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Abstract. Breast cancer is one of the leading causes of 
mortality among women worldwide due to aggressive behavior, 
early metastasis, resistance to existing chemotherapeutic agent 
and high mortality rate. Doxorubicin (Dox) is a powerful anti-
tumoral drug. It is one of the most active agents for treatment 
of breast cancer. The aim of the present study was to evaluate 
the influence of Dox in apoptosis and oxidative stress in the 
breast cancer cell lines MCF-10F, MCF-7 and MDA-MB-
231. These studies showed that Dox decreased anti-apoptotic 
Bcl-2 protein expression and affected oxidative stress by 
increasing hydrogen peroxide production and simultaneously 
decreasing NF-κB gene and protein expression in MCF-7, a 
tumorigenic triple-positive cell line. Results also indicated 
that Dox induced apoptosis by upregulating Bax, caspase-8 
and caspase-3 and downregulation of Bcl-2 protein expres-
sion. On the contrary, ROS damage decreased by increasing 
SOD2 gene and protein expression and hydrogen peroxide 
production with parallel NF-κB protein expression decrease 
in MDA-MB-231, a tumorigenic triple-negative breast cancer 
cell line. It can be concluded that Dox activated apoptosis by 
inducing proteolytic processing of Bcl-2 family, caspases and 
simultaneously decreased oxidative stress by influencing ROS 
damage in MCF-7 and MDA-MB-231 cell lines.

Introduction

Breast cancer is one of the leading causes of mortality 
among women in world due to various factors such as 
aggressive invasion, early metastasis, resistance to existing 
chemotherapeutic drugs and high mortality (1). Doxorubicin 
(Dox) is an anthracycline of wide spectrum and an essential 
component of many treatment regimens for tumors and it is 
broadly considered the most active agent for breast cancer 

therapy (2). Dox shows a variety of molecular mechanisms 
at cellular level to explain its role as intercalation between 
two nitric bases of double DNA helix, generation of free 
radicals leading to rupture of DNA strands, inhibition of the 
respiratory chain enzymes in mitochondria, membrane lipid 
oxidation, interference with DNA unwinding and helicase 
activity, and induction of apoptosis in response to topoiso-
merase II inhibition (3).

Apoptosis is a process of cell death in multicellular 
organism and its regulation is important for normal growth, 
homeostasis, development and cancer treatment. Alterations of 
normal induction to apoptosis can cause growth of abnormal 
cells, uncontrolled cell division and accumulation of mutations 
(4). Therefore, regulation of apoptosis plays an important role 
in the treatment of cancer (5).

The group of B-cell lymphoma-2 protein (Bcl-2) is a key 
regulator in the molecular mechanisms of apoptosis (6). This 
family includes protein function as Bcl-2-associated protein 
X (Bax) promoter that induces and accelerates cell death 
when associated with the formation of Bax/Bax homodimer. 
Whereas, Bcl-2 and B-cell lymphoma extra-large (Bcl-xL) 
antiapoptotic protein expression are repressed by Bax through 
the formation of Bcl-2/Bax or Bcl-xL/Bax heterodimers (7-9). 
Complex networks of interactions between Bcl-2 family 
members both cytosolic and mitochondrial determine the fate 
of the cell for death or survival (10).

Caspase family is a group of cysteine proteases that 
activate apoptosis execution in two main pathways. The first 
pathway is extrinsic death receptor-dependent and the second 
pathway depends on mitochondria. Induction of both apoptotic 
pathway are associated with the activation of caspases (11). 
Caspase-8 is the main death receptor signaling caspase (12). 
Effector caspase-3 is a frequently activated death protease that 
catalyzes the specific cleavage of many key cellular proteins. 
Caspase-3 activation pathways have been identified to be both 
dependent and non-dependent of mitochondrial cytochrome c 
release and caspase-9 function (13). Caspase-3 is required for 
some typical hallmarks of apoptosis and it is indispensable 
for apoptotic chromatin condensation and DNA fragmenta-
tion. Thus, caspase-3 is essential for processes associated 
with cell rupture and the formation of apoptotic bodies (14). 
Caspase-8 is an initiator caspase and activates apoptosis when 
death receptors are stimulated but it is also required by other 
apoptotic stimuli (15).
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It has been proposed that production of ROS (reactive 
oxygen species) leads to an imbalance between ROS genera-
tion and degradation by cellular antioxidant mechanisms, this 
deregulation is called oxidative stress (16,17). High levels of 
ROS participate in genomic instability and lead to aggres-
siveness and progression of carcinogenesis. This process is 
accompanied by the activation of various gene and transcrip-
tion factors in cancer cells (18). Superoxide radical is generated 
in many cellular processes mainly by the electron transport 
chain into mitochondria (19).

