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Article Info ABSTRACT
Article type: Objective: Breast cancer is one of the most common malignancies among women, and natural
Original Article compounds are increasingly investigated as adjuncts to conventional chemotherapy. This study
evaluated the combined antiproliferative and pro-apoptotic effects of naringin and capecitabine in MCF-
7 and SK-BR-3 breast cancer cell lines.
Methods: Cell viability was assessed by MTT assay after treatment with each compound alone and in
Article History: paired combinations, and drug interactions were explored using the Combination Index (CI). Bax, Bcl-
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2, and Caspase-3 expression was measured by quantitative real-time PCR.

Results: Curve-extrapolated IC50 estimates of naringin were 58 and 56.65 ug/mL in MCF-7 and SK-
BR-3 cells, respectively, while the corresponding capecitabine estimates were 619.36 and 679.51
pg/mL. Paired treatments reduced cell viability in a concentration-dependent manner. CI values were
below 1 at all four tested combinations in MCF-7 cells and at three of four combinations in SK-BR-3
cells; the lowest-dose combination in SK-BR-3 yielded a CI of 1.437. Because only a limited number of
paired concentrations were tested, these results were interpreted as exploratory evidence of enhanced
drug interaction rather than definitive pharmacological synergy.

Conclusion: Combination treatment increased the Bax/Bcl-2 expression ratio and produced a
numerically greater apoptotic response than individual treatments. Antiproliferative activity was greater
in SK-BR-3 cells under the tested conditions, but this difference cannot be attributed specifically to
HER2 status. Overall, naringin may enhance capecitabine activity, warranting confirmation using
broader dose-response matrices and mechanistic studies.
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Introduction
Cancer is one of the main and most complex health concerns

worldwide, which ranks second among the causes of
mortality after heart disease [1]. Breast cancer, acute
lymphoid leukemia cancer, stomach cancer, lung cancer,
prostate cancer, colon cancer, and brain cancer are among
the cancers with high mortality rates [2,3].In 2008, 8 million
deaths were recorded as a result of malignant diseases, and
this number is estimated to reach 11 million by 2030 [4]. BC
has been recognized as an increasing problem among
women in recent years and is the most common cancer in
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women after non-melanoma skin cancer. Breast cancer has
five molecular subtypes, including luminal A, luminal B,
ERBB2, basal-like, and normal-like [5]. Estrogen receptor
(ER)-positive and HER2-negative (ER+/HER2-) BC
accounts for approximately 70% of all breast cancer cases.
HER2 expression is one of the most important molecular
markers for breast cancer, and 15-25% of women with
breast cancer have HER2 [6]. Tumor characteristics
determine which type of treatment patients with breast
cancer will benefit from. For example, patients with human
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epidermal growth factor receptor 2-positive (HER2+)
cancer benefit from treatment using HER2-directed
therapies [7].

Capecitabine is an oral anti-fluoropyrimidine
deoxynucleoside carbamate drug that is converted to 5-
fluorouracil by thymidine phosphorylase in patients and
then accumulates in cancer tissue [8,9]. Capecitabine is
effective in the adjuvant setting for patients with HER2- and
HER2* breast cancer. It has also been approved for adjuvant
treatment of metastatic breast cancer after the use of
anthracyclines and taxanes [10,11]. Considering the ability
of adavosertib to increase the efficiency of DNA-damaging
agents, capecitabine is a suitable combination partner for
adavosertib. Capecitabine has been used in combination
with other agents such as pyrotinib, neratinib, and lapatinib
for the treatment of HER2+ metastatic breast cancer. Also,
the combination of capecitabine with bevacizumab has been
used in the treatment of HER2- cancer, and mortality has
decreased in these people [12,13].

