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VALÉRIE GOUAZÉ, MARC-EDOUARD MIRAULT, STÉPHANE CARPENTIER, ROBERT SALVAYRE, THIERRY LEVADE, and
NATHALIE ANDRIEU-ABADIE
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ABSTRACT
Reduced glutathione and N-acetylcysteine can inhibit both ap-
optosis and necrosis of several cell types, suggesting a critical
role for reactive oxygen species (ROS) in cell death. However,
how the cellular defense against oxidative stress is connected
with other cell death mediators remains unclear. We selectively
investigated the interaction of seleno-glutathione peroxidase-1
(GPx-1), the major enzyme responsible for peroxide detoxifica-
tion in mammalian cells, with the cytotoxic response of T47D
human breast cancer cells to doxorubicin, an anticancer drug
known to promote production of ROS and apoptotic mediator
ceramide. The sensitivity to doxorubicin-mediated cell death
was compared in T47D/H3 containing low levels of endoge-
nous GPx and T47D/GPx2 transfectant cells, which overex-
press GPx-1. We show that T47D/GPx2 cells were significantly
more resistant than T47D/H3 cells to doxorubicin (1 �M). The

glutathione precursor, N-acetylcysteine also partially protected
T47D/H3 cells from the lethal effect of doxorubicin, whereas
L-buthionine-(S,R)-sulfoximine, an inhibitor of glutathione bio-
synthesis, sensitized both GPx-1–deficient and -proficient
cells. Interestingly, in addition to a decrease in ROS production,
the activation of neutral sphingomyelinase, sphingomyelin hy-
drolysis, and ceramide generation in response to doxorubicin
was impaired in T47D/GPx2 cells compared with control cells.
In contrast, GPx overexpression did not protect breast cancer
cells from cell death induced by exogenous cell-permeant cer-
amide. Moreover, the basal activity of neutral sphingomyelinase
was considerably lower in T47D/GPx2. Taken together, these
results indicate that GPx-1 can regulate doxorubicin-induced
cell death signaling at least in part by interfering with the
activation of the sphingomyelin-ceramide pathway.

Reactive oxygen species (ROS) have been implicated in cell
death regulation (Buttke and Sandstrom, 1994). Not only can
apoptosis be induced by exposing cells to exogenous oxidants
(Goldkorn et al., 1998), but also many chemical and physical
agents capable of inducing cell death are also known to
generate ROS. For example, anticancer drugs such as the
anthracyclines daunorubicin or doxorubicin, which induce
apoptosis in various tumor cells, elicit ROS formation (Man-
sat-de Mas et al., 1999). Finally, additional evidence that
ROS are key molecules in cell death is provided by reports
showing that apoptosis can be blocked by antioxidants (Liu et
al., 1998; Mansat-de Mas et al., 1999). The proto-oncogene

Bcl-2, a well-known antiapoptotic protein, can also function
as an antioxidant (Hockenbery et al., 1993).

Alternatively, oxidative stress and apoptosis can be in-
duced by decreasing the ability of a cell to detoxify ROS.
Indeed, normal cellular homeostasis is a delicate balance
between ROS formation and antioxidant defenses. Some
studies have demonstrated that depletion of cellular gluta-
thione (GSH) is an early event in damage-induced apoptosis
(van den Dobbelsteen et al., 1996). Moreover, compounds
such as buthionine sulfoximine (BSO) known to deplete in-
tracellular stores of GSH render cells more susceptible to
oxidative stress-induced apoptosis (Liu et al., 1998).

Several intracellular ROS detoxifying enzymes seem to be
involved in cell protection. Superoxide dismutases convert
the superoxide radical (O2

.) to hydrogen peroxide (H2O2) and
molecular oxygen. In human breast cancer MCF-7 cells, re-
sistance to TNF� is correlated with increased activity of
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manganese-dependent superoxide dismutase (Manna et al.,
1998). Catalase, which converts H2O2 to H2O, can inhibit
apoptosis induced by TNF� and interleukin-1� as well as
lipid peroxidation (Bohler et al., 2000). A third group of
antioxidant enzymes make up a family of glutathione peroxi-
dases, including the classical cytosolic/mitochondrial seleni-
um-dependent glutathione peroxidase-1 (GPx-1), which can
reduce H2O2 and a variety of fatty acid hydroperoxides with
the required participation of GSH as cofactor.

Overexpression of GPx has been reported to block ROS-
induced apoptosis in several cell types, suggesting that inhi-
bition of this enzyme is closely related to apoptotic cell death
(Hockenbery et al., 1993). However, how GPx is connected
with cell death signaling pathways remains to be elucidated.

