peptides and
amyloid-beta. It modulates processes such as the regulation
of MAP kinase activity, including its positive regulation, and
impacts the intracellular receptor signaling pathway and

icosanoid metabolic processes (Figure S4-A).

CC: The targets of kaempferol localize to diverse cellular
structures, including the ficolin-1-rich granule lumen, serine/
threonine protein kinase complexes, and the external side of
the plasma membrane. Other significant components include
the apical plasma membrane, secretory granule lumen, and
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cytoplasmic vesicle lumen, emphasizing its involvement in
vesicular and membrane-related processes (Figure S4-B).

MF: Kaempferol exhibits activity in nuclear receptor activation,
ligand-activated transcription factor binding, and protein
serine/threonine kinase activity. Additionally, it engages in RNA
polymerase II-specific transcription factor binding, heat shock
protein binding, and efflux transmembrane transporter activity,
underscoring its regulatory and protective roles at the molecular
level (Figure S4-C).

KEGG Pathways: Enriched pathways include pivotal signaling
networks such as the chemokine signaling pathway, C-type
lectin receptor signaling, and MAPK signaling pathway, along
with metabolic routes like tryptophan and tyrosine metabolism.
Kaempferol’s association with cancer-specific pathways, such
as PD-L1 expression and PD-1 checkpoint regulation, IL-17
signaling, microRNAs in cancer, and chemical carcinogenesis,
further demonstrates its therapeutic potential. It also plays a role
in endocrine-related pathways, including estrogen and prolactin
signaling, and cell cycle regulation (Figure S5).

A consolidated network linking kaempferol, its hub targets, and
these KEGG-enriched pathways in liver cancer is presented in
Figure 2, showcasing its multidimensional regulatory effects and
therapeutic relevance.

Expression analysis for kaempferol associated hub
targets in liver cancer

Analysis using GEPIA2 revealed distinct expression patterns for
GSK3B, MMP9, and STAT1 in tumor and normal tissues. GSK3B
exhibited elevated expression in tumor tissues (Figure S6-A), with
levels remaining consistently high across stages I-III, followed
by a marked reduction at stage IV, as shown in the violin plot
(F value=2.01; Pr (>F)=0.113) (Figure S6-B). Survival analysis
showed that patients had better outcomes when GSK3B levels
were lower, as seen in the Kaplan-Meier plots (Figure S6-C).
For MMPY, expression was significantly higher in tumor tissues
than in normal samples (Figure S7-A). Stage-specific analysis
revealed a pronounced increase from stage I to II, followed by
moderate rises from II to III and III to IV (F value=1.45; Pr
(>F)=0.22) (Figure S7-B). Lower MMP9 expression correlated
with improved survival rates (Figure S7-C). STAT1 demonstrated
increased expression in tumor tissues (Figure S8-A) but showed
a progressive decline from stage I to stage IV (F value = 1.32; Pr
(>F)=0.26) (Figure S8-B). Survival analysis revealed a complex
relationship, as both low and high STAT1 expression levels were
variably associated with patient outcomes (Figure S8-C).

Kaempferol targeted hub genes in TME

The TIMER results illustrated the correlation between the
expression levels of GSK3B, MMP9, and STAT1 (log2 TPM)
and immune infiltration levels in liver hepatocellular carcinoma.
GSK3B showed a positive strong association with immune
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cells, particularly CD4+T cells, neutrophils, and macrophages,
indicating its role in both adaptive and innate immune processes
(Figure S9). MMP?9 is negatively strongly associated with B cells,
macrophages, and dendritic cells, suggesting its role in immune
cell recruitment and response regulation (Figure S9). STAT1
displayed significant associations with B cells, dendritic cells,
CD8+T cells, and neutrophils, highlighting its involvement
in modulating adaptive and innate immunity (Figure S9).
Collectively, these genes influence immune dynamics in the
tumor microenvironment.