Natural compounds have many uses, such as anti-cancer,
antimicrobial, anti-inflammatory, pain-relieving properties,
etc,, which are widely used in finding new drugs [14,15].
Naringin, with the 5,7,4'-
trihydroxyflavanone-7-0-rhamnoglucoside, is a common
dietary flavanone glycoside obtained from citrus fruits. This
compound was first found by De Vry in grapefruit blossoms

chemical name

in 1857. Naringin has been reported to have various
medicinal benefits such as antioxidant, anti-apoptotic,
antimicrobial, anti-inflammatory, and anti-mutagenic
activities. Naringin can inhibit the biological function of the
breast, thyroid, and cervical cancer cells by inhibiting the
excessive activation of the PI3K/AKT/mTOR signaling
pathway. Combined cancer treatment strategies with
chemotherapy and natural polyphenols (naringin) may
increase therapeutic potential and help reduce the side
effects of anticancer treatments [16]. Therefore, we aimed
to investigate the combined effect of capecitabine and
naringin on HER2- and HER2+ human breast cancer cells.

Materials and Methods

The antiproliferative effect of capecitabine and naringin was
investigated on SK-BR-3 and MCF-7 cells, obtained from
Pasteur Institute (Tehran, Iran). The DMEM medium
contained 10% fetal bovine serum (FBS), 1% L-glutamine,
100 IU/mL penicillin-streptomycin. SK-BR-3 and MCF-7
cells were propagated in an incubator at 37°C with 95%
humidity and 5% CO2.

itabine in Breast Cancer Cells

Cell Culture and Mycoplasma Contamination
Test

The antiproliferative effects of capecitabine and naringin
were assessed on SK-BR-3 and MCF-7 cells, which were
obtained from the Pasteur Institute (Tehran, Iran). The cells
were cultured in DMEM medium containing 10% fetal
bovine serum (FBS), 1% L-glutamine, and 100 I1U/ml
penicillin-streptomycin. The incubation conditions for the
SK-BR-3 and MCF-7 cells were maintained at 37 °C with 95%
humidity and 5% CO2. Mycoplasma contamination was
tested using the EZdetect™ PCR kit (HiMedia Laboratories,
Mumbai, India). Cells were cultivated in DMEM medium
supplemented with 10% FBS, without the use of antibiotics.
A 2 ml sample of supernatant from the cultured cells was
collected into a microtube and centrifuged at 13,000 rpm for
30 min. The resulting pellet was resuspended in 50 uL of
1xTE buffer, vortexed, and heated at 95 °C for 10 min. The
supernatant obtained after a second centrifugation was
used as the PCR template. PCR was performed according to
the manufacturer's instructions, using appropriate reagents
and cycling conditions. Both positive and negative controls
were included in the reaction. The PCR products were then
visualized on a 2% agarose gel using a UV gel documentation
system.

Cytotoxic evaluation of the compounds

Capecitabine and naringin were evaluated for their
cytotoxic effects on MCF-7 and SK-BR-3 breast cancer cells
using the  MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay. Logarithmically
growing cells were seeded at a density of 10,000 cells/well
in 96-well plates and allowed to attach for 24 h. The cells
were then treated separately with different concentrations
of capecitabine or naringin. Concentration ranges were used
to generate dose-response curves and determine the 1C50
value of each compound. Because the estimated 50%
inhibitory concentrations of the individual compounds were
slightly above the highest
represented in the reported dose range, these values were
obtained by nonlinear regression of the dose-response
curves and are therefore reported as curve-extrapolated
IC50 estimates. For the combination-treatment
experiments, capecitabine was used at concentrations of 75,
150, 300, and 600 pg/mlL, whereas naringin was used at
concentrations of 10, 20, 30, and 40 pg/mL. Four paired
combinations were therefore evaluated: 10 pg/mL naringin
+ 75 pg/mL capecitabine, 20 pug/mL naringin + 150 pg/mL
capecitabine, 30 pg/mL naringin + 300 pg/mL capecitabine,
and 40 pg/mL naringin + 600 pg/mL capecitabine. After 24
h of treatment, 20 pL of MTT solution (5 g/L) was added to

concentrations directly
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each well, and the plates were incubated for an additional 4
h. The culture medium was then removed, and 150 pL of
DMSO was added to dissolve the resulting formazan
crystals. Absorbance was measured at 545 nm using an
ELISA plate reader (Awareness, USA). MTT assays were
performed in three independent biological experiments (n
= 3), with each treatment condition assessed in technical
triplicate within each experiment. The mean value of the

