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Abstract

Objective: Hepatocellular carcinoma (HCC), the most common form of liver cancer, often develops in individuals
with chronic liver diseases, especially cirrhosis. Cisplatin (Cisp), a chemotherapy agent commonly used in HCC
treatment, is effective but is known to damage normal cells, including fibroblasts. Hesperetin (HST), a citrus flavanone
found abundantly in citrus fruits, has demonstrated antioxidant, anti-inflammatory, and anticancer properties. This study
aimed to investigate the synergistic cytotoxic effects and selective induction of senescence by HST in combination with
Cisp in HepG2 cancer cells and NIH-3T3 fibroblast cells. Methods: The cytotoxic effects of HST were assessed using
the MTT assay to determine cell viability. The antiproliferative properties were evaluated using colony formation assays.
Senescence was assessed using SA-B-gal staining, while flow cytometry was used to analyze cell cycle distribution and
apoptosis. Protein expression related to proliferation and apoptosis was determined via Western blot analysis. Results:
MTT assay results indicated that both HST and Cisp reduced HepG2 cell viability in a dose-dependent manner, with
IC,, values of 258 +2.47 uM and 5 & 1.83 uM, respectively. Their combination (HST: 33-130 uM; Cisp: 0.6-2.5 uM)
showed synergistic effects (combination index, CI < 1) co-treatment with HST (65 and 130 uM) significantly enhanced
senescence in HepG2 cells. Clonogenic assays showed inhibition of colony formation, supported by reduced expression
of p-ERK1/2 and Cyclin D1. Flow cytometry revealed increased apoptosis and G2/M phase arrest, with upregulation
of Bax and caspase-3, and downregulation of Bel-xL. In NIH-3T3 cells, HST showed minimal cytotoxicity (IC50 >
500 uM), and co-treatment with Cisp reduced senescence markers. Conclusion: These results suggest that HST and
Cisp co-treatment synergistically reduces cancer cell viability while protecting normal fibroblasts from senescence,
supporting its potential as a co-chemotherapeutic agent in HCC treatment, while also serving as a protective agent
against senescence in healthy tissues.
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Introduction

Hepatocellular carcinoma (HCC) represents the
predominant form of primary liver cancer and ranks
among the top global causes of cancer mortality [1].
The Asian Pacific region has an HCC prevalence of
approximately 530,000 [2]. Current chemotherapeutic
agents, such as cisplatin (Cisp), effectively induce
cytotoxicity in cancer cells. Clinical applications extend
beyond HCC to include other types of hepatic tumors.
However, their lack of selectivity often results in severe
side effects and toxicity in healthy tissues [3]. Thus, there

is a growing demand for novel therapeutic strategies
that enhance the efficacy of existing treatments on HCC
while minimizing adverse effects on non-cancerous cells.
Hesperetin (HST), a naturally occurring flavonoid found
in citrus fruits, has garnered significant attention for its
wide-ranging pharmacological properties, including anti-
inflammatory, antioxidant, and anticancer activities [4].
Recent studies suggest that HST may potentiate the effects
of conventional chemotherapeutics and exhibit selective
action on cancer cells. HST exerts anticancer effects
through multiple mechanisms, including the induction
of apoptosis, cell cycle arrest, and the modulation of
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oncogenic pathways (p-AMPK, p-Akt, p-mTOR) [5, 6].
It also attenuates oxidative stress, suppresses NF-«kB,
inhibits EMT/MMP-9, induces ferroptosis, and acts as
a chemosensitizer, with co-treatment studies showing
synergistic cytotoxicity and selective senescence induction
in TNBC cells [7-11]. Multiple studies have reported that
HST enhances the efficacy of cisplatin through diverse
mechanisms, including the induction of apoptosis (A/F,
Bax, and cleaved caspase-9/3 upregulation, and Bcl-2
downregulation), activation of PTEN, and inhibition of
the PI3K/AKT signaling pathway in gastric cancer models
[12]. In triple-negative breast cancer, HST—cisplatin
co-delivery enhanced anti-tumor and anti-metastatic
effects while reducing toxicity [13]. In 4T1 models, it
demonstrated synergistic cytotoxicity and protected
kidney cells from cisplatin-induced senescence [11]. In
cisplatin-resistant lung cancer, HST restored sensitivity
by inhibiting P-glycoprotein-mediated drug efflux [14].
Collectively, these findings highlight HST as a promising
co-chemotherapeutic agent that enhances efficacy and
reduces adverse effects. This study aims to evaluate the
cytotoxic effect and induction of cellular senescence
by co-treatment with Cisp and HST in both cancerous
HepG2 cells, representing the HCC cell line, and non-
cancerous NIH-3T3 cells, representative of non-cancerous
fibroblasts. In the study, we analyzed cell proliferation,
senescence, apoptosis, cell cycle progression, and
the molecular expression of Bax, Caspase-3, Bcl-xL,
p-ERK1/2, ERK1/2, and Cyclin DI in HepG2 cells. We
examined cell viability and senescence in NIH 3T3 cells
to assess selective senescence induction. By elucidating
the differential responses of these cell lines, this research
seeks to provide insights into the potential of HST as a co-
treatment for enhancing the selectivity and effectiveness
of Cisp in cancer treatment.

