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Abstract

To define the role of glutathione peroxidase (GPx) in modulating the oxygen radical-related
cytotoxicity of doxorubicin and H»O» in cells that overexpress P-glycoprotein (Pgp), the GPx
activity of NCI/ADR-RES cancer cells was altered by growth in 0.5% serum with (MR-30
subline) or without (MR-0 subline) selenium supplementation. GPx activity increased from 2.2
nmol/min/mg (MR-0) to 22.5 nmol/min/mg (MR-30) when cells were grown in 30-nM selenium,
p < .01; the activities of other antioxidant enzymes were unchanged by selenium. By reverse
transcriptase polymerase chain reaction, MR-30 and MR-0 cells expressed similar levels of the
MDRL, GPx-1, BCL2and TOP2A mRNA. The ICsq concentration for HoO, in MR-0 cells was
10-fold lower than in the MR-30 subline, p < .01. Despite identical anthracycline accumulation
and efflux in these two lines that expressed equivalent levels of Pgp, the doxorubicin 1Csq
decreased fivefold in MR-0 versus MR-30 cells, p < .01. Log-linear tumour cell killing by
doxorubicin was observed only in selenium-deficient MR-0 cells. Doxorubicin exposure also
produced substantially more apoptosis in MR-0 than MR-30 cells; this was not related to the
presence of selenium per se. MR-0 cells generated ~5-times more methane from dimethyl
sulfoxide (a measure of reactive oxygen metabolism) than MR-30 cells in the presence of
equimolar doxorubicin concentrations (p < .05). These studies suggest that GPx-mediated
detoxification of peroxides can modulate the antitumor activity of doxorubicin in the presence of
high levels of Pgp.
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Introduction

Molecular mechanisms of doxorubicin sensitivity and resistance that have been defined for
tumour cells propagated in tissue culture include overexpression of the MDRL gene,
overexpression of antiapoptotic genes and alterations in the function or level of
topoisomerase 11 [1]. In addition to the interaction of the anthracycline antibiotics with these
cellular constituents, the doxorubicin quinone moiety undergoes futile cycles of flavin
dehydrogenase-catalyzed reduction and oxidation in essentially every cellular compartment
that generate HoO», lipid hydroperoxides and strong oxidant species, such as the hydroxyl
radical [2], both /n vitroand in vivo [3].

While the biochemistry of doxorubicin redox cycling has been well-described, and its role in
the mechanism of doxorubicin cardiac toxicity has been accepted [1], the question remains
whether enhanced oxygen radical detoxification could contribute to acquired tumour cell
resistance for this drug [4,5]. Most of the evidence addressing this issue has been derived
from analysis of tumour cell lines developed by stepwise selection /n vitro with increasing
doxorubicin concentrations. In such experiments, MDRL overexpression or alterations in
topoisomerase Il have not infrequently been associated with increases in cytoplasmic
glutathione (GSH) or glutathione peroxidase (GPx) levels [6,7].

Because the selenoprotein GPx is a critical intracellular enzyme capable of utilising reduced
glutathione to detoxify H,O- or lipid hydroperoxides to water or lipid alcohols, respectively
[8], it plays a central role in decreasing the production of strong oxidant species with the
chemical characteristics of the hydroxyl radical by modulation of the Fenton reaction: Fe2*
+ H,0, — Fe3* + OH™ + *OH. Since reactive oxygen species produce a multiplicity of
pathophysiologic effects, including altered mitochondrial energy metabolism and impaired
calcium homeostasis [9], and appear to play a critical role in several signal transduction and
apoptotic pathways [10], enhanced levels of intracellular antioxidant proteins, such as GPX,
could complement transport-dependent (MDR1) or DNA replication-related (topoisomerase
I1) mechanisms of doxorubicin resistance.