Dox causes oxidative damage in tumor cells and it is based 
on redox cycling accompanied by the release of iron from 
cells. The drug-iron complex catalyzes O2 and H2O2 conver-
sion into more potent radicals. Oxidative damage mechanism 
has been considered an important antitumoral mechanism in 
cancer cells (3).

Superoxide dismutase 2 (SOD2) is a protein of the mito-
chondrial matrix that catalyzes the formation of superoxide 
radical into hydrogen peroxide (20). Overexpression of SOD2 
results in a marked suppression of cell growth (21). SOD2 and 
hydrogen peroxide levels are higher in MDA-MB-231 than in 
MCF-7 cell lines (22).

Nuclear factor kappa-B (NF-κB) is a transcription factor 
that regulates the expression of hundreds of genes that are 
involved in regulating cell growth, differentiation, develop-
ment and apoptosis pathway in the cytoplasm (23,24). Dox 
can activate the ubiquitin proteasome system that regulates the 
NF-κB transcription factor and overactivation of NF-κB leads 
to an increase of many cell functions that have been shown in 
several tumor types (25).

The aim of the present study was to evaluate the influ-
ence of Dox on apoptosis and oxidative stress in three breast 
cancer cell lines the MCF-10F, which is non-tumorigenic 
not expressing estrogen receptor (ER), progesterone receptor 
(PR) or human epidermal growth factor receptor 2 (HER2); 
The MCF-7 cell line, a tumorigenic triple-positive expressing 
ER, PR and HER2; and MDA-MB-231, a tumorigenic triple-
negative breast cancer cell line.

Materials and methods

Cell lines and culture conditions. Three human breast cell 
lines were used for all the experiments, the control cell line 
MCF-10F, a luminal-like (estrogen receptor positive) MCF-7 
and a triple-negative breast cancer cell line MDA-MB‑231. 
MCF-10F cell line (ATCC, Manassas, VA, USA), a sponta-
neously immortalized breast epithelial cell line, retains all 
the characteristics of normal epithelium in vitro including 
anchorage-dependence, non-invasiveness and non-tumor-
igenicity in nude mice. MCF-10F cell line was grown in 
DMEM/F-12 (1:1) medium supplemented with antibiotics 
[100  U/ml penicillin, 100  µg/ml streptomycin, 2.5  µg/ml 
amphotericin B (all from Life Technologies, Grand Island, 
NY, USA)] and 10 µg/ml and 5% equine serum (Biofluids, 
Rockville, MD, USA), 0.5  µg/ml hydrocortisone (Sigma, 
St.  Louis, MO, USA) and 0.02  µg/ml epidermal growth 
factor (Collaborative Research, Bedford, MA, USA) were 
added. The cell line MCF-7 was cultivated in the Dulbecco's 
modified Eagle's medium (Sigma-Aldrich ChemieGmbH, 
Munich, Germany) supplemented with 10% fetal calf serum 

(FCS; Sigma-Aldrich) at 37˚C and saturated air with 5% CO2. 
Human triple-negative breast cancer cells MDA-MB-231 were 
purchased from the American Type Culture Collection and 
were maintained in DMEM medium supplemented with 10% 
FBS, 100 IU/ml penicillin, and 100 mg/ml streptomycin and 
incubated at 37˚C with CO2.

Drug treatment. Dox and dimethyl sulfoxide (DMSO) were 
purchased from Sigma-Aldrich. Each Dox concentration was 
added when cells reached 70% confluence and cultured for 24 
and 48 h. Concentrations of 1, 2, 4 and 8 µM were prepared 
with DMSO 0.05%.