Ceramide is a sphingolipid signaling molecule that regu-
lates cellular differentiation, proliferation, and apoptosis.
This second messenger is generally produced by sphingomy-
elinase (SMase)-catalyzed hydrolysis of sphingomyelin (SM),
an abundant sphingolipid species in cell membranes. Cer-
amide can be generated by at least two distinct SMases: the
acid lysosomal SMase and the neutral, magnesium-depen-
dent SMase, probably located in the plasma membrane. Both
enzymes could be activated in response to various stress
stimuli, including anticancer drugs (Kolesnick and Krönke,
1998). GSH has been reported to inhibit the activation of the
neutral, magnesium-dependent SMase and ceramide gener-
ation induced by TNF� in human mammary carcinoma cells
(Liu et al., 1998). In addition, a link between ceramide and
GSH has been proposed based on the use of N-acetylcysteine
(NAC), a thiol antioxidant and GSH precursor. Pretreatment
of leukemic (Mansat-de Mas et al., 1999) or cancer (Liu et al.,
1998) cells with NAC resulted in inhibition of both ceramide
production and cell death. Thus, because ceramide and oxi-
dative stress seem to be intimately connected in cell death, it
was of particular interest to examine the relationship be-
tween GPx, one of the major enzymes responsible for ROS
detoxification in mammalian cells, and the ceramide path-
way in response to exogenous insults.

To this end, human breast carcinoma T47D cells, which
were stably transfected with a cDNA encoding human GPx-1
(Mirault et al., 1991; Legault et al., 2000), were used. Their
susceptibility to doxorubicin, in terms of toxicity and cell
signaling, was compared with that of parental cells, which
are characterized by low endogenous GPx activity. Here, we
report that overexpression of GPx-1 abolished doxorubicin-
induced sphingolipid signaling. This phenomenon was ac-
companied by an inhibition of ROS formation and a partial
protection against doxorubicin-induced apoptosis. Our data
suggest that GPx plays a critical role in cell death signaling
by regulating the SM-ceramide pathway.

Materials and Methods
Lipids and Reagents. [methyl-3H]Choline chloride (81.0 Ci/

mmol), [�-32P]ATP (6000 Ci/mmol) and [choline-methyl-14C]SM (52
mCi/mmol) were purchased from PerkinElmer Life Sciences (Paris,
France). N-Acetylcysteine, N-acetyl-D-sphingosine, L-buthionine-
(S,R)-sulfoximine, 4�,6-diamidino-2-phenylindole (DAPI), GSH re-
ductase, Hoechst 33342, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT), and sodium selenite were supplied
from Sigma (Lisle d’Abeau, France). Octyl-�-glucoside (Ultrol grade)
was from Calbiochem (Meudon, France); silica gel 60 thin-layer
chromatography plates (Art. 5721) were from Merck (Darmstadt,

Germany). Syto 16, 6-carboxy-2�,7�-dichlorodihydrofluorescein diac-
etate, di(acetoxymethyl ester (DCFH-DA) and monobromobimane
were from Molecular Probes (Leiden, The Netherlands). Doxorubicin
(Adriblastine) was from Pharmacia (St. Quentin Yvelines, France).
All solvents and other reagents obtained from Merck or SDS (Peypin,
France) were of analytical grade. RPMI 1640, Glutamax, hygromycin
B, and antibiotics were from Invitrogen (Cergy-Pontoise, France);
fetal calf serum was from BioMedia (Boussens, France).

Cell Culture. The human breast cancer T47D cell line, a differ-
entiated epithelial substrain of ductal carcinoma origin, was trans-
fected with plasmids pML-Hygro or pML-Hygro-HCMV-GPx, which
contains part of a cDNA clone encoding human GPx-1 (Mirault et al.,
1991). Empty vector and HCMV-GPx transfected cells are desig-
nated T47D/H3 and T47D/GPx2, respectively. All cells were grown in
a humidified 5% CO2 atmosphere at 37°C in RPMI 1640 medium
containing 2 mM Glutamax, 100 U/ml penicillin, 100 �g/ml strepto-
mycin, 150 �g/ml hygromycin B, 0.1 �M sodium selenite, and 10%
heat-inactivated fetal calf serum.

Determination of Cytotoxicity and Indices of Apoptosis.
The whole cytotoxic effect was evaluated by using the tetrazolium-
based MTT assay (Denizot and Lang, 1986). Cell viability was also
estimated directly on six-well culture plates by staining with pro-
pidium iodide (4 �M) and Syto 16 (1 �M). Sensitivity of T47D cells to
doxorubicin was also evaluated by a clonogenic assay: 250,000 cells
were plated in a 30-mm-diameter dish, and treatment with 1 �M
doxorubicin for 72 h. Then, the drug was removed and the cells were
further incubated for 7 days in drug-free medium. Cells were fixed
with 3% paraformaldehyde, stained with hematoxylin-eosin, and
clones of more than 50 cells were counted.

