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The aim of this study was to evaluate the endogenous alterations of the antioxidant enzymes in tumor cells and to
specifically compensate the resulting changes in the levels of reactive oxygen species (ROS) to control the malignant
growth. We determined and compared the activities of antioxidant enzymes and the levels of superoxide anion (O��

2 )
and hydrogen peroxide (H2O2) in tumor cell lines with different degrees of malignancy, paired with regard to their

origin (PB/CH72T4, PDV/PDVC57, and HBL-100/MCF-7). An increase in superoxide dismutase activity and a decrease in
the activities of H2O2-detoxifying enzymes, as a function of malignancy, coupled with a rise in H2O2 and a decrease in
O��

2 were demonstrated. Treatment of cells with exogenous catalase showed a dose-dependent inhibition of

proliferation. This inhibition was also demonstrated in several cell lines of different tissue origin and species,
suggesting a general role of H2O2 in cell proliferation. Moreover, stable expression of human catalase in MCF-7 cells
inhibited proliferation and also reverted malignant features. We conclude that H2O2 played a crucial and general role

in the regulation of proliferation and that an endogenous imbalance in antioxidant enzymes could be a relevant event
in the carcinogenesis process. � 2004 Wiley-Liss, Inc.
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INTRODUCTION

Reactive oxygen species (ROS), such as superoxide
anion (O��

2 ), hydrogen peroxide (H2O2), and hydro-
xyl radical (HO�), are generated by all aerobic cells
during normal oxygen metabolism. The concentra-
tion of these reactive species is tightly controlled by
specific-scavenging systems, including antioxidant
enzymes and low molecular weight antioxidants.
The intracellular concentration of ROS results
from their production and removal by antioxidant
defenses.
Cumulative information has implicated ROS in

the development of cancer [1,2]. Many chemical
carcinogens have been shown to act through free
radical metabolites [1]. Some tumor promoters, such
as 12-O-tetradecanoylphorbol-13-acetate (TPA), sti-
mulate the endogenous productionof free radicals in
several cell types [3,4], whereas the tumor promoter
benzoyl peroxide induces oxidative stress directly
both in isolated mouse epidermal cells [3] and in
mouse skin in vivo [5]. Free radical-scavengers
protect against cancer development in animal
models and may be chemoprotective in humans
[1–3]. Conversely, chronic inflammatory states that
involve oxidative stress are associated with the

development of cancer [1,3]. However, the mechan-
isms by which ROS are involved in malignant
transformation remain unclear.
Excessive production of ROS usually results in

cytotoxic effects, but interactions of individual
oxidant species with cell-control mechanisms that
occur in the absence of cytotoxic effects are poten-
tially involved in signaling processes [6]. In parti-
cular, ROS have been associated with signal
transductionpathways relatedwith cell proliferation
and differentiation [7–14]. However, controversial
results have been reported regarding the involve-
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ment of either O��
2 [8] or H2O2 [13,14] in cell

proliferation. Regarding the physiological role of
ROS, changes in the levels of antioxidant enzymes
could induce a modification in the intracellular
concentrations of each ROS, leading to alterations
in the control mechanisms of cell proliferation. The
data in the literature on the modulation of antiox-
idant enzymes in the carcinogenesis process are
highly controversial. In several tumor tissues,
decreased activities of antioxidant enzymes, includ-
ing superoxide dismutase (SOD) and catalase, have
been reported [15,16], but in other reports increased
enzyme activities have beendescribed [17,18]. Given
the roleofdifferentROSas signalingmolecules, these
controversies on the levels of antioxidant enzymes
could be due to differences in the resulting levels of
each ROS in each experimental model. In this sense,
Gardner et al. [19] analyzedhowSODoverexpression
could affect the levels of H2O2 in a different way
depending on the cellular context. Thus, to evaluate
the involvement of antioxidant enzymes in the
generation of the malignant phenotype, it would
be relevant to consider the alterations in the balance
between the different antioxidant enzymes and the
levels of each ROS. In this sense, an imbalance in the
antioxidant system in melanoma cells [20] and in
lung cancer [21] has been reported. However, these
reports [20,21] do not correlate the endogenous
imbalance in the levels of antioxidant enzymes with
variations in ROS concentrations and the control of
tumor cell proliferation.
In the present study, three matched pairs of cell

lines, which were compared with regard to their
origin and their differences inmalignancy,wereused
to evaluate the correlation between the activities of
antioxidant enzymes and the levels of ROS. In these
cell lines, we demonstrated an endogenous imbal-
ance in antioxidant enzymes with a concomitant
increase inH2O2andadecrease inO��

