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Catalase Overexpression Impairs TNF-a Induced NF-kB
Activation and Sensitizes MCF-7 Cells Against TNF-a
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Abstract The pleiotropic cytokine tumor necrosis factor alpha (TNF-a) can induce apoptosis but also supports cell
survival pathways. Among the possible anti-apoptotic mechanisms of TNF-a is the activation of the transcription factor
NF-kB. Since reactive oxygen species (ROS) are assumed to contribute to TNF-a mediated cytotoxicity but can also
facilitate NF-kB activation this study investigates the relationship between TNF-a treatment, NF-kB activation and the
expression of the anti-oxidative enzyme catalase. TNF-a treatment caused downregulation of catalase expression in MCF-
7, Caco-2 and Hct-116 cancer cell lines. Overexpression of catalase in MCF-7 cells, resulting in lower intracellular ROS
levels upon challenge with H2O2, caused a transient nuclear p65 translocation upon TNF-a treatment as compared to the
sustained NF-kB activation in wild type cells. This was due to a lack of sufficient H2O2 to co-stimulate NF-kB activation as
demonstrated by the observation that addition of exogenous H2O2 led to a second increase of NF-kB activity. The rapid
decline of nuclear translocation of NF-kB in the catalase overexpressing cells resulted in a slower increase of NF-kB
mediated reporter gene expression. These results indicate that TNF-a mediated downregulation of catalase expression
and accordingly sufficient H2O2 is required for appropriate function of the NF-kB dependent survival pathway.
J. Cell. Biochem. 103: 1497–1511, 2008. � 2007 Wiley-Liss, Inc.
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An anti-oxidant enzyme system consisting
of O2

.� degrading superoxide dismutase(s) and
H2O2 degrading catalase(s)/peroxidase(s) is
present in bacteria, plants and animals. These
enzymes have long been understood mainly as a
barrier against the attack by supraphysiolog-
ical amounts of reactive oxygen species (ROS)
on cellular integrity while in recent years their
role is increasingly interpreted in terms of fine
tuning of the physiological concentration of
ROS required in the redox regulation of the cell

cycle and of programmed cell death [Adler et al.,
1999; Bauer, 2002; Herrlich and Bohmer, 2000;
Kahl et al., 2004].

Mammalian catalase belongs to the enzymes
studied most extensively with respect to their
catalytic properties. This enzyme does not
mediate direct actions other than peroxide
degradation. Since H2O2 is degraded in the
presence of transition metals to yield the highly
reactive hydroxyl radical it is generally assum-
ed that catalase fulfils a cytoprotective role
against oxidative stress. Numerous papers show
that the administration of exogenous catalase,
the up-regulation of catalase expression or
catalase gene transfer can protect cells against
cytotoxicity and apoptosis induced by a wide
variety of stimuli, and this protection has most
often been assigned to the removal of H2O2 as
reviewed in Kahl et al. [2004]. However, there
are also some findings which indicate that cell
protection by catalase cannot be achieved against
all types of stimuli [Brown et al., 1999; Bai and
Cederbaum, 2001, 2003; Bernard et al., 2001;
Zanetti et al., 2002].

Tumor necrosis factor-a (TNF-a) is a pleiotropic
cytokine with different and even antagonistic
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effects on cell function eliciting the formation of
proinflammatory molecules, exerting mitogenic
actions and supporting both proapoptotic and
anti-apoptotic signaling pathways [Luster
et al., 1999]. TNF-a initiates apoptosis via the
death receptor pathway. On the other hand,
the intrinsic pathway leading to the release of
mitochondrial cytochrome c and subsequent
caspase-9 activation can additionally be acti-
vated by TNF-a via mitochondrial ROS produc-
tion [Bradham et al., 1998] and is also involved
in the cytotoxicity of TNF-a [Schulze-Osthoff
et al., 1992; Goossens et al., 1999; Schmelz et al.,
2004].

Among the anti-apoptotic mechanisms of
TNF-a is the induction of protective proteins,
which counteract the proapoptotic action of
TNF-a. Induction of the mitochondrial anti-
oxidant enzyme manganous superoxide dismu-
tase (MnSOD) by TNF-a has been reported in a
wide variety of cell types and has been assumed
to function as a protective mechanism against
TNF-a induced apoptosis [Wong and Goeddel,
1988; Wong et al., 1989]. NF-kB activation is
required for the induction of MnSOD and other
anti-apoptotic proteins playing a central role in
survival pathways of the cell [Wong and
Goeddel, 1988; Wong et al., 1989]. NF-kB can
also be activated by H2O2 albeit by a different
mechanism as compared to TNF-a [Baeuerle
and Sies, 2000]. H2O2 has been described to act
as a co-stimulator of NF-kB together with
stimuli such as TNF-a [Janssen-Heininger
et al., 1999; Baeuerle and Sies, 2000] although
the inverse effect, inhibition of NF-kB activa-
tion by H2O2, has also been observed [Korn
et al., 2001]. It is therefore obvious that a link
between catalase activity and NF-kB activation
should exist; because of the H2O2 degrading
capacity of catalase. However, data on this issue
is rare. It was the aim of the present study to
investigate the relationship between TNF-a
treatment, NF-kB activation and catalase
expression.