Flow Cytometry Analyses. The percentage of cells in the differ-
ent phases of the cell cycle and in the subdiploid apoptotic fraction
was determined by flow cytometry, as described previously (Bilodeau
et al., 2000). The cells were harvested, fixed in 70% cold ethanol,
washed, stained with Hoechst 33342 (1 �g/ml) for 30 min on ice, and
analyzed in a flow cytometer (Epics Elite ESP; Beckman Coulter,
Inc., Fullerton, CA) using an Argon ion laser at 350 nm.

DNA Fragmentation Assay. After treatment with doxorubicin
or ceramide, T47D cells were washed twice in phosphate-buffered
saline, allowed to undergo lysis for 20 min at 4°C in 0.5 ml of lysis
buffer [0.5% Triton X-100 (v/v), 20 mM EDTA, and 5 mM Tris-HCl,
pH 8.0] and then centrifuged for 20 min at 27,000g to separate the
DNA fragments from the chromatin pellet. The DNA content of pellet
(resuspended in 1 ml of 1 mM EDTA in 10 mM Tris-HCl, pH 8.0
buffer) and supernatant was determined by the fluorometric DAPI
procedure (Andrieu-Abadie et al., 1999).

Determination of Glutathione Peroxidase Activity. GPx ac-
tivity was determined using a modification of the method of Stein-
brecher (1988). Cultured cells were washed with phosphate-buffered
saline, scraped, centrifuged, and sonically disrupted (Soniprep MSE
sonicator). In a thermostat-equipped cuvette, 25 or 50 �g/ml of pro-
tein was added to the assay mixture containing 0.24 mM NADPH,
0.2 mM reduced GSH, 56 mU/ml GSH reductase, and 0.2 mM sodium
azide in 50 mM Tris/0.1 mM EDTA, pH 7.6. The reaction was initi-
ated by the addition of 20 �l of a 0.1% solution of cumene hydroper-
oxide, and the absorbance at 340 nm was monitored. The oxidation of
NADPH to NADP� is accompanied by a decrease in absorbance at
340 nm that provides a spectrophotometric means of monitoring GPx
activity. The rate of decrease in the A340 is directly proportional to
the GPx activity in sample. One unit of enzyme activity was defined
as the amount of enzyme that resulted in oxidation of 1 �mol of
NADPH per minute.

Glutathione Determination. The intracellular content of GSH
was determined with monobromobimane, a thiol-reactive probe. Ex-
ponentially growing cells were labeled with 100 �M monobromobi-
mane for 30 min at 37°C. Cell pellets were suspended in 1 ml of
phenol red-free culture medium. Then the fluorescence of cells was
quantified at excitation and emission wavelengths of 395 nm and 470
nm, respectively, using a Jobin-Yvon JY3D fluorometer. A standard
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curve was generated with known amounts of reduced GSH. Alterna-
tively, GSH content was measured using a commercial kit (Calbio-
chem, San Diego, CA) according to the manufacturer’s instructions.

Determination of ROS. Production of ROS was assessed with
DCFH-DA probe. This probe is an uncharged cell-permeant molecule
that, once inside the cell, is cleaved by nonspecific esterases and
releases carboxydichlorofluorescein, which is oxidized in the pres-
ence of ROS. Exponentially growing cells were labeled with 10 �M
DCFH-DA for 30 min at 37°C before the reaction was stopped. Cells
were washed three times with phosphate-buffered saline. Cell pellets
were suspended in 1 ml of distilled water and sonicated at 4°C. The
cell-associated fluorescence was recorded at excitation and emission
wavelengths of 495 nm and 525 nm, respectively.

Sphingolipid Extraction and Analyses. Total intracellular SM
levels were determined on cells metabolically labeled for 48 h with
[methyl-3H]choline (1 �Ci/ml) using a previously described proce-
dure (Andrieu et al., 1994). Cells pellets were suspended in 0.6 ml
distilled water and sonicated for 2 � 15 s. After an aliquot was taken
for protein determination (Smith et al., 1985), the lipids were ex-
tracted. Ceramide levels were quantified in the lipid extracts essen-
tially as reported (van Veldhoven et al., 1995), using Escherichia coli
diacylglycerol kinase and [�-32P]ATP. The E. coli strain expressing
diacylglycerol kinase was a gift from Drs. D. Perry and Y.A. Hannun
(Medical University of South Carolina, Charleston, SC). Radioactive
ceramide-1-phosphate was isolated by thin-layer chromatography
using chloroform/acetone/methanol/acetic acid/water [50:20:15:10:5
(v/v)] as the developing solvent and counted by liquid scintillation.