Viability of cells (%) =

technical replicates was used as the value for each
independent experiment. The IC50 values were determined
from the corresponding dose-response curves using
GraphPad Prism version 8. The IC50
concentrations were subsequently used in the indicated
downstream experiments. Cell viability for each treatment
was calculated relative to the untreated control using
Equation (1):

calculated

The mean absorbance of treated cells in each well

Investigation of apoptosis by flow cytometry

Apoptotic cell death was evaluated by dual staining with
Annexin V-FLUOS and propidium iodide (PI). For MCF-7
cells, treatments were performed for 24 h with 58 pg/mL
naringin, 619.36 pg/mL capecitabine, or a combination of
30.01 pg/mL naringin and 300.03 pg/mL capecitabine. For
SK-BR-3 cells, the corresponding treatments were 56.65
pg/mL naringin, 679.51 pg/mL capecitabine, or the
combination of 32.06 pg/mL naringin + 361.8 pg/mL
capecitabine. Untreated cells were used as controls.
Following treatment, approximately 1 X 1076 cells were
collected and stained with Annexin V-FLUOS and PI
according to the manufacturer’s instructions. Samples were
analyzed using an AQUIOS CL flow cytometer (USA). Cells
were classified into four populations: viable cells, early
apoptotic cells, late apoptotic cells, and necrotic cells. Flow-
cytometric analyses were performed in three independent
biological experiments (n = 3).

The mean absorbance of control cells (DMSO)

x 100 (1)

Examining the expression of Bax, Bcl-2 and
Caspase-3 genes

At first, total cellular RNA was extracted using the GeneAll
kit (South Korea) and was treated with DNase enzyme to
ensure that there was no DNA in the product. The conditions
of DNase treatment were as follows: 10 microliters of
extracted RNA with 1 microliter of enzyme buffer and 2
microliters of DNase enzyme at 37°C for 5 min and then at
80°C for 5 min. The RNA sample (0.2 pg) was converted into
c¢DNA according to the manufacturer’s recommendations
using Oligo (dT) 18 reverse transcriptase cDNA primers by
Yekta Tajhiz Azma cDNA synthesis kit (Yekta Tehiz Azma,
Tehran, Iran).

The synthesized cDNA mixture was heated at 85 °C for 5
seconds and then incubated at 42 °C for 60 min, followed by
inactivation at 85 °C for 5 min. The cDNA sample was
subjected to reverse transcriptase polymerase chain
reaction (RT-PCR) to check the expression of Bax, Bc/-2, and
Casp3 genes by specific primers designed by Primer3
software (Table I). Finally, the data were analyzed by
measuring the relative expression of 2-24Ct, Gene-expression
analyses were performed in three independent biological
experiments (n = 3), with qPCR reactions assessed in
technical replicates.
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Table 1: Primer sequences used for quantitative real-time PCR analysis of Bax, Bcl-2, Caspase-3, and GAPDH

Gene Primer sequence
Bax-F TGCTTCAGGGTTTCATCCA -3'-5
Bax -R GACACTCGCTCAGCTTCTTG -3'-5'
Bcl-2-F GATAACGGAGGCTGGGTAGG- 3'-5'
Bcl-2-R CCAGAGGAGGAGGTAGGGAC-3'-5’
Casp3-F GTTTGAGCCTGAGCAGAGACAT-3'-5'
Casp3-R GGCAGCATCATCCACACATACC -3'-5'
GAPDH-F AGGGCTGCTTTTAACTCTGG -3'-5'
GAPDH-R CCCCACTTGATTTTGGAGGG -3'-5'

