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Abstract

Background: The objective of this study was to investigate the inhibitory effects and underlying molecular
mechanisms of [sorhamnetin-3-O-neohesperidoside (IHN), a naturally occurring O-methylated flavonol, against human
hepatocellular carcinoma (HepG2) cells, with a particular focus on its impact on cell proliferation, apoptosis, metabolic
regulation, and oxidative stress. Methods: Human liver cancer HepG2 cells were treated with varying concentrations of
IHN for 24 and 48 hours. The cytotoxic and anti-proliferative effects were assessed using standard cytotoxicity assays.
Flow cytometry was performed to analyze cell cycle distribution and apoptosis induction. Metabolic assays evaluated
glucose uptake and lactate dehydrogenase A (LDH-A) activity to assess the Warburg effect. Oxidative stress markers
were analyzed by measuring reactive oxygen species (ROS), lipid peroxidation, and the glutathione (GSH/GSSG) ratio.
Quantitative real-time PCR (qQRT-PCR) was used to determine the expression of key regulatory genes. Results: IHN
exhibited potent, dose- and time-dependent cytotoxicity against HepG2 cells, with Half-maximal inhibitory concentration
(ICso) values decreasing from 161.22 uM (24 h) to 95.87 uM (48 h). IHN- induced G0/G1 cell cycle arrest accompanied
by the upregulation of Cyclin-dependent kinase inhibitor 1A (CDKN1A/p21) and promoted apoptosis through the
intrinsic pathway, as shown by increased expression of BCL2-associated X Protein (BAX), Caspase-3 (CASP-3),
and Caspase-9 (CASP-9). Metabolically, IHN suppressed the Warburg effect, leading to reduced glucose uptake and
decreased LDH-A activity. This was associated with a marked increase in ROS levels and lipid peroxidation, along
with depletion of GSH/GSSG and downregulation of antioxidant genes, indicating severe oxidative stress. Conclusion:
IHN exerts significant anti-hepatocellular carcinoma activity by targeting multiple oncogenic pathways. Its mechanism
involves cell cycle arrest, intrinsic apoptosis induction, metabolic suppression, and redox imbalance. These findings
suggest that IHN is a promising multi-target natural compound that exploits the metabolic and oxidative vulnerabilities
of HepG2 cells, highlighting its potential as a novel therapeutic candidate for hepatocellular carcinoma.
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Introduction

Hepatocellular Carcinoma (HCC) represents the vast
majority (90%) of primary liver cancers and contributes
significantly to the disease’s status as the fourth deadliest
cancer globally (over 800,000 deaths/year). Importantly,
most HCC cases are preventable, as they are associated
with recognizable causes, including chronic viral
hepatitis, excessive alcohol use, and non-alcoholic
fatty liver disease [1]. Currently, immunotherapies,
systemic medications, loco-regional treatments, surgery,
and transplantation are all used in treatment. Although
transplants and surgery may be curative, systemic and
combination therapies are necessary for the majority

of severe cases. Multidisciplinary novel approaches
are necessary in view of ongoing adverse effects and
other limitation factors [2]. Medicinal plants with
varied phytochemicals, including terpenoids, alkaloids,
flavonoids, and phenolics, have made them well known for
their medicinal potential against a wide range of illnesses.
Due to their anti-inflammatory, anti-oxidant, antibacterial,
and immunomodulatory properties, these substances are
useful in the treatment of cancer, diabetes, heart disease,
and neurological disorders. Relatively, contemporary
medications, such as antimalarials like artemisinin
and anticancer treatments like paclitaxel, are derived
from plants and their effectiveness in current treatment
methods shows the significance in drug development
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[3]. Isorhamnetin is a naturally occurring O-methylated
flavonol, a flavonoid compound obtained from herbal
medicinal plants including berries, Oenanthe javanica, and
Ginkgo biloba. It has a broad range of pharmacological
properties, including as neuroprotective, cardioprotective,
anti-inflammatory, anticancer, and antioxidant actions [4,
5]. Moreover, recently studies have reported its anticancer
effects against various types of cancer, including
esophageal [6] and gastric cancer [7] leukemia [8], skin
[9] colon [10] cancers. Though the inhibitory effects of
isorhamnetin on liver cancer has been discussed shortly,
the deep molecular mechanisms underlying its effects
remain unclear [11]. Molecular pathway targeting is
essential for drug development, including the application
of medicinal plants. Natural substances have the ability
to alter cellular signaling pathways, which makes them
possible adjuvants in cancer treatment also certain
pathways like, Phosphatidyllnositol 3-Kinase/ Protein
Kinase B (PI3K/Akt) and Rat Sarcoma/Mitogen-Activated
Protein Kinase (Ras/MAPK) are frequently reported to be
dysregulated in cancerous condition. Numerous natural
substances have shown anticancer action against a variety
of cancer types, and understanding their signalling routes
is crucial [12]. For instance, studies reported Isorhamnetin
exerts anticancer effects by modulating multiple cellular
signaling pathways and induces ROS-dependent apoptosis
in breast cancer cells. Notably, it shows higher cytotoxicity
at lower doses than quercetin in various cancer cells,
including breast and leukemia [13]. Therefore, to find
possible treatment targets, a comprehensive understanding
of the alterations in cell signaling pathways is necessary.
In this study, the inhibitory effect of isorhamnetin and
the proliferation of several liver cancer cell lines were
investigated, along with the cell signaling pathways
involved in its pharmacological actions, that gives a better
understanding about the mechanism behind isorhamnetin’s
effects on liver cancer.

