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Depending on the amounts present, reactive oxygen species

can exert either beneficial or deleterious effect to cells. In the

present study, we observed a decrease in cell viability

concomitant with an increase of malondialdehyde concentration

in hydrogen peroxide (H2O2)-treated MCF-7 breast cancer cells.

There was also a concurrent G1/S phase cell cycle arrest with

increased apoptosis in H2O2-treated cells. Analysis of 84

oxidative stress related genes showed that five genes were

significantly and differentially regulated, namely, Cytoglobin

(CYGB), Forkhead box M1 (FOXM1), NADPH oxidase (NOX5),

Nudix (nucleoside diphosphate linked moiety X)-type motif 1

(NUDT1) and Selenoprotein P1 (SEPP1) genes with H2O2 treat-

ment. It would seem that oxidative stress induces cell cycle

arrest in the breast cancer by modulation of these genes.

Manipulation of these genes, in particular FOXM1, a prolifer-

ation-specific gene associated with human malignancies, could

stifle cancer progression and enhance the therapeutic efficacy

of drugs which exert their effects by oxidative stress. Exp Biol

Med 234:1086–1094, 2009
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Introduction

Reactive oxygen species (ROS) such as superoxide

anions (O2
�), hydroxyl radicals (OH), and hydrogen

peroxides (H2O2) can lead to oxidative damage resulting

in impairment of protein function, mutation of nucleic acids

and lipid peroxidation (1, 2). ROS has been implicated in

aging (3), as well as development of diseases such as

Alzheimer’s disease (4), Parkinson’s disease (5) and

atherosclerosis (6). Moreover, there are reports that

oxidative stress contributes to oncogenic development via

induction of DNA damage that lead to mutation and

increased cell proliferation, survival and migration (7).

Studies have shown that at lower concentrations in

mammalian cells, ROS may serve as secondary messengers

by activating signal transduction pathways mediated by

tyrosine kinases, mitogen-activated protein kinases, protein

kinase C, epidermal growth factor receptor, protein phos-

phatases, potassium channels, activator protein-1 and nuclear

factor jB (8). As H2O2 is a small and uncharged molecule, its

ability to diffuse freely across plasma membranes, makes it

an ideal candidate as a signaling molecule (9). However, in

the presence of iron, H2O2 can be converted into a hydroxyl

radical, which can oxidize molecular targets before con-

version to water by enzymatic or non-enzymatic antioxidants

(10). Overproduction of ROS and deficiency in antioxidant

enzymes could lead to cytotoxicity by damaging cell

components (11, 12). Therefore, it would seem that ROS

can have dual roles, either beneficial or deleterious, depend-

ing on the levels in living cells.

The study of cellular responses to ROS could provide

an understanding of the mechanism and pathogenesis of

diseases related to oxidative stress and provides insights into

anti-oxidant defense against oxidative stress. The objective

of the present study was to investigate the effects of

oxidative stress mediated by H2O2 on cell viability and cell

cycle profile and determine the changes in expression of

oxidative stress related genes in MCF-7 breast cancer cells.

The results presented here demonstrate that hydrogen

peroxide induced cell cycle arrest and modulation of

oxidative stress related genes.

Materials and Methods

Materials. Cell culture reagents were procured from

Life Technologies Inc. (Rockville, MD) and fetal bovine
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serum (FBS) was purchased from Hyclone Laboratories

(Logan, UT). H2O2 solution was obtained from Kanto

Chemical (Tokyo, Japan).

Cell Culture. The MCF-7 breast cancer cell line

(HTB-22) was obtained from the American Type Culture

Collection (Rockville, MD) and was grown in Dulbecco’s

modified Eagles medium (DMEM) containing 10% FBS at

378C in a 5% CO2 incubator.

H2O2 Treatment. A 34.5% w/v H2O2 stock solution

was dissolved with DMEM to make a 25 mM H2O2

solution. Different concentrations of H2O2 were then

prepared, stored at 48C and used within 24 hours after

thawing.

