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Abstract

Hepatocellular carcinoma (HCC) is one of the most aggressive types of cancer and requires alternative therapeutic
strategies beyond current treatments. Blumea balsamifera is a medicinal plant with potential anticancer properties that
may offer a novel approach for HCC treatment. This study aimed to evaluate the anti-HCC activity of B. balsamifera
extract through an integrated experimental and computational approach. Experimental assays were performed to assess
cytotoxicity, apoptosis induction, mitochondrial membrane potential, and cell migration, while computational analyses
were applied to predict the molecular mechanisms involved using network pharmacology, molecular docking, and
molecular dynamic simulation. The extract demonstrated cytotoxic activity against HepG2 cells (ICso = 199.09 + 11.86
pug/mL) and significantly induced apoptosis in a dose-dependent manner, with the ICso concentration triggering apoptosis
in more than 80% of cells. In addition, B. balsamifera extract markedly inhibited HepG2 cell migration, with 74% of the
wound gap remaining open at the ICso concentration. Network pharmacology analysis further predicted that the bioactive
compounds of B. balsamifera may act by targeting key HCC-related proteins involved in cell death and migration
pathways, including TOP1, AKT1, PPM1D, SRC, AKR1C2, DNMTI, and PTH. Collectively, these findings provide
both experimental evidence and computational insights supporting the potential of B. balsamifera as a promising natural

therapeutic candidate for hepatocellular carcinoma.
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Introduction HCC remains poor due to its late detection, aggressive

Hepatocellular carcinoma (HCC) is the most
common liver cancer and remains a major global health
burden [1]. It ranks as the sixth most frequently
diagnosed cancer and the third leading cause of
cancer-related mortality worldwide, with increasing
incidence particularly in regions with high prevalence of
hepatitis B and C virus infection, alcohol abuse, and
metabolic liver diseases [2]. Previous epidemiological
studies reported that HBV infection had strong
correlation with hepatocarcinogenicity [3]. Despite
advances in diagnosis and treatment, the prognosis of

progression, and high recurrence rate [4]. Hepatocellular
carcinoma (HCC) is characterized by the dysregulation
of multiple signaling pathways, which makes its
treatment particularly challenging.

Hepatocellular carcinoma (HCC) is characterized
by the dysregulation of multiple signaling pathways that
drive tumor initiation and progression. For example, the
PI3K-AKT signaling pathway is frequently activated
through the upregulation of EGFR, PI3K, AKT, and
mTORCI1, along with the downregulation or mutation of
negative regulators such as TSC1/2 and PTEN [5].
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Similarly, the JAK-STAT signaling pathway is often
altered; JAK1 missense mutations that promote
cytokine-independent growth have been identified in
approximately 9% of HBV-related HCC cases [6]. The
MAPK signaling pathway also undergoes frequent
dysregulation, particularly due to RAS mutations that
enhance cell proliferation and survival [7]. Collectively,
these molecular alterations complicate therapeutic
management, as conventional chemotherapeutic agents
often lead to drug resistance and undesirable side effects
[8]. Therefore, multi-target therapeutic strategies are
required, and herbal medicines have emerged as
promising candidates. Natural compounds are especially
appealing because of their structural diversity, broad
biological activities, and ability to modulate multiple
molecular targets consistent with the complex
pathophysiology of HCC.

Blumea balsamifera (family Asteraceae) is a
medicinal plant widely used in traditional medicine
throughout Southeast Asia [9]. It has been reported to
exhibit diverse pharmacological properties, including
antioxidant, anti-inflammatory, and anticancer activities
[10,11]. Extracts of B. balsamifera have demonstrated
significant cytotoxic effects against various cancer cell
types, including cervical and leukemia cells [12,13].
These anticancer effects are primarily attributed to its
rich content of bioactive compounds such as blumeatin,
quercetin, luteolin, and several other phenolic
constituents [14]. Previous research has shown that B.
balsamifera extract exerts antiproliferative effects on
HepG2 cells by downregulating the expression of
retinoblastoma (Rb), cyclin, and a proliferation-
inducing ligand (APRIL) [15]. However, further studies
exploring the anti-hepatocellular carcinoma
mechanisms of B. balsamifera remain limited.
Therefore, the present study aims to provide new
insights into the anti-HCC potential of B. balsamifera
extract, particularly through mechanisms involving
apoptosis induction and inhibition of cell migration.