Hub gene verification and interactions with
Kaempferol using Molecular Docking and Dynamics

The docking results for kaempferol with GSK3B, MMP9, and
STAT1 indicate notable interactions with varying binding
affinities and structural characteristics (Table S5). Kaempferol
demonstrated the strongest binding affinity with MMP9 (Vina
score: -9.2 kcal/mol), followed by GSK3B (-8.9 kcal/mol) and
STAT1 (-7 kcal/mol) (Figure S10). These differences reflect
distinct receptor-ligand interactions and binding efficiencies.
The docking site cavity volumes also varied, with GSK3B having
the largest cavity (889 A®), indicating more space for ligand
accommodation, followed by STAT1 (709 A?%) and MMP9 (585
A®). The docking centers and sizes were specific for each receptor,
reflecting their unique spatial configurations. Furthermore,
kaempferol exhibited diverse interactions, including hydrogen
bonds, hydrophobic contacts, and possibly -1 stacking, tailored
to the binding sites of each receptor. These findings display the
versatility of kaempferol in targeting multiple proteins with
differing structural and interaction profiles. The interacting
residues and binding interaction types are shown in Figure S10.

The deformability and beta factors (B-factors) of the docked
complexes of kaempferol with GSK3B (Figure S11-A),
MMP9 (Figure S11-B), and STAT1 (Figure S11-C) provide
critical insights into their flexibility and stability (Figure S11).
Deformability measures the extent of flexibility for each residue
within the protein, and in these complexes, regions such as loops
and turns typically exhibit higher peaks in the deformability
graph, indicating significant movement potential. These regions
may correspond to flexible domains or hinge points near the
ligand-binding site, enabling conformational adjustments to
accommodate kaempferol. Conversely, more rigid areas, such as
secondary structural elements like a-helices and B-sheets, display
minimal deformability, contributing to the structural integrity
of the protein. Beta factors further corroborate these findings by
quantifying atomic displacement or mobility. Higher B-factors,
observed in flexible regions, suggest dynamic movements that
could facilitate ligand interactions or signal transduction. In
contrast, lower B-factors in the rigid core regions of the protein
confirm their role in maintaining overall stability. Among the
complexes, variations in deformability and beta factors may
reflect differences in the structural adaptability of GSK3B, MMP?9,
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and STAT1 upon binding kaempferol, emphasizing the interplay
between ligand binding and protein dynamics in biological
systems.

Kaempferol mediated cytotoxicity

Kaempferol HEP-G2 viability in a
concentration-dependent manner. At 15 pM, minimal reduction
in cell survival was observed, while significant cytotoxicity was
evident at 60 and 120 uM. Compared to the results from HEP-G2
cells, the THLE-2 cells showed higher cell survival (Figure
3A). This showed selectivity in the antiproliferative efficacy of
kaempferol against the HEP-G2 cells sparing the normal cells.
The IC, values with respect to the cancerous and normal cells
were found to be 24.5 uM and 58.1 uM respectively.

reduced cell

Kaempferol targeting cellular migration

Kaempferol inhibited HEP-G2 cell migration significantly at
concentrations of 60 and 120 uM. Fewer cells traversed the
Transwell membrane compared to untreated controls (Figure
3B). At 15 uM, a modest decrease in migration was observed
(Figure 3C). Microscopic analysis revealed a reduction in cell
clustering and adherence at higher concentrations, correlating
with suppressed migratory capacity.

Kaempferol triggers apoptosis in HEP-G2 cells

Flow cytometric analysis showed a marked increase in apoptotic
cell populations with increasing kaempferol concentrations
(Figure 4A). Early apoptosis was evident at 15 uM, while 60 and
120 uM induced both early and late apoptosis. The percentage of
necrotic cells remained low, suggesting the pro-apoptotic efficacy
of kaempferol, rather than necrotic, mode of action (Figure 4B).
Untreated cells maintained a predominantly viable population,
confirming the targeted approach of kaempferol.

G2/M phase arrest by Kaempferol in HEP-G2 cells

Kaempferol caused significant cell cycle arrest in HEP-G2 cells,
predominantly at the G2/M phase. This effect was dose-dependent,
with 60 and 120 pM treatments showing the highest percentage
of cells arrested in the G2/M phase (Figure 4C). A corresponding
decrease in the S and G0/G1 phase population was observed,
indicating reduced DNA synthesis and proliferation. Untreated
cells showed a typical cell cycle distribution, confirming the
specificity of kaempferol action.