Cell Viability Assay. Cell viability was determined

by a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-

phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay us-

ing the commercially available CellTiter 96t AQueous

Non-Radioactive Cell Proliferation Assay (Promega, Mad-

ison, WI). MCF-7 breast cancer cells were cultured in a 96-

well plate with 1 3 104 cell density and treated with H2O2

for 24 hours before performing the MTS assay.

Confocal Microscopy. Cells were grown on cover

slips and were treated with H2O2 for 24 hours before fixing

with 4% formaldehyde for 15 minutes. Cells were stained

with 4,6-diamidino-2-phenylindole (DAPI) fluorochrome

dye (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and

observed under an Olympus FluoviewTM confocal micro-

scope (Tokyo, Japan).

Cell Cycle Analysis. Cells were trypsinized, col-

lected by centrifugation and washed twice with PBS. Cell

pellets were resuspended in 0.5 ml PBS and fixed in 4.5 ml

70% cold ethanol overnight at 48C. Ethanol-fixed cells were

centrifuged at 1800 rpm for 5 minutes and washed with PBS

twice to remove ethanol. One ml of cocktail solution (8 ml

of PBS, 10 ll of Triton-X, 2 ml of RNAse A 1 mg/ml, and

200 ll of propidium iodide 1 mg/ml) was added to the cell

pellet and incubated for 30 minutes at room temperature

before analysis by flow cytometry.

Lipid Peroxide Assay. Cell suspensions were

centrifuged at 1000 rpm for 5 minutes and washed twice

with Phosphate Buffered Saline (PBS). Supernatants were

discarded and cell pellets resuspended in 1 ml PBS and

sonicated using ultrasonic processor three times for 5-

second intervals at 40 V setting over ice. Lipid peroxidation

was determined by the measurement of thiobarbituric acid

reactive substances (TBARS) using the TBARS assay kit

(Cayman Chemical, Ann Arbor, MI), according to the

manufacturer’s protocol.

RNA Isolation. Total RNA was isolated from MCF-7

cells using the RNeasy Mini Kit (Qiagen, Valencia, CA).

The quantity and quality of the RNA extracts were

determined by measuring the absorbance at 260 nm and

280 nm using a NanoDropt ND-1000 Spectrophotometer

(Thermo Scientific Inc., Waltham, MA).

Oxidative Stress and Antioxidant Defense PCR
Microarray. Each RNA sample (0.5 lg) was mixed with 2

ll of 53 Genomic DNA Elimination Buffer and made up to

a final volume of 10 ll. The mixture content was then

incubated at 428C for 5 minutes and chilled on ice for at

least 1 minute. 10 ll of RT cocktail (prepared according to

the manufacturer’s instruction) was added to 10 ll Genomic

DNA Elimination Mixture and incubated at 428C for 15

minutes, followed by heating at 958C for 5 minutes. 91 ll of

ddH2O was added to each 20 ll of cDNA Synthesis

Reaction. Real-time PCR was performed using the Human

Oxidative Stress and Antioxidant Defense RT2 Profiler PCR

microarray according to the manufacturer’s protocol (Super-

Array Bioscience, Frederick, MD). Gene expression was

compared according to the CT value. The normalizer used

for each cDNA sample was the average of five house-

keeping genes, viz., Hypoxanthine phosphoribosyltransfer-
ase 1, Beta-2-microglobulin, Ribosomal protein L13a,
Glyceraldehyde-3-phosphate dehydrogenase and beta actin.

Quantitative RT-PCR. 0.5 lg of total RNA was

reverse transcribed using SuperScript III first strand cDNA

synthesis kit (Invitrogen, Carlsbad, CA) with random

hexamer according to manufacturer’s instruction. The

cDNA was used as a template for real time quantitative

PCR analysis using the LightCycler technique (Roche

Diagnostics GmbH, Mannheim, Germany). The PCR

reaction mixture consisted of QuantiTect SYBR Green

PCR master mix (23 QuantiTect SYBR Green kit, contains

HotStart Taqt DNA polymerase, QuantiTect SYGB Green

PCR buffer, dNTP mix, SYGB I, Rox passive reference dye

and 5 mM MgCl2) (Qiagen, Valencia, CA), 0.5 lmol/L of

each primer and cDNA. The transcripts of the housekeeping

gene, Glyceraldehyde-3-phosphate dehydrogenase
(G3PDH) and transcription factor Forkhead box M1
(FOXM1) were detected by the following pair of primers:

59-GAA GGT GAA GGT CGG AGT CAA CG-39

(forward) and 59-TGC CAT GGG TGG AAT CAT ATT

GG-39 (reverse); and 59-AAC CGC TAC TTG ACA TTG

G-39 (forward) and 59-GCA GTG GCT TCA TCT TCC-39

(reverse), respectively.

