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ABSTRACT 

Objective: The aim of this study was to analyze the sensitivity of BCSCs to doxorubicin and its association with oxidative stress. 

Methods: BCSCs (CD24-/CD44+) were treated with doxorubicin every 2 d for 14 d. The determination of cell viability was performed using a trypan 
blue exclusion assay. The levels of reactive oxygen species (ROS) were measured using a dihydroethidium (DHE) and a 2’,7’-dichlorofluorescein 
diacetate (DCFH-

Results: The viability of the BCSCs decreased after 2 d of treatment with doxorubicin, but started to increase after 8 d. After 8 d of doxorubicin 
treatment, the ROS level in the BCSCs decreased, while the MnSOD specific activity increased. In addition, the MnSOD mRNA expression and GSH 
level were suppressed after 8 d of treatment. 

DA) probes. Manganese superoxide dismutase (MnSOD) mRNA expression and specific activity were also analyzed. Glutathione 
(GSH) level was measured using Ellman’s method. 

Conclusion: Doxorubicin treatment induced cytotoxicity after 2 d by increasing the superoxide levels of the BCSCs. After 8 d of treatment, the 
sensitivity of BCSCs to doxorubicin decreased due to the suppressed oxidative stress from the enhanced antioxidant activity of the MnSOD. 
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INTRODUCTION 

Among all the cancers in both sexes, breast cancer has the highest 
incidence in women worldwide [1]. Treatments of breast cancer 
include surgery, chemotherapy, radiation therapy, hormonal 
therapy, and targeted therapy [2, 3]. Regardless of the advances in 
targeted anti-cancer treatments, breast cancer is still the leading 
cause of cancer death due to its high incidence of recurrence [1]. 

Currently, the presence of a small fraction population of cancer cells, 
known as cancer stem cells (CSCs), has been reported [4]. These cells 
are able to self-renewal and have a high survival rate, which are 
characteristics of normal stem cells [5]. Previous studies have 
reported that CSCs can be isolated and identified in breast cancer 
using several surface antigen markers, such as CD44+/CD24-[6, 7]. 
CD44+/CD24-cells in breast cancer have higher tumorigenicity than 
CD44+/CD24+

Doxorubicin is a potent chemotherapy agent used to treat breast 
cancer [10]. As a DNA intercalating agent, doxorubicin binds to the 
DNA double helix and inhibits the DNA replication process [11]. In 
addition, doxorubicin is reduced to semiquinone free radicals by 
complex I of the mitochondrial electron transport chain, which 
interacts with oxygen to generate large amounts of superoxide 
radicals (O

cells [8]. Similar to other CSCs, breast CSCs (BCSCs) are 
considered to be responsible for chemotherapy resistance, disease 
recurrence, and metastasis [9]. Therefore, the development of 
effective breast cancer therapy should concentrate on targeting the 
eradication of BCSCs. 

2•–

Oxidative stress is a condition in which there is an imbalance 
between free radicals and antioxidant levels [14]. Manganese 
superoxide dismutase (MnSOD), the most essential endogenous 
antioxidant, converts superoxide radicals produced by the electron 
transport chain in the mitochondria into hydrogen peroxide, a less 
toxic reactive oxygen species (ROS) [15]. Hydrogen peroxide is 

reduced to water by glutathione (GSH), which is oxidized into 
glutathione disulfide (GSSG) [16]. It has been reported that high 
levels of GSH may contribute to drug resistance in cancer cells [17]. 

). Superoxide radicals are more reactive than 
semiquinone radicals. It is through this mechanism that doxorubicin 
induces its anti-cancer effect [12]. However, there is a high 
possibility that the cancer cells will become resistant to doxorubicin, 
which leads to treatment failure [13]. 

Currently, knowledge about how the comprehensive mechanism of 
oxidative stress status in CSCs causes doxorubicin resistance is 
limited and remains to be determined in stem cell biology and 
cancer research. The objective of the present study was to analyze 
the sensitivity of BCSCs (CD24-/CD44+

MATERIALS AND METHODS 

) to doxorubicin and to 
determine its relationship with oxidative stress status. 

