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A B S T R A C T

Reactive oxygen formation plays a mechanistic role in the cardiotoxicity of doxorubicin, a chemotherapeutic
agent that remains an important component of treatment programs for breast cancer and hematopoietic ma-
lignancies. To examine the role of doxorubicin-induced reactive oxygen species (ROS) in drug-related cardiac
apoptosis, murine embryonic fibroblast cell lines were derived from the hearts of glutathione peroxidase 1 (Gpx-
1) knockout mice. Cells from homozygous Gpx-1 knockout mice and parental animals were propagated with (Se
+) and without (Se-) 100 nM sodium selenite. Activity levels of the peroxide detoxifying selenoprotein glu-
tathione peroxidase (GSHPx) were marginally detectable (< 1.6 nmol/min/mg) in fibroblasts from homozygous
knockout animals whether or not cells were supplemented with selenium. GSHPx activity in Se- cells from
parental murine fibroblasts was also< 1.6 nmol/min/mg, whereas GSHPx levels in Se+ parental murine fi-
broblasts were 12.9 ± 2.7 nmol/min/mg (mean ± SE; P < 0.05). Catalase, superoxide dismutase, glu-
tathione reductase, glutathione S-transferase, glucose 6-phosphate dehydrogenase, and reduced glutathione
activities did not differ amongst the four cell lines. Reactive oxygen production increased from 908 ± 122
(arbitrary units) for untreated control cells to 1668 ± 54 following exposure to 1 μM doxorubicin for 24 h in
parental fibroblasts not supplemented with selenium (P < 0.03); reactive oxygen formation in doxorubicin-
treated parental fibroblasts propagated in selenium was 996 ± 69 (P = not significant compared to untreated
control cells). Reactive oxygen levels in homozygous Gpx-1 knockout fibroblasts, irrespective of selenium sup-
plementation status, were increased and equivalent to that in selenium deficient wild type fibroblasts. When
cardiac fibroblasts were exposed to doxorubicin (0.05 μM) for 96 h and examined for cell cycle alterations by
flow cytometry, and apoptosis by TUNEL assay, marked G2 arrest and TUNEL positivity were observed in
knockout fibroblasts in the presence or absence of supplemental selenium, and in parental fibroblasts propagated
without selenium. Parental fibroblasts propagated with selenium and exposed to the same concentration of
doxorubicin demonstrated modest TUNEL positivity and substantially diminished amounts of low molecular
weight DNA. These results were replicated in cardiac fibroblasts exposed to doxorubicin (1–2 μM) for 2 h (to
mimic clinical drug dosing schedules) and examined 96 h following initiation of drug exposure. Doxorubicin
uptake in cardiac fibroblasts was similar irrespective of the mRNA expression level or activity of GSHPx. These
experiments suggest that the intracellular levels of doxorubicin-induced reactive oxygen species (ROS) are
modulated by GSHPx and play an important role in doxorubicin-related apoptosis and altered cell cycle pro-
gression in murine cardiac fibroblasts.

1. Introduction

The anthracycline antibiotic doxorubicin remains a critical compo-
nent of curative therapy for both breast cancer and hematopoietic

malignancies [1]. Unfortunately, a unique form of cardiac toxicity that
manifests itself as a congestive cardiomyopathy capable of producing
potentially fatal heart failure is associated with the cumulative drug
dose administered [2]. A variety of hypotheses have been suggested to
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explain the damaging effects of doxorubicin on the heart. These include
alterations in mitochondrial gene expression [3] and function [4,5], as
well as mitochondrial DNA double strand break formation due to to-
poisomerase IIβ [6,7]. The effectiveness of the iron chelating agent
dexrazoxane in preventing clinical cardiac toxicity by limiting the
generation of strong oxidant species with the chemical characteristics of
the hydroxyl radical in vivo, on the other hand, supports the concept
that doxorubicin-related production of cardiac ROS plays an important
role in the etiology of this critical drug-related toxicity [8,9].