Western Blot Analysis. Cells were lysed with lysis

buffer containing 7 M urea, 2 M thiourea, 4% CHAPS, 20

mM Tris, 13 nuclease mix and protease inhibitor (Amer-

sham Pharmacia Biotech, Piscataway, NJ) and were

harvested with a cell scraper. Cell debris was removed by

centrifuging the cell lysate at 13,000 rpm for 10 minutes at

48C. Protein concentration was determined using the Bio-

Rad Protein Assay (Bio-Rad, Hercules, CA) and 20 lg of

proteins were loaded on 10% SDS-PAGE gels and separated

by gel electrophoresis. Proteins were then transferred to a

Polyvinylidene Fluoride (PVDF) membrane (Bio-Rad) and

blocked overnight with 5% non-fat milk in Tris buffered

saline with 0.1% Tween 20. Proteins were blotted with

antibodies against FOXM1 (1:4000, Abcam, Cambridge,

UK) and beta-actin (1:5000, Sigma, St. Louis, MO).

Detection of the primary antibody was accomplished by

using HRP-conjugated anti-mouse IgG (1:10000, GE

Healthcare, UK). Protein bands were detected with Super-
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Signal West Pico Chemiluminescent Substrate (Pierce,

Rockford, IL). Protein bands were analyzed and quantified

by densitometry.

Statistical Analysis. All data are expressed as mean

6 SEM. A Student’s t test was performed to determine the

statistical significance of the cell viability assay. A One Way

Analysis of Variance (ANOVA) followed by a Tukey post

test was performed for the rest of the data analysis.

Statistical analysis was conducted using the GraphPad

Prism software (San Diego, CA). P , 0.05 was regarded as

statistically significant.

Results

H2O2 Induces Cytotoxicity in a Dose-Depen-
dent Manner. In order to examine the oxidative damage

effects of H2O2 treatment in MCF-7 cells, cells were

exposed to different concentrations of H2O2 for 24 hours. It

was noted that H2O2 exposure lead to cell death in a

concentration-dependent manner. There was no statistically

significant difference when MCF-7 cells were treated with a

concentration less than 50 lM H2O2 when compared to the

control group (Fig. 1). However, a significant reduction in

cell numbers was seen when MCF-7 cells were treated with

concentrations equal to and higher than 50 lM H2O2. There

was more than 80% reduction of cell numbers when cells

were treated with 100 lM H2O2 (Figs. 1 and 2). At a

concentration of 200 lM H2O2, no viable cells were

observed. The IC50 H2O2 was determined as 68.4 lM and

IC10 H2O2 was 34.6 lM, respectively.

H2O2 Causes Cell Cycle Arrest and Apopto-
sis. To test the effect of H2O2 on the different phases of

cell cycle, MCF-7 cells were treated with IC10 H2O2 for 24

hours and analysis of the cell cycle profiles were performed.

As shown in Figure 3, 34.6 lM H2O2 induced G1/S cell

cycle arrest with more than 80% accumulation of cells in the

G1 phase. Approximately 6% of cells were in sub-G1

(apoptotic) phase after 24 hours treatment, which was

significantly higher than in untreated cells. The presence of

apoptosis in H2O2 exposed cells was verified by DAPI

staining, which showed nuclear condensation and chromatin

margination (Fig. 4).