Determining lipid peroxidation index (MDA)

MDA level in the cell supernatant was measured by
Nalondi™ Lipid Peroxidation Assay Kit (NID) (Navand
Salamat, Iran). The MDA reaction with thiobarbituric acid
reactive substances (TBARS) was the basis of the analysis.
The absorbance at 532 nm was measured by a
spectrophotometer and distilled water used as a blank. The
results were expressed as nmol ml-l. MDA measurements
were three

experiments (n = 3).

performed in independent biological

Release of lactate dehydrogenase (LDH)

LDH level in the cell supernatant was measured by
colorimetric method with LDH Assay Kit (ab102526, Abcam,
Cambridge, MA, USA). The measurements were performed
according to the manufacturer's instructions, and the results
were expressed as U L. LDH measurements were
performed in three independent biological experiments (n

=3).

Statistical analysis

One-way ANOVA and Tukey or Tamhane test was used for
statistical analysis of the quantitative variables. ICso value
was calculated by GraphPad Prism V8 software for each

compound. Drug-interaction analysis was performed using
CompuSyn software. For each treatment condition, the
fraction affected (Fa) was derived from the MTT viability
data, and the corresponding single-agent and combination
dose-response data were entered into the software for CI
calculation. The four paired combinations evaluated were
10 + 75,20 + 150, 30 + 300, and 40 + 600 pg/mL naringin
+ capecitabine, respectively. Because these combinations
did not constitute a constant-ratio design, the resulting CI
values were interpreted as exploratory measures of drug
than  definitive evidence of
pharmacological synergy. According to the conventional CI

interaction  rather
interpretation, CI < 1 indicates synergistic interaction, CI =
1 an additive interaction, and CI > 1 an antagonistic
interaction.

Results

Nonlinear regression of the dose-response data yielded
curve-extrapolated IC50 estimates of 58 and 56.65 pg/mL
for naringin in MCF-7 and SK-BR-3 cells, respectively, and
619.36 and 679.51 pg/mL for capecitabine, respectively.
Because these estimates extended beyond the highest
directly tested concentrations reported in the dose-
response series, they should be interpreted cautiously. For
the combination-treatment experiments, four paired

concentrations of naringin and capecitabine were
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evaluated: 10 pg/mL naringin + 75 pg/mL capecitabine, 20
pg/mL naringin + 150 pg/mL capecitabine, 30 ug/mL
naringin + 300 pg/mL capecitabine, and 40 pg/mL naringin
+ 600 pg/mL In MCF-7 cells, the
corresponding cell-viability percentages were 75.75 +
4.41%, 59.85 £ 0.51%, 48.05 + 1.44%, and 40.60 = 1.27%,
respectively. In SK-BR-3 cells, the corresponding cell-
viability percentages were 82.56 + 1.17%, 66.37 + 0.77%,
50.53 + 0.54%, and 41.01 + 2.01%, respectively. These
specifically paired naringin-
capecitabine treatments. The dose-response profiles of

capecitabine.

values represent the

naringin and capecitabine administered individually are
presented separately in Figure 1A and Figure 1B, whereas

the corresponding combination treatments are shown in
Figure 1C. Table 2 shows the CI values for both investigated
cell lines. In MCF-7 cells, the CI values were below 1 at all
tested combinations. In SK-BR-3 cells, the lowest-dose
combination of 10 pg/mL naringin + 75 pg/mL capecitabine
yielded a CI of 1.437, indicating an antagonistic interaction
according to the CI criterion. At the higher tested
combinations, the CI values were below 1. These findings
indicate predominantly enhanced inhibitory interactions at
the tested combinations; however, given the limited number
of concentration pairs evaluated, they should not be
interpreted as definitive evidence of pharmacological
synergy (Table 2).