The mechanism of doxorubicin-related ROS production in the heart
involves futile redox cycling of the anthracycline's quinone moiety
catalyzed by flavin dehydrogenases and other proteins in essentially
every subcellular compartment of cardiac myocytes, including complex
I of the mitochondrial electron transport chain, cardiac cytosol, cardiac
myoglobin, the sarcoplasmic reticulum, and NADPH oxidase 2 found in
cardiac membranes [1,10]. Drug-induced ROS are then capable of in-
terfering with cardiac mitochondrial energy production, the function of
the ryanodine-sensitive calcium channels necessary for normal con-
tractility, as well as signal transduction in the heart [2,11–13].

At a morphological level, doxorubicin exposure produces mi-
tochondrial swelling, loss of sarcoplasmic reticular membranes, and the
hallmarks of cardiac apoptosis in vivo [14] and in vitro [1,15]. Fur-
thermore, it has been suggested that, as is the case for several other cell
types [16–18], doxorubicin-induced apoptosis in the heart is related
directly to its ability to generate ROS, in particular H2O2 [10,19].

Alterations in the level of one of the major hydrogen peroxide de-
toxifying enzymes in mammalian cells, cytoplasmic glutathione per-
oxidase (GSHPx-1), can modulate peroxide-mediated apoptosis [20,21];
overexpression of Gpx-1 in bovine aortic endothelial cells as well as
T47D human breast cancer cells significantly decreases doxorubicin-
induced apoptosis [15,20]. It has also been demonstrated that doxor-
ubicin-induced ROS significantly diminish intracellular stores of re-
duced glutathione (GSH) in mammalian cells [22], supporting the hy-
pothesis that the GSH-GSHPx cycle, which plays a critical role in
removing intracellular hydrogen peroxide, is essential for the main-
tenance of a stable, non-toxic level of peroxidative tone both in vitro
and in vivo following doxorubicin exposure [23].

Although a significant body of literature has examined the effects of
doxorubicin on cardiac myocytes, substantially less is known about the
pharmacological effects of the anthracycline antibiotics on other critical
cell types that constitute a major fraction of the murine heart [24–26].
For that reason, we examined the role of GSHPx-1 in protecting cardiac
embryonic fibroblasts (that constitute approximately 15% of the mass
of the heart in the mouse [24]) from the adverse effects of doxorubicin
using cardiac fibroblast cell lines produced from parental and Gpx-1
knockout mice. Using these new cell lines, we found that GSHPx-1 plays
an essential role in controlling the extent of doxorubicin-induced ROS
production, drug-related apoptosis, and anthracycline-related inhibi-
tion of cell cycle progression at the G2/M interface.

2. Materials and methods

2.1. Cell culture and establishment of murine embryonic cardiac fibroblast
lines

Fibroblast cell lines were derived from the hearts of parental female
C57BL/6 mice (+/+) and from female Gpx-1 knockout mice (−/−).
The generation of the knockout animals has been described previously
[27]. To produce these cell lines, hearts were removed from (+/+) as
well as (−/−) fetuses at day 17 of gestation, minced in iced phosphate-
buffered saline (PBS), and then centrifuged at 300×g for 10 min. After
removal of the supernatant, collagenase (1 mg/ml) from Boehringer-
Mannheim, Corp. (Indianapolis, IN) was added to the cardiac mince
which was incubated in a water bath with mild shaking for 1 h at 37 °C.
The collagenase-treated cardiac tissue was then washed once with ice-
cold PBS and then resuspended in DMEM-F12 medium (Gibco/BRL)

containing 10% fetal calf serum with penicillin, streptomycin, and
fungizone. Cardiac fibroblasts were then propagated in 15 ml tissue
culture dishes at 37 °C in a humidified atmosphere of 5% CO2 in air.
Floating cellular debris was aspirated after the initial three days of
culture and replaced with fresh media and serum. This procedure was
repeated every three days until the cells attached to plastic were of such
density that they could be harvested with trypsin/EDTA and re-plated
in fresh media with serum. The doubling time for both the knockout
and wild-type fibroblasts was ≈14 h.