H2O2 Generates Lipid Peroxidative Stress. The

formation of MDA-TBA (malondialdehyde-thiobarbituric

acid) adducts is indicative of oxidative stress. To correlate

cell viability with oxidative stress, a TBARS assay was

performed. There was significantly higher MDA-TBA

formation in H2O2-treated MCF-7 cells as compared to

untreated cells (Fig. 5). A higher MDA-TBA formation in

MCF-7 cells was also observed in cells exposed to IC50

H2O2 as compared with IC10 H2O2.

H2O2 Induces Differential Regulation of Oxida-
tive Stress Related Genes. We also examined the

expression of 84 oxidative stress related genes in MCF-7

cells when exposed to IC10 H2O2 using the Human

Oxidative Stress and Antioxidant Defense RT2 Profiler

PCR Array. There were five genes which were found to be

differentially regulated with H2O2 treatment (Table 1).

There was up-regulation of the Cytoglobin (CYGB) gene

and down-regulation of Forkhead box M1 (FOXM1),
NADPH oxidase (NOX5), Nudix (nucleoside diphosphate
linked moiety X)-type motif 1 (NUDT1) and Selenoprotein

Figure 1. Effect of H2O2 treatment on the viability of MCF-7 breast
cancer cells. Cells were exposed to 0–200 lM H2O2 and cell viability
was evaluated by the CellTiter 96t AQueous Non-Radioactive Cell
Proliferation Assay. Percentage cell survival was determined by the
ratio of optical density (OD) of test sample/OD of control3100%. The
data shown are means 6 SEM of three separate experiments in
triplicate. *** P , 0.001 compared to control.

Figure 2. Effect of treatment with 100 lM H2O2 for 24 hours on the phenotype of MCF-7 cells as shown by phase contrast microscopy. (A)
Untreated cells were confluent and closely adhered to the substratum. (B) H2O2-treated cells were unhealthy and many cells rounded up and
detached. Magnification: 310.
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P1 (SEPP1) genes. The other 79 oxidative stress related

genes that were analyzed and found to be unaffected by

H2O2 treatment are shown in Table 2.

H2O2 Consistently Decreases FOXM1 mRNA

and FOXM1 Protein Expression at Different Con-

centrations. As FOXM1 has been associated with cancer

progression and was the most differentially down-regulated

gene in this study, expression of the FOXM1 gene in MCF-7

cells exposed to increasing concentrations of H2O2 was

examined. H2O2-treated cells showed a consistent reduction

of FOXM1 gene expression (Fig. 6A) concomitant with

down-regulation of the FOXM1 protein (Fig. 6B).

Figure 3. Effect of H2O2 treatment on the cell cycle in MCF-7. Cells were treated with 34.6 lM of H2O2 and were harvested for cell cycle
analysis. The cell cycle distribution was determined using propidium iodide staining and analyzed with flow cytometry. (A) Representative cell
cycle profile for untreated cells. (B) Representative cell cycle profile for 34.6 lM H2O2-treated cells. R1-sub-G1 phase, R2-G1 phase, R3-S
phase, R4-G2/M phase. (C) Bar chart showing the percentage of cells in different phases of cell cycle for untreated and H2O2 treated cells. The
experiments were in triplicates. Data presented as means 6 SEM. ** P , 0.01; *** P , 0.001.

Table 1. Differentially Regulated Oxidative Stress Related Genes in MCF-7 Breast Cancer Cells with H2O2

Treatment

Gene Description GenBank accession no. Fold differencea P value

CYGB Cytoglobin NM_134268 7.19 0.0033
FOXM1 Forkhead box M1 NM_021953 �4.29 0.0454
NOX5 NADPH oxidase, EF-hand calcium binding domain 5 NM_024505 �2.76 0.0372
NUDT1 Nudix (nucleoside diphosphate linked moiety X)-type motif 1 NM_002452 �1.80 0.0002
SEPP1 Selenoprotein P, plasma, 1 NM_005410 �3.04 0.0418

a Positive values indicate up-regulation of the gene while negative values indicate down-regulation of the gene.
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Table 2. Oxidative Stress Related Genes in MCF-7 Breast Cancer Cells Not Affected by H2O2 Treatment

Gene Description
Fold

change P value Gene Description
Fold

change P value

ALB Albumin 2.72 0.5381 MTL5 Metallothionein-like 5, testis-
specific (tesmin)