Sphingomyelinase Assay. Neutral SMase activity was deter-
mined on freshly isolated cell pellets essentially as described (An-
drieu-Abadie et al., 1999), using [choline-methyl-14C]SM (100,000
dpm/assay) as substrate.

Fluorogenic DEVD Cleavage Enzyme Assay. After incubation
with doxorubicin, cells were sedimented. Cell pellets were homoge-
nized in 10 mM HEPES, pH 7.4, 42 mM KCl, 5 mM MgCl2, 0.5%
CHAPS, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride,
and 2 �g/ml leupeptin. Reaction mixtures contained 100 �l of cell
lysates and 100 �l of 40 �M Ac-DEVD-AMC (Bachem, Voisins,
France). After 30 min of incubation at room temperature, the amount
of the released fluorescent product aminomethylcoumarin was de-
termined at 351 and 430 nm (excitation and emission wavelengths,
respectively).

Western Blot Analysis of Procaspase-3 and -7 Processing.
Analysis of caspase-3 or -7 cleavage was assessed by Western blot
using the cell lysates prepared for DEVD cleavage enzyme assay.
Samples were loaded onto a 15% SDS-polyacrylamide gel, electro-
phoresed, and transferred to a nitrocellulose membrane. Caspase-3
and its cleaved fragments were detected by using a rabbit polyclonal
antiserum (Tebu, Le Perray-en-Yvelines, France); caspase-7 was de-
tected with a rabbit polyclonal antiserum (France Biochem, Meudon,
France) and a goat anti-rabbit secondary antibody (Bio-Rad, Ivry-
sur-Seine, France).

Statistical Analyses. Student’s t test was used for statistical
analysis.

Results
GPx Inhibits Doxorubicin-Induced Cell Death. Be-

cause doxorubicin is known to promote an oxidative stress
and toxicity in mammalian cells, we investigated the effect of
GPx overexpression on cell death induced by this agent. This
was examined in cells overexpressing GPx (T47D/GPx2) com-
pared with cells transfected with an empty vector (T47D/H3).
The increase in GPx enzymatic activity over parental cells, as
estimated using cumene hydroperoxide as substrate, was
approximately 14-fold (Fig. 1A). In addition, their intracellu-
lar GSH content was found to be significantly higher, here
almost doubled (Fig. 1B), in agreement with previous mea-

surements (Mirault et al., 1991). GPx-1 activity was predom-
inantly found in the membrane fraction (data not shown),
consistent with a recent report demonstrating that GPx-1 is
most concentrated within the mitochondria (Legault et al.,
2000).

As illustrated in Fig. 2, A and B, the cytotoxic effect of
doxorubicin on T47D/H3 cells was dose- and time-dependent,
reducing cell viability by �30% after 48 h exposure and by
�50% after 72 h exposure to 1 �M doxorubicin. At this
concentration but not at higher concentrations, T47D/GPx2
cells were significantly less sensitive to anthracycline-in-
duced cell death. In addition, a 7-day clonogenic assay per-
formed on cells pretreated for 72 h with 1 �M doxorubicin
indicated resistance of GPx-1 expressing cells (while in un-
treated wells, 110 to 150 clones were seen; 44 were found in
T47D/GPx2 versus 5 in T47/H3 cells).

The effects of doxorubicin on cell cycle progression and the
nature of cell death caused by the drug were investigated by
monitoring the morphological changes (after cell staining
with Syto 16/propidium iodide; Fig. 2C) with the use of flow
cytometry (using the fluorescent probe Hoechst 33342 to
stain DNA; Fig. 3), by quantifying DNA fragmentation (Fig.
4A), and by evaluating the ability of the drug to activate
caspases (Fig. 4, B and C). When T47D/H3 cells were treated
with 1 �M doxorubicin, nuclear condensation and cell shrink-
age were observed, suggestive of apoptosis (Fig. 2C). Cell
counts indicated 3- to 6-fold fewer apoptotic cells in T47D/
GPx2 than in T47D/H3 cells. Accordingly, Fig. 3B shows that
doxorubicin induced an S-phase cell cycle arrest, with fea-
tures very similar to those described previously in T47D/H3
cells exposed to oxidative stress mediated by hyperoxia or
menadione (Bilodeau et al., 2000). In addition to the inhibi-
tion of cell cycle progression, doxorubicin caused the appear-
ance of a subdiploid cell fraction characteristic of apoptotic
cell death. The presence of subdiploid cells and cell cycle
block were both significantly reduced in the GPx-proficient
cells. In contrast, the GPx status had no effect on cell cycle
block and apoptosis mediated by staurosporine, a nonspecific
protein kinase inhibitor and typical inducer of apoptosis (Fig.
3C). Two additional endpoints were used to further confirm
the differential resistance of these cells to doxorubicin-medi-
ated apoptosis: DNA fragmentation and caspase activation.
DNA analysis revealed that 48-h exposure to 1 �M doxoru-

