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ABSTRACT

Breast cancer remains one of the primary causes of death among women globally. Doxorubicin (DOX) is a widely used
chemotherapeutic drug in breast cancer therapy. However, it is limited by the development of chemoresistance and its
cardiotoxic effects. Curcumin (CUR), a natural anticancer agent is promising in promoting apoptosis in cancer cells while
sparing the healthy cells. Therefore, this project aims to study the combined anticancer effects of DOX and CUR in the
human breast cancer MDA-MB-231 and MCF-7 cells. The half inhibitory concentration (ICso) of the combined DOX and
CUR was determined prior to subjecting the cells treated with ICso of the drugs to cell viability (MTT and trypan blue),
wound healing, hematoxylin and eosin (H&E) staining and reverse transcription-polymerase chain reaction (RT-PCR)
targeting CDH1 by using B8-actin as the housekeeping gene. The ICso determined was 0.8 uM and 20 uM for DOX and
CUR, respectively. The cell viability of MDA-MB-231 and MCF-7 decreased in time-dependent manner; however, MCF-
7 exhibited a sudden increase at 48 hours, suggesting potential development of resistance. Trypan blue exclusion test
showed that both cells displayed decreased cell viability, with MDA-MB-231 displayed greater decrease in cell viability.
The cell migration of MDA-MB-231 was lower than the untreated cells at 72 hours while for MCF-7, the cell migration
was reduced at 24 and 48 hours. H&E staining revealed various apoptotic morphological changes in the treated cells.
RT-PCR results showed that CDH1 expression was highest for MDA-MB-231 at 24 hours after the combined treatment,
indicating reduced epithelial-mesenchymal transition (EMT), thus inhibited metastasis. In conclusion, the combined
DOX and CUR treatment shows promising potential in enhancing the anticancer effects by reducing cell viability,
inhibiting the cell migration pathway as well as inducing apoptosis execution, overall mitigating the limitations of the
existing breast cancer therapies.
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INTRODUCTION

Cancer, a daunting word that takes 10 million lives every year. In the United States, breast cancer is the second
prominent cause of cancer death in women, especially with 2.3 million women diagnosed in 2022 (World Health
Organization, 2024). It is the reason why researchers all over the world are working hard to treat this leading cause of
death worldwide.

Breast cancer is a malignant disease in which cells of the breast divide uncontrollably and form tumours due to a
loss of apoptotic control (Yuan et al., 2022). Apoptosis is a natural occurring form of programmed cell death in most
normal cells, but this process is often disrupted or evaded in cancer cells. The regulation of apoptosis is important for
normal growth, development and homeostasis of cells. Dysregulation of normal apoptosis leads to the uncontrolled
proliferation of cells and the eventual formation of a tumour. Therefore, the controlled regulation of apoptosis is critical
in the treatment of cancer (Pilco-Ferreto & Calaf, 2016).
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Additionally, contributing largely to its development and survival are cancer cell mechanisms to resist anticancer
defences. These molecular mechanisms include chemoresistant expression of drug efflux pumps, where cancer cells
increase expression of ATP-binding cassette (ABC) transporters. An example is multidrug resistance protein 1 (MDR1),
which helps combat the cytotoxic effects. Changes in tissue architecture also exacerbate cancer invasion and
development, where epithelial cells change towards mesenchymal phenotypes, characterised by a loss of E-cadherin
(CDH1), thus losing cell adhesion and tissue organization properties and in turn, induction of cell motility facilitating
cancer cell migration and metastasis (Feitelson et al., 2015).

With some success, established current strategies against the fight of breast cancer are radiotherapy, targeted
therapy, chemotherapy, and surgical resection which serve as hopeful solutions. However, due to the neoplasm and
heterogeneity of cancer genetics, new aggressive versions are on the rise, side effects such as relapse or drug resistance
and risk to surrounding healthy tissues and organs, deem the current therapies insufficient, thus a better solution is
imperative. With new drug discovery, early detection programmes, medical therapies, and increased interest towards
breast cancer research, it only raises hope to those affected but a more efficient solution is still essential (lacopetta et
al., 2023).

MDA-MB-231 cells, an aggressive breast cancer cell line, serve as a widely used model for triple-negative breast
cancer (TNBC) as they lack the expression of estrogen receptor (ER), progesterone receptor (PR) and human epidermal
growth factor receptor 2 (HER2), rendering them unresponsive to receptor-targeted therapies. TNBC is notorious for a
high death risk, recurrence, and metastasis, where there are no targeted therapy options, thus an effective treatment
is still necessary (Chen et al., 2013). On the other hand, the MCF-7 cells are less aggressive luminal A breast cancer cells
which are positive for ER and PR, thus respond better to targeted hormone-responsive cancer therapies.