To confirm that the cells used for study were, in fact, murine cardiac
fibroblasts, cells were harvested by scraping during their logarithmic
growth phase and lysed with RIPA lysis buffer (Millipore cat # 20–188)
containing protease and phosphatase inhibitors. Protein lysate (40 μg)
was loaded on an Invitrogen 4–20% Tris-glycine gel and transferred to
Nylon membrane using an Invitrogen iBlot2 device. The primary anti-
body was used at 1 to 1000 dilution in 2.5% milk-TBST at 4 °C over-
night after 1 h blocking in 5% milk-TBST buffer. The following day, the
membrane was washed in TBST buffer for 5 min x 3, and then incubated
with a 1 to 3000 dilution of the secondary antibody in 5% milk-TBST at
room temperature for 1 h. The membrane was developed after washing
three times in TBST with an exposure for 5 min in a 1:1 mixture of
exposure solutions (SuperSignal West Pico stable peroxide solution,
Thermo Fisher cat #1863097; and SuperSignal West Pico luminol/en-
hancer solution, Thermo Fisher cat #1863096). The primary antibodies
obtained from Cell Signaling were: α-smooth muscle actin (α-SMA) cat
#19245s; platelet derived growth factor receptor α (PDGFR-α) cat
#3174s; platelet derived growth factor receptor β (PDGFR-β) cat
#4564s; CD45 cat #72787s; and β-actin cat # 3700s. Goat anti-rabbit
and anti-mouse IgG antibodies were purchased from Santa Cruz. As
shown in Fig. 1A, the heart cells from both the wild-type (WT) and Gpx-
1 knock out (KO) mice expressed markers of developmental cardiac
fibroblasts (PDGFR-α, PDGFR-β, and α-SMA) and not CD45, a marker of
cardiac endothelial and mesenchymal cells [24,28].

Once cardiac fibroblasts with typical morphology had been estab-
lished in culture, 100 nM sodium selenite was added to both (−/−)
and (+/+) lines. Thus, for these studies, four distinct fibroblast cell
lines were examined: Gpx-1 (−/−) with or without exogenous sele-
nium; and Gpx-1 (+/+) with or without sodium selenite. For the ex-
periments outlined here, all cells had been passaged no more than four
times before use.

2.2. Antioxidant enzyme assays

The specific activities of glutathione peroxidase, catalase, glu-
tathione reductase, glutathione S-transferase, glucose-6-phosphate de-
hydrogenase, superoxide dismutase, and the level of reduced glu-
tathione in the cardiac fibroblasts were measured in cytosolic
preparations of the cells as previously described [29].

2.3. Northern analysis

Analysis of Gpx-1 expression in cardiac fibroblasts was performed
using a human Gpx-1 probe as described previously [30].

2.4. Reactive oxygen production and doxorubicin uptake

Exponentially growing fibroblasts either untreated or exposed to
doxorubicin (clinical grade) were harvested with trypsin/EDTA and
resuspended in iced PBS. After counting with a hemocytometer, the cell
suspension was centrifuged for 10 min at 500×g; the cell pellet was
resuspended in medium #199 (Gibco/BRL) with the volume adjusted to
106 cells/ml and kept on ice until the flow cytometric analysis was
performed. For analysis of reactive oxygen production, 10 μl of a 1 mM
solution of DCFH-DA (Molecular Probes #C-6827) in 100% ethanol was
added to a 1 ml fibroblast suspension; the cells were then vortexed at
room temperature, and fluorescence intensity measured 5 min later
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using a MoFlo flow cytometer (Cytomation, Fort Collins, CO) using an
excitation wavelength of 504 nm and emission of 529 nm. For esti-
mation of doxorubicin content, an identical procedure was used except
that no DCFH-DA was added. For estimation of doxorubicin-induced
reactive oxygen production, cells were treated for 24 h with the drug
(1–2 μM) prior to the addition of DCFH.DA. Untreated control cells
were always processed at the same time as doxorubicin-exposed fi-
broblasts to determine relative fluorescence intensity.