2 as a functionof
malignancy. Moreover, scavenging of H2O2 by
exogenous addition of catalase inhibited prolifera-
tion. This inhibition was also demonstrated in
several cell lines of different tissue origin and
species, suggesting a general role of H2O2 in cell
proliferation.Moreover, stable transfection ofmalig-
nant cells (MCF-7) with cDNA of human catalase
inhibited proliferation and also reverted malignant
features.

MATERIALS AND METHODS

Cell Lines and Cell Cultures

All reagents and media for cell cultures were
purchased from Invitrogen Argentina.
The cell lines used herein have different origins.

Cell lines of equal origin and different degrees of
malignancy were compared as follows.
PDV and PDVC57 originally derived from C57BL/

6N mouse, PDV derived from newborn mouse

epidermal keratinocytes treated in culture with
the carcinogen 7,12-dimethyl-benz-(a)anthracene
(DMBA), and PDVC57 were obtained by explanting
a tumor induced by PDV in a syngeneic mouse
[22,23]. PDVC57 cells are more tumorigenic and
have more malignant phenotype features than PDV
cells [22–24].
PB and CH72T4 were originally derived from

SENCAR mice. PB was derived from culture of a
papilloma obtained by two stage carcinogenesis
(DMBA-TPA) [25]. CH72T4 was obtained by four
passages in vivo of CH72 cells in nude mice
(Fernando Benavides, personal communication),
and CH72 cell line originally derived from a carci-
noma obtained by two-stage carcinogenesis (DMBA-
TPA). CH72T4 cells are highly tumorigenic and have
lost the expression of epithelial markers. PB cells are
morphologically indistiguishable from normal kera-
tinocytes, respond to differentiation stimuli, and are
very weakly tumorigenic [25].
Primary cultures of epidermal cells from newborn

C57BL/6N and SENCAR mice were used as normal
cells.
Thehuman cell lines usedwereHBL-100 andMCF-

7. HBL-100 cell linewas developed from themilk of a
healthy woman [26], presents markers of breast
epithelium, and has been used widely as a near-
normal model for breast epithelial cells [27]. The
MCF-7 breast carcinoma cell line was established
from the pleural effusion of a patient with breast
adenocarcinoma [28].
Other cell lines of different origins were used:

MCA3D (nontumorigenic mouse epidermal cells),
Vero (monkey kidney epithelial cells), F98 (mouse
glioblastomacells) (a gift fromDr.R. Barth),UMR106
(rat osteosarcoma cells) (a gift from Dr. S.B. Etch-
everry and Dr. A.M. Cortizo), and PANC-1 (human
pancreatic carcinoma cells).
ThePDV, PDVC57,CH72T4, andMCA3Dcell lines

were grown in Ham’s F12 medium supplemented
with aminoacids, 8% fetal bovine serum (FBS), and
50 mg/mL gentamicin. PB cells were grown in S-MEM
with 8% Chelex 100 resin-treated FBS, aminoacids,
and 50 mg/mL gentamicin. HBL-100, MCF-7, and
PANC-1 were grown in RPMI 1640 supplemented
with 8%FBS and50 mg/mLgentamicin.UMR106 and
F98 were grown in D-MEM with 8% FBS and 50 mg/
mL gentamicin. All cells were grown at 378C in a 5%
CO2 humidified atmosphere.
For primary cultures, epidermal cells were

obtained from skin of newborn mice, and 2�106

cells from SENCAR mice and 5�106 cells from
C57BL/6N mice were seeded in 35-mm plate dishes
and grown in S-MEM with 8% Chelex 100 resin-
treated FBS, aminoacids, and 50 mg/mL gentamicin.
The comparative pairs of cell lines previously

described were characterized to validate the model
of different degrees of malignancy. For this pur-
pose, doubling time, clonogenicity, and capacity of
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anchorage-independent growth in semi-solid med-
ium [29] were evaluated.