Materials and Methods

Cell culture

Human liver cancer cell line, HepG2 were obtained
from National Centre for Cell Science (NCCS), Pune.
Passaging and maintenance of the cells were carried
out in a CO2 incubator, supplemented with 10% fetal
bovine serum (FBS), a combination of 1% penicillin and
streptomycin antibiotics, and Dulbecco’s Modified eagle
Medium (DMEM) media, HiMedia.

Cell viability assay

To assess the cytotoxic potential of ITHN against
liver cancer, HepG2 cells were cultured and exposed to
varying concentrations of the compound ranging from
0 to 250 uM for 24 and 48 hours. Two complementary
assays were employed to evaluate cell viability: the
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide) (MTT) assay and the Trypan Blue exclusion
assay. For the MTT assay, cells were seeded into 96-well
plates at a density of approximately 1 % 10* cells/well
and allowed to adhere overnight. After treatment with the
compound for the indicated time points, 20 pL of MTT
reagent (5 mg/mL) was added to each well and incubated
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at 37°C for 4 hours. The resulting formazan crystals
were solubilized in DMSO (dimethyl sulfoxide), and
absorbance was measured at 570 nm using a microplate
reader. The percentage of viable cells was calculated
relative to untreated control wells. The Trypan Blue
exclusion assay was conducted to determine membrane
integrity and further validate cytotoxic effects. Treated and
control HepG2 cells were harvested, stained with 0.4%
Trypan Blue solution, and counted using a hemocytometer.
The number of viable (unstained) and dead (blue-stained)
cells was recorded, and viability was expressed as a
percentage of total cells [14].

IHN treatment

HepG2 cells were seeded and allowed to reach
appropriate confluency prior to treatment. For cytotoxicity
assessment, cells were treated with IHN at concentrations
ranging from 0 to 250 uM for 24 and 48 hours to determine
dose- and time-dependent effects and calculate ICso values.
Based on the ICso values obtained (161.22 uM at 24 h and
95.87 uM at 48 h), an ICso-based sublethal concentration
(~100 uM) was selected for all subsequent mechanistic
experiments, including immunofluorescence staining, flow
cytometric analysis of cell cycle and apoptosis, glucose
uptake and LDH-A assays, oxidative stress measurements
[ROS, Malondialdehyde (MDA)], glutathione analysis,
and qRT-PCR studies.

Immunofluorescence assays

HepG2 cells were cultured in DMEM supplemented
with 10% fetal bovine serum (FBS), 1% penicillin-
streptomycin, and maintained at 37°C in a humidified
atmosphere containing 5% CO2. Upon reaching
approximately 70-80% confluency, the cells were
treated with an optimized concentration of IHN for 24
hours and 48 hours, while untreated cells served as the
control group. To evaluate morphological alterations,
live cells were observed under a brightfield microscope
using a 20% objective lens. Images were captured on
an Olympus inverted microscope to document changes
in cellular morphology and confluency post-treatment.
Intracellular ROS generation was assessed using
2'7'-dichlorofluorescein diacetate (DCF-DA) staining.
After treatment, cells were washed with PBS and incubated
with 10 uM DCF-DA in serum-free media at 37°C for 30
minutes in the dark. Following incubation, cells were
washed and visualized under a fluorescence microscope
(excitation 488 nm/emission 525 nm). ROS-positive
cells exhibited green fluorescence intensity proportional
to ROS levels. To detect apoptotic and necrotic changes,
Acridine Orange (AO) and Ethidium Bromide (EtBr) dual
staining was performed. Treated and control cells were
washed with PBS and stained with a 1:1 mixture of AO
(100 pg/mL) and EtBr (100 pg/mL) for 5 minutes in the
dark. Stained cells were immediately examined under a
fluorescence microscope. AO permeates all cells and stains
the nuclei green, whereas EtBr penetrates only membrane-
compromised cells, staining their nuclei orange-red. Thus,
viable cells appear green, early apoptotic cells appear
bright green with condensed nuclei, and late apoptotic/
necrotic cells appear orange/red were observed under
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Olympus microscope (#BX53, Tokyo, Japan), equipped
with a Zenoptik camera [15].

Flow cytometry analysis

Flow cytometric analysis was utilized to investigate
the DNA content across different phases of the cell cycle.
HepG2 cells were seeded and treated with IHN for 24 and
48 hours, following a 24-hour incubation period. After the
treatment, the cells were fixed overnight in 70% ice-cold
ethanol. Subsequently, the fixed cells were stained with
propidium iodide (PI) dye after treatment with RNase A
at a concentration of 10 mg/mL. The fluorescence emitted
by the PI-labeled nuclei was then quantified using a flow
cytometer. To evaluate the apoptotic cells, an Annexin
V-FITC Apoptosis Kit was employed according to the
manufacturer’s instructions. Following 48 hours of
treatment with IHN, the cells were stained with PI and
Annexin V-FITC for 15 minutes at 25°C in the dark. The
apoptotic index was analyzed using flow cytometry with a
BD FACS Calibur instrument, and the data interpretation
was conducted using Cell Quest Pro version 3.2.1 (Becton
Dickinson, USA) [16].