2.5. Doxorubicin-induced apoptosis and effects on cell cycle progression

Apoptosis in Gpx-1 knockout and parental cell lines in the presence
or absence of exogenous selenium was determined by TUNEL assay
[31]. Briefly, fibroblasts in log-phase growth were treated with doxor-
ubicin either for 2 h (1 μM) or continuously for 96 h (0.05 μM) in their
tissue culture flasks. Cells were harvested 96 h after initiation of drug
treatment, washed in PBS, resuspended, and fixed with 4% paraf-
ormaldehyde in PBS, pH 7.2, for 30 min on ice. After re-centrifugation,
cells were resuspended in ice-cold PBS, centrifuged again, and the pellet
resuspended in 70% ethanol. After centrifugation, the cells were wa-
shed in 1 ml of 0.1% BSA-HBSS, centrifuged, and resuspended using an
apoptosis reagent (TdT) kit from Boehringer. The cells were subse-
quently prepared for flow cytometry exactly as described by the man-
ufacturer. Cells were stained and analyzed with avidin-FITC to examine
strand break frequency and with propidium iodide to determine cell
cycle progression. Three dimensional plots are displayed showing both
parameters. Examples are shown for experiments performed at least in
triplicate.

2.6. Statistics

Data have been presented as the mean ± SE for experiments per-
formed in triplicate; means were compared with Student's t-test.

3. Results

3.1. Effect of selenium on glutathione peroxidase expression and
antioxidant enzyme levels in cardiac fibroblasts from parental and Gpx-1
knockout mice

As demonstrated in Fig. 1B, cardiac fibroblasts from knockout mice
passaged in the presence or absence of 100 nM sodium selenite failed to
express Gpx-1 mRNA. Furthermore, cardiac fibroblasts adapted to
growth in the absence of selenium supplementation of the media ex-
hibited diminished Gpx-1 mRNA, consistent with previous investiga-
tions in human breast cancer cells [30]. In concert with these ob-
servations, we found minimal levels of glutathione peroxidase (GSHPx)
enzymatic activity in the knockout cells independent of selenium sup-
plementation and in parental cardiac fibroblasts not propagated in
supplemental sodium selenite (Table 1). On the other hand, GSHPx
activity was substantive in the parental cell line in the presence of se-
lenium. As shown in Table 1, major differences in the enzymatic ac-
tivity of GSHPx in these four cell lines were not accompanied by sig-
nificant changes in other antioxidant defenses. In subsequent
experiments, these results permitted specific interrogation of the role of
GSHPx in protecting cardiac cells from the deleterious effects of dox-
orubicin-induced oxidative stress.

Fig. 1. (A) Western blot analysis of the protein ex-
pression of the fibroblast markers PDGFR-α, PDGFR-
β, and α-SMA, and the mesenchymal marker CD45 in
heart cells obtained from parental wild-type (WT)
and Gpx-1 knockout (KO) animals. (B) Northern
analysis of Gpx-1 expression in cardiac fibroblasts
from parental (+) and Gpx-1 knockout (−) C57/Bl6
mice. Cells were passaged without (−/−; +/−) or
with (−/+; +/+) supplemental sodium selenite
(100 nM). The presence of exogenous selenium in-
creased Gpx-1 mRNA expression by ≈ 3-fold.

Table 1
Effect of glutathione peroxidase expression and selenium on antioxidant levels in cardiac fibroblasts from Gpx-1 (+/+) parental and Gpx-1 (−/−) knockout C57/
Bl6 mice.