Cell culture 

BCSCs (CD24-/CD44+) obtained from our previous study [18,19] 
were grown in serum-free Dulbecco’s Modified Eagle 
Medium/Ham’s F12 (DMEM/F12) (Gibco, Thermo Fisher Scientific, 
Inc. Waltham, MA, USA) supplemented with 1% Penicillin–
streptomycin (Gibco, Thermo Fisher Scientific, Inc. Waltham, MA, 
USA) and 1% Amphotericin B (Gibco, Thermo Fisher Scientific, Inc. 
Waltham, MA, USA). Cells were subcultured whenever 80% 
confluence was reached. The standard conditions for cell culture 
were 5% CO2 and 20% O2

Doxorubicin treatment  

 at 37 °C. 

Doxorubicin was dissolved and diluted to 0.1 µM with serum-free 
culture medium. Briefly, a total of 1 × 105

Measurement of ROS level 

 cells were seeded in a 6-
well plate and treated with doxorubicin every 2 d for 14 d. The 
doxorubicin-treated and non-treated cells were harvested after 2 d, 
4 d, 6 d, 8 d, 10 d, 12 d, and 14 d. The non-treated cells served as the 
control. Viable cells were determined using a trypan blue exclusion 
assay and counted using an automated cell counter (Logos 
Biosystems, Gyeonggi-do, South Korea). 

The intracellular ROS level was measured using a superoxide 
sensitive probe, a dihydroethidium (DHE) probe (Molecular Probes 
Inc., Eugene), a hydrogen peroxide-sensitive probe, and a 2’,7’-
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dichlorofluorescin-diacetate (DCFH-DA) probe (Molecular Probes 
Inc., Eugene). Briefly, 2 × 104 cells were collected and washed twice 
with sterile phosphate buffer saline (PBS). Cells were then 
suspended in 500 µl PBS and incubated with 20 µM DHE or 20 µM 
DCFH-DA for 30 min at 37 °C in the dark. Immediately after 
incubation, the fluorescence intensity was measured using a 
fluorometer (Varioskan™ Flash Multimode Reader; Thermo Fisher 
Scientific, Inc. Waltham, MA, USA). The fluorescence intensity was 
measured with excitation and emission wavelengths of 480 nm and 
585 nm, respectively, for DHE and 485 nm and 530 nm, respectively, 
for DCFH-DA. The fluorescence intensity of the doxorubicin-treated 
cells was normalized to that of the non-treated cells as a control. 

Quantitative reverse transcription polymerase chain reaction 
(qRT-PCR) 

The total RNA was isolated from the cells using the TriPure Isolation 
Kit (RocheDiagnostic, Basal, Switzerland) according to the 
manufacturer’s instructions. The total RNA concentration was 
quantified using spectrophotometry with a wavelength of 260 nm 
(Varioskan™ Flash Multimode Reader, Thermo Fisher Scientific). The 
quantitative reverse transcription polymerase chain reaction (qRT-
PCR) was performed using a KAPA SYBR®

The total protein was isolated from the harvested cell culture using 
the TriPure Isolation Kit (RocheDiagnostic, Basal, Switzerland) 
according to manufacturer’s protocol. The concentration of the total 
protein was measured by plotting the absorbance values found using 
a spectrophotometer (Varioskan™ Flash Multimode Reader, Thermo 
Fisher Scientific) at a wavelength of 280 nm against the bovine 
serum albumin (BSA) standard curve. 

 FAST qPCR kit (Kapa 
Biosystems, Inc. Wilmington, MA) in the Exicycler™ 96 (Bioneer 
Corporation, Daejeon, Korea) according to the manufacturer’s 
instructions. The primers used for the 18S rRNA expression were 
AAACGGCTACCACATCCAAG (forward) and 
CCTCCAATGGATCCTCGTTA (reverse); the primers used for the 
MnSOD mRNA expression were GCACTAGCAGCATGTTGAGC 
(forward) and ACTTCTCCTCGGTGACGTTC (reverse). The annealing 
temperature for both primers was 60°C. The qRT-PCR was 
performed as described in a previous study [20]. All reactions were 
performed in triplicate. The relative expression levels were 
calculated using Livak’s formula [21] and normalized to that of the 
non-treated cells. 