In the experiments reported here, we examined whether decreased GPx activity produced by
selenium supplementation could alter tumour cell killing, apoptosis and oxygen radical
production by doxorubicin in the NCI/ADR-RES cell line. Because these cells overexpress
both MDRL1 and GPx-1[11] and possess altered topoisomerase Il activity [12], they provide
an appropriate model system with which to evaluate whether changing GPx specific activity
could affect doxorubicin-induced tumour cell killing. We found that decreasing GPx levels,
without producing other changes in antioxidant defense, doxorubicin accumulation and
efflux, or apoptosis-related gene expression, significantly sensitised NCI/ADR-RES cells to
both the cytotoxic and apoptotic effects of doxorubicin-enhanced oxygen radical
metabolism.
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Materials and methods

Materials

Cell culture

Doxorubicin hydrochloride of clinical grade was purchased from commercial sources; 5-
iminodaunorubicin was supplied by the Drug Synthesis and Chemistry Branch, Division of
Cancer Treatment and Diagnosis, National Cancer Institute, Bethesda, MD. In all
experiments, anticancer quinones were protected from light during use. Reduced glutathione
(GSH), glutathione reductase type Il1, 5"-5"-dithiobis-(2-nitrobenzoic acid), 1-chloro-2,4-
dinitrobenzene (CDNB), NADPH, superoxide dismutase, glucose oxidase, propidium iodide
and avidin-FITC were obtained from Sigma Chemical Co (St. Louis, MO). Hydrogen
peroxide (30% solution) and paraformaldehyde were supplied by Mallinckrodt, Inc (St.
Louis, MO). DME/F12 minimal essential medium and heat-inactivated fetal calf serum
(FCS) were purchased from Life Technologies Inc (Grand Island, NY). Monoclonal
antibody to the P-glycoprotein (4E3) was obtained from Signet Laboratories, Inc (Dedham,
MA); fluorescein-conjugated goat antimouse 1gG (H + L) F(ab’), was purchased from
Jackson Immuno Research Laboratories, Inc (Westgrove, PA). 14C-doxorubicin was from
Amersham Life Science Corp (Arlington Heights, IL); and Nyosil silicone oil was from W.F.
Nye, Inc, New Bedford, MA, USA. RNeasy kits were obtained from Qiagen, Inc (Valencia,
CA); Moloney murine leukaemia virus reverse transcriptase and QPCR buffers were
purchased from Life Technologies Inc (Grand Island, NY); human primers and probes as
QPCR TagMan assays were obtained from Life Technologies/ABI (Foster City, CA).
Terminal transferase (TdT) and related materials for determinations of apoptosis were
obtained in kit form from Boehringer Mannheim, Corp (Indianapolis, IN).

NCI/ADR-RES cancer cells (with a known 1Csq for doxorubicin under standard conditions
in a 1-h clonogenic assay of ~500 uM) were originally obtained from the National Cancer
Institute, Bethesda, MD and were maintained in 1 uM doxorubicin during routine cell
culture. These cells were adapted to growth in DME/F12 media with 0.5% fetal calf serum
to optimise the potential for expression of GPx by decreasing the binding of selenium to
serum proteins; cells were passaged at least twice in the absence of doxorubicin before use
in these experiments. Maximal enzyme activity was observed in the presence of >30-nM
selenium (as sodium selenite) and 5 pug/ml each of transferrin and insulin. Two new lines
were developed from the parental cells: NCI/ADR-RES-30 (grown in 30-nM selenium)
which was renamed MR-30; and NCI/ADR-RES-0 (maintained in 0.5% serum without
added selenium) which was renamed MR-0. GPx activity had a half-life of ~48 h after
withdrawal of exogenous selenium in the MR-30 cells, as had been described previously for
the parental NCI/ADR-RES tumour cell line [13]. The doubling times of MR-30 and MR-0
cells were both 38-42 h; plating efficiencies in clonogenic assays were ~35-40% for both
cell lines.