Antioxidant Enzyme Assays

All reagents were purchased from Sigma-Aldrich
Co.
To determine the antioxidant enzyme activities,

cells grown in 100-mm dishes during 48 h were
scraped and homogenized in 1 mL phosphate buffer
50 mM, pH 7.8. Cells were disrupted by freezing and
thawing at �808C and centrifuged at 20 000� g
10 min at 48C.
SOD, catalase, and glutathione peroxidase (GPx)

were measured as previously described [30–32].
Briefly, total SOD was measured by the nitroblue
tetrazolium (NBT) reduction assay with a xanthine/
xanthine oxidaseO��

2 generating system. One unit of
SOD activity was defined as the amount of enzyme
that inhibits the rate of blue diformazan formation
by 50%. Catalase activity was measured spectro-
photometrically bymonitoring the disappearance of
H2O2 at 240 nm. A unit of catalase is defined as
the disappearance of 1 mmol H2O2/min (E¼
43.6 M�1 cm�1). GPx was measured indirectly by
spectrophotometricallymonitoring the oxidation of
NADPH at 340 nm in a coupled assay system
containing glutathione and glutathione reductase,
and with t-butyl hydroperoxide as the substrate.
A unit of glutathione peroxidase is defined as
the oxidation of 1 nmol NADPH/min (E¼
6.22 mM�1 cm�1).
Protein concentration was measured by Lowry’s

method.
Eachexperimentwasperformedat least three times

with triplicate measurements for each condition.

Production of H2O2 and O2
�� by Tumor Cells

To evaluate the production of H2O2 and O��
2 , cells

were seeded in complete medium in 35-mm cell
culture dishes and grown for 24 h. The rate of H2O2

production was evaluated by measuring H2O2

released into the medium by the scopoletin/horse-
radishperoxidase (HPO) assay [33] adapted for tumor
cells [34]. Briefly, cells were washed twice with PBS
and incubated with 1 mL of complete medium
without phenol red, and with 1 U of HPO and
35 mM scopoletin. The fluorescence intensity of the
cell media was measured at different times of
incubation up to 4 h in a spectrofluorometer with
excitation wavelength at 360 nm and emission
wavelength at 460 nm. Control values of sponta-
neous fluorescence decay were obtained by incubat-
ing cells in absence of HPO. Standard curves were
obtainedwith known amounts ofH2O2. The produc-
tion of H2O2 was expressed as nmol/h/5�105 cells.
The rate of O��

2 production was determined by
measuring the reduction of NBT as previously
described [35]. NBT reduction was determined
spectrophotometrically at 640 nm and the produc-

tion of O��
2 was expressed as nmol of reduced NBT/h/

5� 105 cells. Cell number was determined by direct
cell count at the same time of the measurements of
H2O2 or O

��
2 production.

Eachexperimentwasperformedat least threetimes
with triplicate measurements for each condition.

Treatments With Exogenous Catalase
and Cell Growth Assays

Cells growing in 24-well plates or 35-mm dishes
were treated with 0–1000 U catalase/mL and cell
growth was evaluated after 24 h of incubation. Cell
growth was determined in cells treated with catalase
by direct cell count, by the 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT) growth
assay [36] and after 6 or 24 h by immunolabeling
following BrdU incorporation [37]. For the MTT
assay, the cells were incubated with 1 mL of cell
culturemediumwith 200 mg/mLMTT for 2h at 378C.
MTT medium was removed, and the formazan was
solubilized with 1 mL DMSO and measured spectro-
photometrically at 555 nm.Cell counts and theMTT
assay were also performed in control cells 24 h after
seeding to calculate the cell proliferation rate after
24 h of treatment. Results were expressed as percen-
tage of inhibition of proliferation, referred to control
cells without treatment.
For BrdU incorporation, cells were incubated with

20 mM BrdU for 2 h. Cells were subsequently fixed
and treated with formamide 70% 2 h at 658C. BrdU
was detected by immunocytochemistry [37]. Results
were expressed as percentage of positive cells.
Cells growing in 24-well plates were treated with