�1.54 0.5676

ALOX12 Arachidonate 12-lipoxy-
genase

2.94 0.5189 NCF1 Neutrophil cytosolic factor 1
(chronic granulomatous dis-
ease, autosomal 1)

1.98 0.6503

ANGPTL7 Angiopoietin-like 7 1.76 0.6740 NCF2 Neutrophil cytosolic factor 2
(65 kDa, chronic granuloma-
tous disease, autosomal 2)

5.35 0.1463

AOX1 Aldehyde oxidase 1 �1.39 0.4431 NME5 Non-metastatic cells 5, protein
expressed in (nucleoside-di-
phosphate kinase)

1.59 0.3575

APOE Apolipoprotein E 2.62 0.2409 NOS2A Nitric oxide synthase 2A
(inducible, hepatocytes)

3.70 0.3548

ATOX1 ATX1 antioxidant protein1
homolog (yeast)

1.07 0.7682 OXR1 Oxidation resistance 1 �1.17 0.4113

BNIP3 BCL2/adenovirus E1B 19
kDa interacting protein 3

1.66 0.3547 OXSR1 Oxidative-stress responsive 1 1.03 0.9336

CAT Catalase �1.41 0.5533 PDLIM1 PDZ and LIM domain 1 (elfin) 1.51 0.1028
CCL5 Chemokine (C-C motif)

ligand 5
1.27 0.6179 PIP3-E Phosphoinositide-binding

protein
�1.46 0.7281

CCS Copper chaperone for
superoxide dismutase

�1.01 0.9577 PNKP Polynucleotide kinase 39-phos-
phatase

�1.23 0.2994

CSDE1 Cold shock domain con-
taining E1 RNA-binding

1.26 0.4604 PRDX1 Peroxiredoxin 1 2.11 0.1602

CYBA Cytochrome b-245, alpha
polypeptide

1.06 0.9702 PRDX2 Peroxiredoxin 2 �1.25 0.4889

DGKK Diacylglycerol kinase,
kappa

1.98 0.2135 PRDX3 Peroxiredoxin 3 �1.60 0.5346

DHCR24 24-dehydrocholesterol
reductase

�1.35 0.3404 PRDX4 Peroxiredoxin 4 �1.09 0.3046

DUOX1 Dual oxidase 1 1.45 0.7143 PRDX5 Peroxiredoxin 5 1.21 0.1891
DUOX2 Dual oxidase 2 1.98 0.2135 PRDX6 Peroxiredoxin 6 �1.06 0.7532
DUSP1 Dual specificity phospha-

tase 1
3.69 0.2973 PREX1 Phosphatidylinositol 3,4,5-tri-

sphosphate-dependent RAC
exchanger 1

1.02 0.9468

EPHX2 Epoxide hydrolase 2,
cytoplasmic

1.44 0.5905 PRG3 Proteoglycan 3 1.69 0.5292

EPX Eosinophil peroxidase 3.03 0.4548 PRNP Prion protein (p27–30) (Creutz-
feldt-Jakob disease, Gerst-
mann-Strausler-Scheinker
syndrome, fatal familial in-
somnia)

2.19 0.1558

GLRX2 Glutaredoxin 2 1.17 0.4525 PTGS1 Prostaglandin-endoperoxide
synthase 1 (prostaglandin
G/H synthase and cyclooxy-
genase)

2.20 0.1569

GPR156 G protein-coupled recep-
tor 156

2.00 0.6107 PTGS2 Prostaglandin-endoperoxide
synthase 2 (prostaglandin
G/H synthase and cyclooxy-
genase)

1.15 0.8123

GPX1 Glutathione peroxidase 1 1.54 0.5536 PXDN Peroxidasin homolog (Dro-
sophila)

1.25 0.5150

GPX2 Glutathione peroxidase 2
(gastrointestinal)

6.19 0.1156 PXDNL Peroxidasin homolog (Dro-
sophila)-like

1.31 0.7314

GPX3 Glutathione peroxidase 3
(plasma)