MATERIALS AND METHODS

Cell Lines and Culture Conditions

The human breast adenocarcinoma cells
(MCF-7) were grown in RPMI 1640 medium
containing 2 mM L-glutamine, 1% non-essential
amino acids, 1 mM sodium pyruvate, 10 mg/ml
insulin and 10% heat-inactivated fetal calf
serum at 378C in a humidified atmosphere of

5% CO2. Hct-116, Caco-2 (human colon carci-
noma cell lines), Huh-7 (human hepatoma cell
line) and H4IIE cells (rat hepatoma cell line)
were grown in Dulbecco’s modified Eagle’s
medium (4.5 g/l glucose, 2 mmol/l L-glutamine,
100 units/ml penicillin, and 100 mg/ml strepto-
mycin, 10% fetal calf serum) at 378C in a
humidified atmosphere of 5% CO2.

Plasmid Construction

Total RNA was extracted from MCF-7 cells
using Trizol1 reagent (Sigma). Full-length
human catalase cDNA were amplified by RT-
PCR using following primer pairs: hCat-
forward 50-ATGGCTGACAGCCGGGAT-30 and
hCat-reverse 50-TCA CAG ATT TGC CTT CTC
CCT-30. PCR products were then isolated from
agarose gels with the QIAquick gel extraction
kit (Qiagen) and subcloned in the pGem1-T
Easy cloning vector (Promega) before cloning
into the NotI site of pcDNATM-Zeo(�) plasmid
(Invitrogene) downstream of a CMV promoter to
generate the mammalian expression construct
pZeo-hCat. Recombinant plasmids with the
required correct insert orientation were identi-
fied by restriction enzyme digestion and were
further confirmed by DNA sequencing.

Catalase Activity

Catalase activity was determined by measur-
ing the initial rate of decay of H2O2 absorbance
at 240 nm, using an extinction coefficient of
43.6 M�1 cm�1 as described previously [Chovo-
lou et al., 2003]. Each assay mixture consisted
of 80 ml cell extracts (300 mg protein/ml) and
920 ml H2O2 at an initial concentration of 19 mM
H2O2 in 50 mM phosphate buffer (pH 7.0). The
specific catalase activity was expressed as U/mg
protein.

RNA Isolation RT-PCR

Total RNA was isolated from MCF-7 cells
treated with TNF-a for the indicated time points
using Trizol1 reagent (Sigma). Total RNA (1 mg)
was reverse transcribed using 2.0 mM oligo-
d(T)16 primers, 0.2 mM of each dNTP, 25 units
RNase inhibitor (Fermentas), and 200 units
M-MLV reverse transcriptase (Promega, Man-
nheim, Germany) in a final volume of 25 ml.
Subsequent PCR was performed using 0.2 mM
of each dNTP, 1 unit Taq DNA polymerase
(Promega) and 0.4 mM of each PCR primer. PCR
was then carried out for 1 min 948C, 1 min 608C
and 1 min 728C. The following primer pairs
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were used for amplification: human catalase
(sense, 50-GGT GAG ATC GAA TGG AT-30; anti-
sense, 50-GGC GAT GGC ATT GAA A-30),
human MnSOD (sense, 50-CCT GAA CGT CAC
CCG AGG AGA A-30; anti-sense, 50-CTG CAG
TAC TCT ATA CCA CTA CA-30), human
GAPDH (sense, 50-ACC ACA GTC CAT GCC
ATC AC-30; anti-sense, 50-TCC ACC ACC CTG
TTG CTG TA-30). Amplified products were
analyzed by agarose gel electrophoresis at
cycles within the linear range of cDNA ampli-
fication using for detection and densitometric
analysis the Quantity One system from Bio-Rad
(München, Germany). Real-time quantitative
PCR analysis were performed using SYBR
Green JumpStart Taq Ready Mix (Sigma) and
Qiagen QuantiTect Primer assays for catalase
and GAPDH as recommended by the manufac-
turers instructions. Statistical analysis of rela-
tive expression results was carried out using
Relative Expression Software Tool (REST�)
[Pfaffl, 2001; Pfaffl et al., 2002, 2004].