0–1000 U catalase/mL. After 24 h of treatment, cells
were washed with PBS and incubated with fresh
medium for 24h. Cell numberwas evaluated byMTT
assay as described above. Results were expressed as
the increase in MTT reduction relative to control
cells without treatment.
Apoptosis was evaluated by staining with Hoechst

and by DNA laddering. Cells treated with 100 mM
genistein were used as positive control.
Variations in the levels ofH2O2 by treatmentswith

0–1000 U/mL catalase were evaluated by a slightly
modified scopoletin/HPO assay. Cells were incu-
batedwith0.5U/mLHPOand100mMscopoletin and
fluorescence intensity was measured after 24 h.
Results were expressed as percentage of the H2O2

production of control cells.
All experiments were performed at least three

times with duplicate or triplicate measurements for
each condition.

Transfection of cDNA of Human Catalase
in MCF-7 Cells

Plasmid pLK440 carrying the full-length cDNA of
human catalase (kindly donated by Dr. Y.S. Ho,
Institute of Chemical Toxicology, Wayne State
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University, Detroit, MI) was digested with Sal I and
the 1.8 kb human catalase cDNA insert was cloned
into pBabe-neo retroviral vector [38]. The sense
(senHCcDNA) and antisense (antHCcDNA) cDNA
human catalase recombinant vectors were used to
transfect MCF-7 cells by the lipofectamine method
(Invitrogen Argentina) and stable clones were
obtained by selection with 700 mg/mL geneticin.
The catalase activity and the rate ofH2O2 production
of the isolated clones were evaluated by the assays
described above. The proliferation capacity and the
malignant features of these clones were character-
ized. Proliferationwas evaluated by cell count andby
immunolabeling of BrdU incorporation and malig-
nancy was evaluated by the clonogenicity assay and
the capacity of anchorage-independent growth [29].

Statistical Analysis

Data are presented as mean� SD. Statistical ana-
lyses were performed with a one factor analysis of
variance (ANOVA) and Tukey’s method for multiple
comparison. Regression analyses were performed for
experiments of growth inhibition as a function of
catalase dose.

RESULTS

Antioxidant Enzyme Activities

Table 1 shows the characterization of the com-
parative cell lines derived from SENCAR and C57BL/
6N mice and from human mammary epithelium.
The more malignant the cell line, the higher its
clonogenic capacity and anchorage-independent
growth (Table 1). These results are in agreement
with previous descriptions of the cell lines used in
this study [22–28] and confirm the predetermined
degrees of malignancy of all the pairs of cell lines.
In order to evaluate the variations in antioxidant

enzymes as a function of malignancy, we evaluated
the activities of total SOD, catalase, and GPx in the
different cell lines (Table 2). SOD activity was
significantly higher in themoremalignant cell lines,
except for thehumancell lines,while the activities of
H2O2-detoxifying enzymes, catalase and GPx,

decreased significantly as a function of malignancy.
These data revealed an imbalance in antioxidant
enzymes associated with malignancy as shown by
the increase in the SOD/catalase and SOD/GPx ratio
as a function of malignancy (Table 2).

Production of H2O2 and O2
��

Due to the imbalance in the antioxidant enzymes,
we expected an increase in the constitutive levels of
H2O2 and a decrease in the constitutive levels of O��

2 .
Thus, theproductionofH2O2andO��

2 in thedifferent
cell lines were measured (Figure 1). The results
showed a significant increase in H2O2 production,
that is, PB vs. CH72T4 (P� 0.001), PDV vs. PDVC57
(P�0.01), and HBL-100 vs. MCF-7 (P¼0.001) and a
significant decrease in O��

2 production, that is, PB vs.
CH72T4 (P¼0.001), PDV vs. PDVC57 (P¼0.001),
and HBL-100 vs. MCF-7 (P�0.001), as a function of
malignancy.