In this study, we investigated the anticancer
activity of B. balsamifera ethanolic extract against
HepG2 hepatocellular carcinoma cells using an
integrated experimental and computational approach.
Specifically, we evaluated its cytotoxic, pro-apoptotic,
and anti-migratory effects through in vitro assays, while
complementing these findings with  network
pharmacology analyses to predict molecular targets and

pathways involved. The objective of this study was to
provide both experimental evidence and computational
insights into the potential of B. balsamifera as a
candidate natural product-based therapeutic for HCC.

Materials and methods

Extraction of Blumea balsamifera

Blumea  balsamifera leaves (Batch No.
220530SBL.F.MMB) were obtained from the UPT
Herbal Materia Medika Laboratory in Batu, East Java,
Indonesia. Six grams of B. balsamifera powder was
added to 60 mL of 96% ethanol (Merck, Germany) (1:10
ratio). Extraction was performed using the Microwave-
Assisted Extraction (MAE) method (Anton-Paar,
Austria) controlled according to the specific protocol, a
holding temperature of 50 °C for 20 min (5 min warming
up, 10 min holding time, and 5 min cooling down) at a
power level of 1,500 Watts. The extract was filtered, and
then evaporated using a Buchi R-210 rotary evaporator
(50 rpm, 37 °C) (ThermoScientific, Singapore) [16].

HepG2 Cell preparation

The liver cancer cell line HepG2 were obtained
from the Animal Physiology Anatomy Laboratory,
Brawijaya University, Malang. The cells were grown in
DMEM (Dulbecco’s Modified Eagle Medium) high
glucose basal medium (Gibco, USA) supplemented with
10% Fetal Bovine Serum (Gibco, USA) and 1%
penicillin-streptomycin (Gibco, USA). The cells were
incubated at 37 °C and 5% CO,.

Cytotoxicity assay

The HepG2 cells were seeded in a 96-well plate
(NEST Scientific, USA) at a density of 7,500 cells/well
and incubated at 37 °C 5% CO2 for 24 h. The B.
balsamifera extract was first dissolved in dimethyl
sulfoxide (DMSO) to prepare a 100,000 pg/mL stock
solution, then diluted in complete medium to obtain
final treatment concentrations of 0 (Control), 20, 40, 80,
160, and 320 pg/mL. The cells were treated to these
concentrations and incubated for 24 h. The treatment
medium was replaced by 5% WST-1 (Sigma-Aldrich,
USA) and incubated for 30 min in CO; incubator.
Absorbance measurements were performed in 450 nm
using Multiskan skyhigh Microplate Spectrophotometer
(Thermo Scientific, USA). The absorbance values were

used to calculate cell viability, and the ICso value was
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determined by plotting the percentage of viable cells
against the logarithmic concentrations of the extract and
fitting the data to a linear regression dose—response
curve. The assay was performed in three independent

replications [17].

Apoptosis assay

The cells were seeded in 24-well plates at a density
of 75,000 cells per well and incubated at 37°C with 5%
CO: for 24 h. The cells were treated with B. balsamifera
extract at concentrations of 0 pg/mL (untreated/negative
control), 99.55, 199.09, and 398.18 pg/mL, as well as 5
pug/mL cisplatin (positive control), and further incubated
for an additional 24 h. The centrifugation pellet was
added with 50 pL annexin-V and PI (1:2 ratio, desolved
in binding buffer) (BioLegend, USA), then incubated in
the dark for 20 min. Apoptosis analysis was performed
using a flow cytometer (BD FACSCalibur™, San Jose,
CA), and the data were analyzed using FlowJO v10.8.1.
(BD, USA). Flow cytometry analysis began with FSC—
SSC gating to exclude debris and isolate intact cell
populations. Annexin V—FITC/PI staining was then
analyzed using quadrant gating to differentiate viable,
early apoptotic, late apoptotic, and necrotic cells. The
assay was conducted in triplicate [18].

Rhodamine 123 mitochondrial membrane
potential assay

Cells were seeded in 24-well plates at a density of
75,000 cells per well and incubated overnight at 37 °C
with 5% CO:a. The cells were treated with B. balsamifera
extract at concentrations of 0 pg/mL (untreated), 99.55,
199.09, and 398.18 pg/mL, as well as 5 png/mL cisplatin,
and incubated for 24 h. After treatment, cells were
exposed to 2 uM rhodamine 123 and incubated for 1 h
in a CO: incubator. The cells were then centrifuged,
resuspended in DMEM-HG basal medium, and
incubated for 20 min at 4 °C. Following PBS washing,
samples were analyzed by flow cytometry, and data
were processed using CellQuest software (BD
Biosciences, USA). Debris was excluded using FSC-
SSC gating, and mitochondrial membrane potential loss
was quantified using histogram-based gating of
rhodamine 123 fluorescence. The assays were
performed in triplicate [18].