Fig. 1. Intracellular levels of glutathione and GPx activity in T47D cells.
A, Intracellular GPx activity assayed with cumene hydroperoxide was
measured in total homogenates as described under Materials and Meth-
ods. B, GSH levels were quantified in total cell extracts. Data correspond
to means � S.E. from at least three independent determinations of GSH
and GPx.
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bicin led to a significant increase in DNA fragmentation (Fig.
4A). On the other hand, activation of DEVDase started 24 h
after cell treatment and reached a maximum at 48 h (Fig.
4B). Moreover, Western blot analysis revealed that a 48-h
exposure of T47D/H3 cells to doxorubicin resulted in the
proteolytic processing of caspase-3 and -7, two effector
caspases (Fig. 4C).

Of interest was the finding that all these anthracycline
induced-apoptotic events were partially blocked in T47D/
GPx2 cells (Figs. 2, 3, and 4). These data suggest that GPx
attenuates some but not all doxorubicin-activated apoptotic
pathways. GPx overexpression did not influence the cellular
uptake of doxorubicin (data not shown).

GPx Inhibits Doxorubicin-Induced ROS Production.
We next investigated the effect of GPx overexpression on
intracellular ROS levels measured in doxorubicin-treated
cells. As seen in Fig. 5, treatment of T47D/H3 cells with the
chemotherapeutic drug stimulated a rapid and transient in-
crease in ROS level (probably mostly peroxide) as measured
by dichlorofluorescein fluorescence. This phenomenon was
detectable and maximal within the first 5 min of incubation.
By contrast, in T47D/GPx2 cells, doxorubicin failed to pro-
duce any detectable ROS increase in fluorescence, suggesting
that in these cells, GPx-1 overexpression strongly reduced
DCF-detected ROS accumulation consequent to superoxide
formation via anthracycline redox-cycling.

GPx Inhibits Doxorubicin-Induced Ceramide Path-
way. Because ceramide generation has been implicated in
anthracycline-induced apoptosis (Bose et al., 1995; Andrieu-
Abadie et al., 1999) but also in oxidant-stimulated cell death
(Goldkorn et al., 1998), we measured ceramide levels in T47D
cells treated with doxorubicin. In T47D/H3 cells, the amount
of ceramide rapidly increased to reach maximal levels be-
tween 5 and 10 min after doxorubicin addition (Fig. 6A). No
ceramide production was observed after 3, 6, or 24 h of
treatment (data not shown). GPx overexpression completely
abolished ceramide production induced by the anthracycline.
In addition, GPx overexpression did not affect cell death
induced by treatment with C2-ceramide, an exogenous cell-
permeant ceramide (Fig. 4A), further suggesting that GPx
acted upstream from ceramide generation in cell death sig-
naling.

Ceramide can be generated either through de novo synthe-
sis by activation of ceramide synthase (Bose et al., 1995) or
through SM hydrolysis catalyzed by SMase (Andrieu-Abadie
et al., 1999). To determine the source of the ceramide pro-
duced by doxorubicin in T47D cells, we investigated the effect
of this drug on SM levels. T47D/H3 cell stimulation with
doxorubicin resulted in a SM decrease at 10 min (Fig. 6B,
inset). Consistent with the results obtained on ceramide pro-
duction, GPx overexpression blocked doxorubicin-induced
SM hydrolysis.

Finally, because SM hydrolysis and concomitant ceramide
generation suggested that doxorubicin activated a SMase,
SMase activity was determined in doxorubicin-treated T47D
cells. Of interest, the basal specific activity of neutral mag-
nesium-dependent SMase was considerably lower in T47D/
GPx2 compared with T47D/H3 cells (0.14 � 0.03 versus.
1.00 � 0.43 nmol/h/mg of protein, respectively). As shown in
Fig. 6B, incubation of T47D/H3 cells with doxorubicin led to
an increased activity of a SMase active at neutral pH in the
presence of magnesium. No significant changes were ob-

Fig. 2. GPx overexpression partially protects T47D cells from doxorubi-
cin-induced cell death. T47D/H3 and T47D/GPx2 cells were incubated
under serum-free conditions for 72 h at the indicated concentrations of
doxorubicin (A) or for the indicated times in the presence of 1 �M doxo-
rubicin (B). Cell viability was assessed by MTT assay. Results are
means � S.E. of five independent experiments (***, p � 0.001). Alterna-
tively, morphological alterations of nuclei were evaluated by Syto 16/
propidium iodide (1 and 4 �M, respectively) staining of T47D/H3 (a, b)
and T47D/GPx2 (c, d) cells; in the absence (a and c) or presence (b and d)
of 1 �M doxorubicin for 72 h (C).