Materials and Methods

Cell culture

The HepG2 hepatocellular carcinoma cell line (ATCC®
HB-8065) and NIH-3T3 fibroblasts (ATCC® CRL-
1658) were obtained from the Cancer Chemoprevention
Research Center (Yogyakarta, Indonesia). Cells were
maintained in DMEM (Dulbecco’s Modified Eagle
Medium) containing 10% fetal bovine serum (Sigma-
Aldrich, USA), 1% penicillin/streptomycin (Gibco),
and 0.5% Fungizone (Corning) at 37°C in a humidified
5% CO2 atmosphere. Cultures were monitored every
3—4 days for media changes and subcultured at 80-90%
confluence using 0.25% trypsin-EDTA dissociation
reagent. Hesperetin (Sigma) and cisplatin (Wako) were
the compounds used in the study.

Cell Proliferation Assessment via MTT Assay

The cell viability assay was performed using the MTT
tetrazolium reduction method (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich,
USA), a colorimetric microculture technique, as described
by Mosmann. In brief, cells at a density of 10,000 per
well were treated with varying concentrations of HST or
Cisp and incubated for 24 hours. Following treatment,
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100 pL of MTT solution (0.5 mg/mL; Biovision) was
added to each well and incubated for 2-4 hours. The
reaction was terminated with an SDS solution in 0.0IN
HCI. Absorbance measurements were taken at 595 nm
using an ELISA microplate reader, with cell viability
expressed as a percentage relative to untreated controls.
The half-maximal inhibitory concentration (IC, ) was
calculated through linear regression analysis of dose-
response curves [15].

Colony Formation Assay

Cells were plated at 500 cells per well in 24-well
plates and cultured for 24 hours before HST, Cisp, and
co-treatment with Cisp and HST. Following 24-hours
drug exposure, the medium was replaced with fresh
complete medium, and cells were maintained for 8 days
to allow colony formation. Colonies were then fixed with
4% paraformaldehyde, stained with 0.5% (w/v) crystal
violet, and quantified using ColonyArea image analysis
software [16].

Senescence-associated f-galactosidase (SA-pGal)
Senescence-based Assay

NIH-3T3 and HepG2 cells were seeded at 2 x 10*
cells/well in 24-well plates and allowed to attach for 24
hours. Cells were then treated with HST at 10-500 uM,
Cisp at 0.01-10 uM, or co-treatment with HST and Cisp
for 24 hours before proceeding to the senescence assay.
Following treatment, cells were washed twice with PBS,
fixed, and incubated with X-Gal staining solution at 37 °C
for 72 hours. Senescent cells were subsequently identified
as blue-stained cells under light microscopy (Olympus
CKX-41, 200 magnification) [17].

Cell Cycle Profile Analysis

Cell cycle analysis was conducted following a
previously published method with some modifications.
Briefly, cells were seeded, incubated, and exposed to HST
at 130 uM, Cisp at 3 uM, or to a co-treatment of HST and
Cisp for 24 hours. After treatment, cells were detached
using trypsin to achieve a single-cell suspension. Cells
are fixed with cold 70% ethanol, washed, then incubated
with staining solution containing 100 pg/mL PI, 50 pg/
mL RNase A, and 0.1% Triton X-100 in PBS for 30 min
at room temperature in the dark before flow cytometry
analysis. Flow cytometry analysis was performed using
the CytoFlex system to determine the distribution of
cells across sub-G1, G1, S, and G2/M phases of the cell
cycle [18].

Apoptosis Profile Analysis

HepG2 cells (2 x 10° cells/well in 6-well plates)
were treated with test compounds (single or combination
therapy) for 24 hours. Cells were then collected, washed
in binding buffer, and dual-stained using Annexin
V-FITC/PI from a commercial apoptosis detection kit
(Roche, Mannheim). After 5-minute dark incubation at
RT, samples were immediately analyzed by Beckman
Coulter CytoflexS flow cytometry to quantify apoptotic
populations [19].