Antioxidant enzyme activities and glutathione levels

MR-30 or MR-0 cells in logarithmic-phase growth were dislodged with trypsin/EDTA,
washed twice in phosphate-buffered physiologic saline (PBS) and then disrupted on ice by
sonication with 5-7 1-second bursts of a Branson Sonifier Cell Disrupter 250 (Branson
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Sonic Power Co., Danbury, CT). The cell homogenates were then centrifuged at 4 °C for 20
min at 16,000 x g; the resulting supernatants were assayed for antioxidant enzyme levels or
glutathione. Experiments were performed, at minimum, in triplicate; each experimental
sample was prepared from a separate tissue culture flask containing approximately 2—4 x
108 MR-30 or MR-0 cells. Selenium-dependent glutathione peroxidase activity, with
hydrogen peroxide as substrate, superoxide dismutase and catalase activities were measured
as described previously [14]; glutathione S-transferase (GST) activity with 1-chloro-2,4-
dinitrobenzene as substrate was measured as described [15]. Glucose-6-phosphate
dehydrogenase and glutathione reductase were assayed by the method of Beutler [16,17].
The level of nonprotein sulfhydryls (principally GSH) in MR-30 and MR-0 cells was
determined using 5,5 -dithiobis-2-nitro benzoic acid [18].

RNA Preparation, cDNA synthesis and reverse transcriptase polymerase chain reaction

Total cellular RNA was prepared from ~3 x 106 tumour cells using the Qiagen RNeasy kit
following the manufacturer’s instructions. Real time reverse transcriptase polymerase chain
reaction (RT-PCR) was carried out as previously described [19]. Expression of the target
genes GPx-1, MDR1, BCL2and TOPZ2A, and the reference gene, p-actin, were evaluated by
QPCR using the following primers: p-actin (Hs01060665_g1), MDR1 (Hs00184500_m1),
GPX1 (Hs00829989_g1), (Hs00699698_m1), BCL2 (Hs0060 8023_m1), TOP2A
(Hs01032137_m1).

Cytotoxicity assays
The cytotoxic effects of doxorubicin, 5-iminodaunorubicin (an anthracycline antibiotic that
does not redox cycle) and H,O, were examined using logarithmically-growing MR-30 or
MR-0 cells (96 h after plating). The cytotoxic effect of H,O, was determined by generating
the oxidant continuously following the addition of glucose oxidase to the glucose-containing
tissue culture medium [20]. The drug under examination or glucose oxidase was added
directly to the tissue culture flasks in triplicate for a 1-hr treatment period. The constant rate
of H,0, production, determined with a hydrogen peroxide electrode, increased linearly with
concentration, ranging from 11 nmol/min at 1-mU glucose oxidase/ml to 62 nmol/min at 25-
mU glucose oxidase/ml. Cells were then harvested with trypsin-EDTA, washed with PBS
and dilutions of 1000 and 2500 cells were plated in 60 x 15 mm tissue culture dishes in
triplicate. Tumour cell colonies of = 40 cells were counted after incubation for 6-8 days at
37 °C in a humidified atmosphere of 5% CO> in air. The per cent clonogenic survival has
been expressed as the number of colonies produced by drug-treated cells divided by the
number of colonies produced by control cells x 100.

Terminal deoxynucleotidyltransferase-mediated dUTP nick-end labelling (TUNEL) assay for
apoptosis, and cell cycle status using flow cytometric analysis