DISCUSSION

The network pharmacology approach identified GSK3B, MMP9,
and STAT1 as hub genes closely associated with biological
activities of kaempferol. These genes were evaluated in the
context of their roles in Gene Ontology (GO), KEGG Pathways,
Expression Profiles (GEPIA2),
Interactions (TIMER), molecular docking, dynamics, and their
impact on cellular processes such as cytotoxicity, migration,

Tumor Microenvironment
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apoptosis, and the cell cycle. The comprehensive insights provided
by these analyses highlight the multifaceted therapeutic potential
of kaempferol.

Glycogen Synthase Kinase 3 beta (GSK3B) is a serine/threonine
kinase involved in various cellular processes, including cell
survival, apoptosis, and proliferation.*** GO enrichment analysis
revealed that GSK3B is implicated in pathways such as protein
autophosphorylation and MAP kinase activity regulation,
emphasizing its role in intracellular signaling. KEGG pathway
enrichment indicated its involvement in cancer-specific pathways
like the Wnt signaling pathway, PI3K-Akt signaling, and
chemokine signaling, all of which are critical for tumorigenesis.
GEPIA2 analysis showed that GSK3B is significantly upregulated
in liver cancer tissues compared to normal tissues, with consistent
expression across early cancer stages (I-III) and a decrease at stage
IV. TIMER analysis demonstrated a strong positive correlation
between GSK3B expression and immune infiltration of CD4+T
cells, neutrophils, and macrophages, indicating its role in
modulating the tumor microenvironment.”” Molecular docking
showed a high binding affinity of kaempferol to GSK3B, with a
Vina score of -8.9 kcal/mol and interactions mediated by hydrogen
bonds and hydrophobic contacts. Dynamics analysis further
supported the stability of this interaction, with GSK3B exhibiting
moderate flexibility near the ligand-binding site. Experimentally,
kaempferol exhibited significant cytotoxicity against HEP-G2
cells in a dose-dependent manner, with higher concentrations
showing more pronounced effects. This cytotoxicity correlated
with ability of kaempferol to reduce cell migration, as seen in
Transwell assays. Furthermore, kaempferol induced G2/M phase
arrest in cell cycle studies, disrupting mitotic progression. The
pro-apoptotic effects of kaempferol, evident from flow cytometry,
may also be partly mediated through GSK3B modulation, making
it a critical therapeutic target.”

Matrix Metalloproteinase 9 (MMP9) is a key enzyme involved
in extracellular matrix remodeling, which is essential for
tumor invasion and metastasis.*** GO analysis highlighted its
association with biological processes such as positive regulation
of smooth muscle cell proliferation and cellular response to
amyloid-beta. KEGG enrichment linked MMP9 to pathways
like ECM-receptor interaction, cytokine-cytokine receptor
interaction, and MAPK signaling, underscoring its relevance in
cancer progression.”” MMP9 expression was markedly elevated in
liver cancer tissues compared to normal samples, as per GEPIA2
analysis, and increased progressively from stage I to IV. TIMER
analysis revealed that MMP9 negatively correlated with immune
cell populations such as B cells and dendritic cells, suggesting
a role in evading immune surveillance.** Molecular docking
results showed strong binding affinity of kaempferol for MMP9,
with a Vina score of -9.2 kcal/mol and interactions involving
key residues. Molecular dynamics confirmed the stability of this
interaction, with MMP9 demonstrating localized flexibility near
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the binding pocket. Kaempferol effects on MMP9 were reflected
in its ability to inhibit HEP-G2 cell migration significantly
at higher concentrations, reducing metastatic potential.
Cytotoxicity assay revealed a dose-dependent reduction in cell
viability, with selective toxicity against cancer cells. Apoptosis
assays further showed that kaempferol induced both early and
late apoptosis in a dose-dependent manner, potentially mediated
through MMP9 modulation. Additionally, kaempferol effects
on cell cycle regulation included an increase in the G2/M phase
population, highlighting its role in arresting cell division. These
findings position MMP?9 as a pivotal target in anti-cancer activity
of Kaempferol.