DOX is a widely utilised cytotoxic chemotherapeutic drug, belonging to class | anthracyclines. With a 35% response
rate to metastatic breast cancer, proving to be an effective chemotherapeutic drug, it is often also used for the
treatment of prostate, lung, and ovarian malignancies, establishing itself as a diverse therapeutic option. This cytotoxic
drug inhibits the topoisomerase Il enzyme progression by intercalating between base pairs in the DNA helix, thus
preventing proliferation and division of cancer cells, inhibiting DNA replication and thus resealing. It also increases
reactive oxygen species generation, thus leading to a series of eventual cell death (Saharkhiz et al., 2023). However,
although effective, its life-threatening side effects such as multidrug resistance development, potential acute toxicity
to non-target healthy cells due to lack of specificity and cumulative cardiotoxicity, render it an incomplete solution (Lee
et al., 2023). Its short half-life and immunogenicity emphasise the room for improvement. Therefore, to combat these
harmful side effects and conserve its usefulness, a combination of complementary anticancer drugs which can increase
the therapy sensitivity is warranted.

CUR is a natural bioactive product sourced and isolated from the rhizome of Curcuma longa, often termed as
turmeric. It has unique anti-inflammatory and potent antioxidant properties that serve as a prospective treatment
against viral infections, arthritis, inflammatory skin and most importantly, cancer (Pulido-Moran et al., 2016). Many
compelling studies have advocated CUR’s ability to disrupt the cell proliferation and migration of cancer, where it has
been studied to combat the chronic proliferation property of cancer through disrupting and blocking the activation of
PI3K/Akt signalling pathway, that hugely responsible for the proliferation and metastasis of cancerous cells.
Additionally, it has been studied to suppress NF-kB activation, thereby reducing tumour-promoting inflammation and
survival signalling by downregulating pro-inflammatory cytokines and anti-apoptotic proteins (Xia et al., 2014; San &
Ngai, 2025). In addition, CUR has been found to downregulate cyclin D1, a proto-oncogene that is frequently
overexpressed in various cancers, ultimately contributing to cell cycle arrest (San & Ngai, 2025). CUR also proves to
inhibit cell motility and metastasis through downregulating matrix metalloproteinases (MMPs), thus inhibiting EMT
(Kewitz et al., 2013). Therefore, it is a promising anticancer solution that suppresses cell proliferation, cell cycle, invasion
and migration as well as activating cell apoptotic pathways and inhibiting cancer hallmarks including tumour growth,
inflammatory mediators and growth factors (Song et al., 2019). It being a natural product omits the risk of inducing
adverse effects with similar therapeutic potential as its riskier counterparts. However, it has limited clinical efficacy due
to its low bioavailability and water solubility (Klippstein et al., 2016).

With many clinical studies, complementary natural products, such as CUR, combined with a standard commercial
cytotoxic drug such as DOX, can increase efficacy in anticancer effects (Saharkhiz et al., 2023). The combination of these
anticancer agents can enhance inhibition of tumour growth and control its fatal progression (Jalaladdiny et al., 2022).
Additionally, the natural anti-inflammatory and antioxidant properties of CUR aid in reducing the dose-limiting toxicity
and adverse effects of DOX, proving to be a promising new solution (Sadzuka et al., 2012).

By aiming to enhance the effectiveness of chemotherapeutic agents and mitigate the issue of chemoresistance in
cancer cells and dose limitation in patients, this study intends to assess the efficacy of the combined usage of DOX and
CUR as a therapeutic treatment. The efficacy of the combined treatment will be evaluated by examining its impacts on
cell viability, migration, and apoptosis in the TNBC cell line MDA-MB-231, with a focus on the EMT marker CDH1, with
luminal A subtype MCF-7 cell line serving as a control. To date, no studies have reported the effects of combined DOX
and CUR on CDH1 expression, underscoring the novelty of this research.
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MATERIALS AND METHODS
Chemicals

The analytical standard Curcumin (CUR) and Doxorubicin (DOX) were obtained from Sigma-Aldrich with purity by
HPLC > 98.0%, where CUR was dissolved in absolute ethanol and further diluted with Dulbecco's Modified Eagle Medium
(DMEM) and DOX was dissolved in dimethyl sulfoxide (DMSO). Additionally, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (Sigma LifeScience, USA), trypsin-EDTA, phosphate-buffered saline (PBS), RNA
extraction kit (Vivantis), RT-PCR kit (Vivantis), RT-PCR components (BIOLINE), 2% agarose gel and SyBr Safe were
utilised. MTT was dissolved and diluted using 1X PBS.

Cell culture and maintenance

In this research, two human breast cancer cell lines (MDA-MB-231 and MCF-7 cells) were obtained from the Tissue
Culture Laboratory, University of Nottingham Malaysia, which were originally purchased from American Type Culture
Collection (ATCC). The cells were cultured and maintained in DMEM with 10% FBS (v/v) and 1% penicillin/streptomycin
(v/v) (Jin et al., 2017; Lovitt et al., 2018), with a humidified atmosphere (with 5% CO:) at 37°C. (Sheikholeslami et al.,
2017).