Enzyme activity Gpx-1 (−/−)(-Se)a Gpx-1 (−/−)(+Se) Gpx-1 (+/+)(-Se) Gpx-1 (+/+)(+Se)

GSH peroxidase(nmol/min/mg) 1.61 ± 0.76b 1.13 ± 0.38 1.47 ± 0.21 12.9 ± 2.7c

GSH reductase(nmol/min/mg) 7.9 ± 1.4 9.1 ± 0.4 12.4 ± 1.8 11.0 ± 2.0
Catalase(μmol/min/mg) 1000 ± 410 860 ± 200 2080 ± 330 1870 ± 780
Superoxide dismutase(μg SOD/mg) 2.33 ± 0.30 2.80 ± 0.02 2.65 ± 0.10 3.02 ± 0.14
G-6-PD(nmol/min/mg) 30.2 ± 4.3 26.7 ± 5.4 14.5 ± 4.7 12.5 ± 1.7
Glutathione(nmol/106 cells) 5.85 ± 0.12 6.09 ± 0.24 7.74 ± 1.03 5.84 ± 0.10

a Cardiac fibroblasts were passaged with (+Se) or without (-Se) 100 nM sodium selenite added to the tissue culture medium.
b Mean ± SE; GSHPx activity in the range of 1–2 nmol/mg/min is at the lower limit of detection for this assay.
c P < 0.05 versus cells passaged in the absence of sodium selenite or versus Gpx-1 knockout cells.
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3.2. GSHPx activity restrains the level of doxorubicin-enhanced reactive
oxygen metabolism in cardiac fibroblasts

Baseline levels of reactive oxygen species (ROS) in cardiac fibro-
blasts from parental C57/Bl6 mice, detected as DCF fluorescence, were
not significantly altered by passage of these cells in supplemental se-
lenium (Fig. 2A, left middle and bottom panels; 908 ± 122 arbitrary
units for Se(+) control cells). However, the significant increase in DCF
log fluorescence produced by doxorubicin exposure for 24 h
(1668 ± 54 arbitrary units; P < 0.03 versus untreated controls) was
decreased to baseline values found in the absence of drug (996 ± 69
arbitrary units) for fibroblasts expressing Gpx-1 that had been propa-
gated in sodium selenite (Fig. 2A, compare right middle and bottom
panels). On the other hand, consistent with the absence of measurable
GSHPx activity in Gpx-1 knockout heart cells, doxorubicin increased
ROS production above baseline levels for two different drug con-
centrations irrespective of selenium supplementation status (Fig. 2B).

3.3. GSHPx modulates doxorubicin-induced apoptosis and alterations in
murine cardiac fibroblast cell cycle progression

We next evaluated the role of cardiac GSHPx in the control of
doxorubicin-induced apoptosis using the TUNEL assay. Because

doxorubicin can be administered as both a continuous infusion as well
an intravenous bolus [1], we evaluated the effect of doxorubicin on
heart fibroblast apoptosis following a 96-h period of drug exposure, as
well as 96 h following initiation of a 2-h drug treatment. In the absence
of doxorubicin exposure or selenium supplementation, no baseline level
of either apoptosis or alteration in cell cycle progression was demon-
strable in either parental or Gpx-1 knockout fibroblasts (Fig. 3A and D).
On the other hand, a considerable degree of DNA strand scission and
accumulation of low molecular weight DNA species was observed at the
conclusion of doxorubicin exposure for both parental and knockout
cardiac fibroblasts passaged in the absence of selenium (Fig. 3B and E).
Apoptotic cells were demonstrable across the cell cycle, including cells
stalled in G2/M phase, a hallmark of the cell cycle effect of doxorubicin
treatment [32]. In the presence of measurable levels of GSHPx activity,
the extent of low molecular weight DNA and DNA strand scission across
the cell cycle was markedly decreased, as was the degree of the G2/M
block (Fig. 3C). However, as expected, addition of selenium to Gpx-1
knockout fibroblasts during passage neither prevented doxorubicin-in-
duced apoptosis nor altered the blockade of cell cycle progression at the
G2/M interface (Fig. 3F).