Table 2: CI values calculated for the combination of naringin and capecitabine at different concentration on MCF-7 and SK-BR-3

cell lines
Naringin Capecitabine
concentration concentration CI values for MCF- CI values for SK-BR-3
7 cell lines cell lines
(ug/mL) (ng/mL)
10 75 0.648 1.437
20 150 0.228 0.38
30 300 0.13 0.138
40 600 0.108 0.088
A 150 - MCF-7 IC5, 58 150 -~ MCF-7 IC5o 619.36
_ = SK-BR-3 IC5; 56.65 _ -= SK-BR-3 ICs, 679.51
% 100 _.E 100
:E \\_‘ %
2 s0- 2 50-
(1) Q
(&] [&]
0 T T T T T 0 I 1 T T T
1] 10 20 30 40 0 75 150 300 600
Naringin concentration (ug m|'1) Capecitabine concentration (ug ml")
{5 -~ MCF-7 ICg, 30.01 Na + 300.03 Ca
C -= SK-BR-3 IC4 32.06 Na + 361.8 Ca

Cell viability (%)

100
50

T T
0 10+ 75

T
20 +150

T T
30 + 300 40 + 600

Na (ug mI") + Ca (ug ml'1) Concentration

Figure 1: Cytotoxic effects of naringin alone (A), capecitabine alone (B), and their combination (C) on MCF-7 and SK-BR-3
cells. Data are presented as mean = SD of three independent biological experiments (n = 3). Na, naringin; Ca, capecitabine
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Apoptotic cell death was assessed by flow cytometry using
Annexin V-FITC/PI staining in MCF-7 and SK-BR-3 cells
(Figure 2). Naringin treatment resulted in apoptosis rates of
35.69% and 35.85% in MCF-7 and SK-BR-3 cells,
respectively, whereas capecitabine treatment resulted in
apoptosis rates of 39.39% and 37.54%, respectively. The
combination treatment produced apoptosis rates of 42.09%
in MCF-7 cells and 44.94% in SK-BR-3 cells. Although these
values were numerically higher than those observed with

Control MCF-7 Naringin MCF-7

A ] a2

1.84% 0.262%

Q2
9.91%

nd Capecitabine in Breast Cancer Cells

the individual treatments, the increase associated with the
significance.
Accordingly, these findings indicate a numerically enhanced
apoptotic response following combined treatment, but they
should not be interpreted as direct evidence of synergistic
of apoptosis. with naringin,
capecitabine, and their combination also increased the
proportion of necrotic cells compared with the untreated
control. However, no statistically significant difference in
necrosis was observed among the treatment groups.

combination did not reach statistical

induction Treatment

Capecitabine MCF-7

Q2
8.60%

Na + Ca MCF-7

Q2
8.47%

a
Eonteal SK-BR-3 Naringin SK-BR-3 Capecitabine SK-BR-3 Na + Ca SK-BR-3
4301 Q2 Q2 Q2 Q2
10 J3.39% 0.619% 6.97% 2.39% 125%
103 -1
Q3 Q3 Q3 Q3
1.81% - 27.7% = 35.5% 325%
|03 10 103 10 1l‘.\3 10 10
Annexin V-FITC
.
SK-BR-3
B
50 50—
40 mm Control 40 mm Control
== Naringin == Naringin
— 30 ES1 Capecitabine  — 30 Es1 Capecitabine
= z < « Na+Ca
= 20 Nart.Ca 20
104 | = 10+
0o- 0-

Necrosis Apoptosis

Necrosis Apoptosis

Figure 2: Effects of naringin and capecitabine on apoptosis and necrosis in MCF-7 and SK-BR-3 cells

Apoptosis and necrosis were assessed by Annexin V-
FITC/PI flow cytometry. MCF-7 cells were treated for 24 h
with naringin (58 ug/mL), capecitabine (619.36 ug/mL), or
their combination (30.01 pg/mL naringin + 300.03 pg/mL
capecitabine). SK-BR-3 cells were treated with naringin
(56.65 pg/mL), capecitabine (679.51 ug/mL), or their
combination (32.06 pg/mL naringin + 361.8 pg/mL
capecitabine). Panel A shows representative Annexin V-
FITC/PI plots; panels B and C show the percentages of

apoptotic and necrotic MCF-7 and SK-BR-3 cells,
respectively. Cells were classified as viable, early apoptotic,
late apoptotic, or necrotic according to Annexin V/PI
staining. Data are presented as mean + SD of three

independent biological experiments (n = 3). P < 0.01. Na,
naringin; Ca, capecitabine.