Inhibition of Cell Proliferation by the Exogenous

Modulation of H2O2 Levels

To establish the relationship between H2O2 levels
and proliferation, the different cell lineswere treated
with different concentrations of catalase. Figure 2
shows the inhibition of proliferation induced by
catalase in cell lines derived from SENCAR and
C57BL/6N mice and in human cells. Regression
analysis demonstrated a dose-dependent growth
inhibition for all the cell lines, as evaluated by MTT
assay (Figure 2A,C,E): PB (R¼0.92, P�0.001),
CH72T4 (R¼0.95, P�0.001), PDV (R¼0.96,
P�0.001), PDVC57 (R¼ 0.94, P�0.001), HBL-100
(R¼0.99,P�0.001),MCF-7 (R¼0.97,P¼0.004) and
by cell counts: PB (R¼0.92, P�0.001), CH72T4
(R¼0.91, P� 0.001), PDV (R¼0.97, P�0.001),
PDVC57 (R¼0.95, P�0.001), HBL-100 (R¼ 0.97,
P¼0.003), MCF-7 (R¼0.98, P�0.001). A significant
inhibition of cell proliferation was demonstrated in
all the cell lines after 6 and 24 h of catalase
treatment as assessed by BrdU incorporation (Figure
2B,D,F), that is, PB 6 h (P¼0.001), 24 h (P�0.001);
CH72T4 6 h (P¼ 0.037), 24 h (P¼0.002); PDV 6 h
(P�0.001), 24 h (P�0.001); PDVC57 6 h

Table 1. Characterization of the Comparative Cell Lines

Cell lines
Doubling
time (h)

Clonogenicity
(colonies/103 cultured cells)

Anchorage independence
(colonies/104 cultured cells)

PB 34.3� 4.7 10� 2 0
CH72T4 18.7� 0.6* 350� 23{ 52� 5{

PDV 18.9� 1.1 300� 35 2.3� 0.5
PDVC57 18.1� 2.1 401� 21* 22.5� 3{

HBL-100 30� 3.4 90� 17 9.2� 2
MCF-7 25� 2.4 180� 20{ 65.6� 5{

Characterization of the comparative cell lines derived from SENCAR mice (PB and CH72T4), C57BL/6N mice
(PDV and PDVC57), and from human mammary epithelium (HBL-100 and MCF-7).
*P<0.01 compared with the other cell line of the same origin.
{P<0.001 compared with the other cell line of the same origin.
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(P�0.001), 24h (P�0.001);HBL-1006h (P¼0.002),
24 h (P�0.001); and MCF-7 6 h (P¼0.015), 24 h
(P¼0.005). The inhibition of proliferation was
completely eliminated by prior heat inactivation
of catalase.

The catalase dose–dependent inhibition of cell
growth was confirmed in cells of different tissue and
species origin (R¼0.88–0.95, P�0.001) (Figure 2G),
suggesting that the inhibition of proliferation by
scavenging H2O2 is a general mechanism.

Table 2. Activities of Antioxidant Enzymes

Cell lines SOD (U/mg prot) Catalase (U/mg prot) GPx (U/mg prot) SOD/catalase SOD/GPx

Primary culture
(SENCAR)

28� 1 18� 3.4 60.5� 2.5 1.55 0.46

PB 52� 2.4* 16� 1.9 49� 2.5 3.25 1.06
CH72T4 102� 27*,{ 6.9� 1.3*,{ 7.8� 0.4*,{ 14.7 13
Primary culture

(C57BL/6N)
61� 5.4 17� 9.8 46.5� 4.5 3.58 1.31

PDV 115� 9.5* 1.8� 0.5{ 10� 0.1* 63 11.5
PDVC57 220� 26*,{ 2.7� 0.2* 6.2� 1.3* 81 35.5
HBL-100 20� 5 5.4� 1.8 20.8� 2.9 3.7 0.96
MCF-7 41.5� 11 1.4� 0.48{ 3.44� 0.7{ 29.2 12

SOD, superoxide dismutase; GPx, glutathione peroxidase.
Activities of SOD, catalase, and GPx in cell lines derived from SENCAR and C57BL/6N mice and from human mammary epithelium, and in
primary culture of epidermal cells from SENCAR and C57BL/6N mice.
*P<0.01 compared with primary culture.
{P<0.01 compared with the other cell line of the same origin.