Glucose uptake and Lactate dehydrogenase assay

HepG2 cells were seeded at a density of 1 x 10°
cells/well in 6-well culture plates and allowed to adhere
overnight. Subsequently, the cells were treated with
IHN at an optimized dose for 24 hours and 48 hours,
while untreated cells served as controls. Glucose uptake
in HepG2 cells was quantified using a commercially
available 2-Deoxyglucose (2DG) ELISA kit following
the manufacturer’s protocol. Briefly, after treatment,
cells were washed with PBS and lysed using the lysis
buffer provided in the kit. The cell lysates were collected
and centrifuged at 12,000 x g for 10 minutes at 4°C to
remove debris. Supernatants were transferred to a 96-well
microplate coated with a 2DG capture antibody. The
assay was performed by adding standards and samples
into the wells, followed by incubation with biotinylated
detection antibodies, HRP-conjugated streptavidin, and
TMB substrate solution. The reaction was stopped with
sulfuric acid, and absorbance was measured at 450 nm
using a microplate reader. The amount of 2DG uptake
was quantified against a standard curve and expressed as
pmol/pg protein [17].

LDH-A enzyme activity was determined using an
LDH-A specific ELISA kit according to the manufacturer’s
instructions. After treatment, HepG2 cells were harvested,
washed, and lysed in the supplied assay buffer. After
centrifugation, 100 pL of supernatant was added to
the microplate wells pre-coated with LDH-A capture
antibodies. The samples were incubated with detection
antibodies and enzyme conjugates sequentially, followed
by the chromogenic substrate. The colorimetric reaction
was stopped, and absorbance was measured at 450 nm.
The LDH-A activity was calculated based on a standard
curve and expressed as arbitrary units (AU) per pg protein
[17].

Measurement of Intracellular ROS Levels
For experimental treatments, HepG2 cells were seeded

at a density of 1 x 10° cells/well in 6-well plates. After
24 hours of incubation, cells were treated with IHN for
24 and 48 hours, while untreated cells served as negative
controls. Intracellular ROS levels were determined using
a cell-based ROS detection ELISA kit, following the
manufacturer’s instructions. After treatment, cells were
washed with Phosphate Buffer Saline (PBS), lysed using
the provided lysis buffer, and the lysates were collected
by centrifugation at 12,000 x g for 10 minutes at 4°C.
The supernatant was transferred to ELISA plate wells
pre-coated with ROS detection antibodies. Samples
and standards were added, followed by incubation with
biotin-labeled anti-ROS antibodies and HRP-conjugated
streptavidin. The enzymatic reaction was developed
using TMB substrate and stopped with sulfuric acid.
Absorbance was measured at 450 nm using a microplate
reader. ROS levels were quantified against a standard
curve and expressed as arbitrary units (AU) per pg of
total protein [17].

Quantification of Lipid Peroxidation by MDA levels

To assess LPO, MDA levels were measured using
a competitive ELISA kit specific for malondialdehyde.
Following treatment, cell lysates were prepared using the
supplied lysis buffer and centrifuged to remove debris.
Equal volumes of the supernatant were incubated with
biotin-labeled MDA standards or samples in the pre-coated
ELISA plates. HRP-conjugated secondary antibody was
added, followed by TMB substrate for color development.
The reaction was stopped, and absorbance was measured
at 450 nm. MDA levels were calculated using a standard
curve and expressed as nanomoles (nmol) per mg protein
[17].

Measurement of GSH Levels

HepG2 cells were seeded at a density of 1 x 10¢ cells
per well in 6-well plates and allowed to adhere overnight.
The cells were then treated with IHN for 24 hours and
48 hours. Untreated cells served as the control group.
The intracellular levels of GSH were quantified using a
commercially available GSH ELISA kit according to the
manufacturer’s protocol. Post-treatment, the cells were
harvested, washed twice with cold PBS, and lysed using
the lysis buffer provided in the kit. The lysates were then
centrifuged at 12,000 x g for 10 minutes at 4°C to remove
cell debris. The supernatants were collected and added to
ELISA plates pre-coated with GSH-specific antibodies.
The assay involves derivatization of GSH followed by
enzymatic recycling involving glutathione reductase,
where the rate of the colorimetric reaction is proportional
to the GSH concentration. The absorbance was read
at 450 nm using a microplate reader. A standard curve
was generated using known concentrations of GSH, and
sample concentrations were calculated accordingly and
expressed as nmol GSH per 10° cells [17].

Measurement of GSH/GSSG Ratio

The GSH/GSSG ratio was determined using a GSH/
GSSG quantification ELISA kit. Following IHN treatment,
cells were harvested and lysed. For accurate detection
of GSSQG, total glutathione was first derivatized to mask
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reduced GSH, allowing selective measurement of GSSG.
The GSSG content was then determined, and total GSH
was measured in parallel samples without derivatization.
The GSH/GSSG ratio was calculated by dividing the
total GSH by the GSSG value in each sample. Samples
and standards were added to microplate wells along with
HRP-conjugated secondary antibody and incubated. Color
development was achieved using TMB substrate, and the
reaction was stopped with a sulfuric acid stop solution.
The absorbance was read at 450 nm. Data were calculated
against a standard curve and reported as GSH/GSSG ratio
values [17].