Signal Transducer and Activator of Transcription 1 (STAT1) plays
a dual role in cancer, acting as both a tumor suppressor and a
pro-tumorigenic factor, depending on the context.*** GO analysis
identified STAT1’s involvement in processes like nuclear receptor
activity and ligand-activated transcription factor binding.
KEGG pathway enrichment linked STAT1 to pathways such as
cytokine signaling, IL-17 signaling, and cancer-related signaling,
highlighting its diverse functional roles. GEPIA2 analysis showed
increased STAT1 expression in tumor tissues compared to normal
tissues, with a gradual decline from stage I to IV. This trend
may reflect changes in STAT’s role during tumor progression.
TIMER analysis revealed significant correlations between STAT1
expression and immune cell infiltration, including B cells,
dendritic cells, and neutrophils, suggesting its involvement in
shaping the immune microenvironment. Docking studies showed
a moderate binding affinity of kaempferol to STAT1 (Vina score:
-7 kcal/mol), with key hydrogen bond interactions. Molecular
dynamics analysis indicated that STAT1’s binding site exhibited
higher flexibility, enabling dynamic interactions with kaempferol.
Experimentally, kaempferol targeting of STAT1 was associated
with a dose-dependent increase in cytotoxicity, apoptosis,
and cell cycle arrest at the G2/M phase in HEP-G2 cells. These
effects suggest that STAT1 may play a role in mediating ability
of kaempferol to induce cell death and suppress proliferation.
Additionally, kaempferol inhibited cellular migration, further
reducing the metastatic potential of liver cancer cells. STAT1’s
influence on immune cell dynamics highlights its potential as a

target for immunomodulatory therapy.***

Our findings align with previously reported pharmacological and
mechanistic actions of kaempferol observed across various cancer
models.”! Kaempferol exhibits potent anticancer effects across
multiple tumor types by modulating key signaling pathways,
including GSK3B, MMP9, and STATI. In gastric cancer, it
suppresses the AKT/GSK3p pathway, leading to reduced GSK3p
phosphorylation and inhibition of Epithelial-Mesenchymal
Transition (EMT), thereby limiting tumor invasion and
metastasis.”? In breast cancer (MCF-7, MDA-MB-231) and
(143B, U20S), kaempferol downregulates
MMP9 expression and activity, impairing extracellular matrix

osteosarcoma
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degradation and cell migration.* Additionally, in hepatocellular
carcinoma (HepG2, Huh-7, SK-HEP-1) and non-small cell
lung cancer (A549), kaempferol modulates STAT1 signaling
by enhancing STAT1/2 activity while inhibiting STAT3 and
PI3K/AKT/mTOR, promoting apoptosis and cell-cycle arrest.*!
By focusing on hub genes GSK3B, MMP9, and STAT1 and
corroborating their predicted interactions through dynamic
simulations and functional assays, we offer a more mechanistically
precise and livercancer-specific evaluation than previous studies
that predominantly relied on isolated pathway analyses or
single-method approaches.

CONCLUSION

In conclusion, this study highlights multi-targeted therapeutic
potential of kaempferol against liver cancer by an integrated
approach that combines experimental validation and network
pharmacology. The main liver cancer-related targets, GSK3B,
MMP9, and STAT1, which are implicated in significant
signalling cascades such Wnt, PI3K-Akt, and ECM-receptor
interaction, showed strong binding affinities and persistent
interactions with kaempferol. Analysis of expression and
functional enrichment further supported the importance of these
targets in hepatocarcinogenesis. The in vitro biochemical assays
revealed dose-dependent suppression of HEP-G2 cell migration,
proliferation, early and late apoptosis, and G2/M phase cell
cycle arrest was imparted by Kaempferol in HEP-G2 cells. These
findings indicate that kaempferol is a promising, low-toxicity
pharmacological agent for liver cancer treatment and call for
further preclinical and clinical research.
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ECM: Extracellular Matrix; FBS: Fetal Bovine Serum; FITC:
Fluorescein Isothiocyanate; GEPIA2: Gene Expression Profiling
Interactive Analysis 2; GO: Gene Ontology; GSK3B: Glycogen
Synthase Kinase 3 Beta; GTEx: Genotype-Tissue Expression;
HEP-G2: Human Hepatocellular Carcinoma Cell Line; IL-17:
Interleukin-17; KEGG: Kyoto Encyclopedia of Genes and
Genomes; MAPK: Mitogen-Activated Protein Kinase; MMP9:
Matrix Metalloproteinase 9; MTT: 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide; PBS: Phosphate-Buffered
Saline; PI: Propidium Iodide; PI3K : Phosphoinositide 3-Kinase;
PPI: Protein-Protein Interaction; STAT1: Signal Transducer and
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Activator of Transcription 1; TCGA: The Cancer Genome Atlas;
TIMER: Tumor Immune Estimation Resource; TME - Tumor
Microenvironment.