Neutral Red Assay

The cytotoxicity was assayed by the neutral
red assay according to Borenfreund and Babich
[1987]. Briefly, MCF-7 cells (4� 104 cells/well of
96-well plate) were incubated with TNF-a in a
final volume of 0.1 ml for various times at 378C.
For the neutral red assay, culture medium was
replaced by RPMI 1640 medium containing
neutral red (50 mg/ml) and 10 mM Hepes pH
7.4. Cells were incubated for 3 h at 378C to allow
the viable cells to take up and retain neutral red
by lysosomes. Thereafter, cells were fixed with
solution F (1% formaldehyde, 1% CaCl2) and
washed once with phosphate-buffered saline
pH 7.4. The incorporated dye was extracted
from the cells by solution E (50% ethanol and 1%
acetic acid in dH2O) and quantified using a
Wallac Victor2 multilabel counter at 540 nm.
The cells incubated with control medium were
considered 100% viable.

Transient Transfection

The jetPEITM transfection reagent (Polyplus
Transfection) was used for transient trans-
fection according to the batch protocol recom-
mended by the manufacturer. In brief, complex
forming was carried out using a ratio of 2 ml of
jetPEITM reagent per mg plasmid DNA. After
30 min incubation at RT up to 5� 106 cells were
mixed with the DNA-jetPEITM complexes and
then plated in suitable dishes for 24–48 h.

Thereafter cells were incubated with TNF-a for
indicated time points. Efficiency of gene trans-
fer was assessed by applying an aliquot of
transfected cells to Western blot analysis with
a polyclonal anti-catalase antibody.

Reporter Gene Assay

A pNFkB-SEAP vector, which contains five
NF-kB sites (50-AGGGGACTTTCCGAGAGG-
30, NF-kB consensus is underlined) upstream
of a minimal SV40 promoter and the coding
sequence for the secreted alkaline phosphatase
(SEAP) was used for reporter gene assay. Cells
were transfected using jetPEITM transfection
reagent (Polyplus Transfection). Forty-eight
hours after transfection cells were treated with
TNF-a and SEAP activities were quantified
using the Great EscAPE SEAP detection kit
according to manufacturers recommendations
(Clontech Laboratories, Heidelberg, Germany).

Protein Isolation

To determine the levels of p65, nuclear
extracts were prepared from MCF-7 cells. Cells
were washed with PBS pH 7.4 and solubilized
with buffer A (10 mM Hepes pH 7.9, 10 mM KCl,
0.1 mM EDTA, 0.1 mM EGTA, 10 mg/ml apro-
tinin, 10 mg/ml leupeptin, 1 mM DTT, 1 mM
PMSF, 10 mM NaF, 0.6% NP40) and then
centrifuged at 10,000g for 1 min and 48C. The
supernatants were used as cytosolic protein
fraction. The pellets were resuspended in buffer
B (20 mM Hepes pH 7.9, 400 mM KCl, 1 mM
EDTA, 1 mM EGTA, 10 mg/ml aprotinin, 10 mg/
ml leupeptin, 1 mM DTT, 1 mM PMSF, 10 mM
NaF, 0.6% NP40), incubated for 25 min at 48C
and then centrifuged at 15,000g for 5 min and
48C. The supernatants were used as nuclear
protein fraction. To determine catalase expres-
sion whole cell lysates were prepared using
RIPA buffer (50 mM Tris pH 8.0, 1% NP40, 0.5%
sodium deoxycholate, 150 mM NaCl, and 5 mM
EDTA, 0.1% SDS) supplemented with protease
inhibitors 10 mg/ml leupeptin, 1 mM DTT, 1 mM
PMSF. The protein concentration of each
sample was measured using DC protein assay
(Bio-Rad).

Antibodies and Western Blot Analysis

SDS–PAGE was performed with equal
amounts of protein (7.5 mg) separated on mini
gels (Peqlab) and electrotransferred onto PVDF
membranes (Amersham). Antibodies were used
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at the following dilutions: 1:2,000 for anti-
catalase (Calbiochem), 1:1,250 for anti-MnSOD
(Upstate) and 1:500 for anti-p65 (sc-109, Santa
Cruz). Antibody incubations were done at 48C
overnight (p65, MnSOD antibodies) or at RT
for 1h (catalase antibody) in TBS-T (þ5% milk
powder) buffer. HRP conjugated goat anti-
rabbit (Southern Biotechnology) was used at
a dilution of 1:5,000–1:7,500. Bands were
detected by enhanced chemiluminescence using
the BM chemiluminescence Western blotting
kit (Roche Diagnostics).