Cell viability. Cell viability of MCF-10F, MCF-7 and 
MDA-MB-231 cell lines was determined by using 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide 
(MTT) which evaluated the percentage of viable cells. Cells 
were seeded into 24-well plate with concentration of 5x104 
cells/well and the following concentrations of Dox were 
tested 0, 1, 2, 4 and 8 µM. Four wells remained untreated 
as control. MTT assay was carried out for 24 and 48 h after 
treatments. Mixing solution was prepared using 2 mg of MTT 
(Sigma-Aldrich) powder in 1 ml PBS. The culture medium 
was changed with 150 µl fresh media plus 50 µl MTT reagent 
(2 mg/ml in PBS); the cell-free wells were considered as blank 
controls. Cells were incubated at 37˚C with CO2 at 5% and 
a humidified atmosphere for 4 h. Then, the MTT solution 
was removed and 200 µl of DMSO were added to each well. 
The plate was maintained for 30 min at 37˚C and then the 
OD (optical density) of the wells was determined at 550 nm 
through a spectrophotometric microplate reader (BioTek 
Instruments, Inc., Winooski, VT, USA).

Western blot analysis. Cells were lysated with 0.5 ml lysis 
buffer (pH 7.2) [Tris-Base (50 mM), EDTA (1 mM), NaCl 
(100 mM), PMSF (1 mM), and centrifuged at 13,400  rpm 
for 10  min]. Cellular proteins from the supernatant were 
dissolved in SDS-PAGE sample solution [60 mM Tris, pH 6.5, 
10% (w/v) glycerol, 5% (w/v) β-mercaptoethanol, 20% (w/v) 
SDS, and 0.025% (w/v) bromophenol blue] and denatured by 
boiling (100˚C for 5 min). The total amount of protein used 
was 50 µg per lane for Bax (sc-493), Bcl-2 (sc-7382), caspase-8 
(sc-56070), caspase-3 (sc-7148), SOD2 (sc-18503) and NF-κB 
(sc-7386) with standard protein markers from Bio-Rad 
Laboratories (Hercules, CA, USA). After fractionation by 
SDS-PAGE on gels (5x8 cm), proteins were electroblotted onto 
polyvinylidene difluoride membrane using a blotting apparatus 
(Bio-Rad Laboratories). Pre-stained SDS-PAGE (standards) 
blots were blocked for 1 h in 5% defatted dry milk-TBS-0.5% 
Tween and then incubated overnight at room temperature with 
corresponding primary antibodies. The following primary 
antibodies were used Bax (B-9) 1:4,000; Bcl-2 (N-19) 1:5,000; 
caspase-8 (8CSP03) 1:200; caspase-3 (H-277) 1:200; NF-κB 
(4D1) 1:200; SOD2 (A-2) 1:200; β-actin (C-4) 1:5,000. 
Secondary antibodies used were goat anti-mouse (Sc-2005) 
1:5,000 and goat anti-rabbit (Sc-2030) 1:5,000. All primary 
and secondary antibodies were obtained from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Film  was analyzed 
with Adobe Photoshop for Windows 7 software to obtain the 
relative grade of luminescence to calculate the fold expression.
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Differential display reverse transcriptase-PCR (DDRT-PCR) 
assessment. Total RNA was isolated using TRIzol reagent 
(Invitrogen Corp., Long Island, NY, USA). The purified RNA 
sample was first measured by a spectrophotometer (the ratio of 
absorbance reading at 260/280 nm >1.8) and then electropho-
resed on 1% (w/v) agarose gel to check its quality and purity. 
RNA (2 µg) was used for reverse transcriptase-polymerase 
chain reaction (DDRT-PCR). The first-strand cDNA was 
synthesized with primer oligo-(dT) to hybridize to 3'-poly-(A) 
tails. To confirm their similar expression in all samples human 
β-actin was used as a control amplifier set. Table I shows the 
primers of genes selected for DDRT-PCR analyses, including 
the symbol and type of primers of Bax, Bcl-xL, caspase-8, 
caspase-9, caspase-3, SOD2, NF-κB and β-actin. All primers 
were obtained from Integrated DNA Technologies (Coralville, 
IA, USA). To confirm the differential gene expression 2 µl of 
cDNA and a varied number of PCR cycles (20, 25 and 30) 
were used to generate gene-specific probes. A linear increase 
was observed in product generation in all cases (log-phase). 
Then, 2 µl of cDNA and 30 cycles for Bax, Bcl-xL and NF-κB; 
and 25 cycles for β-actin for PCR were used. Table II shows 
the protocol of DDRT-PCR analyses, PCR step, temperature 
and time. In each PCR initial cycle of 94˚C for 10 min was 
necessary to activate Taq polymerase. Final cycle of 72˚C for 
5 min was utilized to complete the amplicon produced. The 
PCR product was run on a 2% (w/v) agarose gel with ethidium 
bromide 5 mg/ml. Differentially expressed gene-specific DNA 
bands were then photographed and analyzed with Adobe 
Photoshop software to obtain the relative grade of lumines-
cence to calculate the fold-change of expression.

