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ABSTRACT

Background and aim of the work: Quercetin: a natural bioactive molecule has showed promise in cancer pre-
vention and treatment. It is used for various cancers including breast cancer. The bisphosphonate Zoledronic
acid (ZA); has recently come into therapeutic use. Despite the introduction of several medicinal techniques,
breast cancer remains the most common uncurable cancer in women. Given this, the current study aims to
elucidate the synergistic antitumor interaction between quercetin and zoledronic acid; both of which have anti-
proliferative and anti-metastatic capabilities, notably targeting fatty acid synthesis and cholesterol synthesis in
breast cancer cells in vitro.

Research design and methods: Human breast cancer cell lines MCF-7 and MDA-MB-231 were treated with
a quercetin, ZA, or their combination. Quercetin was applied at concentrations of 480, 240, 120, 60, 30, and 10
pM, and ZA at 360, 160, 80, 40, 20, and 10 pM. Combination treatments were applied using 80:80, 180:80, and
80:160 pM for MCF-7 cells, and 90:171, 180:171, 90:340 uM for MDA-MB-231 cells. Cell proliferation was as-
sessed using the MTT cytotoxicity assay. RT-PCR was performed to analyze the expression of genes linked to
apoptosis, clone creation, and cell migration.

Results: The quercetin-ZA combination induced Bcl-2-independent apoptosis and significantly inhibited cell
growth. The combined treatment was more effective than either medication alone after 72 hours, with IC50
values of 80:160 pM for MCF7 (p=0.0021) and 90:171 pM for MDA-MB-231 cells (p=0.0161). Self-renewal
and clonogenic tumor development were markedly inhibited after 3-hour combination treatment. Moreover,
MCF7 and MDA-MB 231 cell invasiveness was significantly decreased from 24 to 72 h compared with un-
treated cells.
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Conclusions:The quercetin-ZA combination synergistically suppressed MCF-7 and MDA-MB-231 breast can-
cer cells, reducing migration and self-renewal. These findings highlighted their potential adjuvant effects on con-
ventional treatments of breast cancer. (www.actabiomedica.it)
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Introduction

Breast cancer (BC) is the most prevalent malig-
nancy and the leading cause of cancer-related mortal-
ity among women worldwide. Owing to advancements
in imaging, surgery, and medical treatments, the de-
tection and treatment of breast cancer (BC) have
improved, with higher survival rates and reduced re-
currence. However, 5% of patients with BC have me-
tastases at the time of diagnosis, with bone being the
most common site. Osteolytic bone metastases are the
primary cause of bone lesions and resorption. Growth
factors and cytokines in bone influence BC cell dif-
ferentiation and proliferation, and bone metastasis ac-
celerates tumour cell growth (1,2). In cancer research,
combination therapies that target proliferation, angio-
genesis, and oxidative pathways have shown promising
outcomes (3,4). Zoledronic acid (ZA) is a nitrogen-
containing bisphosphonate (BP) and bone-modifying
drug that prevents metastatic disease progression.
ZA has been shown to avoid cancer bone metastasis
by delaying osteoclast recruitment, proliferation, and
differentiation from preosteoclasts (5,6) by decreas-
ing the osteolytic activity of mature osteoclasts (7). All
nitrogen-containing BPs inhibit farnesyl pyrophos-
phate synthase in the mevalonate pathway (8), re-
sulting in inhibition of farnesyl pyrophosphate and
geranylgeranyl pyrophosphate. These isoprenoids are
required for post-translational macromolecule modi-
fication (i.e., farnesylation and geranylgeranylation)
of signalling GTPases, such as Ras, Rho, and Rac(9).
Recently, natural compounds such as quercetin have
gained increasing attention in treating breast cancer.
Quercetin is a common dietary flavonoid. Its biologi-
cal effects are complex and include antibacterial, anti-
carcinogenic, anti-inflammatory, and anti-diabetic