SUMMARY

Kaempferol has promising drug-like characteristics, meeting
essential criteria for therapeutic use. The molecular weight
of 286.24 g/mol and a Log P value of 1.58 indicate moderate
lipophilicity, affecting solubility and bioavailability. It comprises
one rotatable bond, six hydrogen bond acceptors, and four
hydrogen bond donors, which contribute to structural stabilityand
possible biological interactions. A TPSA of 111.13 A? facilitates
effective hydrogen bonding, enabling substantial gastrointestinal
absorption. The water solubility and a bioavailability value of
0.55 indicate its potential for oral absorption. Kaempferol cannot
penetrate the Blood-Brain Barrier (BBB), hence mitigating central
nervous system hazards, and has a non-toxic profile devoid of
hepatotoxicity, neurotoxicity, cytotoxicity, cardiotoxicity, or
nephrotoxicity. SuperPred and SwissTargetPrediction identified
80 biological targets, 70 of which coincided with liver cancer
targets in Genecards. STRING-based PPI network analysis
revealed 70 nodes and 154 edges, highlighting the key hub genes
GSK3B, MMP9, and STAT1. Functional enrichment study linked
kaempferol to pathways including MAPK signaling, chemokine
signaling, and PD-L1 checkpoint regulation. Expression analysis
(GEPIA?2) indicated upregulation of GSK3B and MMP9 in liver
cancer, whereas survival analysis demonstrated that reduced
expression correlates with improved prognosis. TIMER analysis
indicated a strong association between GSK3B and immune cells,
a negative correlation between MMP9 and immune recruitment,
and the role of STAT1 in adaptive immunity. Molecular docking
confirmed kaempferol's significant binding affinity for MMP9
(-9.2 kcal/mol), GSK3B (-8.9 kcal/mol), and STAT1 (-7 kcal/mol).
Kaempferol elicited cytotoxicity in HEP-G2 cells while sparing
normal cells. Kaempferol inhibited cell migration, promoted
apoptosis, and caused G2/M cell cycle arrest. The multifaceted
anticancer efficacy of kaempferol via apoptosis induction,
cell cycle control, and interactions with the immunological
microenvironment underscores its promise for liver cancer
therapy.
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Figure S1: Radar plot visualizing the drug-likeness characteristics
of kaempferol, derived from SwissADME analysis, highlighting its
physicochemical properties such as lipophilicity and solubility. These
properties indicate the suitability of kaempferol as a drug candidate.
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Figure S2: (A) Classification of kaempferol-associated biological targets predicted using the

SwissTargetPrediction server, showing their diverse functional categories. (B) Venn diagram

illustrating the overlap between 80 kaempferol-associated biological targets and 3,936 liver
cancer-associated genes identified from GeneCards, with 70 genes intersecting as common targets.
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Number of nodes: 70
Number of edges: 154 average
Node degree: 4.4 avg.

Local clustering coefficient: 0.428
Expected mumber of edges: 65
PPI enrichment p-vale: < 1.0e-16
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Figure S3: (A) Protein-Protein Interaction (PPI) network of 70 overlapping genes associated with
kaempferol, constructed using STRING, illustrating functional relationships among the genes through
nodes and edges. (B) Statistical analysis of the PPl network showing key metrics such as node degree,