Fig. 3. GPx overexpression attenuates
doxorubicin-induced cell cycle block and
apoptosis. Representative cell cycle distri-
butions and detection of apoptotic subdip-
loid cells by flow cytometry, after 48 h
incubation in the absence (A) or presence
(B) of 1 �M doxorubicin or 24-h exposure
to 250 nM staurosporine (C).
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served in the acidic SMase activity in the presence of doxo-
rubicin (data not shown). In GPx overexpressing cells, the
doxorubicin-induced increase in neutral SMase activity was
completely abolished.

NAC and BSO Affects Doxorubicin-Induced Cell
Death and Ceramide Production. To elucidate the pro-
tective mechanism of GPx on doxorubicin-induced cell death,
we preincubated T47D cells for 2 h with NAC, a thiol anti-
oxidant and GSH precursor, or with BSO, an inhibitor of
GSH biosynthesis (Goldkorn et al., 1998), before doxorubicin
treatment. As expected, intracellular GSH levels were in-
creased by NAC (10 mM) and decreased by BSO (250 �M)
(Fig. 7A). Although addition of exogenous NAC protected
T47D/H3 cells from doxorubicin-induced cell death, BSO pre-
treatment sensitized both T47D/H3 and T47D/GPx2 cells to
the lethal effects of the drug (Fig. 7C). The effects of these
compounds on cell viability were correlated to ROS produc-
tion (Fig. 7B). All these results further indicate that the
protective effect of GPx is related to GSH, its cofactor.

Because the inhibitory effect of GPx overexpression on
doxorubicin-induced ceramide generation suggested that
GPx functioned upstream of SMase activation, doxorubicin-
induced ceramide production was monitored after pretreat-
ment of T47D/H3 cells with 10 mM NAC. Figure 7D shows
that addition of NAC before doxorubicin treatment inhibited

drug-induced ceramide accumulation, in agreement with
similar effects produced by GPx overexpression (Fig. 6A).

Discussion
Anthracyclines and taxanes are the two most potent

classes of chemotherapeutic drugs used for the treatment of
advanced breast cancer. However, the signaling pathways
triggered by these agents in breast cancer cells are not com-
pletely understood. The present study shows that GPx is an
important regulator of doxorubicin-induced human breast
cancer cell death signaling. Specifically, we show that over-
expression of GPx inhibits ROS production, SM hydrolysis,
and ceramide generation and leads to a partial protection
from doxorubicin-induced apoptosis. These results demon-
strate that the ceramide pathway is connected with oxidative
stress via GPx in anthracycline-induced cell death.

Several lines of evidence suggest that ceramide and oxida-
tive stress are intimately related: 1) exogenous hydrogen
peroxide acts on cellular membranes to generate ceramide in
epithelial cells (Goldkorn et al., 1998); 2) hypoxia, which is
known to hyperproduce ROS, induces ceramide generation in
cardiac (Bielawska et al., 1997) or neuronal (Yoshimura et
al., 1998) cells; 3) cellular antioxidant systems and GSH
regulate ceramide accumulation (Barroso et al., 1997; Liu et

Fig. 4. Doxorubicin-induced apoptosis in T47D/H3
and T47D/GPx2 cells. T47D/H3 and T47D/GPx2 cells
were incubated under serum-free conditions with 1
�M doxorubicin (DOX) for 72 h or with 20 �M C2-
ceramide (CER) for 24 h. Quantitative DNA fragmen-
tation was determined by the spectrofluorometric
DAPI procedure (A). Results are means � S.E. of
three independent determinations (*p � 0.05). B, cells
treated without or with 1 �M doxorubicin for the
indicated times were harvested and DEVDase activity
was determined as described under Materials and
Methods. Data are means � S.E. of three independent
experiments (*p � 0.05). C, extracts from cells treated
as above for 48 h were subjected to 15% SDS-poly-
acrylamide gel electrophoresis and immunoblotted
with anti-caspase-3 or caspase-7.
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al., 1998); 4) ceramide influences cellular oxidative stress via
regulation of manganese-dependent superoxide dismutase
(Pahan et al., 1999); 5) ceramide stimulates ROS production
in leukemic cells (Quillet-Mary et al., 1997) but also in iso-
lated rat liver mitochondria (Garcia-Ruiz et al., 1997); and 6)
ceramide-induced apoptosis can be blocked by thioredoxin
peroxidase overexpression in leukemic cells (Zhang et al.,
1997). All these observations indicate that a positive feed-
back may exist between ROS and ceramide productions in
the activation phase of programmed cell death.