Measurement of H2O2 concentration. To determine the 
hydrogen peroxide level the Amplex Red Hydrogen Peroxide/
Peroxidase assay kit purchased from Molecular Probes 
(Eugene, OR, USA) was used. The protocol was according to 
the manufacturer's procedure. HRP stock solution (10 U/ml) 
was diluted (0-2 mU/ml) for the standard curve. A volume 
of 50 µl was used for each reaction of individual wells of a 
microplate. The microplate with reactions was incubated at 
room temperature for 30 min and protected from light. The 
absorbance was measured in a microplate reader at 560 nm. 
The background was corrected for each point subtracting the 
value derived from the no-HRP control.

Statistical analysis. Results of the cell growth assay were 
presented as mean ± standard error (SE) in three independent 
experiments and the comparison between treated and control  
groups was carried out by ANOVA and Dunnett's test. p<0.05, 
p<0.01 and p<0.001 were considered significant. Analysis of 
gene and protein expression was performed using the student's 
t-test to compare control with treatment. IC50 dose at 50% was 
calculated by a non-linear regression curve using GraphPad 
Prism 5.0 for Windows (GraphPad Software, Inc., San Diego, 
CA, USA).

Results

Cell viability and IC50 values. To study viability induced by Dox 
the breast cancer cell lines MCF-10F, MCF-7 and MDA-MB-
231 were used. They were treated with increasing doses of 
Dox for 24 and 48 h and the metabolic activity was quantified 
by MTT assay. Fig. 1 shows that the IC50 (drug concentration 
required to inhibit cell growth by 50%) was determined by 
different concentrations (1, 2, 4 and 8 µM) in each breast 
cancer cell line for 24 and 48 h. These values indicated that 
IC50 was 1 µM for both MCF-10F and MDA-MB-231 cell lines 
and for MCF-7 cell line it was 4 µM. This assay showed that 
increased concentration of Dox decreased the viability of all 
three cell lines in a time- and dose-dependent manner for 48 h. 

Table  I. Primers of genes selected for differential display 
reverse transcriptase-PCR (DDRT-PCR) analysis.

Gene name	 PCR primer sequencesa

β-actin	 F: TGC CGA CAG GAT GCA GAA G
	 R: GCC GAT CCA CAC GGA GTA CT
Bax	 F: GCG AGT GTC TCA AGC GCA TC
	 R: CCA GTT GAA GTT GCC GTC AGA A
Bcl-xL	 F: CTG AAT CGG AGA TGG AGA CC
	 R: TGG GAT GTC AGG TCA CTG AA
Caspase-8	 F: CAT CCA GTC ACT TTG CCA GA
	 R: GCA TCT GTT TCC CCA TGT TT
Caspase-9	 F: CCA GAG ATT GCG AAA CCA GAG G
	 R: GAG CAC CGA CAT CAC CAA ATT C
Caspase-3	 F: CAG AAC TGG ACT GTG GCA TTG 
	 R: GCT TGT CGG CAT ACT GTT TCA
SOD2	 F: CCC TGG AAC CTC ACA TCA AC
	 R: CCT TGC AGT GGA TCC TGA TT
NF-κB (p65)	 F: ATC TGC CGA GTG AAC CGA AAC T
	 R: CCA GCC TGG TCC CGT GAA A

aSense and antisense, used to generate a product, listed in a 5' to 3' 
orientation.

Table II. Protocol of differential display reverse transcriptase-
PCR (DDRT-PCR).