Gene expression by RT-PCR

HepG2 cells were seeded around 5 x 10° cells per well
in a 6-well plate. Then, RNA extraction was carried out
using TRIR from Abgene, UK. The concentration of the
extracted RNA was determined through spectrometric
quantification, measured in micrograms (ug). For mRNA
expression by Real-Time PCR, a reaction mixture was
meticulously prepared using Takara SyBr green master
mix with custom-designed forward and reverse primers
targeting genes and the thermal cycling consisted of an
initial activation step lasting 5 minutes at 95°C, followed
by 40 cycles of a two-step cycling process. This cycling
involves denaturation for 5 seconds at 95°C, followed by
combined annealing and extension for 10 seconds at the
specific primer temperature, which ranges between 55°C
and 62.5°C. The RT-PCR was quantified and equipped
with CFXO9 real touch bio-rad system, USA [14]. The
primer sequences used in this study are provided in
the Table.1. Inflammatory mediators [Nuclear factor
kappa B (NF xB), Tumor necrosis factor-alpha TNF
a)] were included to evaluate whether IHN modulates
tumor-promoting inflammatory signaling, given the
established role of inflammation in cancer cell survival,
proliferation, and apoptosis.

Statistical analysis

Data are presented as mean + standard deviation
(SD) from three independent experiments (n = 3). Data
distribution was assessed prior to statistical testing, and
all datasets followed approximate normal distribution;
therefore, parametric tests were applied. Comparisons
between two groups were performed using a two-tailed
Student’s t-test, while comparisons among multiple
groups were conducted using one-way analysis of
variance (ANOVA). A p value of <0.05 was considered
statistically significant. Additional significance levels
(p<0.001 and p<0.0001) are reported to denote increasing
strength of statistical evidence against the null hypothesis
and do not represent different decision criteria. For
outcome measures, 95% confidence intervals (CI) were
calculated to indicate the precision and reliability of the
estimated effects. Statistical analysis was performed using
GraphPad Prism 8.
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Results

Cytotoxicity study

The MTT assay revealed a dose- and time-dependent
decrease in cell viability following treatment with IHN. As
shown in the Figure 1, a progressive decline in viability
was observed with increasing concentrations of the
compound at both 24 and 48 hours. Notably, ICso values
were 161.22 uM at 24 h and 95.87 uM at 48 h, with 95%
confidence intervals indicating a narrow and reliable
estimation of cytotoxic potency. These results suggest

Table 1. RT-PCR Primers Used in This Study

S.  Gene Primers (5 '---------- 39 Reference

no name

1 BAX F-TTCTGACGGCAACTTCAACTG [18]
R-TGAGGAGTCTCACCCAACCA

2 CASP3 F- CTTCAGTGGTGGACATGACG [19]
R- TCAACAATTTGAGGCTGCTG

3 CASPY F- AGCCAGATGCTGTCCCATAC [19]
R- CAGGAACCGCTCTTCTTGTC

4 P53 F- AGCCAGATGCTGTCCCATAC [18]
R- CAGGAACCGCTCTTCTTGTC

5 BCL2 F-GACGCTTTGCCACGGTGGTG [18]
R-GGGGCAGGCATGTTGACTTCAC

6 Survivin F-ACCGCATCTCTACATTCAAG [20]
R-CAAGTCTGGCTCGTTCTC

7 BCL-XL F-GTAAACTGGGGTCGCATTGT [21]
R-TGCTGCATTGTTCCCATAGA

8  BAD F-CCCAGAGTTTGAGCCGAGTG [22]
R-CCCATCCCTTCGTCGTCCT

9 CCNDI F- GAGACCATCCCCCTGACGGC [23]
R- TGACGGGGTCACCCACACT

10 CDK4 F-TGCCAATTGCATCGTTCACCGAG [24]
R- TGCCCAACTGGTCGGCTTCA

11 CDKNIA  F-TGTCCGTCAGAACCCATGC [23]
R- AAAGTCGAAGTTCCATCGCTC

12 P27 F- TGGAGAAGCACTGCAGAGAC [25]
R-GCGTGTCCTCAGAGTTAGCC

13 SODI F- GTCTGGCCTATAAAGTAGTCG [26]
R- AGCGGCCTCGCAACACAA

14 cAT F-ATCTGCTTCATCGCCTACTT [27]
R-TCTCTGCCTCTGGTAAAAAC

15 NRF2 F- ACACGGTCCACAGCTCATC [28]
R- TGCCTCCAAGTATGTCAATA

16 HOI F-GTC CAA CAT CCA GCT CTT TGA GG [29]
R-GAC AAA GTT CAT GGC CCT GGG A

17 NF-kf F- ATGCATGCTAGCTAGCTAGC [30]
R- GCTAGCTAGCTAGCATGCAT

18 TNF-a F- ACAAGCCTGTAGCCCATGTT [30]
R- AAAGTAGACCTGCCCAGACT

19 IL-6 F-TCAATGAGGAGACTTGCCTG [30]
R- GATGAGTTGTCATGTCCTGC

20 C-MYC F- TCAAGAGGCGAACACACAAC [31]
R- GGCCTTTTCATTGTTTTCCA

21  p-Actin F-AACAAGATGAGATTGGCA [18]

R-AGTGGGGTGGCTTTTAGGAT
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Figure 1. Cytotoxic Effects of IHN on HepG2 Cells. Data are presented as mean + SD (n = 3); 95% confidence

intervals were calculated for outcome measures.