MR-0 and MR-30 cells in logarithmic-phase growth were exposed to 450 uM doxorubicin
(or an equal volume of media for control experiments) in tissue culture flasks for 4 h; after
drug exposure, the tumour cells were washed twice with PBS, their growth medium was
replaced and the cells were returned to the tissue culture incubator. For certain experiments,
30 nM sodium selenite was added to MR-0 cells 2 h before doxorubicin exposure and
maintained at that level following introduction of the anthracycline. Ninety-six hours
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following treatment with doxorubicin or media, the cells were washed twice with PBS,
trypsinized, washed again in PBS and centrifuged at 800 x g for 5 min. Tumour cells were
resuspended in 0.5 ml complete medium and then fixed in 5 ml of freshly prepared, ice-cold
4% paraformaldehyde in PBS, pH 7.2, added dropwise. After a 30-min fixation period on
ice, the cells were centrifuged at 4 °C for 5 min at 600 x g; the cell pellet was resuspended in
10 ml of ice-cold PBS and the centrifugation repeated. After complete removal of the PBS,
the cell pellet was resuspended in 2 ml of 70% ethanol. Tumour cells were either processed
immediately after fixation or frozen in ethanol for up to 1 week at =20 °C prior to TUNEL
assay. The cell suspension in ethanol, which contained 1-2 x 108 tumour cells, was then
centrifuged for 5 min at 800 x g; the cell pellet was washed twice with 1 ml of 0.1% bovine
serum albumin (BSA) in Hanks’ balanced salt solution (HBSS) and centrifuged in an
Eppendorf microcentrifuge for 5 min at 8000 x g. The cell pellet was resuspended in 25 pl
PBS to which was added 8.5 pl of the TUNEL reaction mixture: 5 pl of 5 x TdT reaction
buffer, 2.5 pl cochloride, 0.5 pl TdT enzyme (all from Boehringer kit # 220 582) and 0.5-pl
biotin-16-dUTP. Cells were then thoroughly mixed and incubated for 30 min at 37 °C.
Following incubation, the cell suspension was centrifuged for 1 min at 10,000 x g, the
supernatant carefully removed and the pellet resuspended in 0.1% BSA in HBSS. This cell
suspension was centrifuged for 5 min at 8000 x g; after aspiration of the supernatant, 100 pl
avidin-FITC staining solution was added to the pellet which was then incubated for 30 min
at room temperature in the dark. After incubation, the reaction mixture was centrifuged for 2
min at 8000 x g; the supernatant was aspirated, and the pellet was resuspended in 1 ml of
0.1% Triton X-100 in HBSS and then centrifuged for 5 min at 8000 x g. Following removal
of the supernatant, the cell pellet was resuspended in 1 ml of propidium iodide-RNase
nuclear staining solution in HBSS (0.5 ml propidium iodide [100 pg/ml], 9.5 ml HBSS
containing 500 units RNase). The cells were allowed to stain for = 30 min before flow
cytometric analysis. MR-0 and MR-30 cell samples were analysed on a MoFlo flow
cytometer (Cytomation, Fort Collins, CO); data (50,000 events) were acquired using dual
laser excitation. Scatter signals were acquired with an HeNe laser (Spectra Physics Co., Inc,
Mountain View, CA). All fluorescence excitation was performed at a wavelength of 488 nm
using an Innova-90 argon laser (Coherrent Inc, Santa Clara, CA) at 500 mW. FITC emission
was measured through a 530-nm cut-off filter (530DF30 filter; Omega Optical Co., Inc,
Brattleboro, VT). Cell cycle parameters were determined using propidium iodide with
emission measured through a 640-nm cut-off filter (640EFLP filter; Omega Optical Co.,
Inc). A 580DRLP dichroic mirror was used to split the two signals.

Oxygen radical production

Oxygen radical species with the chemical characteristics of the hydroxyl radical ("OH) were
evaluated by measurement of the release of methane from dimethyl sulfoxide using gas
chromatography with flame ionisation detection as previously described for intact tumour
cells [2]. In brief, the final, 1-ml reaction volume, which was incubated in a siliconized 2-ml
gas-tight reaction vessel for 4 h with shaking at 37 °C, contained 5 mM NADPH, 0.1%
Triton X-100, 7.5 x 10% tumour cells, 100 mM DMSO and the indicated doxorubicin
concentration in DME/F12 medium; 500 pl of the headspace gas was taken for measurement
of methane. The sensitivity limit of this assay is 20-30 pmol of methane. The data have been
expressed as pmol methane/4-h/107 cells + SE.
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Flow cytometry for assessment of P-glycoprotein expression

To examine the effect of selenium and GPx on Pgp expression, flow cytometry was
performed on MR-30 and MR-0 cells as previously described [21]. The primary antibody
recognises an external epitope of the MDR1 gene product, Pgp. The secondary antibody was
fluorescein-conjugated goat antimouse 1gG (H + L) F(ab’).