Immunofluorescence Microscopy

Cells were grown on glass cover slips. After
24 h cells were rinsed twice with phosphate
buffer saline and fixed for 15 min in 4%
paraformaldehyde. Cells were washed twice
with phosphate buffer saline and permeabilized
for 20 min with 0.2% Triton-X100 at room
temperature, washed three times, and incu-
bated for 30 min with 10% fetal goat serum.
Cells were incubated for 60 min with a 1:50
dilution of a rabbit antihuman catalase anti-
body (Calbiochem), followed by three washing
steps for 10 min with phosphate buffer saline
containing 2% fetal goat serum. Cells were then
incubated with a 1:200 dilution of a rhodamine
conjugated goat anti-rabbit antibody (Calbio-
chem). The cover slips were washed as above,
and stained with 12.5 nM Hoechst 33342. Cells
were mounted on slides, and examined using
a Zeiss Axiolab fluorescence microscope. For
negative control, primary antibody was omit-
ted, and no fluorescence could be observed.

Intracellular H2O2 Measurement

The effect of catalase overexpression on H2O2

production in MCF-7 cells was determined by a
fluorometric assay using 20,70-dichlorodihydro-
fluorescein diacetate (H2DCF-DA) from Mole-
cular Probes. H2DCF-DA readily diffuses
through the cell membrane and is enzymati-
cally hydrolyzed by intracellular esterases to
the non-fluorescent H2DCF, which can then be
rapidly oxidized to highly fluorescent DCF in
the presence of ROS. Cells were incubated with
50 mM H2DCF-DA in DMEM for 30 min at 378C,
washed once with PBS pH 7.4 and treated with
1 mM H2O2 in DMEM. Cellular fluorescence
was measured in a Wallac Victor2 multilabel
counter at 485 nm for excitation and 525 nm for
emission.

Caspase Assay

Determination of caspase activity was carried
out in 96-well plates using 75 mg protein.
Colorimetric substrates for caspase-3/7 (Ac-
DEVD-pNA), caspase-9 (Ac-LEHD-pNA) were
used following the protocol of the manufacturer
(Calbiochem). After treatment with TNF-a,
attached and floating cells were collected,
washed and lysed with ice-cold lysis buffer
(50 mM Hepes, 100 mM NaCl, 100 mM EDTA
pH 7.4, 0.1% CHAPS and 1mM DTT). Activity
of caspase-3/7 and caspase-9 was detected by
measuring proteolytic cleavage of 200 mM cas-
pase substrates in assay buffer (55 mM Hepes,
110 mM NaCl, 110 mM EDTA, 0.1% CHAPS,
10 mM DTT, 10% glycerol, pH 7.4) using the
absorbance of released p-nitroaniline at 405 nm.

Statistics

All data are expressed as mean�SEM of at
least three independent experiments and were
analyzed using one-way ANOVA, followed by
LSD post hoc analysis to determine the stat-
istical significance. P values <0.05 were consid-
ered statistically significant.

RESULTS

Characterization of MCF-7 Cells
Overexpressing Catalase

MCF-7 cells were transiently transfected
with human catalase cDNA and the capacity of
our construct to enhance catalase expression
and catalase activity was examined. Catalase
mRNA expression was 6.7-fold increased in
MCF-7 cells transfected with catalase cDNA
(MCF-7-cat) compared to control cells (Fig. 1A).
Catalase expression at protein level was 5-fold
higher (Fig. 1B), and catalase activity was
10.5-fold higher in MCF-7cat cells than in
MCF-7 wild type cells (Fig. 1C). To determine
the subcellular distribution of exogenous cata-
lase cell fractionation experiments and immu-
nohistochemical analysis were performed in
MCF-7 cells. We found in catalase overexpress-
ing cells catalase predominantly localized in
the cytosolic fraction but also a small portion in
the mitochondrial fraction (data not shown). A
punctuate staining pattern was observed in
wild type cells, matching to a mainly cytosolic
distribution of catalase. This staining was incre-
ased in catalase overexpressing cells (Fig. 1D).
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We next addressed the question of whether
there are differences in intracellular levels of
ROS between MCF-7 cells overexpressing cata-
lase and wild type MCF-7 cells. Using the
oxidant-sensitive dye DCFH-DA we observed
that a bolus of H2O2 results in lower intra-
cellular concentrations of ROS over time in the
catalase overexpressing MCF-7cat cells than in
the wild type MCF-7wt cells (Fig. 2). These
findings confirm that catalase overexpression

results in improved elimination of intracellular
ROS.

Then we examined the effect of catalase
overexpression on H2O2-mediated cytotoxicity.
Cells were treated with increasing concentra-
tions of H2O2 and cell viability was assessed by
neutral red assay. The catalase-overexpressing
MCF-7cat cells showed a significant protection
against H2O2-mediated cytotoxicity compared
to MCF-7 wild type cells (Fig. 3).