Cell migration assay

HepG2 cells were seeded in a 24-well plate at a
density of 3x10° cells/well and incubated for 24 h. The
cells were scratched vertically using a sterile yellow tip.
The detached cells were washed with PBS. The cells
were treated with extracts at doses of 0, 99.55, 199.09,
398.18 ng/mL, and 5 pg/mL Cisplatin. Cell migration
was observed at 0, 12, and 24 h after treatment using an
inverted phase-contrast microscope (10xmagnification)
(Olumpus 1X71, Japan). Wound closure was quantified
using ImageJ with the MRI Wound Healing Tool.ijm
macro (U.S. National Institutes of Health, USA), which
automatically thresholds the images and identifies the
wound region. The macro calculates the gap area by
measuring the pixel area of the cell-free zone in each
image. The migration assay was conducted in triplicate
[17].

Statistical analysis

Data analysis was conducted using IBM SPSS
Statistics version 23 (IBM Corp., USA). The results
were expressed as mean =+ standard deviation (SD).
Group differences were evaluated using one-way
analysis of variance (ANOVA) followed by Tukey’s
HSD post hoc test. A p-value of < 0.01 was considered

statistically significant.

Target protein prediction

The active compounds of B. balsamifera extract
were obtained from our previous study using liquid
chromatography high resolution mass spectrometry
[19]. The target protein of each active compound were
predicted using STITCH server (http://stitch.embl.de/)
[20]. STITCH settings were configured using Homo sa-
piens as the species, the full STRING network as the
network type, a 0.4 confidence cut-off, and a maximum
of 50 interactions. All targets protein of each active
compound were merged with proteins related to hepato-
cellular carcinoma from GeneCards (https://www.gene-
cards.org/) using Venny diagram 2.1 (https:/bioin-
fogp.cnb.csic.es/tools/venny/). The complex interaction
between active compound and the target proteins were

visualized using Cytoscape 3.10.3.
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Hub protein prediction and functional
annotation

The 190 target protein related to HCC were
analyzed for finding the hub protein in the network. The
most essential protein in the network calculated by
degree of centrality were analyzed using CytoHubba
In cytoHubba,

identification was performed using the MCC (Maximal

plugin on Cytoscape. hub gene
Clique Centrality) scoring method, with the options
‘Check the first-stage nodes’, ‘Display the shortest
path’, and ‘Display the expanded subnetwork’ enabled
during analysis. The ranking of hub proteins was
visualized through node size and color, where larger
nodes and brighter colors indicate higher hub scores.
The role of proteins in the network were analyzed using
Annotation in DAVID

(https://davidbioinformatics.nih.gov/). The
used in this analysis included Gene Ontology, KEGG

Functional webserver

libraries

Pathway, and WikiPathways. Only terms related to
diabetes and those with a false discovery rate (FDR) of
less than 0.05 were selected.

Molecular docking
Molecular docking was conducted to assess the
interactions between B. balsamifera active compounds

and their target proteins, focusing on HCC-related and

Table 1 The details of the molecular docking method.

hub proteins identified from the network analysis. The
(3D)
compounds were obtained from the PubChem database

three-dimensional structures of the active
(https://pubchem.ncbi.nlm.nih.gov/). Target proteins,
including TOP1, AKTI1, PPMID, SRC, AKRIC2,
DNMTI, and PTH, were retrieved from the RCSB
Protein Data Bank (https://www.rcsb.org/). The
reference inhibitors were extracted from the respective
protein crystallographic structures, except for PPM1D
and PTH, for which the inhibitors GSK2830371 (CID:
70983932) and Cinacalcet (CID: 156419) were obtained
from PubChem. The 3D

compounds were geometry-optimized using Open Babel

structures of the active

[21], while all non-essential molecules such as water
and co-crystallized ligands were removed from the
protein structures using Biovia Discovery Studio 2021.
Molecular docking simulations were carried out using
AutoDock Vina integrated within the PyRx 0.9.5
interface to predict binding affinities and interaction
poses between the ligands and target proteins [22]. The
pose with the lowest (most negative) binding affinity
value was selected as the optimal docking result.
Validation was carried out using the re-docking method
and the RMSD value was obtained using PyMOL 2.3.3
software. The molecular docking configuration were
showed in Table 1.