Determination of DOX and CUR’s combined ICso

The half-maximal inhibitory concentration (ICso) for the combined DOX and CUR on both breast cancer cell lines
MDA-MB-231 and MCF-7 was determined using MTT assays. The cells were seeded at 5 x 103 cells per well in 96-well
plates and incubated overnight. On the following day, the cells were treated with 0.2 uM of DOX and 5 uM of CUR, 0.4
UM of DOX and 10 uM of CUR, 0.6 uM of DOX and 15 uM of CUR, 0.8 uM of DOX and 20 uM of CUR. These concentrations
were selected based on our previous study, which determined the ICso values for DOX and CUR on MDA-MB-231 to be
0.8 uM and 20 uM, respectively (Kong et al., 2019, supplementary data), which tested DOX concentrations ranging from
0to 1 uM and CUR concentrations from 0 to 50 uM.

After 24 hours of drug treatment, the culture medium was removed and 100 pL of MTT solution (1 mg/mL) was
added (Wong et al., 2021). The cells were incubated for 4 hours at 37 °C. Following 4 hours of incubation, the MTT
solution was discarded, and 100 puL of DMSO was added to dissolve the purple formazan crystals formed. The net
absorbance values were determined with a 96-well plate reader and was then calculated via subtraction of Asso from
As70. (Wong et al., 2021). Cell viability of the treated cells was calculated using the formula: Cell viability = (ODs70 nm - 630
nm Of the treated cells / ODs70 nm - 630 nm Of the untreated cells) x 100%. The half maximal Inhibitory Concentration (ICso)
of DOX and CUR was determined as the drug concentration at which cell viability was reduced to approximately 50%.

Morphological observation of cells

MDA-MB-231 and MCF-7 cells were plated in 6-well plates at a density of 3 x 10° cells per well and incubated for 24
hours. After attachment, cells were exposed to the ICsoconcentration of the combined treatment of DOX and CUR. After
24, 48 and 72 hours, the morphology of the cells was observed by using an inverted brightfield light microscope
(Roudsari et al., 2012).

Cell viability assay

MDA-MB-231 and MCF-7 cells were plated in 96-well plates at a density of 5 x 103 cells per well and incubated. After
attachment, cells were exposed to the ICso concentration of DOX and CUR for 24, 48 and 72 hours. At the indicated
timepoints, the cells were subjected to MTT assay, as described above. The cell viability of each sample was determined
using the formula: Cell Viability = (OD s70nm-630nm Of treated cells/ OD s70nm-630nm Of untreated cells) x 100% (Yap et al.,
2022).

Trypan blue exclusion test

Cell viability was further validated using the trypan blue exclusion assay. MDA-MB-231 and MCF-7 cells were seeded
at 3 x 10°cells per well in 6-well plates and incubated overnight to allow attachment. The following day, the cells were
treated with 1Cso concentrations of DOX and CUR and incubated at 37°C in a 5% CO2 atmosphere for 24, 48 and 72 hours.
At each time point, the culture medium was collected and centrifuged at 1500 rpm; the supernatant was then discarded.
The cells in the 6-well plates were trypsinized with 1 ml of trypsin and allowed to incubate for 5 minutes. Following
deactivation with basal media, cells were centrifuged at 1500 rpm and the supernatant was discarded. The resulting
cell pellet was resuspended in 1 ml of DMEM. An equal volume of 0.4% trypan blue was mixed with the cell suspension
at a 1:1 ratio. The cells were resuspended. The number of viable (unstained) and nonviable (stained) cells was counted
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using a hemocytometer. The percentage of viable cells was calculated (Strober, 2015).
Wound healing assay

Cancer cell migration is one of the key processes driving cancer progression and metastasis. Drugs that inhibit cell
migration have the potential to reduce metastatic spread, which is a major course of cancer-related mortality. Cell
migration was assessed using a wound healing assay. MDA-MB-231 and MCF-7 cells were seeded at a density of 1 x 10°
cells per well in 6-well plates and incubated overnight to allow attachment. By the following day, the cells formed a
monolayer, where the plates were marked to be used as reference points as images were acquired before and after the
assay for quantitative analysis. A wound was created by manually scraping the cell monolayer using a p200 pipette tip,
applying consistent pressure and maintaining a uniform tip angle, where the wound was made perpendicular to the
reference point on the well. The wound was then rinsed with PBS to withdraw any floating cells. The combined ICso of
DOX and CUR was added to the wells. The first image was then acquired before allowing incubation of the plates, where
subsequent images were captured at the 24, 48 and 72 hours post treatment of DOX and CUR. After treatment, the
wound closure was analysed using an inverted brightfield light microscope. The software Image) was then used with a
standard size criterion where the distance of wound edges was quantified. Cell migration was determined by the
difference in distance at 0 hours and distance at the specified timepoint divided by the distance at 0 hours (Rodriguez
et al., 2005). The results are quantified through calculating the percentage of wound closure based on the cellular
invasiveness of the resulting images (Wong et al., 2021).