Fig. 1. Characterization of MCF-7 cells overexpressing cata-
lase. Wild type MCF-7 cells (MCF-7wt) and MCF-7 cells
overexpressing catalase (MCF-7cat) were analyzed for catalase
expression by RT-PCR (A) and Western blot (B). Catalase activity
assay was performed with cell homogenates from MCF-7wt
and MCF-7cat cells as described under Experimental Procedures

(C). Data are means� SEM (n¼3). Immunofluorescence images
of MCF-7 wild type and MCF-7 cells overexpressing catalase
showing the cytosolic distribution of immunoreactive catalase.
Nuclei were counterstained with Hoechst 33342. Representative
images are shown (D). Magnification, 400�.
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Fig. 2. Effect of catalase overexpression on intracellular H2O2 accumulation. MCF-7wt or MCF-7 cells
overexpressing catalase (MCF-7cat) were pre-incubated with 50 mM H2DCF-DA for 30 min, cells were then
treated with 1 mM H2O2 for 100 min. Fluoerescence was measured in Wallac Victor2 multilabel counter.
The results were expressed as relative units with the intensity of control cells assigned a value of 1. Data are
means� SEM (n>3); *P<0.05 significant different from corresponding MCF-7wt value.

Fig. 3. Overexpression of catalase decreases sensitivity to H2O2-induced cytotoxicity. Cells were treated
with various concentrations of H2O2 for 24 h and cell viability was determined by neutral red assay. Viability
was expressed as percentage of control value� SEM (n¼5); *P<0.05 significant different from
corresponding MCF-7wt value.
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Taken together, these results suggest that
transfection with human catalase cDNA clearly
increased the amount of functional catalase
protein and protected cells from H2O2-mediated
cytotoxicity.

Catalase Overexpression is Associated With
Increased Sensitivity to TNF-a

Since oxidative stress has been linked to TNF-
a toxicity the increase in H2O2 degrading
capacity might be expected to alleviate the
cytotoxic action of TNF-a. To evaluate the
effects of exogenous TNF-a on cell viability,
MCF-7 wild type and MCF-7cat cells were
incubated in the presence of increasing concen-
trations of TNF-a for 48 h. In contrast to our
expectations, catalase overexpressing MCF-
7cat cells are more sensitive to TNF-a induced
cytotoxicity than the wild type MCF-7 cells as
confirmed by neutral red assay (Fig. 4). To test
whether the increased sensitivity of the MCF-
7cat cells against TNF-a mediated cytotoxicity
was associated with increased apoptosis, cas-
pase-3/7 and caspase-9 activity were deter-
mined by measuring the proteolytic cleavage
of caspase substrates. A significant activation of
caspase-3/7 (Fig. 5A) and caspase-9 (Fig. 5B)
upon treatment with TNF-a were found in

Fig. 4. MCF-7 cells are sensitized to TNF-a cytotoxicity by catalase overexpression. Cells were treated with
various concentrations of TNF-a for 48 h and cell viability was determined by neutral red assay. Viability was
expressed as percentage of control value� SEM (n¼ 5); *P<0.05 significant different from corresponding
MCF-7wt value.

Fig. 5. Overexpression of catalase increases sensitivity to TNF-
a induced apoptosis. Wild type MCF-7 and MCF-7cat cells were
treated with medium or with medium containing 10, 25, and 50
ng/ml TNF-a for 48 h. Activation of caspase-3/7 (Ac-DEVD-pNA)
(A) and caspase-9 (Ac-LEDH-pNA) (B) were measured colori-
metrically. Activity was expressed as percentage of control
value� SEM (n¼ 4–5); *P< 0.05 significant different from
corresponding MCF-7wt value.
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catalase overexpressing MCF-7cat cells com-
pared to wild-type MCF-7 cells.

We have previously reported that low cata-
lase expression is associated with TNF-a resist-
ance in H4IIE rat hepatoma cells [Chovolou
et al., 2003]. We assessed therefore the catalase
expression after TNF-a treatment in wild
type MCF-7 cells. A significant dose-dependent
down-regulation of catalase was observed by
RT-PCR (Fig. 6A), real-time quantitative PCR
(Fig. 6B), Western blot (Fig. 6C) and activity
measurement (Fig. 6D) in the human breast
cancer cell line MCF-7. The down-regulation of
catalase expression upon incubation with TNF-
a was not restricted to MCF-7 cells but was also
observed in the human intestinal cancer cell
lines Caco-2 and Hct-116 and in the rat
hepatoma cell line H4IIE (Fig. 6E). No decrease
was observed in the human hepatoma cell line
Huh-7.

While catalase downregulation by TNF-a has
only rarely been described in the literature
[Yasmineh et al., 1991; Beier et al., 1997] it
has often been reported that the mitochondrial
enzyme, manganese superoxide dismutase
(MnSOD) can be induced by TNF-a and is
correlated with resistance against TNF-a-medi-
ated cytotoxicity [Schmelz et al., 2004]. MnSOD
expression assessed on mRNA (Fig. 7A) and
protein level (Fig. 7B) was increased in both cell
lines after TNF-a treatment and was not signi-
ficant different. Figure 7 demonstrates the dose
dependency of MnSOD induction by TNF-a in
MCF-7cat and MCF-7 wild type cells.