Doxorubicin accumulation and efflux

To determine the functional effect of both GPx expression and selenium on the action of Pgp
in MR-30 and MR-O0 cells, doxorubicin accumulation and efflux were examined by
measurement of total cell-associated radioactivity of 108 MR-30 or MR-0 cells treated for
120 min with 2.5 pM, [14C]-labeled doxorubicin in DME/F12 medium containing 0.5% fetal
calf serum. Immediately after the 2-h drug accumulation phase, cells were washed twice in
PBS and harvested with trypsin. Cells were then immediately layered onto 0.3 ml of Nyosil
silicone oil and centrifuged for 6 min at 13,500 x g; the trypsin-Nyosil supernatant was
decanted, and the pellet was resuspended in 0.5 ml of 2% SDS, pH 10.0. The cells were
mixed and allowed to stand overnight before total radioactivity in the cell pellets was
assessed by scintillation spectrometry. For efflux studies, after 2 h of drug accumulation as
outlined above, cells were washed in PBS, resuspended in drug-free DME/F12 containing
0.5% FCS and incubated for 1 or 2 h at 37 °C in 5% CO5 in air. At the end of the specified
incubation times, cells were washed in PBS, harvested with trypsin and processed as above.
“Zero” time controls were also processed as described. All accumulation and efflux
experiments were performed at least three times.

Statistical analyses

Cytotoxicity assays, antioxidant levels, reactive oxygen production and doxorubicin
accumulation and efflux were analysed using Student’s two-tailed #test for independent
means; significance required p < .05.

Results

Antioxidant enzyme and GSH levels in NCI/ADR-RES-derived cell lines adapted to growth
in low serum

Because incorporation of selenocysteine molecules into the active site of GPx is a critical
prerequisite for enzymatic activity [22], we performed preliminary studies attempting to
optimise conditions for the production of active GPx in tissue culture. Since more than 75%
of the elemental selenium in tissue culture medium is found in a nondialyzable, protein-
bound state [23], we first adapted the NCI/ADR-RES line which had been developed by
step-wise exposure of parental cells to increasing concentrations of doxorubicin [24] to
growth under low serum conditions. We found that NCI/ADR-RES cells grow well in 0.5%
FCS supplemented with insulin and transferrin, with no change in morphology, doubling
time or ability to generate colonies on a plastic support (data not shown). This observation
provided the basis for our examination of the effect of GPx and selenium on the toxicity of
doxorubicin and H,0, in human NCI/ADR-RES tumour cells expressing high levels of Pgp.
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When NCI/ADR-RES cells were adapted to growth in 0.5% serum without supplemental
selenium (MR-0 cells, Table 1), GPx activity was at the lower limit of detectability. We have
previously demonstrated that NCI/ADR-RES cells passaged under standard conditions with
5% FCS and no supplemental selenium have a GPx activity level of 8-12 nmol/min/mg [13].
Passage in 30-nM selenium under low serum conditions produced the MR-30 cell line with
levels of GPx ~ 10-fold greater than MR-0 cells, (Table 1, p< .01). The addition of sodium
selenite, however, did not result in any significant effect on the specific activities of other
antioxidant enzymes capable of detoxifying H,O or superoxide anion, or those required to
generate reducing equivalents for the glutathione-glutathione peroxidase cycle (Table 1).

Expression of GPx-1, MDR1 and apoptosis-related genes in MR-30 and MR-0 cells

GPx-1 mRNA levels in NCI/ADR-RES cells passaged in 5% FCS without supplemental
selenium are significantly increased compared to the parental line [11]. Because the specific
enzymatic activity of GPx was significantly enhanced in MR-30 versus MR-0 cells, the
MRNA levels of GPx-1 as well as a panel of resistance genes (MDR1, BCL-2and TOPZA)
were examined in these cells by RT-PCR; as shown in Table 2, expression ratios (vs. B-actin)
of genes involved in doxorubicin-related tumour cell killing demonstrated that the relative
amount of GPx-I mRNA in both MR-30 and MR-0 cells was equivalent. Selenium
supplementation did not alter GPx-I mRNA expression per sg; this is consistent with our
previous observation that modulation of GPx activity in MCF-7 cells occurs largely at the
translational level [13]. As expected, MDR1 overexpression was observed in MR-30 and
MR-0 cells which is consistent with prior studies; there was no apparent effect of selenium
on MDRI mRNA levels. Selenium supplementation also did not affect BCL-2or TOP2A
expression.