We investigated the expression of genes involved in
apoptosis after treatment with naringin and capecitabine on
breast cancer cells (Figure 3). naringin-capecitabine
increased Bax and Caspase-3 gene expression and
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decreased Bcl-Zgene expression (Figures 3A and 3B). In the
Sk-BR-3 cell line, the combined use of capecitabine and
naringin also led to a significant increase in Bax and
Caspase-3 gene expression, as well as a significant decrease
in Bcl-2gene expression compared with the use of these two
substances alone (P < 0.01). In the MCF-7 cell line, naringin-
capecitabine increased the expression of Bax and Caspase-3
genes and decreased the expression of Bcl-2, but these
changes were not statistically significant compared with the

MCF-7

c 67
.8
g mm Control
S == Naringin
E E=1 Capecitabine
= .
2 Na + Ca
£
2
2
©
© :
& 3 i
BAX BCL-2 CASP3
Genes
c 15

L

P

s

o

o

@

=

S

@

MCF-7

Cell line

use of capecitabine alone (P > 0.05). The Bax/Bcl-2 ratio is
shown in Figure 3C. In MCF-7 cells, the Bax/Bcl-2 ratios
were approximately 1.0 + 0.1,29+ 0.2,3.9+ 1.1,and 6.9 +
1.4 in the control, naringin, capecitabine, and naringin-
capecitabine groups, respectively. In SK-BR-3 cells, the
corresponding ratios were approximately 1.0 + 0.1, 2.0 +
0.2,5.3+0.2,and 10.1 £ 0.6, respectively. The combination
treatment produced the highest Bax/Bcl-2 ratio in both cell
lines (P < 0.01; n = 3).

o

mm Control
== Naringin
ES1 Capecitabine
== Na+ Ca

»

w

N

-

Relative mRNA expression

o

BAX BCL-2 CASP3

mm Control
== Naringin
Es1 Capecitabine
= Na+ Ca

SK-BR-3

Figure 3: Relative expression of Bax, Bel-2, and Caspase-3 in MCF-7 (A) and SK-BR-3 (B) cells and the Bax/Bcl-2 expression
ratio (C). Data are presented as mean = SD of three independent biological experiments (n = 3). P <0.01. Na, naringin; Ca,
capecitabine

Lipid peroxidation was assessed by measuring
malondialdehyde (MDA) levels in MCF-7 and SK-BR-3 cells
following treatment with naringin, capecitabine, and their
combination. As shown in Figure 4A, MDA levels were
significantly increased in the treatment groups compared
with the untreated control group. In MCF-7 cells, the
naringin-capecitabine = combination resulted in a
significantly greater increase in MDA levels compared with
either naringin or capecitabine alone (P < 0.01). In contrast,
in SK-BR-3 cells, MDA levels following combination
treatment were not significantly different from those
observed with capecitabine alone. These findings indicate a
differential response of the two cell lines to the combination
treatment with respect to lipid peroxidation.