These results suggest that the quotient of
MnSOD expression—known to produce H2O2—
and catalase expression—known to degrade
H2O2—increases in TNF-a treated MCF-7wt
cells, resulting in more H2O2. Overexpression of
catalase decreases the MnSOD/catalase quo-
tient which may be one of the mechanisms

leading to the observed altered TNF-a sensitiv-
ity. Overall, these results imply that a decrease
of intracellular H2O2 concentration was asso-
ciated with increased TNF-a cytotoxicity in
MCF-7 cells overexpressing catalase.

Fig. 6. Dose dependent down-regulation of catalase after TNF-
a treatment. Wild type MCF-7 cells were incubated with medium
or with medium containing various concentrations of TNF-a for
48 h and the expression of catalase was examined by RT-PCR (A),
Real-time quantitative analysis (B), Western blot analysis (C) and
photometric activity measurement (D). Hct-116, Caco-2, Huh-7,
and H4IIE cells were incubated with indicated concentrations of
TNF-a for 24 h and the expression of catalase was examined by
Western blot analysis (E). Each blot is a representative of at least
three independent experiments. Blots were scanned by densi-
tometry and the data presented as x-fold expression over control
cells. Data are means� SEM (n¼ 3).
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Catalase Overexpression is Associated With an
Altered Nuclear Translocation of p65

Upon TNF-a Treatment

The sensitizing effect of catalase overexpres-
sion towards TNF-a induced apoptosis indicates

that a signaling pathway requiring H2O2 might
be affected in these cells. Since it is known that
NF-kB activation can be stimulated by H2O2

and is part of a survival pathway, we hypothe-
sized that NF-kB activation by TNF-a might be
impaired in catalase overexpressing cells.
Figure 8 shows that in the MCF-7 wild type
cells a sustained nuclear p65 translocation
lasting at least 9 h is elicited by TNF-a treat-
ment while in the MCF-7cat cells NF-kB
activation is only transient with markedly
elevated NF-kB activity at early time points
that decreased gradually following the activa-
tion. The assumption that this is due to a lack of
sufficient H2O2 to co-stimulate NF-kB activa-
tion is supported by the observation that
addition of exogenous H2O2 at 1.5 h after the
start of TNF-a treatment leads to a second
increase of NF-kB activity and shifts the time
course of decay to later time points compared to
TNF-a treatment (Fig. 9A,B). Nuclear trans-
location of NF-kB by a bolus of H2O2 in the
absence of TNF-awas barely detectable (Fig. 9c)

Fig. 7. Increased MnSOD expression after TNF-a treatment.
MCF-7 wild type cells were incubated with medium or with
medium containing various concentrations of TNF-a for 48 h and
the expression of MnSOD was examined by RT-PCR. Data are
means� SEM (n¼3–4) (A) and Western blot analysis (B).

Fig. 8. Effects of catalase overexpression on TNF-a induced NF-kB activation. Time course of p65
translocation after treatment of MCF-7wt and MCF-7cat cells with 50 ng/ml TNF-a for indicated time points.
Translocation of p65 was examined by Western blotting analysis using a specific antibody against p65 (A).
Blots are representative of at least three independent experiments. Blots were scanned by densitometry and
the data presented as expression ratio with the intensity of control cells assigned a value of 1 (B).
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indicating that the increase of NF-kB activity is
not just a synergistic effect due to an H2O2

action occurring independently from the TNF-a
action. To investigate the functional outcome of
the impairment of nuclear translocation of NF-
kB obtained by catalase overexpression, NF-kB
mediated gene expression in both cell types was
analyzed using a NF-kB reporter gene con-
struct. Figure 10 demonstrates the time course
of gene expression up to 10.5 h after the onset of
TNF-a treatment. The rise in gene expression is
markedly reduced in the MCF-7cat cells as
compared to the MCF-7 wild type cells indicat-
ing that the inability of the catalase over-
expressing cells to maintain a constant level of
nuclear translocation of NF-kB results in lower
levels of NF-kB mediated gene expression.

DISCUSSION

Our finding that catalase overexpression
sensitizes MCF-7 breast cancer cells against
TNF-a adds to the scarce data showing a pro-
apoptotic role of catalase. Rather, the published
literature provides impressive evidence for the
contrary, protection against apoptosis induced
by a wide variety of stimuli following over-
expression or upregulation of catalase. Thus,
overexpression of catalase prevented apoptosis
induced by H2O2 itself [Chen et al., 2005],
menadione, antimycin A [Bai et al., 1999], cyto-
static drugs [Bai and Cederbaum, 2003]. Pro-
tection against H2O2 was even increased when a
mitochondrial leader sequence was linked to the
catalase gene thus localizing it to a main
compartment of intracellular ROS formation
[Bai et al., 1999; Arita et al., 2006]. Recently, it
was reported that overexpression of human
catalase in mitochondria of murine tissues
prolongs median and maximal life span of these
mice without apparent deleterious side effects
[Schriner et al., 2005]. The protective role of
catalase against apoptosis could either be due to
a requirement for H2O2 in one or more steps in
the apoptotic program or to an inhibitory action
of H2O2 in a survival pathway.