Gene symbol	 Cycles (no.)	 PCR step	 Temperature/time

β-actin	 25	 Annealing	 58˚C/30 sec
Bax	 30	 Annealing	 58˚C/30 sec
Bcl-xL	 25	 Annealing	 55˚C 30 sec
Caspase-8	 25	 Annealing	 56˚C/30 sec
Caspase-9	 30	 Annealing	 58˚C/30 sec
Caspase-3	 30	 Annealing	 58˚C/30 sec
SOD2	 25	 Annealing	 57˚C/30 sec
NF-κB	 30	 Annealing	 58˚C/30 sec

Every PCR initial cycle of 94˚C for 10 min was necessary to activate 
Taq polymerase, 94˚C for 30 sec for a DNA denaturation, 72 C for 30 
sec for extension step and a final cycle of 72˚C for 5 min was utilized 
to complete the amplicon produced.
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On the other hand, MCF-7 cell line was dose-dependent after 
24-h treatment.

Bax gene and protein expression. Bax gene and protein 
expression in MCF-10F, MCF-7 and MDA-MB-231 cell lines 
were determined with 1, 4 and 1 µM of Dox, respectively, for 
48 h. Results in Fig. 2A and quantified in B showed that Bax 
gene expression was upregulated in MCF-10F (P<0.05) and 

MDA-MB-231 (P<0.05) cell lines but it was downregulated 
in the MCF-7 cell line. Fig. 2C and quantified in D indicated 
that Bax protein expression was upregulated in MCF-10F and 
MDA-MB-231 cell lines (P<0.01) but MCF-7 cells did not 
show any significant increase.

Bcl-xl gene and Bcl-2 protein expression. Fig.  3A and 
quantified in B indicate that Bcl-xl gene expression was 

Figure 1. Cell viability in three breast cancer cell lines. Effect of Dox in cell viability was determined by using the MTT assay and an automated cell 
counter. Cell lines were treated with different doses of Dox (from 0 to 8 µM) and incubated for 24 and 48 h. (A) MCF-10F cell line (B) MCF-7 cell line, 
(C) MDA‑MB‑231 cell line. Bars represent the mean ± SE of three independent experiments.

Figure 2. Effect of Dox on Bax gene expression (A) and quantified (B) in MCF-10F, MCF-7 and MDA-MB-231 cell lines by DDRT-PCR. Protein expression 
was determined by western blot analysis (C) and quantified (D). β-actin was used as housekeeping and control for loading, respectively. Band density of the 
specific gene and protein expression was analyzed with Adobe Photoshop program and the results were expressed as average density to β-actin. Graphs repre-
sent the normalized grade of luminescence to assess the gene and protein expression level of the cell lines. Bars represent the mean ± SE of three independent 
experiments. *P<0.05, **P<0.01 vs. counterpart. C, control cell line; Dox, doxorubicin.
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significantly (P<0.05) downregulated in MCF-10F and 
MDA-MB-231 (P<0.001) cells, but MCF-7 cells did not 
show significant decrease. Fig. 3C and quantified in D show 
that Bcl-2 protein expression was significantly (P<0.001) 
decreased in all breast cancer cell lines (MCF-10F, MCF-7 
and MDA-MB-231).

Caspase-8, caspase-9 and caspase-3 gene and protein 
expression. Caspase-8, caspase-9 and caspase-3 gene and 
protein expression were studied in MCF-10F, MCF-7 and 
MDA-MB-231 cell lines. Fig. 4A and quantified in B show 

that caspase-8 gene expression was upregulated in MCF-10F 
(P<0.01), but it was downregulated in MCF-7 (P<0.01) and 
MDA-MB-231 (P<0.01) cells. Fig. 4C and quantified in D 
indicated that caspase-8 protein expression was significantly 
(P<0.001) upregulated in MCF-10F and MDA-MB-231 cells 
when treated with Dox; though it was not detected in MCF-7 
cells.

Fig. 5A and quantified in B indicated that caspase-9 gene 
expression was higher in MDA-MB-231 cell line than in 
MCF-10F and MCF-7 cell lines in comparison with control 
cell lines. It also showed a decrease (P<0.05) in caspase-9 gene 

Figure 3. Effect of Dox on Bcl-xl gene expression (A) and quantified (B) in MCF-10F, MCF-7 and MDA-MB-231 cell lines by DDRT-PCR. Bcl-2 protein 
expression was determined by western blot analysis (C) and quantified (D). β-actin was used as housekeeping and control for loading, respectively. Band 
density of the specific gene and protein expression was analyzed with Adobe Photoshop program and the results were expressed as average density to β-actin. 
Graphs represent the normalized grade of luminescence to assess the gene and protein expression level of the cell lines. Bars represent the mean ± SE of three 
independent experiments. **P<0.01, ***P<0.001 vs. counterpart. C, control cell line; Dox, doxorubicin.