Here we show that in T47D cells oxidative stress operates
upstream from ceramide generation in doxorubicin-induced
toxicity. Indeed, GPx overexpression or cell treatment with
exogenous NAC, a thiol antioxidant and GSH precursor, pre-
vented doxorubicin-induced ROS production, neutral SMase
activation, SM hydrolysis, ceramide generation, and offered
partial protection against drug-induced cell death. In accor-
dance with these observations, cell-permeant ceramide pro-
moted apoptosis in T47D, bypassing the doxorubicin-induced
SMase activation. Neither GPx overexpression nor treatment
with exogenous NAC blocked this event, indicating that GPx
targets an event located upstream from ceramide.

Our data also demonstrate that doxorubicin-induced cer-
amide generation in T47D cells did originate from the break-
down of SM by a SMase assayed under neutral conditions
and that this SMase activation could be inhibited by GPx
overexpression. These observations are consistent with pre-
vious reports on the inhibitory effect of GSH on neutral
SMase (Liu et al., 1998). In the same line, it is of particular
interest to note that in the GPx-1-overexpressing cells, which
exhibited higher GSH levels and lower basal ROS levels
(Mehlen et al., 1995) compared with parental cells, neutral
magnesium-dependent SMase activity was decreased. This
strongly indicates that in the living cell this ceramide-gener-

ating enzyme is regulated by the intracellular redox state
including GSH, further supporting previous data obtained in
vitro (Liu and Hannun, 1997). Moreover, down-regulation of
GSH levels by BSO, a specific inhibitor of GSH synthesis,
increased doxorubicin-induced apoptosis in cells overexpress-
ing GPx.

Fig. 5. Doxorubicin-induced ROS production is reduced in T47D/GPx2
cells. T47D/H3 and T47D/GPx2 cells were treated for the indicated times
with doxorubicin (1 �M) under serum-free conditions. The DCFH-DA
probe was added to the cells 30 min before each reaction was stopped.
Cells were washed and cell fluorescence was quantified as described
under Materials and Methods. Data are means � S.E. of four independent
experiments (***p � 0.001; **p � 0.01; *p � 0.05).

Fig. 6. Effect of GPx on doxorubicin-triggered activation of the sphingo-
myelin-ceramide pathway. T47D/H3 and T47D/GPx2 cells were incu-
bated with doxorubicin (1 �M) under serum-free conditions. At the indi-
cated times, cells were harvested and lipids were extracted. Ceramide
was quantified using the diacylglycerol kinase assay (A). Results (pmoles
per milligram of protein) are expressed as percentage of values found in
cells incubated for the same time without the drug (***p � 0.001; **p �
0.01). Basal ceramide levels were 1485 � 220 and 1965 � 370 pmol/mg in
T47D/H3 and T47D/GPx2 cells, respectively. Alternatively, neutral
sphingomyelinase activity was determined on cell extracts (B). SM levels
were determined on [3H]choline-labeled cells that were incubated for 10
min with doxorubicin (***p � 0.001) (B, inset). Basal [3H]choline-labeled
SM levels were 244,500 � 88,000 and 263,000 � 73,000 dpm/mg in
T47D/H3 and T47D/GPx2 cells, respectively. All data correspond to
means � S.E. of three independent experiments.
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Taken together, our data clearly demonstrate that GPx
and neutral SMase are closely related in cell death signaling.
However, additional work is needed to clarify the exact mo-
lecular interactions between these two enzymes. These re-
sults also raise a number of important, still-debated ques-
tions, such as the subcellular localization (mitochondria or
plasma membrane) of these events. Second, the contribution
of phospholipid hydroperoxide GPx, another mitochondrial
GPx known to prevent apoptosis induced by several inducers
(Nomura et al., 1999), to ceramide production remains to be
assessed.