clustering coefficient, and enrichment p-values, demonstrating significant functional interconnections.
(C) Identification of hub genes, including GSK3B, MMP9, and STAT1, as major regulators within the PPI
network, with high connectivity and relevance in kaempferol’s biological activity.
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Figure S4: (A) Gene Ontology (GO) enrichment analysis of Biological Processes (BP) influenced by
kaempferol’s hub targets, emphasizing its role in pathways like smooth muscle cell proliferation, MAP
kinase activity regulation, and peptide response. (B) GO enrichment of Cellular Components (CC) for
kaempferol’s hub targets, highlighting their localization to critical structures like plasma membranes,
cytoplasmic vesicles, and secretory granules. (C) GO enrichment of Molecular Functions (MF) showing
kaempferol’s influence on activities such as nuclear receptor binding, protein kinase activity, and
transcription factor interaction.
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Figure S5: KEGG pathway enrichment analysis shown by Sankey dot plot, illustrating significant signaling
and metabolic pathways modulated by kaempferol’s hub targets, including MAPK signaling, PD-1/PD-L1
checkpoint regulation, and cancer-specific pathways.

Indian Journal of Pharmaceutical Education and Research, Vol 60, Issue 3, Jul-Sep, 2026



He, et al.: Kaempferol in Liver Cancer Treatment

©
Fvalue =2.01 .
° B Overall Survival
Pr(>F)=0.113 o
- — Low GSK3B TPM
w o —— High GSK3B TPM
Logrank p=0.0085
@ | HR(high)=1.6
© p(HR)=0.0089
© n(high)=182
"7 g n(low)=182
2 21
o
e
] 8 3+
o
e
o~
~ A =]
o
o
- T T T T T T T T T T
T
LIHC Stage | Stage Il Stage Il Stage IV 0 20 40 60 80 100 120
(num(T)=369; num(N)=160) Months
(A) (B) (©)

Figure S6: (A) GSK3B expression levels in liver cancer tumor tissues versus normal tissues, showing a marked increase in
tumors, highlighting its oncogenic role. (B) Stage-specific expression of GSK3B in liver cancer, showing stable expression across
stages I-1ll and a significant reduction at stage IV. (C) Kaplan-Meier survival analysis showing an inverse correlation between
GSK3B expression and patient survival, with lower GSK3B expression linked to better outcomes.
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Figure S7: (A) MMP9 expression comparison between liver tumor tissues and normal tissues, revealing significantly elevated
expression in tumors, indicative of its role in tumor progression. (B) Stage-specific analysis of MMP9 expression, showing
progressive increases from stage | to IV, correlating with advancing disease severity. (C) Kaplan-Meier survival analysis showing
improved survival rates associated with lower MMP9 expression, highlighting its prognostic significance.
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Figure S8: (A) STAT1 expression levels in liver cancer tumor tissues compared to normal tissues, with a notable increase in
tumor tissues, suggesting its involvement in cancer biology. (B) Stage-specific analysis of STAT1 expression, showing a gradual
decline from stage | to IV, possibly reflecting changes in tumor biology. (C) Kaplan-Meier survival analysis showing a complex
relationship between STAT1 expression and patient outcomes, with both high and low expression linked to variable survival
rates.
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Figure S9: Correlation between the expression of GSK3B, MMP9, and STAT1 and immune cell infiltration in liver cancer, as determined by
TIMER analysis, highlighting their differential associations with immune cells like macrophages, T cells, and dendritic cells.
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Figure S10: Docking interactions of kaempferol with GSK3B, MMP9, and STAT1. The figure shows 3D and 2D
representations of kaempferol binding to GSK3B, MMP9, and STAT1. Kaempferol displayed the strongest affinity
for MMP9 (-9.2 kcal/mol), followed by GSK3B (-8.9 kcal/mol) and STAT1 (-7.0 kcal/mol). Binding site cavity volumes
were 889 A% (GSK3B), 585 A® (MMP9), and 709 A® (STAT1). Interactions included hydrogen bonds, hydrophobic
contacts, and mi-t stacking with key residues, demonstrating multi-interactions of Kaempferol with the liver cancer
related hub genes.
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Figure S11: Deformability and beta factor (B-factor) analysis of the docked complexes, showing flexible and rigid regions

within (A) GSK3B, (B) MMP9, and (C) STAT1. Higher flexibility near the ligand-binding sites indicates structural adaptability,
while the rigid core regions contribute to protein stability.
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