Extraction of total protein 

Analysis of MnSOD specific activity 

The MnSOD enzymatic activity was analyzed using the xanthine 
oxidase inhibition assay (Randox Laboratories Ltd., Crumlin, UK) 
described in a previous study [20] and measured using a 
spectrophotometer (Varioskan™ Flash Multimode Reader, Thermo 
Fisher Scientific) at a wavelength of 505 nm. The specific activity of 
the MnSOD enzyme represented the activity of the enzyme (in units) 
per mg of total protein. 

Analysis of GSH level 

The GSH level was determined using Ellman’s method [22]. 
Harvested cells were lysed using Cell Extraction Buffer (Thermo 
Fisher Scientific) according to manufacturer’s protocol. Briefly, 10 µl 
of lysate was mixed with 40 µl of 5% trichloroacetic acid (TCA). 
After being centrifuge for 10 min at 5000 rpm, the supernatant was 
moved to a new tube and mixed with 350 µl of phosphate buffer (pH 
8) and 5 µl 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB). The mixture 
was incubated in the dark at room temperature for 1 hour, 
measured using a spectrophotometer (Varioskan™ Flash Multimode 
Reader, Thermo Fisher Scientific) at a wavelength of 412 nm, and 
plotted against the glutathione standard curve. The level of GSH 
(µg/ml) was calculated per mg of total protein. 

Statistical analysis 

All values obtained for the treated cells were compared with the 
values of the control cells and presented as the mean±standard 
deviation (SD). A statistical evaluation of the significant differences 
was performed using the analysis of variance (ANOVA); the Tukey 
test was used for multiple comparisons. 

RESULTS 

In this study, to maintain the stemness properties and prevent 
differentiation, human BCSCs (CD24-/CD44+) were grown in serum-
free DMEM/F12, as described in previous studies [18,19]. As 
demonstrated in fig. 1A, the cells tended to stick together and form 
mammospheres, which indicated that BCSCs have a specific 
morphology compared to their counterpart non-BCSCs (CD24-

/CD44-

  

) (fig. 1B). In our parallel study, the BCSCs have been 
demonstrated to have a considerably higher expression of Oct-4, a 
major pluripotent gene, and a higher mammosphere-forming 
potential than their counterpart non-BCSCs as well as MCF-7 cells 
(data not shown). This is proof of BCSCs tumorigenic capability. 

 

Fig. 1: (A) BCSCs (CD24-/CD44+) grown in serum-free DMEM/F12 with 1% penicillin–streptomycin and amphotericin B formed 
mammospheres. (B) Non-BCSCs (CD24-/CD44-

 

) grown in high-glucose DMEM with 10% heat-inactivated Fetal Bovine Serum (FBS), 1% 
penicillin–streptomycin, and amphotericin B 

Effect of doxorubicin on the viability of BCSCs 

We evaluated the effect of doxorubicin on the viability of the BCSCs 
by comparing the viable cell count of the treated BCSCs with the 
count of the non-treated cells. The results showed that after 2 d of 
treatment, the viability of the BCSCs decreased (64.23%), but started 
to increase after 8 d (84.53%) and reached 92.57% after 14 d of 
treatment, as shown in fig. 2. 

Effect of doxorubicin on ROS levels of BCSCs 

To determine the effect of doxorubicin on the superoxide and 
peroxide levels of the BCSCs, we performed a DHE and a DCFH-DA 
assay, respectively. Fig. 3A demonstrates that the BCSCs had a high 
level of superoxide’s after 2 d (4.2-fold) and 14 d (2.03-fold) of 
treatment compared with the non-treated cells. Furthermore, the 
superoxide level was significantly reduced after 8 d of treatment 
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(0.18-fold) compared with the level after 2 d and remained 
suppressed after 14 d of treatment (0.48-fold). 

Although the hydrogen peroxide level was not changed after 2 d 
(1.07-fold), it decreased after 8 d (0.75-fold) and 14 d of treatment 
(0.78-fold) compared with the non-treated cells, as shown in fig. 3B. 