Inversely, as demonstrated in the present
paper, the overexpression of catalase can also
facilitate apoptosis. Adenoviral transfer of the
catalase gene into vascular smooth muscle cells
or human aortic endothelial cells inhibited DNA
synthesis and proliferation while spontaneous
apoptosis was increased [Brown et al., 1999;
Zanetti et al., 2002]. Bai and Cederbaum [2003]
reported that catalase overexpressing cells
were protected against apoptosis induced by
cytostatic drugs but were sensitized against
TNF-a induced apoptosis [Bai and Cederbaum,
2000]. We have previously shown that cells
made resistant towards TNF-a were lower in
catalase expression than their wild type coun-
terparts and that pharmacological inhibition of
catalase with 3-aminotriazole rendered the wild
type cells more resistant to TNF-a [Chovolou
et al., 2003]. A pro-apoptotic action of catalase
could be due to the requirement of H2O2 for a
survival pathway or an inhibitory action of
H2O2 on a step within the apoptotic program. In
this situation an upregulation of catalase would
increase the danger of cell death and one might
rather expect a downregulation of catalase
expression in order to strengthen the survival
pathway or to support the inhibition of apopto-
sis. The observation that tumor cells in general
show low catalase levels and chronically ele-
vated ROS—which are claimed to contribute to
growth advantage and malignant phenotype
[Oberley and Oberley, 1997]—also points to a
pro-apoptotic role of catalase. The results
obtained in our cell model are in accordance
with this view. In the MCF-7wt cells TNF-a
caused little apoptosis and decreased catalase
expression while the catalase overexpressing
cells were more sensitive to TNF-a induced
apoptosis. Catalase downregulation by TNF-a
was not restricted to MCF-7 cells but was also
observed in two human colon cancer cells lines,
Caco-2 and Hct-116. Moreover, we detected
catalase downregulation also in TNF-a treated
rat hepatoma H4IIE cells as previously re-
ported [Chovolou et al., 2003]. We know of only
a few reports on impaired catalase activity or

Fig. 9. Stimulatory effects of H2O2 on TNF-a induced NF-kB
activation. MCF-7wt and MCF-7 cells overexpressing catalase
(MCF-7cat) were treated with 50 ng/ml TNF-a alone or with
1 mM H2O2 following pretreatment with 50 ng/ml TNF-a for
1.5 h. At the indicated time p65 translocation to the nucleus were
analyzed by Western blotting (A). Blots are representative of two
independent experiments, were scanned by densitometry and

the data presented as expression ratio with the intensity of control
cells assigned a value of 1 (B). MCF-7wt and MCF-7cat cells
were treated with 1 mM H2O2 and at the indicated time p65
translocation to the nucleus were analyzed by Western blotting.
p65 translocation by a bolus of H2O2 in the absence of TNF-awas
barely detectable (C).
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expression due to TNF-a. Yasmineh et al. [1991]
described a decrease in catalase activity in rat
liver after TNF-a treatment in vivo. Beier et al.
[1997] demonstrated that catalase mRNA in rat
liver was reduced by TNF-a treatment in vivo.
In contrast, Wong and Goeddel in their seminal
1988 paper on MnSOD induction [Wong and
Goeddel, 1988] as well as others [Shaffer et al.,
1990; Siemankowski et al., 1999] did not find
a change in catalase expression by TNF-a
treatment.

It is well known that TNF-a, besides its pro-
apoptotic effects, also causes the transcription
of anti-apoptotic genes including the MnSOD
gene and that NF-kB activation is involved in
MnSOD induction [Wong and Goeddel, 1988;
Wong et al., 1989] and provides a survival
pathway in TNF-a treated cells [Bernard
et al., 2002]. The role of reactive oxygen species
in NF-kB activation is highly controversial
[Janssen-Heininger et al., 1999; Li and Karin,
1999; Baeuerle and Sies, 2000; Bowie and
O’Neill, 2000; Korn et al., 2001] and obviously
dependent on cell type (e.g., differing activities
of signaling pathways) and/or experimental
conditions (e.g., medium requirements, time
frame of measurements) but the reasons for
the opposite outcome have not finally been
elucidated. With respect to NF-kB activation
by TNF-a, both facilitating [Janssen-Heininger
et al., 1999; Baeuerle and Sies, 2000] and inhi-

bitory effects [Korn et al., 2001; Strassheim
et al., 2004; Panopoulos et al., 2005] of reactive
oxygen species have been found, sometimes
even in similar cells and under similar exper-
imental conditions [Korn et al., 2001].