Figure 1. Production of H2O2 by tumor epidermal cells measured by the scopoletin/horseradish peroxidase assay
and expressed as nmol H2O2/5� 105 cells/h (A, B, C). Production of O��

2 determined by the NBT reduction assay and
expressed as nmol of reduced NBT/5�105 cells/h (D–F). Cell lines derived from SENCAR mice (A, D), cell lines
derived from C57BL/6N mice (B, E) and human mammary cell lines (C, F). Data are expressed as mean� SD.
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As expected, catalase treatments inhibited H2O2

production in a dose-dependent manner. Figure 3
shows the decrease in the production of H2O2

(P�0.001) with the concomitant increase in the
inhibition of proliferation in the human cell lines,
HBL-100 and MCF-7.

Evaluation of Cytotoxicity and Apoptosis

Interestingly, the inhibition of cell proliferation
observed upon catalase addition was reverted when

treated cells were washed and incubated with fresh
medium (Figure 4). In all cases, no significant
differences in growth rate values were observed 24 h
later. These results indicated that the inhibition was
not due to a cytotoxic effect. Regarding the induc-
tion of apoptosis, there was no increase in
the number of apoptotic cells in catalase (500 and
1000 U/mL) treated cultures, as compared with
nontreated cultures. In all the cases, the number of
apoptotic cells determined by staining with Hoechst

Figure 2. Inhibition of the increase in MTT reduction in control
cells induced by exogenous catalase in cell lines derived from
SENCAR mice (A, B), from C57BL/6N mice (C, D), from human
mammary epithelium (E, F), and in other cell lines of different origin
(G). (A, C, E, G) MTT growth assay after 24 h of catalase treatment,
(*) PB, PDV, and HBL-100 cells, (*) CH72T4, PDVC57, and MCF-7
cells, MCA3D (&), Vero (�), PANC1 (*), F98 (&), and UMR106 (~).

Similar results were obtained by direct cell count after 24 h of
catalase treatment. Line drawings of the inhibition determined by
direct cell count as a function of catalase dose were not included for
the sake of brevity. Results of regression analysis for both methods
were detailed in the text. (B, D, F) BrdU incorporation after 6 ( ) and
24 h (&) of catalase treatment (1000 U/mL), (&) control cells. Data
are expressed as mean� SD.
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was less than2%.Negative results for catalase-treated
cells were obtained when apoptosis was determined
by DNA laddering. Thus, the overall data strongly
suggest that catalase is inducing a cytostatic effect.

Stable Expression of Catalase in Malignant Mammary

Cells Following Gene Transfer

In order to confirm the previous data on the effect
of catalase on cell proliferation, we stably transfected
MCF-7 cells with the full-length human catalase
cDNA (senHCcDNA). Parental MCF-7 cells and cells
transfected with an antisense cDNA of human
catalase were used as controls. Catalase activity of
MCF-7 cells stably transfected with senHCcDNAwas
at least three times higher than for control
cells (Figure 5A). Remarkably, a dramatic decrease
in H2O2 levels was observed in MCF-7 cells stably
expressing the catalase gene compared to control
cells (Figure 5B).

Inhibition of Proliferation and Malignant Features by
the Stable Transfection of cDNA of Human Catalase

in MCF-7 Cells

Stable expression of catalase inMCF-7 cells led to a
marked decrease in the proliferation capacity of
MCF-7 cells as evaluated by their doubling time and
BrdU incorporation (Table 3). Moreover, stable
catalase expression also induced a dramatic decrease
in MCF-7 cells clonogenicity and capacity of ancho-
rage-independent growth, demonstrating a marked
inhibition of their malignant phenotype (Table 3).

DISCUSSION

In the present study we demonstrated an endo-
genous imbalance of antioxidant enzymes coupled
to a rise in H2O2 and a decrease in O��

2 in tumor cell
lines, which correlates with the degree of malig-
nancy. Scavenging of H2O2 with exogenously added
catalase inhibited cell proliferation both in near
normal cells and in malignant cells. The involve-
ment of H2O2 in proliferation was also demostrated
in cell lines of different tissue origin (epithelial,
fibroblast, glia, bone) from several species (mouse,
rat,hamster,human),supportingthegeneralandcru-
cial role of H2O2 in the control of cell proliferation.