When cardiac fibroblasts were exposed to a higher concentration of
doxorubicin (1 μM) for 2 h followed by assessment of apoptosis 96 h
after the initiation of treatment (Fig. 4), an extensive degree of

Fig. 2. Effect of selenium on doxorubicin-enhanced reactive oxygen production. (A) Parental cardiac fibroblasts with or without selenium supplementation. Only the
lower two panels represent experiments in which selenium has been added to the cell cultures. High glutathione peroxidase activity levels in selenium supplemented
parental fibroblasts almost completely block doxorubicin-enhanced reactive oxygen formation (right middle versus right lower panel). (B) Gpx-1 knockout cardiac
fibroblasts demonstrate no effect of selenium supplementation on doxorubicin-enhanced reactive oxygen formation for two different drug concentrations (middle
versus lower panels). As is the case in (A), the top and middle panels represent experiments performed for fibroblasts without added selenium (Se-cells). These data
are representative of at least three separate experiments.
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apoptosis, reflected by a remarkable amount of low molecular weight
DNA and TUNEL positivity, was observed (Fig. 4A, lower left panel).
Much lower levels of apoptosis and partial retention of baseline cell
cycle progression were observed in parental cardiac fibroblasts pas-
saged in selenium-supplemented media (Fig. 4A, lower right panel). We
also found that addition of 100 nM sodium selenite to parental cardiac
fibroblasts only during the 2 h of doxorubicin exposure had no effect on
the degree of apoptosis that we observed (data not shown). For Gpx-1
knockout fibroblasts, however, passage in selenium-supplemented
medium did not prevent extensive drug-induced apoptosis and arrest of

cells in G2/M phase (Fig. 4B, lower panels).

3.4. GSHPx activity does not alter the uptake of doxorubicin by cardiac
fibroblasts

We next evaluated doxorubicin accumulation by analytical cyto-
metry in cardiac fibroblasts with different levels of GSHPx activity
(Table 2). Under conditions identical to those used to examine doxor-
ubicin-related ROS formation (Fig. 2), we found no difference in the
uptake of doxorubicin in parental or Gpx-1 knockout cardiac fibroblasts

Fig. 3. Effect of glutathione peroxidase and selenium on apoptosis and cell cycle arrest produced by a 96-h continuous exposure to doxorubicin in parental and Gpx-1
knockout cardiac fibroblasts. Apoptosis was evaluated by TUNEL assay; cell cycle progression of cells initially in log-phase growth was determined by flow cytometry.
TUNEL positive cells were assessed across the cell cycle and are shown as strand breaks measured on the y-axis quantitated as events on the z axis. In these studies,
continuous exposure to nanomolar concentrations of doxorubicin leads to accumulation of cells at the G2/M interface. These data are representative of at least three
separate experiments.
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whether or not the cells had been passaged in supplemental selenium.

4. Discussion

The goal of these experiments was to evaluate whether GSHPx could
prevent doxorubicin-induced cardiac apoptosis in the absence of other
changes in cellular antioxidant defense systems. Using clinically-re-
levant doxorubicin concentrations and drug exposures that are known

to produce oxidative DNA damage in the circulating mononuclear cells
of patients undergoing treatment with a 96 h continuous infusion of the
drug [33], we found that murine embryonic fibroblasts derived from
the hearts of Gpx-1 knockout animals produced significantly more ROS
and were substantially more sensitive to the apoptotic effects of dox-
orubicin than wild type fibroblasts passaged in supplemental selenium
to maximize GSHPx activity. ROS-related apoptosis occurred in the
absence of GSHPx-related alterations in doxorubicin uptake or changes
in the specific activities of a range of antioxidant enzymes, other than
GSHPx.