Figure 4. Effect of Dox on caspase-8 gene expression (A) and quantified (B) in MCF-10F, MCF-7 and MDA-MB-231 cell lines by DDRT-PCR. Protein 
expression was determined by western blot analysis (C) and quantified (D). β-actin was used as housekeeping and control for loading respectively. Band 
density of the specific gene and protein expression was analyzed with Adobe Photoshop program and the results were expressed as average density to β-actin. 
Graphs represent the normalized grade of luminescence to assess the gene and protein expression level of the cell lines. Bars represent the mean ± SE of three 
independent experiments. **P<0.01, ***P<0.001 vs. counterpart. C, control cell line; Dox, doxorubicin.
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expression in MCF-7 cells in comparison to its counterparts. 
However, there was no difference in MCF-10F and MDA-MB-
231 cell lines.

Fig. 6A and quantified in B, indicate that caspase-3 gene 
expression was downregulated in MCF-7 (P<0.001) and 
MDA-MB-231 (P<0.001) cells. However, there was no differ-
ence in MCF-10F cell line. MCF-7 and MDA-MB-231 cells 

expressed higher level of caspase-3 gene expression than 
MCF-10F control cells. Results in Fig. 6C and quantified in D, 
show an increase in caspase-3 protein expression in MCF-10F 
(P<0.05) and MDA-MB-231 (p<0.01) cells in comparison to 
its counterparts. However, there was no significant difference 
in MCF-7 cells with its counterpart.

SOD2 gene and protein expression. SOD2 gene and protein 
expression were analyzed in Dox-treated cell lines. Results 
in Fig. 7A and quantified in B, show an increase (p<0.01) in 
SOD2 gene expression in MCF-10F and MDA-MB-231 cells, 
whereas MCF-7 cells are downregulated (P<0.01). Fig. 7C and 
quantified in D showed a decrease in SOD2 protein expres-
sion significantly (P<0.05) decreased in MCF-10F and it was 
upregulated in MDA-MB-231 cells (P<0.001). MCF-7 cells did 
not express any significant difference.

H2O2 level in breast cancer cell lines exposed to Dox. The 
influence of Dox in H2O2 production was studied in MCF-10F, 
MCF-7 and MDA-MB-231 cell lines. Fig.  8 shows that 
untreated MCF-7 cell line expressed higher level of H2O2 
than MCF-10F (P<0.05) control cells. MCF-10F cells did 
not express significant differences in the production of H2O2 
when treated with Dox. MCF-7 (P<0.01) and MDA-MB-231 
(P<0.01) cells showed higher concentrations of H2O2 produc-
tion in comparison with its counterparts.

NF-κB gene and protein expression. Fig. 9A and quantified 
in B, show increased NF-κB gene expression in MCF-10F 
(P<0.01) and MDA-MB-231 (P<0.05) but it was downregu-
lated in MCF-7 (P<0.01). Results in Fig. 9C and quantified in 
D, showed decreased NF-κB protein expression in MCF-10F 
(P<0.001), MCF-7 (P<0.01) and MDA-MB-231 (P<0.01) cells. 
Non-treated MCF-7 and MDA-MB-231 cell lines showed 

Figure 6. Effect of Dox on caspase-3 gene expression (A) and quantified (B) in MCF-10F, MCF-7 and MDA-MB-231 cell lines by DDRT-PCR. Protein 
expression was determined by western blot analysis (C) and quantified (D). β-actin was used as housekeeping and control for loading, respectively. Band 
density of the specific gene and protein expression was analyzed with Adobe Photoshop program and the results were expressed as average density to β-actin. 
Graphs represent the normalized grade of luminescence to assess the gene and protein expression level of the cell lines. Bars represent the mean ± SE of three 
independent experiments. *P<0.05, **P<0.01, ***P<0.001 vs. counterpart. C, control cell line; Dox, doxorubicin.