LDH release was measured in the culture supernatant of
MCF-7 and SK-BR-3 cells following treatment with naringin,
capecitabine, and their combination. As shown in Figure 4B,
naringin treatment increased LDH release in both cell lines
compared with the untreated control group. Similarly, the
naringin-capecitabine combination increased LDH levels
compared with the control group. In contrast, capecitabine
treatment alone did not significantly increase LDH release
compared with the control group. The observed changes in
LDH levels indicate alterations in cellular membrane
integrity following treatment.
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Figure 4: Effects of naringin, capecitabine, and their combination on malondialdehyde (MDA) levels (A) and lactate
dehydrogenase (LDH) release (B) in MCF-7 and SK-BR-3 cells

Discussion

The present study investigated the cytotoxic and pro-
apoptotic effects of naringin, capecitabine, and their
combination in MCF-7 and SK-BR-3 breast cancer cells.
Overall, combined treatment was associated with enhanced
cytotoxicity,
damage, and increased lipid peroxidation compared with

increased apoptosis, greater membrane
the individual treatments. However, the magnitude of these
effects differed between the two cell lines, suggesting that
cellular context may influence the response to naringin-

capecitabine treatment [17-19].

Naringin is a citrus-derived flavonoid with several biological
activities, including antioxidant and anticancer effects.
Flavonoids are important plant-derived polyphenolic
compounds that have been extensively investigated for their
potential anticancer properties [21]. Previous studies have
reported antiproliferative and pro-apoptotic effects of
naringin in several cancer models. Park et al. demonstrated
that naringin inhibited proliferation of THP-1 leukemia cells
through induction of apoptosis [17], while Jarrett et al.
reported cytotoxic effects of naringin in ovarian cancer cells
[18]. More recently, the cytotoxic activity of naringin against
MCF-7 breast cancer cells was also reported [19]. The
present findings extend these observations by showing that
naringin can enhance the cytotoxic response to capecitabine
in MCF-7 and SK-BR-3 cells.

The reduction in the apparent IC50 of capecitabine in the
presence of naringin suggests that naringin may increase
cellular sensitivity to capecitabine. However, the individual-
drug IC50 values were extrapolated from fitted dose-
response curves rather than bracketed directly by the
reported concentration range; therefore, these estimates
require confirmation using broader concentration ranges
that encompass the 50% response level. This finding
provides a rationale for investigating naringin as a potential
chemosensitising agent. However, a reduction in IC50 alone
synergy.
Definitive demonstration of synergy requires multiple drug

is insufficient to establish pharmacological

concentrations and ratios together with an appropriate
quantitative combination-analysis method. Therefore, the
present results should be interpreted as evidence of an
enhanced interaction between naringin and capecitabine,
while formal confirmation of synergy requires further dose-
response and combination-index analyses.

The apoptotic findings provide a potential mechanistic
explanation for the enhanced cytotoxicity. The intrinsic
apoptotic pathway is closely regulated by the Bcl-2 protein
family, and an increased Bax/Bcl-2 ratio is generally
associated with mitochondrial apoptotic signalling and
subsequent activation of the caspase cascade [22,23]. In the
present study, naringin treatment was associated with
downregulation of Bcl-2 and upregulation of Bax and
Caspase-3, resulting in an increased Bax/Bcl-2 ratio. These
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findings are consistent with previous reports indicating that
modulation of the Bax/Bcl-2 axis contributes to the
antiproliferative and pro-apoptotic effects of naringin [20].
Importantly, the combination treatment produced greater
changes in apoptotic markers than capecitabine alone,
suggesting that naringin may potentiate capecitabine-
associated apoptotic signalling.

Caspase-3 is a key executioner caspase involved in the
cleavage of cellular substrates during apoptosis and
contributes to the characteristic morphological and
biochemical changes associated with programmed cell
death [24]. The increased Caspase-3 expression observed in
the present study, together with the flow-cytometric
evidence of increased apoptosis, supports the involvement
of apoptotic cell death in the response to naringin-
capecitabine treatment. Nevertheless, gene-expression
changes alone do not establish activation of the
corresponding proteins. Therefore, confirmation at the
protein level, particularly assessment of cleaved caspase-3,
Bax and Bcl-2, would provide stronger mechanistic
evidence.