Western Blot

Western blot analyses were performed using the
Protein Simple Abby System®. The lysates were diluted
with 0.1x sample buffer and then combined at a 4:1
ratio with 5x fluorescent master mix, which contained
5% sample buffer, 5x fluorescent standard, and 200 mM
DTT, followed by the addition of a blocking reagent.
Primary antibodies were used at a 1:100 dilution. The
analysis began by loading the plate for electrophoresis
and immunodetection, with molecular weight standards
monitored using a biotinylated ladder [20]. WB analysis
of the protein bands was performed using [SW Compass
software]. The intensity of each target protein band was
normalized against the corresponding loading control
(B-actin). Ratios were then calculated relative to the
untreated control. The fold changes of the treated groups
are presented accordingly.

Statistical analysis

Data represent the mean + standard error of mean
(SEM). After initial analysis in SPSS 21.0, one-way
ANOVA with Tukey’s HSD post hoc test (GraphPad Prism
9.0) identified statistically significant differences versus
untreated controls (*p<0.05, **p<0.01, ***p<0.001).

Results

Effect of HST and Cisp on the Viability of HepG2 and
NIH-3T3 Cells

The study aims to investigate the impacts of HST and
Cisp on various cancer characteristics and their preference
for normal cells in a laboratory setting. Initially, we
assessed the harmful effects of HST and Cisp on HepG2
and NIH-3T3 cells over 24 hours. HepG2 cells simulated
hepatocellular carcinoma (HCC), while NIH-3T3 cells
represented normal fibroblasts. HST, at concentrations
between 20 and 500 uM, progressively decreased HepG2
cell viability, with an IC, of 258 uM (Figure 1), indicating
its relatively modest cytotoxicity. Conversely, HST did not
affect NIH-3T3 cell viability at concentrations up to 500
puM. These findings yielded a selectivity index (SI) greater
than 2, indicating that HST exerts preferential cytotoxic
effects on malignant cells while exhibiting minimal
toxicity toward normal fibroblasts. The SI was defined as
the ratio of the IC,; value in normal cells (NIH-3T3) to
the IC,, value in cancer cells (HepG2). The resulting SI
value exceeded 2, suggesting that HST exerts selective
cytotoxicity against cancer cells while demonstrating
minimal toxicity toward normal fibroblasts. We also
revised the figure (Figure 1).

Co-treatment Effect of HST with Cisp on Cell Viability
of HepG?2 cells

In single cytotoxicity assays, HST showed promising
potential despite its relatively low cytotoxicity. We then
examined its combined cytotoxic effects with Cisp
to explore potential synergistic interactions against
HCC (Figures 2A and 2B). The findings revealed that
co-treatment of HST and Cisp demonstrated strong
synergistic effects in inhibiting HepG2 cell growth, with
a combination index (CI) value of less than 1 (Figure 2C).
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Combination therapy is often used in cancer treatment
to enhance therapeutic efficacy and minimize systemic
toxicity. A key principle underlying this approach is the
synergistic effect, where the combined action of two
agents produces greater anticancer activity than the sum
of their individual effects. In the case of HST and Cisp,
co-treatment has been reported to result in synergistic
inhibition of various cancer cell growth. Such synergy is
typically quantified using models such as the combination
index (CI) method proposed by Chou—Talalay, where a CI
value < 1 indicates synergy, CI = 1 indicates an additive
effect, and CI > 1 indicates antagonism [21]. In this study,
we evaluated a range of HST (33-130 pM) and Cisp
(0.7-2.8 uM) concentrations in HepG2 cells. The most
substantial synergistic effect was observed at HST 130
UM combined with cisplatin 2.8 uM, as evidenced by a
combination index (CI) value of less than 1.

HST co-treatment with Cisp suppressed the cell colony
in HepG?2 cells

Hepatocytes grown in vitro can retain their ability
to replicate and remain differentiated, but only for a
limited period. The colony-forming or clonogenic assay
is a quantitative laboratory technique used to evaluate a
single cell’s capacity to grow and form a colony through
clonal expansion. This method is widely used to determine
the effectiveness of different cytotoxic compounds.
Results from the clonogenic assay demonstrated that
the combination of HST and Cisp (Figures 3A and 3B)
significantly decreased the survival of HepG2 cells
compared to untreated controls after 8 days of treatment.
The number of colonies in each treatment condition
was counted and normalized to the control group (set as
100%). The results are now presented as percentage colony
formation relative to the control.