In addition, the hydrogen peroxide level was significantly decreased 
after 8 d (0.7-fold) of treatment and remained suppressed after 14 d 
of treatment (0.73-fold) compared with the level after 2 d. To 
determine the ability of the BCSCs to reduce their oxidative stress 
status, we further analyzed the involvement of MnSOD and GSH 
antioxidants.

  

 

Fig. 2: Percentage of BCSC viability after doxorubicin treatment 
 

 

 

Fig. 3: Ratio of (A) superoxide and (B) hydrogen peroxide levels normalized to the levels in control cells after 2 d, 8 d, and 14 d of 
doxorubicin treatment 
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Effect of doxorubicin on MnSOD mRNA expression level and 
specific activity of BCSCs 

In this study, we found that the MnSOD mRNA expression levels in 
the doxorubicin-treated BCSCs were lower than the levels in the 
control group. However, the MnSOD mRNA expression level 

significantly decreased in the treated BCSCs after 8 d (0.61-fold) and 
14 d (0.63-fold) of treatment compared with the level after 2 d of 
treatment (fig. 4A). Interestingly, after 2 d and 14 d of treatment, the 
MnSOD specific activity was similar to the specific activity of the 
non-treated cells, although it was significantly higher after 8 d of 
treatment (~2-fold) (fig. 4B). 

  

 

 

Fig. 4: Ratio of (A) MnSOD mRNA expression level and (B) MnSOD activity normalized to the levels in control cells after 2 d, 8 d, and 14 d of 
doxorubicin treatment 

 

Fig. 5: Ratio of GSH level normalized to the levels in control cells after 2 d, 8 d, and 14 d of doxorubicin treatment 
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Effect of doxorubicin on intracellular and extracellular GSH 
levels of BCSCs 

In addition to MnSOD, we investigated the levels of GSH in 
doxorubicin-treated BCSCs. The results showed that the GSH level 
was higher after 2 d (4.13-fold), 8 d (1.49-fold), and 14 d (1.36-fold) 
of treatment compared with the levels in the respective control cells, 
as demonstrated in fig. 5. Surprisingly, after 8 d of treatment, the 
GSH level was significantly reduced (0.36-fold) and remained 
decreased after 14 d (0.32-fold) of treatment. 

DISCUSSION 

Chemotherapy is based on the cytotoxic activity of drugs against 
cells with high proliferation rates to slow or halt the development of 
tumor cells [12]. Chemotherapy resistance is a significant problem in 
the clinical treatment of cancer cells because it restricts the 
effectiveness of the anti-cancer drug treatments. Overcoming the 
resistance mechanism is important for the effectiveness of the breast 
cancer treatment. However, strategies to overcome resistance have 
had limited success [23]. 

The conventional regimen of anti-cancer therapy is based on the 
assumption that all cancer cells have the same potential for 
malignancy and, thus, does not consider the presence of CSCs [9]. A 
number of recent scientific reviews and studies have described CSCs 
as a minor population of cancer cells that contribute to the high 
survival rate and resistance of the cells to anti-cancer therapies [6-
8]. Our previous study indicated that BCSCs could survive better 
than their counterpart non-BCSCs when treated with rotenone due 
to the high MnSOD mRNA expression levels [19].  

The results of this study showed that the viability of the BCSCs 
treated with doxorubicin decreased after 2 d of treatment, but 
started to increase after 8 d of treatment. This result indicated that 
the BCSCs had a reduced sensitivity to doxorubicin after 8 d of 
treatment. Louisa et al. [24] treated MCF-7 cells with doxorubicin at 
a similar concentration to that used in this study. The results 
showed that doxorubicin failed to suppress the cancer cell growth 
after 10 d of treatment. In comparison with our study, the study by 
Louisa et al. showed that the BCSCs were quicker to reduce their 
sensitivity to doxorubicin than non-BCSCs, which indicated that the 
BCSCs were less sensitive or more resistant to doxorubicin. Similar 
to our results, Yenigun et al. [25] isolated BCSCs (CD24-/CD44+) 
from MCF-7 cells and treated them with doxorubicin for 48 h. The 
results from a proliferation assay showed that the CD24-/CD44+