Reference GRID Coordinate
Protein PDB ID o Exhaustiveness Redocking RMSD A)
inhibitor Center Dimention (A)
. X:16.2609, X:16.7823,
Poison
TOP1 1T81 . Y: 1.4698, Y:16.5604, 8 0
Camptothecin
Z: 18.7566 Z:16.8576
X:4.3035, X:19.1148,
AKTI 6HHF Borussertib Y:7.4523, Y:23.9049, 8 0
Z:12.7427 Z:24.9969
X: 68.4736, X:22.6136,
PPMI1D 1A6Q GSK2830371 Y:49.4039, Y: 16.7608, 8 -
Z:45.3979 Z:27.5959
X: 17.7188, X:22.6136,
SRC 2BDIJ AP23464 Y:6.0413, Y: 16.7608, 8 0.306
Z: 24.6546 Z:15.5805
X: -66.4071, X:36.4976,
AKR1C2 4JTR Ibuprofen Y:173.0716, Z: Y:35.2898, 8 1.77
202.1699 Z:26.5561
X:-36.6911, X:24.7615,
DNMTI1 6X9K GSK3685032A Y:-5.1125, Y: 18.7662, 8 0.905
Z:16.9878 Z:16.0040
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Reference GRID Coordinate
Protein PDB ID o Exhaustiveness Redocking RMSD (A)
inhibitor Center Dimention (A)
X:6.9783, X: 18.4005,
PTH 3H3G Cinacalcet Y:36.6202, Y: 18.7662, 8 -
Z:35.1407 Z:21.7912

Molecular dynamic simulation

Molecular dynamics (MD) simulations were
conducted for both protein—active compound and
protein—inhibitor complexes using Yet Another
Scientific Artificial Reality Application (YASARA)
[23]. Each system was placed in a cubic simulation cell
and solvated with explicit water molecules. The
simulation environment was set to mimic human
physiological conditions (pH 7.4, temperature 310 K,
and salt concentration 0.9%). The AMBER 14 force field
was applied throughout the simulation. MD simulations
were run for 20 nanoseconds, with trajectory data saved
every 25 picoseconds. The simulation was executed
using the md _run.mer script. Structural stability was
assessed by calculating the root mean square deviation
(RMSD), radius of gyration (Rg), and number of

hydrogen bond using md_analyze.mcr.

Results and discussion

The B. balsamifera extract toxic to HepG2

The cytotoxic effect of B. balsamifera extract on
HepG2 cells is presented in Figure 1(A). Cell viability
decreased significantly with increasing extract
concentrations, demonstrating a clear dose-dependent
pattern. A marked reduction in viability was observed at
concentrations of 160 png/mL and 320 pg/mL, indicating
strong cytotoxic activity at higher doses. The calculated
ICso value of the extract was 199.09 + 11.86 pg/mL,
suggesting that B. balsamifera extract exhibits
moderately cytotoxic (ICso: 21 - 200 pg/mL) against
HepG2 cells according to the classification by U.S.
National Cancer Institute (NCI) [24].

This finding remains biologically meaningful
because mild or moderate cytotoxicity in plant extracts
often reflects selective rather than nonspecific toxicity
[25]. Such profiles are advantageous in early-stage
anticancer screening, as they suggest potential for
targeting malignant cells while sparing normal tissues
[26]. The decrease in HepG2 viability with increasing

extract concentration may result from the combined

action of flavonoids and phenolic compounds such as
quercetin, which have been shown to induce oxidative
stress, cell-cycle arrest, and apoptosis in hepatocellular
carcinoma models [27,28]. Therefore, the cytotoxic
response observed in this study provides preliminary
evidence that B. balsamifera harbors bioactive
constituents capable of inducing cell death and reducing
viability in HCC cells, possibly through multiple

molecular mechanisms.

The B. balsamifera extract induce apoptosis of
HepG2 cell

Annexin V-FITC/PI flow cytometry showed a
significant increase in early and late apoptotic HepG2
cells after treatment with B. balsamifera extract
compared with the control and cisplatin groups (Figure
1(B)). The flow cytometry gating profiles (Figure 1(D))
further illustrated this effect, showing a pronounced
increase in cell populations within the Annexin V—
positive (early apoptotic) and Annexin V/PI-double
positive (late apoptotic) quadrants, indicating that the
extract effectively induces apoptosis in a dose-
dependent manner. At the ICso concentration (199
pg/mL), a higher proportion of cells were in late
apoptosis (56%), suggesting that most apoptotic cells
had progressed beyond the early stage by the 24-hour
time point. In contrast, at the higher concentration of 398
pg/mL, early apoptosis increased (51%) while late
apoptosis decreased (34%), a pattern consistent with
dose-dependent acceleration of apoptosis in which
stronger cytotoxic stress triggers rapid initiation of
apoptosis, resulting in more cells being captured in the
early apoptotic phase. This apoptotic response was
further supported by the rhodamine 123 mitochondrial
assay, which showed a gradual decline in mitochondrial
membrane potential as the extract concentration
increased, a well-known indicator of apoptosis (Figures
1(C) - 1(E)).