activities. In plants, quercetin is predominantly present
as a glycoside, which is converted to quercetin con-
jugates in the intestine. Its biphasic, dose-dependent
chemopreventive activity makes it a promising candi-
date in oncology. Its anticancer effects include apop-
tosis, cell cycle arrest, mitotic process suppression, and
reduced proliferation (10). Various studies have inves-
tigated the influence of quercetin on different forms
of cancer and found that a high intake of quercetin
is inversely associated with the risk of prostate, lung,
stomach, and breast cancer (11) . Moreover, the anti-
lipogenic effect of quercetin is strongly associated with
its ability to arrest growth and induce apoptosis in
prostate and breast cancer cells, indicating that FASN
inhibition may be at least one of the mechanisms by
which quercetin exerts its anti-carcinogenic effects
(12). Combination therapy is an effective strategy for
cancer treatment, as it targets multiple pathways to
lower drug resistance and disrupt tumor homeostasis.
To achieve the highest efficacy with the least toxicity,
it is essential to understand cancer drug interactions
(13). Recently, several studies have shown that querce-
tin may act synergistically, enhancing the toxicity of
other treatments in different cancer cells (14). The
present study aimed to investigate the effects ZA and
quercetin on BC cells in vitro, focusing on cell migra-
tion, proliferation, and viability.

Methodology

Cell culture

Human MCF-7 cells and MDA-MB 231 triple-
negative BC cells were obtained from the American
Type Culture Collection (ATCC, Manassas, VA,
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USA), cultured in high-glucose DMEM (PAN-
Biotech, Germany), both supplemented with 10% fetal
bovine serum (FBS), 1% glutamine, and 1% penicillin-
streptomycin. For subculturing, trypsin-EDTA as
used for cell detachment. Cells were maintained at
37°C in a humidified environment of 5% CO, and
95 % air (15).

In vitro cytotoxicity (MTT) assay

Cell proliferation was evaluated using the MTT
assay. Between 5,000 and 10,000 cells per well were
seeded in 96-well plates containing 10% FBS-
supplemented growth medium and allowed to grow
for 24 h. Stock solutions of ZA (AK Scientific,
USA), quercetin (AK Scientific), and their combina-
tions were prepared in 10% of DMSO, with the final
DMSO concentration in culture not exceeding 0.1%.
Cells were treated with quercetin at different con-
centrations (480, 240, 120, 60, 30, and 10 pM) and
ZA (360, 160, 80, 40, 20, and 10 pM) for 24, 48, and
72 h. Each well was then filled with freshly prepared
MTT (3-(4,5-dimethylthiazol2yl)-2,5-
diphenyltetrazolium bromide) (5 mg/mL; AK Scien-

solution

tific). After a 3-hour incubation, cells were examined
under an inverted microscope to determine whether
formazan crystals had formed. Each well was then
treated with a 200 pL. mixture of DMSO and iso-
propanol and incubated for 30-45 minutes; cell
growth inhibition assay were performed in triplicate
(16). Cell growth inhibition induced by quercetin
and ZA was determined by measuring absorbance
at 570 nm. The ICs, values were determined the
concentration-dose response curves using linear in-
terpolation on a semi-log plot (17). Depending on
the cytotoxic effect of each compound separately, a
second MTT assay was performed to evaluate com-
bination therapy using three different combination
concentrations, 80:80, 160:80, and 80:160 uM for
MCF-7, and 90:171, 180:171, and 90:340 pM for
MDA-MB-231, following the previous MTT test
procedure. Cell viability (%) was calculated using the
formula: Cell viability (%) = OD treated/OD con-
trol x 100%. Where OD treated is the absorbance
of treated cells and OD control is the absorbance of
untreated control cells.(15).

Preparation of quercetin stock solutions

Quercetin stock solutions were prepared at 1 mM
and 0.1 mM to generate working concentrations of
480, 240, 120, 60, 30, and 10 uM. The 1 mM stockl
solution was prepared by dissolving 0.003 g of querce-
tin in 1 mL DMSO and 9 mL PBS. The stock2 solu-
tion (0.1 mM) was obtained by a 1:10 dilution of the
stock1. Working concentrations were prepared by fur-
ther dilutions, using the formula C1V1=C2V2.

Preparations of ZA stock solutions

ZA stock solutions were prepared at 1 mM and
0.1 mM to generate working concentrations of 360,
160, 80, 40, 20, 10, and 0 uM. The 1 mM stock1 so-
lution was prepared by dissolving 0.0029 g of ZA in
1 mL DMSO and 9 mL PBS. The stock2 solution
(0.1 mM) was obtained by a 1:10 dilution of the
stock1(18). Working concentrations were prepared by
further dilutions, using the formula C1V1=C2V2.