1.80 0.1111 RNF7 Ring finger protein 7 1.28 0.2932

GPX4 Glutathione peroxidase 4
(phospholipid hydroper-
oxidase)

1.23 0.4146 SCARA3 Scavenger receptor class A,
member 3

�1.24 0.2245
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Discussion

Oxidative stress is often defined as an imbalance

between ROS level and antioxidant activity in cells which

lead to cellular damage (13, 14). When MCF-7 cells were

treated with H2O2, cell viability was severely compromised

with increase in H2O2 concentration. There was also an

associated impairment of cell cycle progression and

induction of apoptosis. This is in concert with the finding

that high concentrations of H2O2 can cause cells to undergo

cell cycle arrest, apoptosis and/or necrosis (15). In addition,

a significant increase in lipid peroxidation in H2O2 treated

cells was detected using the TBARS assay.

Superarray analysis of oxidative stress related genes in

cells exposed to H2O2 revealed that five out of 84 genes

showed statistically significant differences in fold changes,

namely CYGB, FOXM1, NOX5, NUDT1 and SEPP1.

CYGB, a recently discovered intracellular respiratory globin

protein was found to be expressed in the nucleus and the

cytoplasm of many types of human tissue and cells (16). In

this assay, the CYGB gene was up-regulated by 7 folds when

treated with H2O2, suggesting that this stress-responsive

hemoprotein might be a general adaptive response under

adverse conditions.

With regard to the down-regulated genes, NOX5
encodes a novel superoxide-producing NADPH oxidase

which is regulated by GTPase Rac 1 and although its

physiological function is poorly understood, it has been

found to be the primary source of ROS in mature malignant

B cells through regulation of SHP-1 tyrosine phosphate

activity (17). NUDT1 is important in hydrolyzing oxidized

triphosphate 8-oxodGTP to the monophosphate 8-ox-

odGMP, thereby preventing the mutagenic consequences

from oxidation of cellular DNA, RNA and their precursor

nucleotides (18, 19). SEPP1 is an antioxidant and selenium

transporter which contains multiple selenocysteine residues

and binds to about 50% of the total selenium in plasma (20).

Studies have shown that the FOXM1 signaling pathway is

often deregulated in human malignancies by overexpression

of FOXM1 in human hepatocellular carcinoma (21),

intrahepatic cholangiocarcinomas (22), infiltrating ductal

Table 2. Continued.

Gene Description
Fold

change P value Gene Description
Fold

change P value

GPX5 Glutathione peroxidase 5
(epididymal androgen-
related protein)

1.69 0.6266 SELS Selenoprotein S 1.12 0.7999

GPX6 Glutathione peroxidase 6
(olfactory)

1.42 0.6202 SFTPD Surfactant, pulmonary-asso-
ciated protein D

�1.03 0.9033

GPX7 Glutathione peroxidase 7 1.98 0.2135 SGK2 Serum/glucocorticoid regulated
kinase 2

5.82 0.4034

GSR Glutathione reductase 2.53 0.1813 SIRT2 Sirtuin (silent mating type infor-
mation regulation 2 homolog)
2 (S. cerevisiae)

1.34 0.1699

GSS Glutathione synthetase �1.01 0.9552 SOD1 Superoxide dismutase 1, solu-
ble (amyotrophic lateral
sclerosis 1, adult)

1.34 0.2330

GSTZ1 Glutathione transferase
zeta 1 (maleylaceto-
acetate isomerase)

�1.32 0.5391 SOD2 Superoxide dismutase 2, mito-
chondrial

�1.09 0.7248

GTF2I General transcription
factor II

�1.30 0.5094 SOD3 Superoxide dismutase 3, extra-
cellular

1.39 0.1853

KRT1 Keratin 1 (epidermolytic
hyperkeratosis)

4.09 0.3210 SRXN1 Sulfiredoxin 1 homolog
(S. cerevisiae)

4.06 0.4400

LPO Lactoperoxidase 6.95 0.3500 STK25 Serine/threonine kinase 25
(STE20 homolog, yeast)

1.14 0.5015

MBL2 Mannose-binding lectin
(protein C) 2, soluble
(opsonic defect)