Senescence Effect of HST co-treatment with Cisp on
HepG?2 cells

Recent findings demonstrate that several anticancer
agents can induce cellular senescence, highlighting its
potential as a novel approach in cancer prevention and
treatment. In this study, we investigated the impact of
combining HST and Cisp on the induction of senescence in
cancer cells. Observations were conducted after 24 hours
of treatment. The results revealed that co-treatment with
HST and Cisp at concentrations of 130 uM and 3 uM,
respectively, led to a significant increase in senescence
in HepG2 cells (Figures 4A and 4C). Senescence was
quantified by counting B-galactosidase—positive cells
and expressing the results as a percentage of the total
cell population.

HST co-treatment with Cisplatin induction G2/M arrest
in HepG?2 cells

The cytotoxic effects of HST, Cisp, and co-treatment
of HST with Cisp were further evaluated by analyzing
cell cycle profiles. The results indicated an increase in
GO0/G1 arrest in untreated cells (Figure 5SA). Additionally,
HST treatment led to an elevated GO/G1 arrest in HepG2
cells compared with Cisp single treatment. HCC cells
were divided into four treatment groups: control, 130 uM
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Figure 1. Cytotoxicity of HST on HepG2 and NIH 3T3 Cells. HepG?2 cells (1x10* cells/mL) and NIH 3T3 (1x10* cells/
mL) were seeded in 96 well-plate and treated with Hesperetin and Cisplatin for 24 hours, and subsequently measured
using MTT assay. Data were means from three independent experiments + standard error (SE).

HST, 3 uM cisplatin, and a combination of 130 uM HST  5A). Treatment with HST (130 uM) markedly increased
with 3 uM cisplatin. After 24 hours, in untreated cells,an ~ GO0/G1 arrest (65.30 = 2.63%) compared with Cisp (31.64
accumulation in the GO/G1 phase was observed (Figure  +0.44%) and the combination group (32.25 + 1.53%). In
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Figure 2. Cytotoxicity Effect of HST Co-Treatment with Cisp on HepG2 Cells. (A) HepG2 cells (1x10* cells/mL)
were seeded in 96 well-plate and treated with HST for 24 hours and subsequently measured using MTT assay. Cell
viability of HepG2 with the treatment of HST sub-doses (33, 65, and 130 uM) combined with Cisp sub-doses (0.6, 1.2,
and 2.5 uM). The combination treatment showed a decrease in cell viability compared to a single treatment of each
compound. (B). A combination Index value of HST and Cisp.
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Figure 3. Effects of HST and Cisp Treatment Inhibit Colony Formation on HepG2 Cells. The surviving colonies were
counted and analyzed with ImagelJ, and the results are shown as mean+SD (n=3). (B) Quantification of HepG2 cells
undergoing % colony. *: p <0.05 ; ** : p<0.01; *** : p<0.001 ; ns : not significant p >0.05.
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Figure 4. Effects of HST and Cisp Treatment on HepG2 Senescent Cells. (A) Cells are experiencing senescence. The
green colour show B-galactosidase-positive cells, which are expressed in senescent cells. (B) Quantification of HepG2
cells undergoing senescence. *: p <0.05 ; ** : p<0.01; *** : p<0.001 ; ns : not significant p >0.05.

contrast, low-dose Cisp (3 uM) induced S-phase arrest
(35.77 £2.31%). Interestingly, when HST was combined
with Cisp, the proportion of cells in S phase was reduced
(28.79 + 1.58%), while a significant increase in G2/M