The induction of apoptosis in HepG2 cells
following B. balsamifera extract treatment indicates that
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the cytotoxic effect observed earlier is primarily
mediated through programmed cell death rather than
necrosis. The predominance of apoptosis over necrosis
indicates that the cytotoxicity of B. balsamifera occurs
primarily through programmed cell death mechanisms.
Consistent with established pathways of phytochemical-
induced apoptosis, this process is likely mediated by

mitochondrial membrane  potential  disruption,
cytochrome c release, and caspase activation [29]. These
findings collectively suggest that B. balsamifera exerts
activity via mitochondria-mediated
further

development as a natural therapeutic agent against

its anticancer
its candidacy for

apoptosis, supporting

hepatocellular carcinoma.
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Figure 1 Cytotoxicity and apoptosis-inducing activity of the ethanolic extract of B. balsamifera in HepG2 cells. (A) B.
balsamifera extract exhibited cytotoxic effects on HepG2 cells with an ICso value of 199.09 + 11.86 pg/mL. (B & D) The
extract significantly induced apoptosis at concentrations of 199.09 and 398.18 ug/mL. (C & E) The extract induced a
concentration-dependent loss of mitochondrial membrane potential (MMP) in HepG?2 cells. For cytotoxicity assays, (*)
indicates a significant difference compared with 0 pg/mL, (**) indicates a significant difference compared with 0 - 80
pg/mL, and (***) indicates a significant difference compared with all tested concentrations. For apoptosis and
rhoaminel23 assays, (*) indicates a significant difference compared with the untreated group, and (**) indicates a

significant difference compared with both the untreated group and cisplatin. Data are presented as the mean of three

replicates + SD, with p-value <0.01.

The extract inhibit cell

migration of HepG2 cell

B. balsamifera

The scratch assay revealed that treatment with B.
balsamifera extract suppressed the migratory ability of
HepG?2 cells. In the control group, the scratch gap area
progressively narrowed over time, reflecting the strong

migratory and proliferative capacity of hepatocellular
carcinoma cells. By contrast, in the extract-treated
group, particularly at a concentration of 199 pg/mL, the
gap area remained wide, indicating a significant
reduction in cell migration rate (Figure 2). At the
highest concentration, the wound area could not be
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clearly detected because most cells had undergone
apoptosis, resulting in extensive cell loss within the
culture.

The inhibition of HepG2 cell migration by B.
balsamifera extract suggests an anti-metastatic
potential, as cell migration is a critical step in tumor
invasion and metastasis. This effect is consistent with
previous findings that flavonoids such as quercetin and
naringenin  could suppress migration through

downregulation of matrix metalloproteinase (MMP-2

Untreated Cisplatin 99.55 pg/ml

199.09 pg/ml

100 —
h e -
80 - ®12h Py
024h

©

360 - e

<

& 40

(U]

e\°
Untreated Cisplatin 99.55 199.09

pg/mL Hg/mL
Treatment

and MMP-9) and inhibition of PI3K/AKT and MAPK
signaling pathways [30]. The persistence of a wide gap
area at higher concentrations highlights the ability of the
extract to interfere with cytoskeletal remodeling and
cellular motility. Taken together, these findings provide
evidence that B. balsamifera may contribute not only to
cytotoxic and pro-apoptotic effects but also to the
suppression of metastatic progression in hepatocellular
carcinoma.

398.18 pg/ml

Figure 2 B. balsamifera extract inhibits HepG2 cell migration, as indicated by the wider gap area in the scratch assay.

Data are presented as the mean of three replicates £ SD, with p-value < 0.01. (**) indicates a significant difference

compared with both the untreated group and cisplatin.