1.98 0.2135 TPO Thyroid peroxidase �1.14 0.6926

MGST3 Microsomal glutathione
S-transferase 3

�1.28 0.5985 TTN Titin 8.24 0.2134

MPO Myeloperoxidase 4.49 0.3107 TXNDC2 Thioredoxin domain containing
2 (spermatozoa)

3.73 0.3273

MPV17 MpV17 mitochondrial in-
ner membrane protein

�1.02 0.9460 TXNRD1 Thioredoxin reductase 1 7.20 0.2024

MSRA Methionine sulfoxide
reductase A

�1.25 0.7155 TXNRD2 Thioredoxin reductase 2 1.06 0.5241

MT3 Metallothionein 3 3.50 0.3433
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breast carcinoma (23), glioblastoma (24), basal cell

carcinoma (25), non-small cell lung cancers (26), cervical

squamous cell carcinoma (27) and in many other human

derived tumors (28). FOXM1 is a proliferation-specific gene

which plays important roles in the cellular developmental

pathway ranging from cell differentiation to transformation.

The FOXM1 protein is a key cell cycle regulator of both the

G1 to S phase transition and mitosis progression (29, 30).

There is ample evidence that its expression is associated

with stimulation of proliferation in numerous tumor derived

Figure 4. Effect of H2O2 on apoptosis in MCF-7 cells. Cells were
treated with 34.6 lM H2O2 for 24 hours and stained with DAPI dye.
Morphological characteristics associated with apoptosis were
present when viewed under confocal microscopy. Typical apoptotic
cells H2O2 are indicated by arrows. Bar ¼ 20 lm.

Figure 5. Effect of H2O2 treatment on lipid peroxidative stress in
MCF-7 breast cancer cells. Cells were exposed to H2O2 for 24 hours
and the TBARS assay was used to determine the formation of lipid
peroxidative products. Data are expressed as means 6 SEM. * P ,
0.05; ** P , 0.01.

Figure 6. Effect of H2O2 treatment on FOXM1 expression. (A) MCF-
7 cells were incubated in the different concentration of H2O2 for 24
hours. After extraction of RNA, 0.5 lg of total RNA for each sample
was converted to cDNA and analyzed by quantitative real time RT-
PCR. The difference in the Ct value of FOXM1 and the G3PDH gene
was calculated to determine the level of expression of FOXM1.
Experiments were done in triplicates. Data presented as means 6
SEM. * P , 0.05; ** P , 0.01 as compared with control value.
(B)Cells were treated with four concentrations of H2O2 for 24 hours
and proteins were extracted from cell lysates after 48 hours. Western
blot analysis was performed using the FOXM1 antibody with beta
actin as the housekeeping control. Upper panel shows a representa-
tive blot and lower panel, a bar chart of the quantitation of the protein
bands by densitometry. Experiments were done in duplicates. Data
presented as means 6 SEM.
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cell lines (31–35). Studies have shown that FOXM1

regulates transcription of several cell cycle genes including

cyclin B, Cdc25A, Cdc25B, cyclin D1, p21Cip1, p27Kip1,

Aurora B kinase and Polo-like kinase (36–40). Decrease in

the expression of FoxM1 is associated with reduced

expression of cell cycle regulatory genes involved in the

progression of the cell through the S, G2 and M phases (37,

41, 42). Moreover, it has also been previously reported in

mouse fibroblasts that H2O2 could induce a transient multi-

phase cell cycle arrest through modulation of cyclin D and

p21Cip1 expression (43). Hence, FOXM1 could be a

potential cancer therapeutic target for inhibiting cell

proliferation.

In summary, the viabilities of MCF-7 cells were

severely compromised with increasing H2O2 concentration.

There was also associated G1/S phase arrest and increased

apoptosis. The generation of oxidative stress induced

concomitant and differential regulation of oxidative stress

associated genes, CYGB, FOXM1, NOX5, NUDT1 and

SEPP1. Modulation of the expression of these genes, in

particular, FOXM1 may stifle cancer development, inhibit

progression and enhance the efficacy of chemotherapeutic

drugs which exert their cytotoxic effects by oxidative stress.
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