Hematoxylin and eosin (H&E) staining

Histological H&E staining was performed to evaluate morphological changes in cells following combined treatment
with DOX and CUR, in order to observe apoptotic morphologies of the cells. The cells were seeded at a density of 3 x
108 cells per well on coverslips in 6-well plates and incubated overnight. They were then treated with the ICso
concentration of DOX and CUR for 24, 48 and 72 hours. After treatment, the cells were fixed and rehydrated through
descending concentrations of ethanol solutions (100% thrice, 95% twice and 70% once), for 3 minutes each time. The
coverslips were then immersed in purified water for 5 minutes after rehydration. The rehydrated cells were then stained
with hematoxylin for 5 minutes. The coverslips were then briefly dipped in diluted HCl for 2 seconds. The coverslips
were then immersed in Scott’s tap water for 5 minutes and then stained with eosin for 5 minutes. The cells were then
dehydrated in increasing concentrations of ethanol solution for 3 minutes each time, firstly in 70% ethanol solution,
then 95% of ethanol twice, then lastly 100% of ethanol twice. Then, the coverslips were immersed in xylene solution
twice, each time for 5 minutes. The coverslips were then allowed to dry and mounted using permount solution (Sigma,
USA). The stained cells were then examined under a light microscope (Lim et al., 2011). The images of the cells at
different magnification were captured and analyzed. Cell morphology was observed to assess the efficacy of DOX and
CUR in inducing apoptosis.

RT-PCR for the related gene CDH1

The cells were plated in 6-well plates and subsequently treated with 1Cso concentration of DOX and CUR. After 24
hours of the treatment, the total RNA of the both breast cancer cells were extracted from cell pellets following the
manufacturer’s RNA extraction kit instructions (Vivantis) and reverse-transcribed into cDNA. RT-PCR was conducted
using a two-step RT-PCR kit (Vivantis) where the related gene, CDH1 was targeted alongside the housekeeping gene, 8-
actin (Sheikholeslami et al., 2017). The candidate genes’ primer sequences are represented in Table 1.

PCR was performed under the following conditions: initial denaturation at 95°C for 5 minutes, followed by 30 cycles
of denaturation at 95°C for 30 seconds, annealing at 54°C for CDH1 and 55°C for B-actin for 30 seconds and extension
at 72°C for 45 seconds. A final extension was carried out at 72°C for 5 minutes. PCR products were then subjected to
electrophoresis on a 2% agarose gel stained with SyBr Safe (Wong et al., 2021). Expression level of CDH1 was
determined by measuring band intensities using ImagelJ, normalized to 8-actin, with the control set to 1 and treated
samples expressed relative to the control.

Statistical analysis
Data are presented as mean * Standard Error of the Mean (SEM) from triplicates across two independent

experiments, unless otherwise stated. Statistical analysis was performed using IBM SPSS Statistics. ANOVA followed by
Tukey post-hoc test was applied to determine statistical differences between treated and untreated samples.
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Table 1

Details of primer sequences for the selected genes.

Primer Name Primer sequence

Forward sequence Reverse sequence
CDH1 5'- TTGACGCCGAGAGCTACAC - 3' 5'- GACCGGTGCAATCTTCAAA - 3'
B-actin 5’- AGAGCTACGAGCTGCCTGAC - 3’ 5’- AGCACTGTGTTGGCGTACAG - 3’

Note: CDH1: E-cadherin gene; B-actin: Beta-globin gene

RESULTS
MTT assay for ICso determination

MTT cell viability assay was performed to deduce the ICso for the combined DOX and CUR. MTT assay was performed
24 hours post-treatment with DOX and CUR. The cell viability of MDA-MB-231 cells experienced reduction in a
concentration-dependent manner. The cell viability of the untreated control was set at 100%. The cell viability
decreased from 83% to 81%, 69% and 54% for the cells treated with increased concentrations of combined DOX and
CUR from 0.2 uM DOX + 5 pM CUR to 0.4 uM DOX + 10 uM CUR, 0.6 uM DOX + 15 pM CUR and 0.8 pM DOX + 20 uM
CUR. The ICso concentration of the drug combination was defined as the concentration that reduced cell viability to
approximately 50%. For the combined treatment, the I1Cso values were determined to be 0.8 uM for DOX and 20 uM for
CUR (Figure 1a).

MCEF-7 cells incubated with increasing dosages of DOX and CUR show decreased cell viability, up until cells were
treated with 0.8 uM of DOX and 20 puM of CUR. This trend is maintained for both independent experiments. The cell
viability of the untreated control was set at 100%. The cell viability decreased from 95% to 82% and 78% as the
concentrations of the combined treatment increased from 0.2 uM DOX+ 5 uM CUR to 0.4 pM DOX+ 10 uM CUR and 0.6
KM DOX + 15 puM CUR. However, the cell viability increased to 88% at the highest concentration of drugs (0.8 uM DOX+
20 uM CUR) (Figure 1b).

Since the MDA-MB-231 is the TNBC, which is the target cell line is our study and the ICso for the combined treatment
is 0.8 uM of DOX and 20 uM of CUR. Therefore, these concentrations were used for the following experiments.