Quantitative reverse transcription-polymerase
chain reaction (QRT-PCR)

qRT-PCR was used to quantify mRNA levels
of apoptotic markers Bcl-2, Mcl-1, and Actin. To-
tal RNA was extracted from control and treated cells
(after 72 h treatment) using the GeneAll Hybrid-
R™ (Korea), following the manufacturer’s guidelines.
cDNA was created using the EasyScript® First-Strand
cDNA Synthesis SuperMix (TransGen Biotech, Ko-
rea). EasyScript® RT/RI Enzyme Mix and 2xES
Reaction Mix (Macrogen, South Korea) were used
to amplify the target cDNA for Bcl-2, Mcl-1, and
Actin (normalization gene). A total of 1 pg-1 pg of
cDNA template, 10 pM forward and reverse primers,
nuclease-free water, and 10 pL of TransStart® Green
qPCR SuperMix (2X) were combined. Amplification
was performed on a 7500 Real-Time PCR System
(Thermo Fisher, SN 2750010686) with the following
cycling conditions: Stage 1: Holding: 94°C for 30 s.
Stage 2: Denaturation: 94°C for 5 s, Annealing: 60°C
for 34 s, Elongation: 72°C for 34 s. Stage 3: Melting
curve: 70°C for 34 s, 60°C for 1 min, 95°C for 30 s. The
list of the forward and reverse primers used in Table 1.
Experiments were performed in triplicate (19).
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Table 1.lists the forward and reverse primers used for Bcl-2, Mcl-1, and Actin.

Gene Forward primer Reverse primer

Bcl2 ATCGCCCTGTGGATGACTGAGT GCCAGGAGAAATCAAACAGAGGC
Mecll CCAAGAAAGCTGCATCGAACCAT’ CAGCACATTCCTGATGCCACCT
Actin CACCATTGGCAATGAGCGGTTC AGGTCTTTGCGGATGTCCACGT

Clonogenic assay

BC cells (100-200*10/3/well) were seeded in six-
well plates. The following day, cells were treated with
different concentrations of the studied drugs: 80:80,
160:80, 80:160 uM for MCF-7, and 90:171, 180:171,
90:340 uM for MDA-MB-231, for 3 h. The cells were
then subcultured (1,000 cells/well, in duplicate) for 12
days. Subsequently, cells were fixed with 4% paraform-
aldehyde, stained with crystal violet, and photographed
and counted under a microscope (20).

Wound healing assay

MCF-7 and MDA-MB-231 cells were seeded
in 6-well plates and cultivated to 80% confluence.
Wounds were created by scraping the monolayer with
a 200 pL pipette tip, and non-adherent cells were re-
moved by washing with PBS. Cells were then treated
with the ICy, concentrations of each compound, the
ICsy combination, or left untreated. Phase-contrast
microscopy (10x objective) was used to capture images
of treated and untreated control cells at 0, 24, 48, and
72 h after wound development. Cell migration into the
wound gap was quantified using Image]. Experiments
were performed in triplicate (21).

Statistical analysis

The obtained data were statistically evaluated
using GraphPad Prism version 9.0.0 for Windows
(GraphPad Software, San Diego, CA, USA). One-
way analysis of variance (ANOVA) in conjunction
with Tukey’s multiple comparisons test was used to
analyze the effects of the treatment. Nonlinear regres-
sion (curve fit) was used to calculate drug 50% inhibi-
tory concentration (IC50). The data are expressed as
mean + SEM for clonogenic tests and mean + SD.

For the wound healing assay, a two-way ANOVA was
used to assess the interaction between different doses
of combination ZA/Qr and time. Statistical tests were
two-tailed, with a P-value < 0.05 indicating statisti-
cally significant differences. Data visualization and
high-resolution 1200 DPI graphical renderings were
created to verify the precision of error bar display.