Effect of GPx activity on the cytotoxicity of HoO, and doxorubicin

To examine the effect of an approximate 10-fold variation in GPx activity on the cytotoxicity
of H,0, in cells expressing high levels of MDR1 mRNA, H,O, was generated by treating
cells with glucose oxidase to produce a continuous flux of the oxidant. The results shown in
Figure 1(A) demonstrate that the 1Cgq for glucose oxidase increased from 1-2 mU/ml in
MR-O0 cells to 15-20 mU/ml in MR-30 cells, p< .01, paralleling the GPx activities of the
two cell lines. These results are not surprising in light of the observations that Pgp does not
transport H,0O,, and that the only significant difference in antioxidant Defence found
between MR-0 and MR-30 cells was in the level of GPx (Table 1).

Another major goal of these studies was to determine whether GPx activity contributed to
doxorubicin, as well as H,0,, resistance in cells that overexpressed both the MDRL and
GPx-1 genes. Using a clonogenic assay, MR-30 cells were found to be extraordinarily
resistant to high concentrations of doxorubicin (Figure 1(B)). The ICsq for doxorubicin was
~500 pM in the MR-30 subline, and it was difficult to produce further cytotoxicity on a
logarithmic scale for these cells within the solubility limits of the drug (1-2 mM). P-
glycoprotein expression, in part, explains the need to employ high levels of doxorubicin in
these experiments (far above the 1-2-uM concentrations necessary to inhibit tumour cell
proliferation in the parental line). On the other hand, as seen in Figure 1(B), the ICgq for
doxorubicin in the MR-0 subline decreased fivefold to 100 pM, p < .01. Furthermore, log-
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linear tumour cell cytotoxicity was observed in MR-0 cells where GPx activity was
significantly decreased. In control experiments with the MR-O0 line, the addition of 30 nM
sodium selenite to cells that had not been passed regularly in selenium-containing medium,
for the 2 h prior to treatment with doxorubicin, did not change the GPx activity of the cells
(data not shown). We also found that exposure of MR-30 and MR-0 cells for 1L hto 2, 5 or
25 pM 5-iminodaunorubicin, a doxorubicin analogue that does not generate reactive oxygen
species [25], decreased clonogenic survival to an equivalent level in either cell line (Table 3).

-related apoptosis in MR-30 and MR-0 cells

As shown in Figure 1(C), MR-0 cells were substantially more sensitive to doxorubicin-
induced apoptosis than the MR-30 line. When studied at the 1Cgy concentration determined
by clonogenic assay (450 uM), a small amount of TUNEL positivity and low molecular
weight DNA was observed for MR-30 cells after doxorubicin exposure compared to
untreated control cells. However, a much more substantial degree of TUNEL positivity was
observed in MR-0 cells treated with the identical concentration of doxorubicin. Apoptotic
MR-0 cells were derived from both G4/S and G,/M boundaries. When MR-0 cells were
exposed to 30 nM sodium selenite 2 h before, during, and for 96 h after doxorubicin
treatment, an extensive degree of apoptosis continued to be observed.

Effect of GPx activity on hydroxyl radical formation

Because GPx can modulate hydrogen peroxide-induced apoptosis [26], and our finding that
doxorubicin-related apoptosis and tumour cell killing were significantly increased in MR-0
cells, we evaluated the effect of altered GPx activity on the generation of strong oxidant
species with the chemical characteristics of *OH. As shown in Table 4, doxorubicin exposure
led to the generation of easily quantifiable amounts of methane from dimethyl sulfoxide
only in MR-0 cells that contain low levels of GPx activity. Methane production required
doxorubicin and NADPH, was inhibited by the hydrogen peroxide detoxifying enzyme
catalase and the *OH scavenger thiourea, but not by its redox inactive analogue urea, and
was also inhibited by the iron chelator deferoxamine. The concentration-response
relationship for doxorubicin and *OH formation is shown in Figure 2(A); minimal amounts
of methane (at the lower limit of detection) were produced in this system by MR-30 cells
that contained substantial levels of GPx.