Figure 1

Percentage cell viability of MDA-MB-231 and MCF-7 treated with Doxorubicin (DOX) and Curcumin (CUR) after 24 hours
post-treatment.
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Combined Concentration of Doxorubicin and Curcumin Combined Concentration of Doxorubicin and Curcumin

Note: (a) MDA-MB-231. (b) MCF-7. The data represent mean * SEM of triplicates from two independent experiments.
*(p<0.05) represents significant differences from the untreated control. 1: 0 uM DOX + 0 uM CUR; 2: 0.2 uM DOX + 5
UM CUR; 3: 0.4 uM DOX + 10 uM CUR; 4: 0.6 uM DOX + 15 uM CUR; 5: 0.8 uM DOX + 20 uM CUR.

Morphological observation of cells

MDA-MB-231 and MCF-7 cells were grown in 6-well plates, wherein cells were treated with the ICso concentration
of DOX and CUR, while control cells were treated with only basal media (DMEM). In the control wells, cells were found
to maintain their normal morphologies. Cells were found to grow and attach to the well surfaces. In cells treated with
a combination of DOX and CUR, many floating cells were observed. Such cells were observed to be rounded in shape,
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not displaying normal morphologies and were detached from the surface of the wells (Figures 2 and 3). Such

morphologies and lack of adherent cells indicate apoptosis due to treatment from DOX and CUR. The decrease of cell
density in a time-dependent manner suggests high rates of cell death.

Figure 2

Morphological observations of MDA-MB-231 cells post-treatment with ICso of DOX and CUR at 24, 48 and 72 hours,
respectively.

4 e

Control

Drug treated

Note: The arrows highlight the floating, rounded cells that deviate from their typical morphology. The images were
captured at 100x magnification.

Figure 3

Morphological observations of MCF-7 cells post-treatment with ICso of DOX and CUR at 24, 48 and 72 hours, respectively.

24 hr 48 hr 72 hr

Control

Drug treated

Note: The arrows highlight the floating, rounded cells that deviate from their typical morphology. The images were
captured at 100x magnification.
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Cell viability assay

The cytotoxic effect of combined treatment of DOX and CUR on MDA-MB-231 and MCF-7 cells at 24, 48 and 72
hours was evaluated using MTT cell viability assay. This combination treatment caused the viability of MDA-MB-231
cells to steadily decrease in a time-dependent manner, ultimately to 23%. Whilst for MCF-7 cells, it followed a trend of
decreasing, however, the cell viability increased, and the cells proliferated immensely to 142% cell viability after 48
hours post treatment before returning to the expected trend of reducing viability, to 63% (Figure 4).

Trypan blue test of exclusion

Trypan blue exclusion assay revealed a marked reduction in cell viability in MDA-MB-231 cells following treatment.
Viability at 24, 48 and 72 hours was 41.73%, 38.89% and 40.35%, respectively (Figure 5). In contrast, MCF-7 cells
exhibited a more gradual, time-dependent decline in viability with values of 69.7%, 57.37% and 38.93% at 24, 48 and
hours, respectively.

Figure 4

Percentage cell viability of MDA-MB-231 and MCF-7 cells determined by MTT assay at 24-, 48- and 72-hours post-
treatment with ICso of DOX and CUR.
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Note: The error bars represent mean + SEM of triplicates from two independent experiments. The significant difference
between the control and treatment groups were reported as **, indicating significance (p < 0.001).

Figure 5

Percentage of cell viability of MDA-MB-231 and MCF-7 cells determined by trypan blue exclusion test at 24-, 48- and 72-
hours post-treatment with IC50 of DOX and CUR
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Note: The error bars represent mean + SEM of triplicates from two independent experiments. The significant difference
between the control and treatment groups were reported as * and ** indicating significant (p<0.05) and very
significance (p<0.001), respectively.
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Wound healing assay

As shown in Figure 6, MDA-MB-231 cells exhibited increased migration, indicated by a higher percentage of relative
wound closure up to 48 hours post-treatment. At 72 hours post-treatment, the treated cells demonstrated a slight
decrease in migration compared to untreated cells, with relative wound closure reducing from 104% to 99%. However,
this reduction was not statistically significant (Figure 7).

For MCF-7 cells, as shown in Figures 8 and 9, no significant inhibition of cell migration was observed following
treatment. The percentage of wound closure decreased from 100% to 94% and subsequently 82% at the 48 hours post-
treatment compared to untreated cells. However, this trend was not sustained, as the relative wound closure increased
at the 72 hours post-treatment, and this change remained statistically insignificant

Figure 6

Wound healing assay representative of MDA-MB-231 untreated and treated cells at 0, 24, 48 and 72 hours post-
treatment with ICso of DOX and CUR.

0 hours 24 hours 48 hours 72 hours

Control

Treated

Note: The images were captured at 200x magnification.
Figure 7

Percentage relative wound closure of MDA-MB-231 cells at 0-, 24-, 48- and 72-hours post-treatment with with ICso of
DOX and CUR.
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Note: The data represent mean + SEM of triplicates from two independent experiments.
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Figure 8

Wound healing assay representative of MCF-7 untreated and treated cells at 0, 24, 48 and 72 hours post-treatment with
ICs0 of DOX and CUR.