Oxidative stress occurs when there is interference in the redox 
equilibrium, which is caused by excessive ROS and/or a lack of the 
antioxidant defense mechanism [14]. It should be understood that 
most chemotherapy and radiation therapy generate oxidative stress 
in cancer cells. Low-to-moderate ROS levels are crucial for the 
sustainability of cellular activity, such as proliferation, 
differentiation, and survival. However, the ROS produced by 
xenobiotics may disturb the redox equilibrium and selectively 
destroy cancer cells without being toxic to normal cells [26]. 

cells 
were less sensitive to doxorubicin compared with the MCF-7 cells 
treated with a similar concentration of doxorubicin. 

In this study, we found that the superoxide levels in doxorubicin-
treated BCSCs were higher after 2 d and 14 d of treatment than the 
levels in the control cells, while the hydrogen peroxide levels in 
doxorubicin-treated BCSCs were lower than the levels in the control 
cells. Thus, doxorubicin induced more superoxide generation than 
hydrogen peroxide generation due to the semiquinone radicals in its 
structure. Furthermore, both the superoxide and hydrogen peroxide 
reached maximum levels after 2 d of treatment. These results agreed 
with the viability results and indicated that oxidative stress had 
occurred and that the BCSCs were sensitive to doxorubicin, which 
caused the viability after 2 d of treatment to decrease. After 8 d of 
treatment, the decrease in both the superoxide and hydrogen 
peroxide levels proved that the oxidative stress was decreasing and 
that the BCSCs were no longer sensitive to doxorubicin, which 
caused the viability to increase until the day 14. Previous study [27] 
has shown that CSCs contain low levels of ROS, which are critical for 
maintaining stem cell function. The low ROS levels in CSCs are 

associated with an increased expression of free radical scavenging 
systems. Therefore, in this study, we also examined the antioxidant 
system.  

Our results showed that the MnSOD mRNA expression level was 
suppressed in doxorubicin-treated BCSCs. Doxorubicin can affect 
MnSOD transcription factor activity, which lead to have an impact in 
transcription regulation [28]. MnSOD is synthesized in the 
cytoplasm as a precursor and transported to the mitochondrial 
matrix via an amino-terminal targeting sequence [29]. Candas and Li 
[30] stated that oxidative stress reduces the import of mitochondrial 
proteins and causes the accumulation of precursor proteins, 
including MnSOD, outside the mitochondria. The precursor proteins 
will be degraded by proteasome if fail to be imported to 
mitochondria. The degradation of the proteasomes could trigger the 
suppression of the MnSOD mRNA expression levels. It is also crucial 
to analyze the specific activity of MnSOD. Interestingly, even though 
MnSOD mRNA expression level was suppressed, the MnSOD activity 
increased after 8 d of treatment. Taken together these data, we 
indicate that after 8 d of doxorubicin treatment, the specific activity 
of the MnSOD was enhanced to suppress the ROS levels leading to 
the reduction of BCSC sensitivity. In other words, the sensitivity of 
the BCSCs to doxorubicin was reduced because there was no 
oxidative stress. In addition, MnSOD may undergo several post-
translational modifications once it is inside the mitochondria. One 
modification is phosphorylation, which results in the enhancement 
of the enzymatic activity and protein stability of MnSOD [30].  

In this study, we also examined the antioxidant GSH. The results 
showed that the GSH level was higher in the doxorubicin-treated 
BCSCs compared with the control cells, although the level decreased 
after 14 d of treatment. These results indicated that the GSH was 
produced as a response to oxidative stress, but was then oxidized to 
GSSG in order to convert hydrogen peroxide into its less toxic form. 

In conclusion, doxorubicin induced cytotoxicity after 2 d by 
increasing the superoxide levels of the BCSCs. The decrease in the 
sensitivity of the BCSC to doxorubicin after 8 d of treatment was 
associated with the suppressed oxidative stress due to the enhanced 
antioxidant activity of MnSOD. 
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