Figure 3. Hydrogen peroxide (H2O2) production (&) and inhibi-
tion of the increase in MTT reduction in control cells (&) as a function
of catalase concentration after 24 h of treatment in human cell lines,
(A) HBL-100 and (B) MCF-7. Data are expressed as mean� SD.

Figure 4. Recovery of cell proliferation after treatment with
catalase. Cells treated with catalase for 24 h were washed and
incubated for 24 h with fresh medium to evaluate recovery. Cell
number was evaluated by the MTT assay. Results were expressed as
the increase in MTT reduction relative to control cells without
treatment. (A) PB and CH72T4 cells, (B) PDV and PDVC57 cells, and
(C) HBL-100 and MCF-7 cells. (&) Control, catalase ( ) 500 U/mL,
and (&) 1000 U/mL. Data are expressed as mean� SD.
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Moreover, stable expression of human catalase in
MCF-7 cells inhibited cell proliferation and reverted
malignant features.
McCord suggested that a cell producing a perma-

nent oxidative shift in the redox statusmay undergo
continuous proliferation that could be, in turn, a
crucial event in the appearance of the malignant
phenotype [39,40]. In this sense, Suh et al. [41]
reported that fibroblasts overexpressing Nox1
(NADPH oxidase, which generates O��

2 with second-
ary generation of H2O2) exhibit a transformed
phenotype, including increased proliferation and
aggressive tumor formation in athymic nude mice.
To analyze if tumor cells have a constitutive
oxidative shift, we evaluated the levels of antiox-
idant enzymes in epithelial cell lines with different
degrees of malignancy. It is important to emphasize

that in this study the alterations in antioxidant
enzymes were evaluated as a function ofmalignancy
in cells that have not been genetically manipulated
to induce the malignant phenotype. These varia-
tionswere comparedwithdue regard for theoriginof
the cells. The results demonstrated an imbalance in
the antioxidant system in the three comparative
series of cell lines, with an increase in SOD and a
decrease in H2O2-detoxifying enzymes, catalase and
GPx, as a function ofmalignancy. These results are in
agreement with previous evidence showing a similar
imbalance in the antioxidant system in melanoma
cells as compared with normal melanocytes [20] and
in lung cancer as compared with normal lung tissues
[21]. We expanded this evidence by correlating the
endogenous imbalance in the levels of antioxidant
enzymes with the ensuing increase in H2O2 and the
control of tumor cell proliferation.
However, controversial evidence points towards

the involvement of either O��
2 or H2O2 in prolifera-

tion and transformation. Previous studies reported
an association between H2O2 and cell proliferation
[12–14,42] and the inhibition of proliferation by
scavenging H2O2 has been reported in a more
restricted context, in smooth muscle cells [43,44]
and in HER-2/Neu transformed fibroblasts [45].
Regarding the involvement of H2O2 in malignant
transformation, low catalase levels in tumor cells
may play a functional role in the appearance of the
malignant phenotype [46–49]. Moreover, high
levels of H2O2 may give rise to the prooxidant state
in tumor cells required for the maintenance of the
tumor cell phenotype [48,49]. In this sense, Huang
et al. demonstrated the induction of transformation
by H2O2 via the activation of the epidermal growth
factor receptor in rat liver nonneoplastic epithelial
cells [9]. Arnold et al. [50] reported that the
tranformed phenotype induced by overexpression
of Nox1 in NIH 3T3 cell is reverted by stable catalase
expression. In this study, a correlation between the
endogenous levels of H2O2 and malignancy was
demonstrated. Moreover, a compensation of an
endogenous imbalance of antioxidant enzymes has
been shown to inhibit proliferation and revert the
malignant phenotype.

Table 3. Characterization of Proliferation and Malignant Features of Stably Transfected MCF-7 Cells With the Full-Length
Human Catalase cDNA

Cell lines
Doubling
time (h)

Clonogenicity
(colonies/103 cultured cells)

BrdU incorporation
(% positive cells)

Anchorage independence
(colonies/104 cultured cells)

MCF-7 25� 1.8 185� 10 44� 2.8 65.6� 5
AntHCcDNA 23� 3.2 190� 7 38� 1.4 55.6� 3.5
SenHCcDNA 53� 5* 25� 6.3* 19� 2.8* 5.6� 4.8*

AntHCcDNA, antisense cDNA human catalase; SenHCcDNA, sense cDNA human catalase.
Parental MCF-7 cells and MCF-7 cells transfected with antHCcDNA were used as controls. Stably transfected MCF-7 cells with the full-
length human catalase cDNA (senHCcDNA).
*P< 0.001 compared with both control conditions.