Target proteins of active compounds in B.
balsamifera extract

The STITCH analysis identified nine active
compounds from B. balsamifera (quercetin, tuberonic
acid, salicylate, isorhamnetin, 3,4-dicaffeoyl, lecanoric
acid, chlorogenic acid, naringenin, and aurantio-obtus)
that were predicted to interact with multiple protein
targets (Figure 3(A)). Each compound exhibited multi-
target potential, reflecting the complex pharmacology.
Integration of these predicted targets with hepatocellular
carcinoma (HCC)-related proteins obtained from the
GeneCards database identified 190 overlapping proteins
associated with both B. balsamifera compounds and
HCC (Figure 3(B)). A compound—target network was
subsequently constructed to visualize these interactions,
revealing a highly interconnected topology in which
several compounds were linked to multiple targets,
while certain proteins functioned as hub nodes

connecting multiple bioactive constituents (Figure
3(C)). These results suggest that B. balsamifera may
exert its anticancer effects through multi-target
modulation of key proteins involved in HCC-related
signaling pathways.

The identification of 190 overlapping targets
between B. balsamifera compounds and HCC-related
proteins underscores the therapeutic potential of this
plant in liver cancer. The multi-target nature of the
interactions is consistent with previous reports that
flavonoids such as quercetin and isorhamnetin can
simultaneously regulate diverse signaling pathways
implicated in tumorigenesis [10,11]. This property is
advantageous in cancer therapy, as HCC involves a
highly complex molecular landscape that often requires
modulation of multiple pathways rather than single-

target interventions.
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B B. balsamifera HCC

11516
(97.9%)

Figure 3 Network pharmacology representing hepatocellular carcinoma (HCC)-related targets of compounds contained

in B. balsamifera extract. (A) Predicted protein targets of B. balsamifera compounds. (B) Overlap analysis identified 190

targets associated with HCC. (C) Complex interactions between active compounds and HCC-related protein targets.

Hub proteins and functional annotation
indicated a strong correlation to apoptosis and cell
migration

Network analysis identified several hub proteins,
including members of the UDP-glucuronosyltransferase
(UGT1) and cytochrome P450 (CYP) families, as well
as key cancer-related regulators such as MAPK, TP53,
and AKT1. The coexistence of metabolic enzymes and
signaling molecules among these hub nodes suggests
that B. balsamifera compounds may simultaneously
modulate hepatic metabolism and cancer-associated

signaling pathways (Figure 4(A)).

Functional annotation of the 190 overlapping
target proteins using Gene Ontology (GO), KEGG, and
WikiPathways  databases  revealed  significant
enrichment in processes related to apoptosis and cell
migration. GO analysis highlighted biological processes
such as apoptosis, cell migration, and cell motility
(Figure 4(B)). KEGG pathway enrichment indicated
strong associations with apoptosis-related pathways,
including PI3K—-AKT and p53 signaling (Figure 4(C)),
while WikiPathways analysis similarly revealed
enrichment in PI3K-AKT, apoptosis, and ErbB
signaling pathways (Figure 4(D)).
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Figure 4 Hub proteins among the HCC-related targets identified using CytoHubba and functional annotation analysis.

(A) Protein—protein interaction (PPI) network showing the hub proteins; larger node size and deeper red color indicate
higher degree centrality. (B - D) Functional enrichment of the identified targets based on Gene Ontology (GO), KEGG,

and WikiPathways analyses, highlighting their involvement in apoptosis and cell migration—related processes.

The compound-target network further highlights
the importance of hub proteins with high connectivity,
which likely play pivotal roles in mediating the
biological effects of B. balsamifera. Previous studies
have shown that such hub nodes in protein—protein
interaction networks often represent essential disease-
associated or druggable targets [31]. A similar approach
has been applied in other network pharmacology
studies, such as phytochemical investigations of
Euphorbia hirta in breast cancer, where overlapping
target prediction enhanced the wunderstanding of
therapeutic mechanisms [17]. Taken together, these
findings provide a systems-level rationale that B.
balsamifera may act through multi-target and network-
based mechanisms to inhibit HCC progression. The
identification of UGT1s and CYPs as hub proteins
suggests that B. balsamifera may influence xenobiotic

and drug metabolism, as well as the bio activation and
[32]. Such

interactions may alter hepatic metabolic capacity and

detoxification of hepatic carcinogens

potentially modulate cancer cell sensitivity to
therapeutic agents.

Moreover, the emergence of MAPK, TP53, and
AKT1 as hub proteins reinforces the link between B.
balsamifera activity and classical mechanisms of
hepatocarcinogenesis. Dysregulation of the MAPK
pathway has been widely implicated in liver tumor
progression through its role in proliferation,
differentiation, and survival [33,34]. Similarly, TP53 is
one of the most frequently mutated tumor suppressors in
HCC, with loss of function driving uncontrolled
proliferation apoptosis  [35].
Meanwhile, AKTI1, as a central effector of the

PI3K/AKT signaling pathway, is known to promote

and resistance to
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growth, angiogenesis, and apoptosis resistance in HCC
[33]. Collectively, these findings suggest that B.
balsamifera exerts its potential anticancer effects by
targeting both metabolic enzymes and key oncogenic

signaling nodes.