A
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phase arrest was detected (33.21 £ 0.90%). These findings
indicate that while HST primarily drives GO/G1 arrest,
its combination with Cisp shifts the arrest toward the
G2/M phase, reflecting a distinct mechanism of action in
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Figure 5. The Cell Cycle Distribution of HepG2 Cells after 24 hours of Treatment. (A) The cell cycle profile of HepG2
cells treated for 24 hours with half the IC50 concentrations of HST, Cisp and their combination. The cells were stained
with PI solution and analyzed by flow cytometry. (B) The phase-wise distribution of HepG2 cells within the cell cycle
is also shown. *: p <0.05 ; ** : p<0.01; *** : p<0.001 ; ns : not significant p >0.05.
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Figure 6. The Apoptosis Profile of HepG2 Cells Following 24 Hours of Treatment. (A) The impact of 2 IC
concentrations of HST, Cisp, and their combination on HepG2 cells after 24 hours. The cells were treated, stained wit th
PI reagent, and analyzed using flow cytometry. (B) The analysis results demonstrate the extent of apoptosis induced
by each treatment in HepG2 cells. *: p <0.05 ; ** : p<0.01; *** : p<0.001 ; ns : not significant p >0.05.
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Figure 7. The Western Blot of HepG2 Cells after 24 Hours of Treatment. (A) The protein expression (Bcel-xl, Bax,
caspase-3) profile of HepG2 cells treated for 24 hours with half the IC,  concentrations of HST, Cisp, and their
combination. (B) The analysis results demonstrate the protein expression (Bcl xl, Bax, caspase-3) induced by each
treatment in HepG2 cells, based on experiments performed in triplicate. C) The protein expression profile (ERK 1/2,
p-ERK1/2, cyclin-D1) of HepG2 cells treated for 24 hours with half the IC_, concentrations of HST, Cisp, and their
combination. (B) The analysis results demonstrate the protein expression (éRK 1/2, p-ERK1/2, cyclin-D1) induced
by each treatment in HepG2 cells, based on experiments performed in triplicate.*: p <O 05;%* : p<0.01;***: p<0.001

J¥FEX - p < 0.0001; ns : not significant p >0.05. B-actin served as a loading control. The intensity of Bcl—xl, ERK 172,
p-ERK1/2, and Cyclin D1 was quantified by Image].
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Figure 8. Cytotoxicity Effect of HST Co-Treatment with Cisp on NIH 3T3 Cells. A. NIH 3T3 cells (8x10° cells/mL)
were seeded in 96 well-plate and treated with HST for 24 hours and subsequently measured using MTT assay. Cell
viability of NIH 3T3 with the treatment of HST sub-doses (25, 50, and 100 uM) combined with Cisp sub-doses (3.3,
1.8, and 1 uM). The combination treatment showed increased cell viability compared to a single treatment of each
compound. (B). A combination Index value of HST and Cisp.

co-treated HCC cells.

HST co-treatment with Cisp induces apoptosis in HepG2
cells

The impact of co-treatment with HST and Cisp on cell
apoptosis was analyzed using flow cytometry following
sample preparation and staining with annexin V and PIL.
This technique enabled the distinction between early
apoptotic, late apoptotic, and necrotic cells. Exposure
to 3 uM Cisp led to a 4.98% increase in apoptotic cells
compared to the untreated group. A single treatment
with 130 uM HST caused a 13.07% increase, while the
co-treatment of HST and Cisp led to a 19.57% increase
in apoptosis (Figure 6B). The co-treatment of HST and
Cisp enhanced cell apoptosis compared to the single
treatment of HST or Cisp, although the proportion of
living cells remained high, above 80%. Based on the
cytotoxicity assay, the co-treatment of HST and Cisp
effectively induced apoptosis. In brief, the combination
caused necrosis in a small number, which was not
significantly different from untreated cells, indicating
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that the combination dominantly induced HepG2 cell
death through apoptosis. In addition, we emphasized
that HST co-treatment with Cisp markedly enhanced
apoptotic cell death in HepG2 cells, which corresponded
with a pronounced reduction in cell viability, as shown
in Figures 2 and 6.

Co-treatment of HST with cisplatin altered the expression
of multiple proteins associated with apoptosis and cell
proliferation.

In this study, we investigated the potential interaction
between HST, Cisp, and their combination on proteins
involved in the apoptotic process using western blot
analysis. Notably, co-treatment with HST and Cisp
induced apoptosis by downregulating Bcl-xL proteins
and upregulating Bax and Caspase-3 proteins (Figure 7A,
7B).. The combination of HST and Cisp also inhibited
cell survival in HepG2 cells by decreasing ERK1/2,
p-ERK1/2, and Cyclin D1 protein levels (Figure 7C,7D).
These findings suggest a molecular mechanism underlying
the co-treatment effects of HST and Cisp.
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Figure 9. Effects of HST and Cisp Treatment on NIH 3T3 Senescent Cells. (A) Cells are experiencing senescence. The
arrows show B-galactosidase-positive cells, which are expressed in senescent cells. (B) Quantification of NIH 3T3
cells undergoing senescence. *: p <0.05 ; ** : p<0.01; *** : p<0.001 ; ns : not significant p >0.05.
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Co-treatment Effect of HST with Cisp on Cell Viability
of NIH-3T3 cells

We also tested the combination of HST with Cisp on
normal fibroblast cells, even though HST showed weak
cytotoxicity. Unlike their cytotoxic effects on HepG2 cells,
HST demonstrated an antagonistic effect when combined
with Cisp in NIH-3T3 cells (Figures 8A and 8B). This
combination inhibited cell growth, with a combination
index (CI) value greater than 1 (Figure 6C).