Figure 5. Effect of Dox on caspase-9 gene expression (A) and quantified (B), 
in MCF-10F, MCF-7 and MDA-MB-231 cell lines by DDRT-PCR. β-actin 
was used as housekeeping and control for loading respectively. Band density 
of the specific gene expression was analyzed with Adobe Photoshop program 
and the results were expressed as average density to β-actin. Graphs represent 
the normalized grade of luminescence to assess the gene expression level 
of the cell lines. Bars represent the mean ± SE of three independent experi-
ments. **P<0.01 vs. counterpart. C, control cell line; Dox, doxorubicin.
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a lower protein expression in comparison to the MCF-10F 
control cell line.

Discussion

Cytotoxic agents may induce apoptosis by initiating death 
signaling pathways in susceptible target cells. Apoptosis is 
induced by simultaneous or consequent activation of death 
receptor systems, disturbance in mitochondrial function, 
proteolytic processing of caspases, DNA damage and ROS 
damage (26). For evaluation of cytotoxicity induced by Dox 
the MTT assay was applied at 24 and 48 h. Results demon-
strated that MCF-10F, MCF-7 and MDA-MB-231 cell viability 
was clearly decreased in a dose-dependent manner. Thus, IC50 
values were 1, 4 and 1 µM, respectively (Fig. 1) after 48-h 

treatment. The IC50 for MCF-7 has been established to fluctu-
ated between 0.1 and 1.19 µM (27-29) and it was found that 
MCF-7 cell line was more resistant than the MDA-MB-231 
cell line (30-32).

The effect of Dox on gene and protein expression of Bax, 
Bcl-xl, Bcl-2, caspase-8, caspase-9 and caspase-3, all related 
to apoptosis as well as SOD2 to oxidative stress parallel to 
production of hydrogen peroxide were studied in MCF-10F, 
MCF-7 and MDA-MB-231 cell lines. Results indicated that 
Bax gene and protein expression was upregulated by Dox in 
MDA-MB-231, but not in MCF-7 cell line (33). Antitumoral 
drugs apply their effects controlling the expression levels of 
numerous members of the Bcl-2 family. Bcl-2 gene expression 
was downregulated in MCF-10F and MDA-MB-231, but not in 
MCF-7 cell line. Bcl-2 protein expression was decreased in the 
breast cancer cell lines MCF-10F, MCF-7 and MDA-MB‑231. 
Members of the Bcl-2 family are main regulators of cell death 
or cell survival. The Bcl-2 family protein plays a significant 
role in apoptosis, either as apoptotic activators such as Bax or 
as apoptotic inhibitors such as Bcl-2 and Bcl-xl. Antiapoptotic 
Bcl-xl related gene expression should lead to an inhibition of 
apoptosis in MCF-7 cell line. Bcl-xL and Bcl-2 proteins are 
involved in apoptosis delay due to the interaction with cyto-
chrome c release (11,34).

Apoptosis induced by Dox was evaluated by caspase-8, 
caspase-9 and caspase-3 gene and protein expression in 
three breast cancer cell lines. Caspase-8 gene expression was 
downregulated in MCF-7 and MDA-MB-231 and its protein 
expression was upregulated in MCF-10F and MDA-MB-231 
cell lines. However, it was not detected in MCF-7 cell line. 
It has been indicated that caspase-8 accelerated apoptosis, 
presumably by recruitment of other caspases such as -9 and 
3- in B-lymphoid cells and breast cancer cells in a death, 
receptor-independent manner (35-37). It is also recruited by 
other apoptotic signals such as detachment-induced cell death 
but it is not essential for apoptosis induction (12).

Figure 7. Effect of Dox on SOD2 gene expression (A) and quantified (B) in MCF-10F, MCF-7 and MDA-MB-231 cell lines by DDRT-PCR. Protein expression 
was determined by western blot analysis (C) and quantified (D). β-actin was used as housekeeping and control for loading, respectively. Band density of the 
specific gene and protein expression was analyzed with Adobe Photoshop program and the results were expressed as average density to β-actin. Graphs repre-
sent the normalized grade of luminescence to assess the gene and protein expression level of the cell lines. Bars represent the mean ± SE of three independent 
experiments. *P<0.05, **P<0.01, ***P<0.001 vs. counterpart. C, control cell line; Dox, doxorubicin.