Results

Anti-proliferative activity of quercetin and ZA

Cytotoxic assays were conducted using MCF7
and MDA-MB-231 cell lines to determine the op-
timum concentrations of quercetin and ZA. Seven
different concentrations (480, 240, 120, 60, 30, 10,
and 0 pM) for quercetin and six concentrations (360,
160, 80, 40, 20, 10, and 0 pM) for ZA were applied to
the cells, separately. As shown in Figure 1 A-D, both
quercetin and ZA, had a significant cytotoxic effect on
both BC cell lines, dramatically reducing cell viability.
The cytotoxicity of the quercetin and ZA combination
was subsequently examined. Based on the individual
ICsy values of quercetin and ZA (approximately 80-
171 uM in both cell lines), combination treatments
were prepared using 80:80, 180:80, 80:160 pM for
MCF?7 cells and 90:171, 180:171, and 90:340 pM for
MDA-MB-231 cells. In MCF7 cells, the 80:160 uM
quercetin-ZA combination reduced cell proliferation
by 50% after 72 h (p= 0.0021). In MDA-MB-231
cells, the 90:171 uM combination suppressed prolif-
eration by more than 80% (p= 0.0161). Overall, com-
bined quercetin and ZA produced greater suppression
of cell growth than either compound alone in both cell
types. These findings implied that quercetin-ZA com-
bination therapy significantly inhibits human BC cell
proliferation (Figure 2 A-B).
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Figure 1. Effects of varying quercetin and ZA concentrations on MCF7 and MDA-MB-231 cell growth. (A
and C) Proliferation of MCF7 cells treated with quercetin or ZA for 24, 48, and 72 h, with or without treatment.
(B and D) Proliferation of MDA-MB-231 cells treated with quercetin or ZA for 24,48, and 72 h, with or without
treatment. For each time point, data are presented as the percentage of the treated group relative to the control
group. Values represent the mean # standard error of the mean (SEM) from three independent experiments.

Quantitative reverse transcription-polymerase
chain reaction (QRT-PCR)

gqRT-PCR analysis was performed to measure the
expression of anti-apoptotic genes Bcl-2 and Mcl-1
in MCF7 and MDA-MB-231 cells treated with the
quercetin-ZA combination at its ICsp. The mRNA
levels of both genes were normalized to Actin expres-
sion (Figure 3 A-B).

Phase-contrast images showed that untreated
MCF-7 cells formed large, densely packed, and
well-defined epithelial-like colonies (Figure 4 B, A).
In contrast, quercetin-ZA-treated cells exhibited
marked reduced colony size, limited proliferation,
and sparse distribution (Figure 4 A, B). Morpho-
logical changes in MDA-MB-231 cells after 12
days of treatment are shown in Figure 5B. Wild-
type MDA-MB-231 cells displayed elongated,
epithelial-like morphology and formed large, densely
packed, well-defined colonies. In contrast, quercetin-
ZA-treated cells exhibited markedly reduced col-
ony size and number, with limited and sparse cell
growth.

Wound-Healing Assay

The wound-healing test is an in vitro method for
analyzing two-dimensional cell migration. A cell-free
area was created in the confluent monolayer, which
stimulates cell migration into this gap. A live-cell mi-
croscope was used to view the migration over several
hours, showing the consistent movement of the cells.
Compared to untreated cells, migration of both breast
cancer cell lines (MCF7 and MDA-MB-231) was
significantly decreased following treatment with the
quercetin-ZA combination (80:160 pM for MCF7
and 90:171 pM for MDA-MB-231) from 24 to 72
h. In untreated cells, the wound created by scratch-
ing the monolayer was healed within 24 h, whereas
the wound-healing process was considerably slowed in
quercetin-ZA-treated cells, as shown in Figure 6.

Discussion

Many oncogenic signaling pathways are activated
in the majority of malignancies. Consequently, the
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Figure 2. Effects of the quercetin-ZA combination on (A) MCF7 and (B) MDA-MB-231 cell growth. Cell
proliferation was measured after 72 h of treatment. Results are presented as the percentage of treated cells rela-
tive to the control group. Each graph represents the mean of three independent experiments + standard error