Senescence effect of HST co-treatment with Cisp on NIH-
373 cells
Cisplatin (Cisp) is known to produce side effects that
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can cause cellular damage, potentially affecting fibroblast
cells. To explore this, we examined its ability to induce
senescence in normal fibroblasts using NIH-3T3 cells.
Cisp treatment significantly increased the percentage
of B-galactosidase—positive cells, indicating senescence
induction (p<0.01). However, when HST was combined
with Cisp, there was no significant change in the number
of B-galactosidase-positive cells compared to the untreated
control (Figures 9A and 9B). These findings suggest that
HST may offer protective effects against Cisp-induced
senescence in normal fibroblasts cells.



Discussion

The HST is recognized for its cytotoxic impact on
various cancer cell cultures. Investigating HST as a
potential anticancer agent offers promising prospects in
cancer therapy due to its minimal effects on normal kidney
cells [11] and against UVA-induced photodamage in human
dermal fibroblast cells [22]. Therefore, the effectiveness
of HST should be optimized through co-treatment with
chemotherapy compounds, as it can reduce the side effects
of the agent. In the present study, we demonstrated that
HST enhances the anticancer activity of cisplatin against
HepG2 cells, primarily through synergistic effects that
induce apoptosis, cell cycle arrest, and senescence
induction. The observed reduction in cisplatin-induced
S-phase arrest and the concomitant increase in G2/M
arrest following co-treatment suggest that HST modulates
cisplatin-mediated DNA damage responses. These
findings are consistent with previous reports, such as those
by He et al. (2020), who demonstrated that hesperetin
enhances cisplatin-induced apoptosis in gastric cancer by
upregulating PTEN and suppressing the AKT signaling
pathway. These comparisons reinforce the translational
potential of HST and Cisp as a co-chemotherapeutic
strategy, particularly given our observed selectivity for
cancer cells over normal cells. Cisplatin, a commonly
used drug for HCC treatment, is highly reactive and causes
DNA damage by binding to DNA, interfering with the
cell cycle, and triggering apoptosis. However, its clinical
application is limited by severe side effects, including
peripheral neuropathy and nephropathy [23].

Tumor progression in HCC is influenced by genetic
and molecular alterations within cancer cells and the
tumor microenvironment (TME). Fibroblasts, as a
key component of the TME, play significant roles in
HCC development and progression [24]. This study
demonstrated that a single treatment with HST resulted
inan IC, value 0f 258 +0.11 uM, while Cisp had an IC, |
value of 5.83 £ 0.34 uM in HepG2 cells after 24 hours of
treatment (Figure 1). However, although HST exhibits a
moderately potent cytotoxic effect compared to Cisp, its
combination with Cisp produces a synergistic cytotoxic
effect. The combination assay revealed that co-treatment
with HST and Cisp exhibited greater toxicity against
HepG2 cancer cells compared to single treatments. HST
enhanced the effectiveness of Cisp by demonstrating a
synergistic effect, as indicated by a Combination Index
(CI<1) (Figure 2). Consistent with previous studies, HST
has been shown to enhance the anticancer activity of
Cisp against 4T1 cells [11], gastric cells, and lung cancer
[12]. These findings support the potential of HST as a
co-treatment agent with Cisp. Based on this rationale,
we selected 3 uM Cisp and 130 uM HST for subsequent
experiments. Thus, we used 3 uM Cisp and 130 uM HST
for further evaluation. The combination treatment was
applied for 24 hours, after which the medium was replaced
with a compound-free medium for the remaining 8 days.
This treatment regimen resulted in a marked suppression
of colony formation in HepG2 cells, with the inhibitory
effect being significantly greater than that observed in
cells treated with Cisp alone (Figure 3). These results
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indicate that HST potentiates the long-term cytotoxic
effect of Cisp, thereby reducing the clonogenic survival
of hepatocellular carcinoma cells. Although several other
concentration combinations demonstrated CI < 1, we
chose these concentrations because they represent the
lowest effective doses that still exhibited a consistent
synergistic effect, while minimizing cytotoxicity to
normal fibroblast (NIH-3T3) cells. Using sub-toxic
concentrations is particularly relevant for translational
purposes, as it reflects a clinically desirable strategy
to reduce cisplatin-associated adverse effects while
preserving or enhancing its anticancer activity.