that THN significantly suppresses HepG2 cell metabolic
activity in a time-dependent manner. Complementary
findings were obtained from the Trypan Blue exclusion
assay, as illustrated in the right panel. This method
confirmed a concentration-dependent decline in viable
cell count, with a more pronounced effect at 48 hours. At
higher concentrations (>150 uM), cell viability dropped
below 40%, particularly after 48 hours of treatment.
This confirms a substantial loss of membrane integrity,
consistent with advanced stages of cytotoxic damage. The
findings from both viability assays collectively underscore
the potent anti-proliferative activity of IHN against
HepG2 liver cancer cells. The observed time- and dose-
dependent cytotoxicity reflects the compound’s potential

Control

DCF-DA Brightfield

AO/EtBr

IHN (24hrs)

to induce cellular stress and inhibit survival mechanisms
in malignant hepatocytes.

(A) Cell viability after 24 and 48 h treatment (0-250
uM), showing a dose- and time-dependent decline with
ICso values of 161.22 uM (24 h) and 95.87 uM (48 h). (B)
Trypan Blue exclusion assay confirming reduced viable
cell counts, with viability dropping below 40% at >150
UM, particularly after 48 h, indicating loss of membrane
integrity and advanced cytotoxic damage.

Immunofluorescence staining

As shown in Figure 2, control HepG2 cells maintained
healthy, spindle-like morphology with high confluency,
while THN treatment caused a time-dependent reduction

IHN (48hrs)

Figure 2. Morphological and Biochemical Assessment of Apoptosis and Oxidative Stress in HepG2 Cells Following
IHN Treatment. The figure shows representative images of HepG2 cells under three experimental conditions: (A)
Control (untreated cells), (B) IHN-treated cells (24 hours), and (C) IHN-treated cells (48 hours). Brightfield shows
morphological changes associated with treatment, including cell shrinkage and membrane blebbing. DCF-DA
detects ROS levels, indicated by green fluorescence intensity. AO/EtBr Visualizes live (green) and apoptotic/necrotic
(orange-red) cells to assess cell death. Images were captured in 20x magnification from Olympus microscope. Data
are presented as mean + SD (n = 3); 95% confidence intervals were calculated for outcome measures.
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in cell density and structural integrity. At 24 hours,
cells exhibited shrinkage and membrane blebbing,
which became more pronounced at 48 hours with
detachment and rounding. Fluorescence imaging revealed
a progressive increase in intracellular ROS from 24 to
48 hours, accompanied by a shift from viable cells in
the control group to early apoptotic cells at 24 hours
and late apoptotic/necrotic cells at 48 hours. Notably,
the increases in ROS generation and lipid peroxidation
remained statistically significant within their respective
95% confidence intervals, confirming the consistency,
precision, and reproducibility of the observed oxidative
damage. These findings indicate that [HN exerts cytotoxic
effects in HepG2 cells through ROS-mediated apoptotic
cell death.

Flow cytometry analysis- Cell cycle analysis

As depicted in Figure 3, Flow cytometry of PI-stained
HepG2 cells demonstrated that IHN treatment induced a
time-dependent GO/G1 cell cycle arrest. In control cells,
52.08% were in G0/G1, 33.71% in S, and 14.08% in
G2/M. After 24 hours of IHN exposure, GO/G1 phase cells
increased to 74.13%, with a corresponding decline in S
(18.86%) and G2/M (6.68%) populations. At 48 hours,
this effect was more pronounced, with 83.30% of cells
arrested in GO/G1 and further decreases in S (12.05%) and
G2/M (4.27%). These results confirm that IHN effectively
blocks HepG?2 cell cycle progression at the GO/G1 phase.

Apoptosis analysis

As depicted in Figure 4, The apoptotic effect of IHN
was further validated using Annexin V-FITC/PI dual
staining. Flow cytometry results demonstrated a clear shift
in cell populations towards apoptosis following treatment.
In the control group, 88.73% of cells were viable (Q1-LL),
with only 10.61% undergoing early apoptosis (Q1-LR),
and negligible populations in late apoptosis (0.56%, Q1-
UR) and necrosis (0.10%, Q1-UL). Upon 24 h treatment
with THN, early apoptotic cells increased to 14.51% and
late apoptotic cells to 4.97%, while viable cells decreased

to 68.89%. Necrotic cells also increased to 11.63%,
suggesting initiation of cell death processes. At 48 h, the
pro-apoptotic effect was more pronounced. Early apoptotic
cells further increased to 16.00%, and late apoptotic
cells reached 5.17%. Necrotic cells were 20.17%, and
viable cells reduced significantly to 58.66%. The results
collectively indicate that IHN triggers time-dependent
apoptosis in HepG2 cells, highlighting its potential as an
anti-cancer agent. Together, these findings demonstrate
that IHN exerts potent anti-proliferative effects in HepG2
liver cancer cells through induction of GO/G1 cell cycle
arrest and promotion of apoptosis in a time-dependent
manner. Flow cytometry-based analysis confirms that
IHN alters cell cycle dynamics and significantly increases
apoptotic cell populations, suggesting its therapeutic
promise against HCC.