Figure 5. Characterization of stably transfected MCF-7 cells with
the full-length human catalase cDNA (senHCcDNA), parental MCF-7
cells, and cells transfected with an antisense cDNA of human catalase
(antHCcDNA). (A) Catalase activity determined spectrophotometri-
cally by monitoring the disappearance of H2O2 at 240 nm. (B)
Production of H2O2 measured by the scopoletin/horseradish
peroxidase assay and expressed as nmol H2O2/5� 105 cells/h. (C)
Production of O��

2 determined by the NBT reduction assay and
expressed as nmol of reduced NBT/5� 105 cells/h. Data are
expressed as mean� SD.
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Regarding the involvement of O��
2 in proliferation,

it has been described as mediator of mitogenic
signaling in ras-transformed fibroblasts [8]. More-
over, a role for O��

2 in the promotion of neoplastic
transformationbyTPA in JB6cellshasbeendescribed
[51,52]. Other authors [15] suggested an inverse
correlation between MnSOD levels and malignancy
and the MnSOD gene has been hypothesized as a
tumor suppressor [53–55]. These studies reported
that overexpression ofMnSOD suppresses themalig-
nant phenotype [53–55], and that this effect has
been reverted by cotransfection ofMnSODwith GPx
[56]. Moreover, suppression of the malignant phe-
notype by transfection of CuZnSOD in human
glioma cells has been reported [57]. The authors
[56,57] suggested that accumulation of H2O2 or
other hydroperoxides could explain the suppression
of tumor growth in MnSOD or CuZnSOD-overex-
pressing cells by changing the cellular redox status or
leading to the production of noxious hydroxyl
radicals via the Fenton reaction. In this sense,
previous studies [58,59] suggested that H2O2 repre-
sents a major intracellular ROS in the pathway to
cytotoxicity. In addition, Rodriguez et al. [60]
reported that overexpression of MnSOD alters mito-
chondrial function, leading to a decrease in net ATP
production and a concomitant decrease in prolifera-
tion. An increase in the steady state production of
H2O2 in these cells overexpressing MnSOD was also
demonstrated. Coexpression of catalase reverted the
inhibition of proliferation by protecting the cell
from the cytotoxicity of H2O2 and enhancing net
ATP production.
Thus, we suggest that the controversies regarding

the role of H2O2 in cell proliferation and transforma-
tion could be due to concentration-dependent
variations [6]. Slight variations in the fine balance
between toxicity and the induction of growth-
related genes would decide whether the effect of
H2O2 is growth stimulation or inhibition. Thus,
H2O2 at different concentrations may induce cell
proliferation [42–45], malignant transformation
[9,41,46–49], apoptosis [44], senescence, or cyto-
toxic effects [61].
Further investigations are needed to elucidate

whether H2O2 could act as an extracellular signaling
molecule. In this sense, we demonstrated the inhibi-
tion of proliferation not only by decreasing the
endogenous intracellular levels of H2O2, but also by
scavenging extracellular H2O2.
In conclusion, we suggest that specific changes in

the antioxidant system that metabolize each ROS
play a crucial role in the alteration of cell prolifera-
tion control, which could be involved in the
generation of the malignant phenotype. In particu-
lar, high constitutive levels of H2O2 in the regulation
of cell proliferation sustained by an imbalance in
antioxidant enzymes could be a relevant event in the
carcinogenesis process that would control the pro-

liferative activity of tumor cells and would be
involved in the appearance of malignant features.
Finally, these results suggest the possibility of

exploring specific-antioxidant therapies for human
tumors employing compounds with H2O2-scaven-
ging activity or compensating the antioxidant
enzyme imbalance by gene therapy as an alternative
to conventional cancer treatment modalities.
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