Figure 8. Hydrogen peroxide production assay. Amplex Red Hydrogen 
Peroxide assay kit was used. Peroxide hydrogen concentration was deter-
mined in MCF-10F, MCF-7 and MDA-MB-231 cell lines by using a 
quantitative colorimetric assay based on horseradish peroxide-catalyzed 
peroxide hydrogen oxidation of Amplex Red. The concentration (µM) was 
calculated by measuring the absorbance at 560 nm using a microplate reader. 
Bars represent the mean ± SE of three independent experiments. **P<0.01 vs. 
counterpart. C, control cell line; Dox, doxorubicin.
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The present study showed that caspase-9 gene expression 
was higher in MDA-MB-231 than in MCF-10F and MCF-7 
cells. Caspase-9 gene expression decreased in MCF-7 cells in 
comparison to its counterpart when treated with Dox. Bcl-xL 
interacts with apoptosome to inhibit apoptosis by the caspase-9 
formation  (38). It has been demonstrated that MCF-7 and 
MDA-MB-231 cell lines initiated apoptosis by caspase-9 and 
its expression was increased with Dox-treatment (39,40). In the 
present study Dox did not exert changes in gene expression in 
MDA-MB-231 cells.

Dox decreased caspase-3 gene expression in MCF-7 and 
MDA-MB-231 cell lines. However, the protein expression 
increased in MCF-10F and MDA-MB-231, but not in MCF-7 
cell line. It was reported that MCF-7 cells did not express 
detectable levels of caspase-3  (13,39), but contrary results 
also exist (41-43). McGee et al (44) suggested that caspase-
3-independant apoptosis could be initiated by other effector 
caspases and then they may take over the role of caspase-3 in 
mediating apoptosis in MCF-7 cells.

Dox increased SOD2 gene expression in MDA-MB-231 
cell line; however, it was decreased in MCF-7 cell line. 
SOD2 protein expression was downregulated in MCF-10F 
cells and was upregulated in MDA-MB-231 cells. MCF-7 did 
not express significant difference. SOD2 enzyme has been 
demonstrated to play an important role in ROS damage by 
inhibiting cell proliferation (45). Cerutti et al (46) showed 
that SOD2 expression protected breast cancer cell lines from 
an aggressive phenotype, therefore, SOD2 overexpression is 
capable of inhibiting cell proliferation in vitro. Cancer cells 
contain elevated ROS levels, specifically H2O2 as a result of 
oncogenic transformation and a product of SOD2 activity 
excess (22,47), and the present study is in agreement with 
these authors.

Dox increased H2O2 production in MCF-10F, MCF-7 and 
MDA-MB-231 cell lines in comparison to its counterparts. 

MCF-10F cell line did not express significant differences in 
the production of H2O2 when treated with Dox. Chua et al (48) 
found similar results. It was reported that high concentration 
of H2O2 induced an overexpression of specific oxidative related 
gene change such as NF-κB. H2O2 production was related to 
the phosphorylation of I kappa B-α which was degraded and 
then activated NF-κB (49-51).

Dox increased the NF-κB gene expression in MCF-10F and 
MDA-MB-231 but it decreased in MCF-7 cells. NF-κB protein 
expression level decreased in all cell lines when treated with 
Dox. It was confirmed that NF-κB inhibition sensitized apop-
tosis when treated with Dox in various cancer cells e.g. breast 
cancer and pancreatic carcinoma (52). NF-κB expression plays 
an anti-apoptotic role in various cancer cells such as breast 
cancer (53).

Dox decreased anti-apoptotic Bcl-2 protein expression 
and affected oxidative stress by increasing hydrogen peroxide 
production with simultaneously decrease NF-κB gene and 
protein expression in MCF-7, a tumorigenic triple-positive 
cell line. Results also indicated that Dox induced apoptosis by 
upregulating Bax, caspase-8 and caspase-3 and downregula-
tion of Bcl-2 protein expression. On the contrary, ROS damage 
decreased by increasing SOD2 gene and protein expression 
and hydrogen peroxide production with parallel NF-κB protein 
expression decrease in MDA-MB-231, tumorigenic triple-nega-
tive breast cancer cells. It can be concluded that Dox activated 
apoptosis by inducing proteolytic processing of Bcl-2 family, 
caspases and simultaneously decreased oxidative stress by 
influencing ROS damage in MCF-7 and MDA-MB-231 cells.
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