Given the two possibilities of either a stim-
ulatory or an inhibitory effect of H2O2 on TNF-a
induced NF-kB activation, catalase overexpres-
sion could either impair or support NF-kB
activation via removal of H2O2. In the MCF-7
cells investigated in this paper, the former
turned out to be the case: TNF-a merely elicits
a transient NF-kB translocation and a dimin-
ished NF-kB mediated reporter gene expression
in the catalase overexpressing cells while in the
wild type cells a sustained NF-kB translocation
lasting for several hours and a more rapid
increase in NF-kB mediated reporter gene
expression is obtained. The failure of catalase
overexpressing cells to maintain NF-kB trans-
location appears to be due to low intracellular
H2O2 concentration since bolus administration
of H2O2 allows for prolongation of NF-kB
translocation.

To our best knowledge, it has not been
reported before, that the impairment of NF-kB
activation by TNF-a in cells overexpressing
catalase affects control of cell death responses.
No influence of catalase overexpression on NF-
kB activation, either basal [Azevedo-Martins
et al., 2003; Lin et al., 2004] or induced by TNF-a

Fig. 10. NF-kB mediated reporter gene expression after treatment with TNF-a. MCF-7wt and MCF-7cat
cells were transfected with NF-kB SEAP reporter plasmid. Forty-eight hours after transfection cells were
treated with 50 ng/ml TNF-a for indicated time points and SEAP activity was measured. The results were
expressed as relative SEAP activity with the activity of control cells assigned a value of 1. Data
are means� SEM (n¼3); *P< 0.05 significant different from corresponding MCF-7wt value.
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[Suzuki et al., 1995] or a cytokine mix [Azevedo-
Martins et al., 2003] was found by others. A
parallel increase of catalase expression and NF-
kB activation by TNF-a treatment of glycolysis
depleted cells was even observed [Boada et al.,
2002]. Only Schmidt et al. [1995] showed that
cells stably overexpressing catalase were defi-
cient in activating NF-kB in response to TNF-a.
However measurement of NFkB activation was
limited to the first hour of TNF treatment
without any consideration of subsequent cellu-
lar survival responses.

Temporal control of NF-kB activation by
TNF-a has been studied in detail. In most but
not all cells, nuclear translocation of NF-kB
is biphasic with an early phase due to IKK
activation and IkBa degradation and a second
phase when IKK activity declines and IkBa is
re-synthesized [Kemler and Fontana, 1999;
Hoffmann et al., 2002]. This second phase
lasts for 4 to >24 h [Kemler and Fontana, 1999;
Ahmed-Choudhury et al., 2003]. The time course
of NF-kB activation can influence the pattern of
gene expression and the balance between pro-
apoptotic and anti-apoptotic pathways. NF-kB
responsive genes can be divided in those
requiring persistent NF-kB activation and
those for which the burst of NF-kB activation
in the first phase is sufficient to initiate gene
expression [Hoffmann et al., 2002]. It has been
shown that transient activation of NF-kB by
CD40 ligand binding triggers apoptosis in
hepatocytes in the presence of sustained AP-1
activation while prolonged activation of NF-kB
by CD40 ligand binding in the absence of AP-1
activation in intrahepatic endothelial cells
results in proliferation [Ahmed-Choudhury
et al., 2003]. In our experimental model, a simi-
lar outcome as in the experiments of Ahmed-
Choudhury et al. [2003] was obtained: In the
MCF-7cat cells only a transient NF-kB trans-
location with an early sharp decline accompa-
nied by lower levels of NF-kB mediated gene
expression was achieved due to a lack of the co-
stimulator H2O2. These cells were sensitive to
TNF-a induced apoptosis. In the wild type cells
expressing lower catalase levels, a constant
level of NF-kB activation and a rapid increase of
NF-kB mediated gene expression was obtained,
and these cells turned out to be less sensitive to
TNF-a induced apoptosis.

In conclusion, we have shown that the ability
of TNF-a to drive the MCF-7 cell into apoptosis
is modulated by the expression level of catalase.

In catalase overexpressing cells, there is not
enough H2O2 to maintain a sustained NF-kB
activation during the first hours of TNF-a
treatment. This results in lower levels of NF-
kB mediated reporter gene expression and in
higher sensitivity towards TNF-a as compared
to wild type cells. One might speculate that the
downregulation of catalase expression by TNF-
a described in this paper occurs as a negative
feedback in order to avoid insufficient NF-kB
activation. Our results add to the view that anti-
oxidant enzymes play a role in fine-tuning of the
physiological concentrations of ROS required
in the regulation of redox sensitive cellular
processes.
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