An important finding was the differential response of MCF-
7 and SK-BR-3 cells. The combination treatment produced
significantly greater changes in the PBax/Bcl-Z ratio and
Caspase-3 expression in SK-BR-3 cells than in MCF-7 cells.
This
characteristics of these breast cancer cell lines. Because SK-

difference may reflect the distinct molecular

BR-3 cells exhibit HER2 overexpression, whereas MCF-7
cells have a different receptor profile, differences in
intracellular signalling, apoptotic susceptibility and drug
responsiveness may contribute to the observed responses.
However, the present study did not directly investigate
HER?2 signalling. Thus, the greater apoptotic response in SK-
BR-3 cells should not be interpreted as proof that HER2
mediates the effect of the combination. Further studies
incorporating HER2 expression/activity and pathway-
specific inhibition or rescue experiments are required to
test this hypothesis.

The LDH findings were consistent with treatment-
associated disruption of cellular membrane integrity. LDH
release increased following naringin and combination
treatment compared with untreated -cells, indicating
increased cellular injury. However, LDH release is not
specific for necrotic cell death and may occur following
different forms of cellular damage. Therefore, the present
LDH findings should be interpreted as evidence of
membrane damage rather than definitive evidence of
results

necrosis. The  flow-cytometry similarly

demonstrated changes in membrane-compromised cells,

but integration with additional cell-death markers would be
required for more precise discrimination between apoptotic
and necrotic processes. Previous work has also
demonstrated that naringin can promote apoptosis without
necessarily producing a corresponding increase in necrosis

[25].

The observed increase in MDA provides evidence of altered
lipid peroxidation following treatment. Notably, the
combination produced a significantly greater increase in
MDA than either treatment alone in MCF-7 cells, whereas no
significant
combination and capecitabine alone in SK-BR-3 cells. This
cell-line-dependent pattern suggests that lipid peroxidation
may contribute differently to the response to combined
treatment. Lipid peroxidation is an important feature of
several forms of regulated cell death and is particularly
relevant to ferroptosis [26]. Nevertheless, increased MDA
alone cannot establish oxidative stress as the causal
mechanism of cytotoxicity and is insufficient to demonstrate
ferroptosis. Confirmation would require assessment of
established ferroptosis-related pathways and markers,
together with pharmacological inhibition or rescue
experiments.

difference  was observed between the

Taken together, the present findings suggest that naringin
may enhance the anticancer activity of capecitabine in
breast cancer cells, with increased apoptotic signalling and
lipid peroxidation potentially contributing to the observed
cytotoxic response. The stronger apoptotic response in SK-
BR-3 cells further indicates that cellular molecular
characteristics may efficacy of the
combination. However, the findings remain limited to an in-

influence the

vitro model, and the precise molecular basis of the
interaction requires further investigation. Future studies
should confirm the observed changes at the protein level,
determine the contribution of relevant signalling pathways,
formally evaluate pharmacological synergy using
appropriate combination designs, and investigate whether
oxidative stress or ferroptosis contributes causally to cell
death. In-vivo studies will ultimately be required to
determine the therapeutic relevance and safety of the
naringin-capecitabine combination.

Conclusion

MTT results showed good differentiation in cellular
inhibition between capecitabine alone and narangin-
capcitabine combination. The CI values indicated enhanced
inhibitory interactions between naringin and capecitabine
at most of the tested combinations, although an antagonistic
interaction was observed at the lowest combination dose in
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SK-BR-3 cells. The results indicate that naringin-
capecitabine has a good apoptotic potential. Caspase-3, was
more expressed by naringin+capecitabine. Overall, the
results suggest that naringin-capecitabine-induced cell
death may involve Caspase-3- and Bax/Bcl-2-associated
apoptotic The magnitude of the
antiproliferative response to the naringin-capecitabine
combination differed between MCF-7 and SK-BR-3 cells,
with greater activity observed in SK-BR-3 cells under the
conditions tested. However, because these two cell lines
differ in multiple molecular characteristics, the observed
difference cannot be attributed specifically to HER2 status
on the basis of the present study. Further studies
incorporating direct assessment or modulation of HER2
signalling are required to determine whether HER2

contributes to the differential response.

mechanisms.
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