Metabolic assays- Glucose uptake assay

The glucose uptake assay demonstrated a significant,
time-dependent decrease in 2DG levels in HepG2
cells upon treatment with IHN. As shown in Figure 5,
untreated control cells exhibited a 2DG uptake level of
approximately 66.3 £ 2.5 pmol. Treatment with IHN for
24 hours significantly reduced glucose uptake to 47.8 + 1.8
pmol (p < 0.001), while a further reduction to 41.6 + 1.9
pmol (p <0.001) was observed at 48 hours. These results
indicate that IHN inhibits glycolytic flux by suppressing
glucose uptake in HepG2 cells. Similarly, the LDH-A
activity assay revealed a marked suppression of enzymatic
activity upon IHN treatment. Control HepG2 cells showed
LDH-A activity of 6.25 + 0.3 AU, which decreased
significantly to 4.33 £ 0.2 AU (p <0.01) after 24 hours of
IHN exposure (Figure 5, right panel). At 48 hours, LDH-A
activity was further reduced to 3.66 £ 0.2 AU (p <0.001).
The narrow 95% confidence intervals associated with
these reductions confirm the precision, reproducibility,
and robustness of the observed metabolic suppression,
providing strong mechanistic evidence for the anticancer
potential of IHN through metabolic reprogramming.

Control IHN (24hrs) IHN (48hrs)
G0 G1(52.08 %) GO G1({74.13 %) 8 G0 G1(83.30 %
g A ' ' i [ !
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Figure 3. Cell Cycle Analysis of HepG2 Cells Following IHN Treatment. Flow cytometry histograms showing the
distribution of HepG2 cells in different cell cycle phases after (A) Control (untreated), (B) 24-hour IHN treatment,
and (C) 48-hour IHN treatment. Percentages indicate the proportion of cells in GO/G1 (52.08% control, 74.13% 24h,
83.30% 48h), S, and G2/M phases (14.08% control, 6.68% 24h, 4.27% 48h). The results demonstrate IHN-induced
GO0/G1 phase arrest in a time-dependent manner (PE-A channel).
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Figure 4. Apoptosis Analysis by Annexin V-FITC/PI Staining. Dot plots showing: (A) Control cells with minimal
apoptosis (Q1-UL: 0.10%, Q1-UR: 0.56%), (B) 24-hour, and (C) 48-hour IHN-treated cells. The right upper quadrant
(Q1-UR) represents late apoptotic/necrotic cells, showing increased percentages with treatment duration (FITC-A vs.

PI channels).

IHN Increases Intracellular oxidative damage in HepG2
Cells

As depicted in Figure 6, exposure to [HN significantly
induced oxidative stress in HepG2 cells in a time-dependent
manner. Intracellular ROS levels in control cells were
maintained at basal levels, whereas treatment with IHN
led to a marked increase, showing significant elevation
at 24 hours (p < 0.01) and further enhancement at 48
hours (p < 0.001). Consistent with this, LPO, measured
as MDA content, was significantly elevated following
THN treatment; control cells exhibited basal MDA levels
of ~2.5 £ 0.2 nmol/mg protein, which increased to ~4.2
+ 0.3 nmol/mg protein at 24 hours (p < 0.01) and ~5.1
+ 0.3 nmol/mg protein at 48 hours (p < 0.001). These
results indicate that ITHN promotes both ROS generation
and membrane lipid damage, suggesting that the enhanced
oxidative burden contributes to cellular damage, apoptosis,
and reduced cell viability, thereby highlighting oxidative
mechanisms as a key component of its anticancer activity
in hepatocellular carcinoma cells. The increase in ROS
generation and MDA remained significant within their
95% confidence intervals, indicating consistent oxidative
damage following IHN treatment.
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IHN Reduces Glutathione Levels and Alters Redox
Balance in HepG2 Cells

As shown in Figure 7, treatment with IHN significantly
decreased intracellular GSH levels and disrupted the
cellular redox balance in HepG2 cells. In control cells,
GSH content was maintained at approximately 59 + 2.8
nmol/10¢ cells. Upon treatment with THN for 24 hours,
GSH levels dropped to ~46 £ 2.5 nmol/10¢ cells (p <
0.01), and further declined to ~32 + 2.7 nmol/10¢ cells (p
<0.01) at 48 hours, indicating a time-dependent depletion
of antioxidant reserves. Similarly, the GSH/GSSG ratio
decreased significantly, from 7.8 + 0.3 in control cells to
~5.3+0.4 (p <0.001) at 24 hours, and further to ~3.8 +
0.3 (p < 0.01) at 48 hours, highlighting a disruption in
cellular redox homeostasis. Collectively, these results
demonstrate that ITHN promotes oxidative stress in HepG2
cells by reducing intracellular GSH levels and impairing
the GSH/GSSG balance in a time-dependent manner.
Depletion of GSH levels and disruption of the GSH/
GSSG ratio were further validated by 95% confidence
interval analysis, reflecting a robust alteration in cellular
redox balance.

mm Control
mm |HN (24hrs)
== |HN (48hrs)

Figure 5. Metabolic Regulation in HepG2 Cells. (A) Glucose uptaken and (B) LDHA activity showing significant
decrease after IHN treatment in HepG2 cells. Data represent mean + SD of three experiments (*p<0.05 vs control).
Data are presented as mean = SD (n = 3); 95% confidence intervals were calculated for outcome measures.
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Figure 6. Oxidative Stress Markers in HepG2 Cells
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Figure 7. Glutathione Homeostasis Demonstrating GSH Depletion and Altered GSH/GSSG Ratio Following Treatment