The possible mechanisms underlying the synergistic
anticancer effects were then investigated. Previous reports
have shown that low-dose cisplatin can suppress the
expression of G0/G1-phase proteins in HCC cells [25],
whereas HST has been reported to induce Gl-phase
arrest in lung cancer cells [26]. In brief, our present
study indicated that cell cycle modulation is not the only
mechanism underlying the synergistic anticancer effects
of HST and cisplatin. The combination also involved other
mechanisms, including apoptosis and cell senescence,
that orchestrated with the cell cycle arrest, causing the
cells to experience apoptosis or be permanently arrested
(senescence). The effect of the combination at sub-IC,
concentrations is significantly greater than the application
ofa single treatment, indicating that the combination may
increase the efficacy toward the cancer cells and reduce
the toxicity in normal cells (fibroblast NIH 3T3 cells).

Apoptosis is intricately linked to cytotoxic effects
and the regulation of cell cycles. HST prevents the
phosphorylation of ERK1/2, and NF-kB in microglial
cells [25]. HST enhances cisplatin-induced apoptosis in
gastric cancer by upregulating PTEN expression [12] and
lung cancer [27]. Hence, HST and its combination may
induce apoptosis in HepG2 cells. Our findings showed
that co-treatment of HST with cisplatin at concentrations
of 130 uM and 3 uM enhanced apoptosis compared to
untreated cells and cisplatin single treatment (Figure
6). This indicates that HST acts as a chemosensitizer,
amplifying the pro-apoptotic effect of cisplatin in HepG2
cells. However, apoptosis alone may not fully account for
the overall cytotoxicity observed. To further investigate
additional mechanisms contributing to growth inhibition,
we examined cellular senescence. Interestingly, our results
confirmed that cisplatin alone can induce senescence
in HepG2 cells, and the combination treatment further
influenced this effect. Cells that have already undergone
senescence may still be detected as viable cells because
the apoptosis detection method we used was based on the
phosphatidyl serine labelling with Annexin-V.

On the other hand, we also showed that the combination
significantly increases cell senescence and cell cycle
arrest. Therefore, we suggest that the viable cells in the
apoptosis assay are not entirely healthy. Still, some of the
cell populations were arrested and/or senescent, as shown
in other figures. Our findings showed that co-treatment of
HST with cisplatin at concentrations of 130 uM and 3 uM
significantly enhanced apoptosis compared to untreated
controls and cisplatin monotherapy (Figure 6). This
indicates that HST acts as a chemosensitizer, amplifying
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the pro-apoptotic effect of cisplatin in HepG2 cells.
However, apoptosis alone may not fully account for
the overall cytotoxicity observed. To further investigate
additional mechanisms contributing to growth inhibition,
we examined cellular senescence. Interestingly, our results
confirmed that cisplatin alone can induce senescence
in HepG2 cells, and the combination treatment further
influenced this effect. The co-treatment of HST and
cisplatin demonstrated a synergistic effect in promoting
senescent cell formation in HepG2 cells. The ability of
certain cancer chemotherapies to trigger stress-induced
senescence in cancer cells is a relatively new yet crucial
approach for enhancing treatment efficacy [28].

Furthermore, the selective elimination of senescent
cells, known as ‘senolysis,” is gaining interest as an
adjunct therapeutic strategy. While inducing senescence
can suppress tumor growth, the prolonged presence of
senescent cells may contribute to a pro-tumorigenic
environment over time due to chronic production of
the senescence-associated secretory phenotype (SASP).
Therefore, targeting and removing these cells after
senescence induction could enhance therapeutic outcomes
by preventing cancer recurrence and reducing side effects.
Studies have shown that therapy-induced senescence
can sensitize cancer cells to other treatments, making
senescence-based strategies a promising avenue for
advancing anticancer therapies [29].

Hepatocellular carcinoma (HCC) arises from
transformed hepatocytes in the progression of chronic
liver diseases. As transformed hepatocytes proliferate in
vivo, they are exposed to various microenvironmental
stresses, including apoptosis. Therefore, apoptosis
resistance may confer a selective advantage for the growth
and progression of HCC. The molecular mechanisms
underlying the synergistic effect of HST and cisplatin
represent one of the strongest points of our study.
Our findings indicate that the combination promotes
apoptosis, modulates cell cycle progression, and enhances
senescence induction in HepG2 cells. These effects
suggest that HST not only sensitizes cells to cisplatin but
also shifts the balance of cellular responses from survival
toward programmed cell death and irreversible growth
arrest. Previous studies have reported similar mechanisms
for flavonoid—cisplatin co-treatments. For example,
hesperetin enhanced cisplatin-induced apoptosis in gastric
cancer cells by upregulating PTEN and suppressing the
PI3K/AKT pathway [12]. In lung cancer, HST was shown
to modulate autophagy and sensitize cells to cisplatin [27].
Comparable synergistic effects have also been described
for quercetin with cisplatin in hepatocellular carcinoma,
where the combination promoted DNA damage and
apoptotic signaling [30].