of the mean (SEM).
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Figure 3. Effects of the quercetin-ZA combination on anti-apoptotic gene expression. (A) MCF-7
and (B) MDA-MB-231 cells were treated with the quercetin-ZA combination for 72 h. mRNA
levels of Bcl-2 and Mcl-1 were normalized to B-actin. Each graph represents the mean of three
separate experiments * the standard error of the mean (SEM).
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Figure 4. Effects of the quercetin-ZA combination on clonogenic growth in breast cancer cells. (A) Control
MCEF?7 colonies and (B) MCF7 cells treated with increasing concentrations of the quercetin-ZA concentra-
tion for 3 h. Colonies were fixed and counted after 12 days. Colony number and size decreased as in a dose-
dependent manner. Colonies were fixed and counted after 12 days. Colony number and size decreased as in
a dose-dependent manner. A quantitative examination of colony survival for MCF-7 (dosages 80:80, 160:80,
80:160) and MDA-MB-231 (doses 90:171, 180:171, 90:340). Representative photos of untreated control colo-
nies) indicate vigorous growth, whereas treated colonies; show significant reductions in size and quantity. The
data are presented as mean + SEM. The high-resolution (1200 DPT) format clearly depicts the greater inhibi-
tory effect of increasing ZA ratios in both cell cultures.Bars represent the mean + standard error of the mean
(SEM) of three independent experiments performed in duplicate.
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Figure 5. Effects of the quercetin-ZA combination on clonogenic growth in MDA-MB-231 cells. (A) Quanti-
tative analysis of colony formation after treatment with three concentrations of the quercetin-ZA combination.
and (B) MDA-MB-231 cells treated with increasing concentrations of the quercetin-ZA combination for 3 h.
Colonies were fixed and counted after 12 days. Colony-number and size decreased in a dose-dependent manner.
Bars represent the mean + standard error of the mean (SEM) of three independent experiments performed in
duplicate.
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Figure 6. Effects of the quercetin—ZA combination on cell migration in the wound-healing assay. (A) Repre-
sentative phase-contrast images of MCF7 cells at 0, 24, and 72 h after scratch formation. Cells were plated in
6-well plates, wounded with a p20 pipette tip, and monitored over time. (B) Quantitative analysis of wound clo-
sure in untreated and quercetin—ZA-treated MCF7 cells. (C) Representative phase-contrast images of MDA-
MB-231 cells showing migration into the wound area in untreated and quercetin-ZA-treated conditions. Red
lines indicate the initial wound borders. (D) Quantitative analysis of wound area (pixels). Data are expressed as

mean * SD of three independent experiments.

development of combination therapies using several
anticancer drugs capable of blocking complex onco-
genic pathways has been the focus of recent research.
Different investigations into the therapeutic effects of
quercetin and ZA have revealed their anticancer prop-
erties. Furthermore, several in vitro and in vivo stud-
ies have shown that quercetin and ZA can inhibit cell
proliferation and tumor progression. Numerous prior
studies have demonstrated quercetin’s ability to work
in combination with other compounds; however, to the
best of our knowledge, no prior research has examined
the combined anticancer effects of quercetin and ZA
across multiple cancer cell lines. In the present study,
we found that quercetin and ZA significantly sup-
pressed the proliferation of human BC cells (MCF7
and the triple-negative MDA-MB-231 cell line).
The combination of 80:160 pM quercetin-ZA, for
MCF7 and 90:171 pM for MDA-MB-231 cells in-
hibited cell growth with greater efficiency than either

drug alone, indicating that the combined treatment
significantly reduced proliferation in both BC cell
lines. To evaluated the extent of quercetin and ZA’s
effects, we selected both mildly malignant (MCF?7)
and highly malignant (MDA-MB-231) BC cells for
this investigation. We used the MTT assay to deter-
mine the percentage of cell death and observed the
cytotoxic effects of increasing quercetin and ZA doses.
We found that quercetin and ZA significantly sup-
pressed the proliferation of human BC cells (MCF7
and the triple-negative MDA-MB-231 cell line). The
combination of 80:160 uM quercetin-ZA, for MCF7
and 90:171 pM for MDA-MB-231 cells inhibited cell
growth with greater efliciency than either drug alone,
indicating that the combined treatment significantly
reduced proliferation in both BC cell lines. To evaluate
the extent of quercetin and ZA’s effects, we selected
both mildly malignant (MCF7) and highly malignant
(MDA-MB-231) BC cells for this investigation. We
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used the MTT assay to determine the percentage of
cell death and observed the cytotoxic effects of increas-
ing quercetin and ZA doses. Our results showed that
72-hour treatment with quercetin and ZA dramati-
cally decreased the viability of both MCF7 and MDA-
MB-231 cells in a concentration-dependent manner,
with half-maximal inhibitory concentrations (ICs)
ranging from 80 to 171 pM (Figure 1 A-D). Unex-
pectedly, MDA-MB-231 cells were more sensitive
to the treatments than MCF?7 cells. The combination
of quercetin and ZA also demonstrated a syner-
gistic lethal effect in both cell lines (Figure 2-A B).
According to our findings, quercetin-ZA synergism
caused apoptosis and inhibited the proliferation of
these cancer cells. These findings are consistent with
those of previous studies showing that quercetin and
ZA have promising synergistic antiproliferative ef-
fects on the MCF-7 cell line. Similar observations
have been reported by (23), where quercetin therapy
combined with other treatments modulated tumor
suppressor genes and exerted anticancer effects against
triple-negative breast cancer (TNBC) cells. Querce-
tin and ZA exert their effects through various mech-
anisms, including the modulation of dysregulated
signaling pathways such as PI3K/AKT, NF-«xB, P53,
Whnt/B-catenin, MAPK, JAK/STAT, and Hedgehog.
Additionally, they also disrupt intracellular signaling
molecules such as VEGF, caspases, Bax, Bcl-2, and
TNF-a (24)(25). In contrast, multiple factors can con-
tribute to intrinsic cancer cell resistance. Few studies
have reported on ZA-resistant cell lines resulting from
low-dose exposure. MCF-7 cells display an elevated
Bcl2/Bax ratio and chemotherapeutic drug resistance.
Resistance mechanisms involving enzymes such as
farnesyl diphosphate synthase and proteins like heat
shock protein-27 have also been observed in osteo-
sarcoma cells (26). Therefore, quercetin and ZA ex-
hibit both pro- and anti-apoptotic effects. Based on
previous studies, we assumed that cell death caused by
the quercetin-ZA combination results from targeting
anti-apoptotic genes Bcl-2 and Mcl-1, which are im-
portant target genes and clinical diagnostic biomarkers
for BC, especially in estrogen receptor (ER)-positive
tumors. However, QRT-PCR results showed that the
expression of these genes was not inhibited (Figure 3
A-B). This indicates that apoptosis occurred as a result