0 hours 24 hours 48 hours 72 hours

Control
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Note: The images were captured at 200x magnification.
Figure 9
Percentage relative wound closure of MICF cells at 0-, 24-, 48- and 72-hours post-treatment with ICso of DOX and CUR.
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Note: The data represent mean + SEM of triplicates from two independent experiments.
Hematoxylin and eosin (H&E) staining

Histological staining of MDA-MB-231 and MCF-7 cells was performed using H&E staining. The cells were observed
for morphological changes indicative of apoptosis. Treated cells of both cell lines exhibited a considerable number of
apoptotic morphologies after 24, 48 and 72 hours of treatment with DOX and CUR. Apoptotic features such as cell
shrinkage, formation of apoptotic bodies, nuclear chromatin condensation and membrane blebbing were observed in
MDA-MB-231 cells (Figure 10). Furthermore, obvious apoptotic features such as cytoplasmic shrinkage, membrane
blebbing, cytoplasmic extension and the formation of apoptotic bodies were observed in MCF-7 cells post-treatment
(Figure 11).
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Figure 10

Hematoxylin and eosin (H&E staining) of MDA-MB-231 control cells (top row) and treated cells (bottom row) post-
treatment with ICso of DOX and CUR for 24, 48 and 72 hours.

Control

Drug treated

Note: Apoptotic features observed in treated cells are as follows: cell shrinkage (black arrows), membrane blebbing (red
arrows), nuclear chromatin condensation (blue arrows) and apoptotic bodies formation (yellow). The images were

captured at 200x magnification.

Figure 11

Hematoxylin & eosin (H&E staining) of MICF-7 control cells (top row) and treated cells (bottom row) post-treatment with

ICs0 of DOX and CUR for 24, 48 and 72 hours.
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Note: Apoptotic features observed in treated cells are as follows: cytoplasmic shrinkage (black arrows), membrane
blebbing (red arrows), apoptotic bodies formation (yellow arrows) and cytoplasmic extension (blue arrows). The images

were captured at 200x magnification.

RT-PCR of CDH1

As aforementioned, CDH1 expression level was quantified by comparing the gel electrophoresis band intensity of
CDH1 to that of B-actin, with B-actin normalised to an expression level of 1. Through analysis and calculation of
expression levels, it can be observed that CDH1 expression levels were more prominent in MDA-MB-231 treated cells
with an expression level of 3.255 (Figure 12 and 13). However, MCF-7 treated cells had a decreased expression level of

CDH1 of 0.559 as compared to MCF-7 control cells.
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Figure 12

Representative gel electrophoresis of duplicates from one independent experiment for untreated and treated MDA-MB-
231 and MCF-7 cells with ICso of DOX and CUR expressing CDH1 (93 bp), with 6-actin (184 bp) as the housekeeping gene.
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Figure 13

Expression levels of CDH1 in untreated and treated MDA-MB-231 and MCF-7 cells 24 hours post-treatment with ICso of
DOX and CUR.
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Note: Expression level of CDH1 was determined by measuring band intensities using ImageJ, normalized to 8-actin, with
the control set to 1 and treated samples expressed relative to the control.

DISCUSSION

Despite tremendous advancements in cancer therapy which has improved the prognosis of breast cancer patients
over the past few decades, TNBC remains the subtype with the poorest prognosis, and is a leading cause of breast
cancer-related mortality. This is largely attributed to its aggressive nature and limited response to currently available
treatments (Almansour, 2022). The average survival time for patients with TNBC is approximately 10.2 months.
Therefore, continued research is imperative to develop effective strategies to combat this highly aggressive disease.

Recent studies have highlighted the potential of CUR as an anticancer adjuvant, capable of suppressing cancer cell
proliferation and reducing the development of chemoresistance. In this study, the established chemotherapeutic drug
DOX was combined with CUR to study their anticancer effects in breast cancer cell lines.

At the ICso of the combined treatment (0.8 uM of DOX and 20 uM of CUR), both MDA-MB-231 and MCF-7 cells
displayed decreasing cell viability in a concentration-dependent manner. Based on our previous study, either the single
treatment of DOX and CUR is more cytotoxic towards the TNBC cells like MDA-MB-231 than MCF-7 and the normal
human breast epithelial cells MCF10A (Kong et al., 2019). At 24 hours post-treatment, MDA-MB-231 cells treated with
single treatment of DOX (0.8 uM) and of CUR (20 uM) at their respective 1Cso values showed significant reductions in
viability to 57.82% (p<0.05) and 48.88% (p<0.01), respectively (Kong et al., 2019). The combined treatment of DOX and
CUR at the same concentrations in this study further reduced the viability to 54% very significantly (p< 0.001), compared
to DOX treatment alone as aforementioned. A study conducted by Rashmi et al. (2020), has shown similar findings
where CUR displayed concentration-dependent cytotoxicity in MDA-MB-231, resulting in a ICso of 18.54 uM. Although
Wang et al. (2020) found that DOX had an ICso of 1.65 uM + 0.23, this differs with the resulting ICso of 0.8 uM, which
can be explained by CUR’s presence thus, combinatory ability to reduce the ICsovalue of DOX (Wen et al., 2019).
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MTT assay revealed a time-dependent decrease in cell viability for both breast cancer cell lines treated with
combined DOX and CUR, with MDA-MB-231 showing a significant steady decline (p < 0.001). Similar findings were
reported by Klippstein et Al. (2016), where DOX and CUR combination increased apoptosis and reduced viability in
prostate cancer cells. This combination also enhanced apoptosis in M5076 ovarian sarcoma cells via caspase-
independent pathway and apoptosis-inducing factor (Sadzuka et al., 2012). Additionally, enhanced sensitivity in MCF-7
and MDA-MB-231 cells was reported when DOX was combined with CUR and curcumol (another natural bioactive
compound), respectively (Meiyanto et al., 2014; Zeng et al., 2020). These results show how CUR, and its analogues are
effective in induction of cell apoptosis and inhibition of NF-kB which is responsible for cell survival.