By integrating our data with these earlier findings,
it becomes evident that HST acts through multiple
complementary mechanisms, including the modulation of
survival pathways (PI3K/AKT), mitochondrial apoptosis,
and possibly autophagy, to enhance cisplatin efficacy.
Therefore, our study extends current knowledge by
demonstrating that HST and cisplatin co-treatment exerts
multifaceted molecular effects in hepatocellular carcinoma
cells, which may explain its pronounced anticancer
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potential. The Bcl-xL protein was highly expressed in
HepG2 cell lines, whereas Bcl-2 was not expressed in
any of the cells [31]. We examined the expression and
function of Bc/-xL, which shares antiapoptotic properties
similar to those of Bcl-2. Our data showed that Bcl-xL
expression was significantly decreased in 70.6% of HCC
cells following co-treatment with Cisp and HST, compared
to both the untreated group and the Cisp single treatment.
Bcl-xL is well known for its role in regulating apoptosis,
so a reduction in its expression could significantly affect
HCC cells (Figure 11). The combination of HST and
Cisp significantly increased the expression of Bax and
Caspase-3 proteins, indicating the activation of apoptotic
pathways. Bax, a pro-apoptotic member of the Bcl-2 family,
plays a crucial role in mitochondrial-mediated apoptosis,
while Caspase-3 serves as a primary executioner caspase
in the apoptotic cascade. The enhanced expression of
these proteins suggests that the combination therapy may
potentiate apoptosis in HepG2 cells more effectively than
either treatment alone. However, it is also possible that
other apoptosis-related regulators, such as caspase-8 and
caspase-9, are involved in the observed effects, acting as
initiator caspases in the extrinsic and intrinsic pathways,
respectively. Further investigation is needed to elucidate
the complete network of apoptotic signaling triggered by
this combination. The chemopreventive properties of HST
against different types of cancer are widely recognized,
although the molecular mechanisms behind its effects
remain unidentified. Cyclin DI is a crucial regulatory
factor in the transition from G1 to S phase during cell
cycle progression. It is well-established that Cyclin D1
is overexpressed in liver cancers [23]. Therefore, we
investigated the chemopreventive effects of HST and its
co-treatment with Cisp on Cyclin D1 expression, as well as
the signaling pathways that regulate Cyclin DI in HepG2
cells. Western blot analysis revealed that co-treatment with
HST and Cisp reduced Cyclin DI expression and activity
in HepG2 cells, indicating that the growth inhibitory effect
of'this co-treatment is linked to the downregulation of cell
proliferation pathways (Figure 10).

Furthermore, it is well-established that Cyclin DI
expression is typically regulated by various pathways,
such as the Ras-mediated mitogen-activated protein
(MAP) kinase/extracellular signal-regulated kinase
(ERK) pathway [24]. Our data showed that cells treated
with a single HST exhibited an increase in ERK activity,
indicating a potential sensitization to apoptosis. In this
study, we report that HST inhibits the growth of HepG2
cells by reducing Cyclin DI expression and decreasing
the expression and activity of the p-ERK1/2 pathways,
which results in degenerative changes (Figure 7). These
findings suggest that HST holds significant potential as a
co-chemopreventive agent against liver cancer, and further
studies are warranted. In contrast, NIH-3T3 fibroblast
cells displayed lower sensitivity to the HST and Cisp
combination. While a certain level of stress response was
observed, including mild senescence markers (Figure 8),
the overall viability of NIH-3T3 cells remained higher
compared to that of HepG2 cells. The recent study reported
that HST exhibits protective effects against oxidative stress
and demonstrates no cytotoxicity in HK-2 cells [32-34].



This differential effect suggests that HST may provide
a protective buffer for non-cancerous cells against the
toxicity of Cisp; such selectivity is crucial in reducing
the side effects commonly associated with chemotherapy.

In summary, the combination of HST and Cisp
demonstrates significant anticancer potential against
HepG2 cells while showing reduced cytotoxicity in
normal fibroblasts. This selective induction of senescence
could pave the way for more targeted and less toxic
chemotherapeutic approaches. Further studies are essential
to elucidate the underlying mechanisms and translate these
findings into in vivo studies.
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