These studies are consistent with our original observation that
doxorubicin is significantly more toxic in vivo to the hearts of mice
raised on selenium deficient chow (that decreases cardiac GSHPx ac-
tivity) [34] and, as demonstrated more recently, significantly more
damaging to the cardiac function of Gpx-1 knockout mice treated with
the anthracycline antibiotic [35]. Conversely, overexpression of Gpx-1
in the murine heart leads to a significant decrease in doxorubicin-re-
lated mitochondrial dysfunction as well as drug-induced alterations in
myocardial contractility [36]. In both cases, doxorubicin-induced ROS
production is likely to set off an apoptotic cascade in heart cells [19]. In
this fashion, as is the case for mammalian endothelial cells [15], as well
as a variety of human tumor cell lines [18,37], it is the production of
H2O2 by doxorubicin (a process modulated by the GSHPx that is present
in both cytosol and mitochondria) that plays a critical role in the in-
itiation of cardiac apoptosis. It has been demonstrated previously,
furthermore, that a doxorubicin-induced peroxide flux in mammalian

Fig. 4. Effect of glutathione peroxidase and selenium on apoptosis and cell cycle arrest produced by a 2-h exposure to doxorubicin in parental and Gpx-1 knockout
cardiac fibroblasts examined 96 h following the initiation of drug treatment. Apoptosis was evaluated by TUNEL assay; cell cycle progression of cells initially in log-
phase growth was evaluated by flow cytometry. TUNEL positive cells were assessed across the cell cycle and are shown as strand breaks measured on the y-axis
quantitated as events on the z axis. These data are representative of at least three separate experiments.

Table 2
Effect of glutathione peroxidase expression and selenium on doxorubicin ac-
cumulation in cardiac fibroblasts from Gpx-1 (+/+) parental and Gpx-1
(−/−) knockout C57/Bl6 mice.

Treatment Gpx-1
(−/−)(-Se)a

Gpx-1
(−/−)(+Se)

Gpx-1
(+/+)(-Se)

Gpx-1
(+/+)(+Se)

None 3.4b 4.1
Doxorubicin

(1 μM for
24 h)

6.8 6.8 8.7 7.5

a Cardiac fibroblasts were passaged with (+Se) or without (-Se) 100 nM
sodium selenite added to the tissue culture medium.

b These results represent the mean auto-fluorescence of untreated cardiac
fibroblasts or the mean fluorescent intensity of doxorubicin assessed by flow
cytometry at an excitation wavelength of 504 nm and an emission wavelength
of 529 nm for 106 cells treated either with medium or 1 μM doxorubicin for
24 h at 37 °C. For triplicate experiments, fluorescent intensity varied by ≤ 15%.
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cells precedes the loss of mitochondrial membrane permeability that is
an initiating event in anthracycline-related activation of the apoptotic
cascade [18]. Although the activation of poly-ADP-ribose polymerase
that occurs as a consequence of DNA damage from the anthracyclines
could contribute to drug-related apoptosis, it has been suggested that
this is a secondary event in the temporal scheme of drug-related
apoptotic signaling [18].

In this regard, it is appropriate to point out that our laboratory has
recently reported that the GSHPx activity of human breast cancer cells
can be modified by the addition of exogenous selenium by over ten-fold
[38]. It has been reported previously that the selenium content of serum
used for tissue culture can vary widely depending on the selenium
content of the soil (and hence the grain) on which the species used to
supply the serum was raised; in fact, the selenium content of most
serum used for research is deficient, leading to substantial geographic
variations in the activity of GSHPx in cell lines across laboratories
[39,40].

We also found that the presence of substantive GSHPx activity levels
in parental cardiac fibroblasts passaged in supplemental selenium also
decreased alterations in both G1 and G2/M cell cycle checkpoints
produced by doxorubicin (Figs. 3 and 4). Although the arrest of cells in
G2/M by doxorubicin has been well characterized [41], and the effects
of H2O2 by itself on multiple cell cycle checkpoints has also been de-
scribed [42], our results demonstrate that the cell cycle effects of
doxorubicin, at least in cardiac fibroblasts, may be modulated by drug-
enhanced oxidant formation. These results have relevance for both the
anti-proliferative and cardiotoxic mechanisms of action of doxorubicin.

In summary, we have found, using murine Gpx-1 knockout fibro-
blasts, that GSHPx plays an important role in modulating the cardiac
toxicity of doxorubicin-induced reactive oxygen formation, supporting
the hypothesis that drug-related ROS play a mechanistic role in this
therapeutically important side effect of an essential class of anti-cancer
agents.
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