DOX is known to induce apoptosis by inhibiting drug efflux pumps such as ATP-binding cassette (ABC) transporters,
notably ABCC3, ABCB1 and ABCB4, thereby reducing chemoresistance and improving efficacy in reducing cell viability
(Zeng et al., 2020). This mechanism may explain the consistently low cell viability observed for MDA-MB-231 between
48 and 72 hours post-treatment results as drug efflux inhibition prolongs drug activity.

For MCF-7 cells, the uptick at 48 hours post-treatment may indicate emerging DOX resistance, potentially driven by
increased expression of multidrug resistance proteins such as NF-kB, MDR1, and CD44, which alter drug
pharmacokinetics (Fang et al., 2014). Additionally, elevated ABC transporter activity could contribute to
chemoresistance by promoting drug efflux (Farghadani and Naidu, 2022).

Trypan blue exclusion confirmed a significant decrease in viability for both cell lines. MCF-7 showed a more gradual
decline compared to MDA-MB-231. This was expected, as ERa-positive MCF-7 cells are less sensitive to DOX (Wan et
al.,, 2021). Nonetheless, reductions in MCF-7 viability were significant at all time points. Furthermore, MCF-7 cells
exhibited the lowest cell viability at the 72 hours timepoint, as compared to MDA-MB-231 cells. It is likely that due to
prolonged treatment of DOX and CUR in MCF-7 cells for 72 hours, the MCF-7 cells grew susceptible to the combined
treatment of DOX and CUR. This is plausible, as MCF-7 cells are of the luminal A subtype and have low expression levels
of the Ki-67 cell proliferation marker protein (Yuan et al., 2016). The expression levels of Ki-67 have been found to be
correlated with the pathogenesis of breast cancer. This results in the slower growth rates of MCF-7 cell lines, making
them more susceptible to treatment, as they are less aggressive than TNBC subtypes.

A very significant and sharp decrease in cell viability was observed in MDA-MB-231 cells at all timepoints. However,
a slight (1%) increase in cell viability was observed at the 72 hours timepoint, although this is not statistically significant.
However, this could still be suggestive of chemoresistance in MDA-MB-231 cells due to the aggressive and
heterogenous nature of TNBC cells (Ozcelikkale et al., 2017), as well as their higher tendency to express more epithelial
growth factor receptor (EGFR) compared to other breast cancer subtypes (Obidiro et al., 2023).The phenomena of
cancer cell repopulation could also explain the increase in cell viability of MDA-MB-231 cells, whereby the rapid
proliferation of a surviving population of cancer cells occurs after chemotherapy-induced cell killing (Prakash & Telleria,
2023).

Nevertheless, both cell lines showed a significant decline in viability compared to controls, consistent with previous
findings that DOX and CUR combination enhanced the chemosensitivity. CUR as an adjuvant reduced the ICso of DOX
by approximately two-fold (Zhou et al., 2015). This is supported by another study that the intracellular accumulation of
DOX increased when cells were co-treated with CUR (Wen et al., 2019). The profound effects of CUR were further
proven in TNBC cells. CUR was found to suppress the acquisition of epithelial-mesenchymal transition (EMT), which
resulted in the prevention of multi-drug resistance (Chen et al., 2013). CUR also was found to enhance the effects of
DOX-induced apoptosis. Furthermore, the effect of CUR as a chemotherapeutic adjuvant has also been found to inhibit
the self-renewal capacity of breast cancer stem cells, which are a major contributor that confers chemoresistance to
cancer cells (Zhou et al., 2015). Therefore, the ability to target the stem cell population suggests the ability to effectively
eliminate a cancer cell population whilst successfully mitigating drug resistance in cancers.

The wound healing assay was performed where it mimics directional cell migration in vivo through creating an
artificial wound in the cell monolayer and observing the beginning and in regular timed intervals to observe wound
closure and quantifying the rate of migration. This can in turn be used to evaluate the anti-metastasis effect of the
potential therapeutic drug.