(control 60, 24hrs : 46, 48hrs : 32 nmol/10° cells typographical error).
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B IHN (48hrs)
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Data represent mean + SD of three experiments

(*p<0.05 vs control). Data are presented as mean + SD (n = 3); 95% confidence intervals were calculated for outcome

measures.
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Figure 8. Gene Expressional Analysis by q-RT-PCR in HepG2 Cells.
confidence intervals were calculated for key outcome measures.
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Isorhamnetin-3-O-neohesperidoside Exerts Apoptosis in HepG2 Cells

Gene expression analysis by qg-RT-PCR

The RT-PCR analysis revealed significant alterations
in the expression of genes associated with apoptosis, cell
cycle regulation, and oxidative stress in HepG2 cells
following treatment with IHN for 24 and 48 hours (Figure
8). As depicted in Figure 8 (A, B), Exposure to IHN
consistently promoted apoptosis and inhibited cell cycle
progression in a time-dependent manner, with the effects
being more pronounced at 48 hours. This shift toward cell
death was driven by a coordinated change in key apoptotic
gene families, where pro-apoptotic genes, including
BAX, CASP3, CASPY, and p53 were significantly
upregulated (up to =1.5-fold), while as given in Figure
8 (C, D) whereas anti-apoptotic BCL2 family members
(BCL2, Survivin, BCL-XL BAD) were simultaneously
downregulated (as low as =~0.7-fold). Further analysis
supported a G1/S phase cell cycle arrest, evidenced by
the downregulation of promoters CCND1 and CDK4
and the significant upregulation of inhibitors CDKNI1A
(p21) and p27 as given in Figure 8 (E, F). Overall, these
results demonstrate that IHN induces a strong apoptotic
response and inhibits cell growth, which is supported by
the decreased expression of proliferation markers like.
Concurrent with these changes, IHN exposure resulted in
a widespread suppression of the cell’s antioxidant defense
system, with all analyzed antioxidant genes significantly
downregulated as given in Figure (8G, H) stating SOD1
decreased to ~0.8-fold, CAT dropped to ~0.65-fold, and
the master regulator Nuclear factor erythroid 2-related
factor 2 (NRF2) and its target Heme Oxygenase-1 (HO-1)
decreased progressively, with HO-1 reaching ~0.6-fold
at 48 hours. Further, it also resulted in a significant and
time-dependent suppression of both inflammatory and
proliferative gene expression. All tested genes showed
progressive downregulation compared to the Control, with
the most severe effects observed at 48 hours. Specifically,
key inflammatory mediators NF-kf3, TNF-a, and IL-6
were all significantly decreased, with TNF-a showing
a substantial reduction to app. 0.63-fold at 48 hours.
Concurrent with this suppression of inflammation, the
oncogene and proliferation marker c-Myc showed the
most drastic downregulation in this group, dropping
to approximately ~0.53-fold at 48 hours as given in
Figure (81, J). The assessment of inflammatory mediator
expression highlights that IHN not only induces oxidative
and metabolic stress but also suppresses tumor-promoting
inflammatory signaling, contributing to its multi-target
anticancer effects. Collectively, these results demonstrate
that IHN induces a strong apoptotic response, enforces
cell cycle arrest, suppresses antioxidant defenses, and
inhibits inflammatory and proliferative signaling in
HepG2 cells. Importantly, all key gene expression changes
were consistent within their respective 95% confidence
intervals, underscoring the robustness, reproducibility,
and reliability of IHN-mediated modulation of apoptotic,
metabolic, antioxidant, and inflammatory signaling
pathways.

Effects of isorhamnetin-3-O-neohespeidoside on
the mRNA expression of apoptotic (Bax, Caspas-3,
Caspase-9 and p53, Bcel2, Bel-xL, Survivin, Bad)
signalling molecules, Cell cycle regulatory molecules

(CCND1, CDK4, CDKNIA, p27), antioxidant signalling
molecules (SOD, CAT, NRF2, HO-1) and inflammatory
signalling (NFKB, TNF-a, IL-1p, C-myc) molecules in
HepG?2 cells. Cells were treated with isorhamnetin-3-O-
neohespeidoside, total RNA was immediately extracted
and converted to cDNA. The mRNA expressions were
analyzed by real-time PCR using SYBR Green dye.
B-Actin was used as an internal control. Target gene
expression is normalized to B-Actin mRNA expression
and the results are expressed as fold change from control
(B). Data represent mean + SD of three experiments
(*p<0.05 vs control).

Discussion

The present study demonstrates that IHN exerts
strong anti-proliferative and cytotoxic effects against
HepG2 hepatocellular carcinoma cells through a
coordinated, multi-target mechanism involving early
cell-cycle arrest, metabolic inhibition, oxidative stress
induction, and activation of intrinsic apoptosis. Rather
than acting through a single signaling node, IHN disrupts
interconnected regulatory pathways that collectively
compromise cancer cell survival. IHN exposure resulted
in a clear time-dependent loss of cell viability, reflected
by a marked reduction in ICso values from 161.22 uM at
24 hto 95.87 uM at 48 h (Figure 1), indicating increasing
cytotoxic potency with prolonged exposure. This
effect was accompanied by pronounced morphological
alterations, including cell shrinkage, membrane blebbing,
and detachment (Figure 2), consistent with stress-induced
growth arrest and apoptotic commitment. Flow-cytometric
analysis revealed that growth inhibition initially
occurred through a robust GO/G1 phase arrest, with cell
accumulation rising from 52.08% in controls to 83.30% at
48 h (Figure 3). Molecular analysis confirmed this arrest
to be CDKN1A/p21-dependent, driven by suppression of
CCND1 and CDK4/6 and upregulation of p21 and p27
(Figure 8E, F), establishing cell-cycle blockade as an early
and critical event in IHN action.