of targeting other genes or pathways mentioned previ-
ously. Due to limited resources and financial support,
we were not able to study these additional targets or
determine the exact mechanism of cell death during
the study period; however, these findings will allow us
to conduct detailed research experiments to identify
the targeted genes and the consequences of this target-
ing. Despite TNBC’s potent tumor-initiating and self-
renewing potential, there is currently no authorized
targeted therapy for the disease, although chemother-
apy remains the standard of care. For those afflicted
with this biologically aggressive malignancy, identify-
ing new molecular targeted therapies for TNBC would
be extremely beneficial. Targeting the ability of cells to
migrate and develop into secondary tumors is one way
to reduce their aggressiveness. The ability of a single
cell to proliferate into a colony is measured using clo-
nogenic assays, which are frequently employed in vitro
to examine the long-term survival of cells treated with
chemotherapeutic drugs. As shown in Figure 4 A-C,
quercetin-ZA combination treatment of both BC cell
lines for 3 h inhibited the formation of clonogenic tu-
mors, as predicted by the cell viability assay. Similar
findings have been reported by (24). To evaluate the
effect of quercetin-ZA on malignancy, we examined its
impact on colony development. The group treated with
quercetin had a much lower number of colonies than
the control group. Phase-contrast microscopy revealed
that the colonies in the quercetin group were noticeably
smaller than those in the control group (Figure 6). Fol-
lowing quercetin-ZA administration, the number of
colonies significantly decreased due to cell death. Con-
sequently, quercetin-ZA inhibits the ability of cells to
form secondary tumors, primarily by restricting their
ability to move and metastasize. We observed that, af-
ter 24 h of treatment, cell migration in the quercetin-
ZA-treated group was significantly reduced compared
with the control group (Figure 6). According to our
findings, combination therapy prevented BC cells
from proliferating, clonally expanding, and migrat-
ing, consistent with previous reports (24). Regarding
quercetin’s possible enhancement of anticancer effects,
one study showed that quercetin suppresses the pro-
duction of MMP-2 and MMP-9 through the PI3K/
Akt signaling pathway, hence preventing cell migra-
tion and invasion in HCCLM3 cells. Previous research
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has also demonstrated that quercetin inhibits glioma
and BC progression by downregulating MMP-9
and p-Akt (25). In a different investigation, ZA was
shown to inhibit migration and invasion in resistant
cell lines, suggesting its potential to prevent tumor
metastasis. These findings indicate that ZA may serve
as an adjuvant therapy for patients with endocrine-

resistant BC (26).

Conclusion

In conclusion, we showed that quercetin-ZA
combination synergistically suppressed MCF-7 and
MDA-MB-231 breast cancer cells, reducing migra-
tion and self-renewal. To translate these findings into
clinical practice, comprehensive studies are required
to assess the safety, efficacy, and optimal combined
formulations.
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