The findings show that MDA-MB-231 cells treated with combinatory DOX and CUR had successfully inhibited cell
migration after 72 hours post-treatment when compared to the 0-hour timepoint, though it was not statistically
significant. As MDA-MB-231, a TNBC, is notorious for its highly aggressive, invasive and migratory nature, it explains
that the combined treatment is only effective after longer incubation. Through compelling evidence, this antimigratory
effect can be explained by decreased EMT, featuring an upregulation of E-cadherin (CDH1), thus leading to reduced
migration and invasion characteristics of cancer cells (Chen et al., 2013). This favourable drug induced effect can be
caused by the combination treatment, where DOX has been studied to present undesirable malignant features through
increased EMT and drug resistance, Chen et al. shows CUR’s ability to reverse and inhibit DOX induced EMT, through
inhibiting TGF-B and PI3K/AKT signalling pathways (Chen et al., 2013). Where EMT contributes to cancer metastasis,
this combination treatment proves to be useful to treat TNBC.

In MCF-7 cells, the combination treatment effectively inhibited migration at the 24 and 48 hours, likely due to CUR’s
ability to suppress NF-kB pathway activation, thereby reducing downstream gene expression involved in invasion and
metastasis. Migration and invasion are driven by activation of MMPs, which degrade the extracellular matrix to facilitate
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invasion. The increased migration observed at 72 hours may be attributed to PI3K-dependent activation of Akt and NF-
kB in MCF-7, promoting resistance to chemotherapeutic agents such as DOX (Chen et al., 2013).

However, some reduction in wound closure in untreated cells may reflect differences in proliferation rather than
migration, potentially skewing relative wound closure measurements. The trans-well migration assay could serve as a
quantitative alternative to study cell migration, mitigating lack of standardization from the wound healing assay as
supported by Chen (2012) using MDA-MB-231 cells. Nonetheless, the efficacy of the combination treatment of this
study highlights its potential to inhibit metastasis of the aggressive breast cancer cells.

Cell viability results were further supported by morphological observations and H&E staining. The cytotoxic effects
of the anticancer agents can be confirmed through morphological observation, and H&E staining offers a simple, cost-
effective method for detecting apoptotic cells (Roudsari et al., 2012; Nayak et al., 2016). Both MDA-MB-231 and MCF-
7 exhibited apoptotic features including cell shrinkage, membrane blebbing, and apoptotic body formation along with
nuclear chromatin condensation in MDA-MB-231 and cytoplasmic extension in MCF-7, compared to the untreated cells.
These findings confirm that the DOX and CUR combination induced apoptosis. Our previous study has demonstrated
that MDA-MB-231 cells treated with single DOX (0.8 uM) and single CUR (20 uM) at their respective ICso at 24, 48 and
72 hours post-treatment exhibited apoptotic features including cell shrinkage and nuclear chromatin condensation
(Kong, 2019). These apoptotic features were minimally observed in MCF10A under the same treatments and these
results were validated through cleavage of PARP in Western blotting analysis (Kong et al., 2019). In addition, for more
accurate viability assessment, complementary assays such as the ATP-based tests, which are rapid, sensitive and
evaluate both cell viability and apoptosis through membrane integrity, could be employed (Riss et al., 2004).

Cancer metastasis and progression are often associated with EMT, characterized by loss of cell adhesion and
increased mobility, typically accompanied by reduced CDHI expression. In this study, MDA-MB-231 cells showed
elevated CDH1 levels following combination treatment, suggesting successful EMT inhibition and reduced metastatic
potential (Kewitz, 2013). This aligns with findings by Chen et al (2013), where CUR suppressed EMT and DOX induced
CDH1 expression via PI3K/Akt pathway inhibition, enhancing antiproliferative effects in TNBC cells. Conversely, the
treated MCF-7 cells exhibited reduced CDH1 expression, indicated limited efficacy in preventing invasion and
metastasis, consistent with previous reports where CUR failed to enhance E-cadherin expression in ER-positive cells
(Ziegler et al., 2014; Paramita et al., 2018). To further validate the research findings obtained, Western blotting could
be conducted to target E-cadherin protein expression, as mRNA and protein levels can be inconsistent, with
transcriptomic changes not always corresponding to protein level changes (San et al., 2025). Nevertheless, the research
findings obtained from this study support the greater sensitivity of MDA-MB-231 to DOX in combination with CUR
therapy.

CONCLUSION

Breast cancer remains a complex and life-threatening disease, with current therapies often limited by adverse
effects. Combination treatments offer a promising strategy to overcome these challenges. DOX and CUR demonstrated
great combinatory potential, effectively reducing cell proliferation, inhibiting migration, and inducing apoptosis. CUR
contributed by suppressing EMT-related pathways and enhancing DOX’s apoptotic effects, likely through upregulation
of E-cadherin (CDH1). Additionally, CUR may mitigate DOX-associated toxicity while targeting multiple signalling
pathways, reinforcing its role as an effective adjuvant. These findings highlight the therapeutic promise of the
combination treatment of DOX and CUR and warrant further research, optimization, and clinical evaluation as a novel
approach to improve breast cancer treatment outcomes.
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