Upon prolonged exposure, growth arrest transitioned
into apoptotic cell death. Annexin V-FITC/PI staining
demonstrated a progressive increase in early and late
apoptotic populations, together with necrotic cells at
48 h (Figure 4). This was mechanistically supported by
transcriptional activation of the intrinsic mitochondrial
apoptotic pathway, evidenced by upregulation of BAX,
CASP9, CASP3, and p53, alongside downregulation
of anti-apoptotic BCL-2 family members and Survivin
(Figure 8A-D). These findings indicate that IHN-induced
apoptosis is mitochondria-driven rather than death-
receptor-mediated. A central feature of IHN cytotoxicity
was the disruption of cellular metabolism and redox
homeostasis. Consistent with cancer cells’ reliance
on aerobic glycolysis, IHN significantly suppressed
glycolytic flux by reducing glucose uptake and inhibiting
LDH-A activity (from 6.25+0.3 AU to 3.66+0.2 AU at 48
h; Figure 5), indicating effective targeting of the Warburg
effect. This metabolic inhibition was closely linked to a
pronounced increase in intracellular ROS levels and lipid
peroxidation (Figures 2 and 6), suggesting that energy
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deprivation sensitizes cells to oxidative injury.

Importantly, IHN not only increased ROS generation
but also impaired antioxidant defense capacity.
Intracellular GSH levels and the GSH/GSSG ratio
declined markedly over time (Figure 7), confirming a
collapse in redox buffering capacity. At the molecular
level, this imbalance was reinforced by downregulation
of NRF2 and its downstream antioxidant targets SODI1,
CAT, and HO-1 (Figure 8G, H), indicating that THN
suppresses compensatory antioxidant signaling rather than
triggering adaptive cytoprotection. This ROS-NRF?2 axis
disruption appears to be a pivotal driver of irreversible
oxidative damage and apoptotic progression. When
compared with previous studies on isorhamnetin (IH),
particularly in gastric cancer models where apoptosis
was linked primarily to PPAR-y activation [7], the present
findings highlight a mechanistic divergence. While both
IH and IHN exert antiproliferative effects at micromolar
concentrations, IHN in HepG2 cells predominantly
targets redox regulation and metabolic vulnerability. The
neohesperidoside moiety may influence cellular uptake,
stability, or subcellular targeting, thereby amplifying
oxidative stress and metabolic collapse independent of
PPAR-y signaling. Taken together, these findings indicate
that IHN-induced reduction in HepG2 cell viability occurs
through a sequential and interconnected mechanism,
wherein early GO/G1 phase cell-cycle arrest suppresses
proliferation, followed by progressive ROS accumulation,
lipid peroxidation, and subsequent activation of the
intrinsic mitochondrial apoptotic pathway upon prolonged
exposure. Based on integrated biochemical, flow
cytometric, metabolic, and gene expression analyses, IHN
primarily targets the ROS-mediated redox signaling axis,
leading to suppression of NRF2-dependent antioxidant
defense, activation of the intrinsic mitochondrial
apoptotic pathway (BAX, CASP-9, CASP-3), inhibition
of glycolytic metabolism (Warburg effect), and induction
of GO/G1 cell-cycle arrest via the CDKN1A/p21 pathway.

The major strength of this study lies in its integrative
approach, combining cytotoxic, cell-cycle, apoptotic,
metabolic, oxidative, and gene-expression analyses to
define a coherent mechanistic framework. Nevertheless,
limitations include reliance on a single in vitro cancer
model and the absence of protein-level and in vivo
validation. Future studies should focus on confirming
these pathways at the proteomic level, identifying direct
molecular targets of IHN, and evaluating therapeutic
efficacy and safety in animal models of hepatocellular
carcinoma. Exploring combination strategies that exploit
redox and metabolic vulnerabilities may further enhance
the translational potential of THN.

In conclusion, the current investigation strongly
supports that ITHN is a potent cytotoxic agent against
HepG2 cells, with an IC50 dropping sharply from
161.22 uM to 95.87 uM at 48 h. Its anti-proliferative
effect is mediated by the induction of GO/G1 cell cycle
arrest and intrinsic apoptosis. Critically, the primary
mechanism drives metabolic catastrophe by suppressing
the Warburg effect (LDH-A inhibition). This is coupled
with overwhelming pro-oxidant activity, evidenced by
high ROS and a collapsed GSH/GSSG redox balance due

2598 4sian Pacific Journal of Cancer Prevention, Vol 27

to paradoxical antioxidant gene downregulation (NRF2).
These multi-target findings provide strong evidence
for IHN as a therapeutic candidate for hepatocellular
carcinoma, warranting further mechanism-focused
research on its unique glucoside moiety.
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