Interaction between active compounds and the
most potential target

Target prediction using STITCH identified several
potential protein targets for the active compounds of B.
balsamifera. Subsequent screening using cBioPortal
revealed one most promising target protein for each
compound. The interactions between these active
compounds and their respective targets were then
evaluated through molecular

docking. Docking

simulations for TFB2M-lecanoric acid and IRS—
aurantio-obtusin were excluded due to the absence of
suitable reference inhibitors, which would compromise
result validity.

The docking simulations showed that all other
active compounds bound to their target proteins at the
same binding site as the reference inhibitors. The
binding affinity value was also not much different from
the inhibitor (Table 2). Moreover, several active
compounds interacted with the same key amino acid
residues as the inhibitors, suggesting comparable
binding modes. These findings indicate that the active
compounds possess strong potential as inhibitors of
TOP1, AKT1, PPM1D, SRC, AKR1C2, DNMTI, and
PTH proteins (Figure 5).

Table 2 Binding affinity value of protein ligand interaction from molecular docking.

Binding affinity (kcal/mol)

Active compound Inhibitor Protein
Protein - Active compound Protein - Inhibitor
Dicaffeoylquinic acid Poison Camptothecin TOP1 -8.7 -8.4
Isorhamnetin Borussertib AKTI -9.4 —-13.9
Tuberonic acid GSK2830371 PPM1D -5.9 6.7
Quercetin AP23464 SRC -9.7 -10.3
Salicylate Ibuprofen AKRI1C2 —6.4 -10.5
Chlorogenic acid GSK3685032A DNMT1 -7.7 -7.6
Naringenin-6-C-glucoside Cinacalcet PTH -8.8 9.4

SRC

Inhibitor

Dicaffeoylquinic

Inhibitor
acid

AKR1C2

Isorhamnetin Inhibitor

DNMT1

Tuberonic Quercetin

acid

Inhibitor

Inhibitor

Salicylate

Chlorogenic acid

N>arringenin-6-C-
glucoside

Inhibitor

Figure 5 The molecular docking represents the interaction between active compound and its target protein.
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Molecular Dynamic (MD) simulation of
protein-active compound interaction

In this study, molecular dynamics (MD)
simulations were performed to analyze the stability of
protein structures and the stability of protein—active
compound interactions over a 20 ns simulation period.
The RMSD of the protein backbone represents structural
stability based on atomic fluctuations within the
backbone. The results showed that the backbone RMSD
remained steady throughout the simulation, indicating
that all proteins maintained stable structures (Figure
6(A)). This was supported by the radius of gyration
(Rg), which did not increase during the simulation,
confirming that the overall protein structures remained
compact and stable (Figure 6(B)). The number of
hydrogen bonds within the proteins also did not
decrease, further demonstrating structural stability, as

hydrogen bonds play an important role in maintaining
secondary structure (Figure 6(C)).

The stability of protein—active compound
interactions was represented by the RMSD of ligand
movement and the number of hydrogen bonds formed
between the protein and ligand. The RMSD values of
ligand movement showed that all active compounds
exhibited consistent trajectories, reflecting stable
interactions with their target proteins (Figure 7(A)). The
RMSD of ligand conformation also indicated that the
structures of the active compounds remained stable
throughout the simulation (Figure 7(B)). This
interaction stability was further supported by the
continuous formation of more than one hydrogen bond
between the active compounds and their target proteins
during the simulation (Figure 7(C)).
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The molecular dynamics simulation results
provide strong evidence that the active compounds from
B. balsamifera form stable and persistent interactions
with their target proteins. The consistent RMSD values
and sustained hydrogen bonding throughout the
simulation indicate conformational stability of both the
protein backbones and ligand-binding orientations
[36,37]. These findings suggest that the docked
complexes remain energetically favorable under
physiological conditions, supporting the reliability of

the docking predictions. Notably, the greater stability

observed in the TOPl and DNMTI complexes
compared to their reference inhibitors implies that the
active compounds may exhibit comparable or even
superior binding affinity and inhibitory potential.
Similar patterns of ligand stability and hydrogen bond
persistence have been correlated with enhanced binding
strength and biological activity in previous simulation
studies [38]. Collectively, these results reinforce the
hypothesis that B. balsamifera constituents can act as
multi-target inhibitors capable of modulating key
oncogenic proteins in hepatocellular carcinoma.
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Correlation of experimental and computational
study