Even though GPx overexpression blocked ROS and cer-
amide formation, it did not completely abolish doxorubicin-
induced apoptosis in T47D cells. Indeed, we showed by mon-
itoring cell viability, DNA fragmentation, caspase activation
and morphological changes that doxorubicin also induced
apoptosis, albeit to a lesser extent, in cells overexpressing
GPx-1. One could speculate that doxorubicin triggers cell
death via multiple pathways, one of them involving ceramide
and ROS. As a matter of fact, it is known that the anthracy-
cline drugs, including doxorubicin, kill cancer cells by various
mechanisms, including free radical generation, cell mem-
brane damage, and DNA cleavage via interaction with topo-
isomerase II (Cummings et al., 1991). Similar to a number of

intercalative antitumor drugs and nonintercalative epipodo-
phyllotoxins (VP-16 and VM-26), doxorubicin has been shown
to induce single- and double-strand breaks in DNA via for-
mation of topoisomerase-II-DNA cleavage complexes (see
Liu, 1989). It is possible, if unlikely, that this mechanism of
action cannot be prevented by GPx1. Regarding cell death
signaling, some reports have revealed that doxorubicin may
implicate the stimulation of the CD95(Fas) receptor-ligand
system (Friesen et al., 1996). It was also demonstrated that
induction of Fas ligand and apoptosis by doxorubicin is mod-
ulated by the redox state in chemosensitive- and drug-resis-
tant tumor cells (Friesen et al., 1999). Generally, breast
cancer cell lines are known to resist Fas-mediated apoptosis.
but T47D cells may represent an exception because these
cells express high levels of Fas (Keane et al., 1996). Whether
GPx also interferes with CD95 signaling and prevents CD95-
induced apoptosis in T47D cells is under current investiga-
tion.

Generation of ROS is viewed as one of the main mecha-
nisms of anthracycline cytotoxicity (Muller et al., 1998). To
counteract the harmful consequences of ROS generation, mi-
tochondria are equipped with manganese-dependent super-
oxide dismutase and a redox cycle using reduced GSH and

Fig. 7. Effect of NAC and BSO on
GSH content and doxorubicin-trig-
gered cell death signaling. T47D/H3
and T47D/GPx2 cells were incu-
bated for 2 h in the absence or pres-
ence of NAC (10 mM) or BSO (250
�M). Then, intracellular GSH con-
tent was determined (A). After pre-
treatment for 2 h in the absence or
presence of NAC or BSO, cells were
incubated with 1 �M doxorubicin
(DOX) for 10 min for ROS (B) and
ceramide (D) determinations or 72 h
for cell viability (C). Results are
means � S.E. of three independent
experiments (***p � 0.001; *p �
0.05).
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GPx (Richter et al., 1995). Four forms of human GPx have
been described, including the classical GPx1, the gastrointes-
tinal GPx2, the plasma enzyme GPX3, and the phospholipid
hydroperoxide GPx4. Nomura et al. (1999) have reported that
the latter GPx could suppress apoptotic cell death induced by
several agents like etoposide and UV irradiation through the
inhibition of cytochrome c release and caspase-3 activation.
For GPx-1, although it might participate in human breast
cancer MCF-7 cells resistance against doxorubicin treatment
(Doroshow, 1995), little is known about the biological signif-
icance of this enzyme in apoptosis induced by chemothera-
peutic agents. However, the protective effect of GPx-1
against ischemia-induced apoptosis has recently been dem-
onstrated in experiments using GPx-1 knockout mice or
transgenic mice overexpressing GPx-1 (Maulik et al., 1999).
In the latter study, GPx-1 knockout mice showed early signs
of apoptotic cardiac cell death after reperfusion. A significant
number of apoptotic cells were found in GPx-1-deficient car-
diomyocytes compared with nontransgenic control animals.
On the contrary, very few apoptotic cells were detected in the
hearts of the transgenic mice overexpressing GPx-1 (Maulik
et al., 1999). Moreover, transgenic GPx-1 expression in
mouse brain (Mirault et al., 1994) was shown to provide
protection of neuronal functions such as synaptic transmis-
sion and long-term potentiation in hippocampal slices follow-
ing transient hypoxic exposure (Furling et al., 2000).

Our data further substantiate the critical importance of
GPx-1 in apoptosis because overexpression of this GPx form
in human breast T47D cells attenuates doxorubicin-induced
cell death. Whether other mitochondrial or membrane forms
of GPx contribute to the cell defense against doxorubicin
toxicity remains to be investigated. The recently described
preferential localization of GPx-1 in mitochondria (Legault et
al., 2000) makes GPx-1 a likely candidate for counteracting
the effect of doxorubicin on ROS formation and ceramide
generation, supporting the idea that this pathway may be at
least partly mitochondria-dependent.

In summary, the results obtained in the present study led
us to propose that in human breast cancer cells, apoptosis
induced by doxorubicin is associated with the activation of a
neutral SMase leading to SM hydrolysis and a concomitant
ceramide generation. This event is preceded by ROS produc-
tion, which can be counteracted by GPx overexpression, re-
sulting in inhibition of ceramide accumulation and subse-
quent attenuation of the doxorubicin-induced apoptosis.
Altogether, these results emphasize the notion that the cel-
lular antioxidant defense influences the clinical efficacy of
anthracyclines by modulating lipid-mediated intracellular
signaling.
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