The molecular docking and dynamics analyses
revealed that the active compounds of B. balsamifera
could effectively interact with several key proteins
involved in hepatocellular carcinoma progression.
Dicaffeoylquinic acid exhibited stable binding to TOP1,
a topoisomerase that regulates DNA supercoiling during
replication and transcription. Inhibition of TOP1
disrupts DNA replication and induces DNA strand
breaks, triggering apoptosis in rapidly dividing cancer
cells [39]. Similarly, chlorogenic acid showed strong
affinity toward DNMT1, a DNA methyltransferase
responsible for maintaining aberrant DNA methylation
patterns in tumors. Suppression of DNMT1 can lead to
reactivation of silenced tumor suppressor genes and
initiation of apoptotic pathways [40]. These interactions
suggest that B. balsamifera constituents may exert their
cytotoxic and pro-apoptotic effects by targeting nuclear
enzymes essential for DNA integrity and epigenetic
regulation.

Another crucial target identified was AKTI,
which plays a central role in the PI3K—-AKT signaling
pathway that promotes cell survival and migration. The
strong binding of isorhamnetin to AKTI indicates
potential inhibition of downstream phosphorylation
cascades that suppress apoptosis and stimulate motility
[33]. Likewise, tuberonic acid was predicted to inhibit
PPMI1D, a phosphatase that negatively regulates p53-
mediated apoptosis. Inhibition of PPM1D can stabilize
p53, enhancing apoptotic signaling and reducing the
proliferation of malignant hepatocytes [41]. The
combined inhibition of AKT1 and PPMID by B.
balsamifera compounds may therefore contribute to
both apoptosis induction and inhibition of cell
migration, consistent with the experimental findings
from flow cytometry and scratch assays.

Additionally, quercetin and salicylate exhibited
high affinity for SRC and AKR1C2, respectively, while
naringenin-6-C-glucoside targeted PTH. SRC is a well-
known proto-oncogene that drives cytoskeletal
rearrangements and epithelial-mesenchymal transition
(EMT), processes that enhance cell migration and
invasion [42]. Previous study reported that Quercetin
inhibit metastasis and invasion of HCC in vitro [43].
Similarly, inhibition of AKRIC2, an aldo—keto

reductase involved in detoxification and hormone
metabolism, can attenuate sensitize cancer cells to
apoptosis [44]. Meanwhile, modulation of PTH
signaling by naringenin derivatives may contribute to
calcium-dependent apoptotic regulation in hepatocytes
[45]. Collectively, these results suggest that B.
balsamifera exerts multi-target inhibitory effects on
proteins associated with cell survival, DNA repair, and
migration, thereby promoting apoptosis and suppressing
metastatic behavior in hepatocellular carcinoma cells.
Although this study demonstrates the therapeutic
potential of B. balsamifera against hepatocellular
carcinoma, further investigations are necessary. The
next study using a normal hepatic cell line is needed to
examine the selectivity of B. balsamifera extract.
Migration assays under proliferation-blocked conditions
need to be performed to allow a clearer interpretation of
whether changes in wound closure are due to reduced
motility or decreased proliferative activity. Future work
should include in vivo validation to confirm the extract’s
efficacy, pharmacokinetics, and systemic safety.
Advanced transcriptomic and proteomic analyses would
also help eclucidate the precise molecular pathways
modulated by B. balsamifera in hepatic cancer cells.

Conclusions

This study provides both experimental and
computational evidence supporting the potential of B.
balsamifera as a promising natural product-based
therapeutic candidate for hepatocellular carcinoma
(HCC). The extract exhibited dose-dependent cytotoxic
and pro-apoptotic effects on HepG2 cells, accompanied
by significant inhibition of cell migration. Network
pharmacology, molecular docking, and molecular
dynamics simulations collectively revealed that the
active compounds of B. balsamifera interact stably with
multiple HCC-related targets—including TOP1, AKT1,
PPMI1D, SRC, AKR1C2, DNMT1, and PTH—which
are known to regulate apoptosis, cell survival, and
migration pathways. These multi-target interactions
underscore the polypharmacological nature of B.
balsamifera and its potential to modulate key molecular
mechanisms underlying cancer progression. Overall, the
findings highlight B. balsamifera as a valuable source of
bioactive compounds for further development in anti-
HCC therapy.
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