Pgp expression in MR-30 and MR-0 cells

To determine whether Pgp levels on the cell surface of the MR sublines were influenced by
their GPx or selenium status, we performed flow cytometric analysis using a monoclonal
antibody which binds to a cell-surface epitope of human Pgp. Figure 2(B) shows that Pgp
was expressed to a substantial degree on both MR-30 and MR-0 cells, and that the level of
Pgp was similar irrespective of selenium status.

Doxorubicin accumulation and efflux in MR-30 and MR-0 cells

To ensure that enhanced sensitivity toward doxorubicin in the presence of diminished GPx
activity was not due to an alteration in the function of the Pgp multidrug transporter, the
accumulation and efflux of doxorubicin were evaluated in MR-0 and MR-30 cells. After the
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tumour cells were loaded for 2 h with 2.5 uM 14C-doxorubicin, cell-associated doxorubicin
levels were (mean + SE) 195 + 5 pmol/108 cells in MR-0 cells compared to 225 + 10
pmol/10° cells in the MR-30 subline, (Figure 2(C); p> .05; not significant). Doxorubicin
concentrations were examined after 1 and 2 h of drug efflux in fresh media. The results
shown in Figure 2(C) demonstrate that the presence of exogenous selenium did not
significantly alter the level of residual cell-associated doxorubicin. After 2 h in drug-free
media, >70% of the anthracycline had been effluxed from both sublines irrespective of
selenium status.

Discussion

Several molecular mechanisms have been advanced to explain doxorubicin resistance in
vitro, including overexpression of MDRL, BCL-2and alterations in the function of
topoisomerase Il or antioxidant proteins [1]. Although increased GPx activity has been
described previously for tumour cells selected in doxorubicin [7,27], the functional
significance of these observations has been questioned in the past [5]. Furthermore, it has
been observed that several drug resistance mechanisms may be selected simultaneously
during stepwise exposure to increasing doxorubicin concentrations [27,28]. To evaluate the
role of H,0, detoxification in acquired doxorubicin resistance further, we examined the
contribution of GPx activity to the modulation of doxorubicin-related cytotoxicity, apoptosis
and hydroxyl radical formation in a human cancer cell line (NCI/ADR-RES) overexpressing
the P-glycoprotein.

To perform these experiments, we developed the MR-0 and MR-30 cell lines that have an
identical complement of antioxidant enzymes except for GPx activities that vary by ~10-
fold. The mMRNA expression of GPx-1, MDR1, BCL-2and TOPZA did not vary based on the
GPx activity of the cells. Furthermore, we found no difference in Pgp level or doxorubicin
accumulation or efflux in the MR-0 line compared with MR-30 cells. Finally, as previously
documented for the parental NCI/ADR-RES line [13], the GPx activity of MR-0 cells was
unchanged after short-term (< 24 h) exposure to 30 nM sodium selenite. Although selenium
itself has antioxidant properties [29], our results suggest that differences in GPx per se, and
not inorganic selenium, were responsible for the observed alterations in doxorubicin and
H»0, toxicity.

The GSH-GPx cycle plays a critical role in regulating intracellular hydrogen and lipid
hydroperoxide tone [30]. Since H,0, is not a substrate for Pgp, the enhanced sensitivity of
MR-0 cells to a continuous flux of H,O, that we observed was not surprising. However, a
significant (~fivefold) difference in doxorubicin ICsq between cell lines varying only in GPx
activity, under experimental conditions in which the accumulation and efflux of doxorubicin
and the expression of Pgp were equivalent, has not previously been demonstrated. In light of
the observation that GPx activity had no effect on the toxicity of the nonredox cycling
anthracycline 5-iminodaunorubicin, and that hydroxyl radical production was undetectable
in MR-30 cells, it is reasonable to suggest that enhanced GPx activity contributed to a
decrease in the intracellular level of hydrogen peroxide, with a consequent decrease in
Fenton chemistry, and diminished tumour cell killing by doxorubicin. These results are
supported by previous studies in cells not demonstrating the multidrug resistance phenotype
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which suggested that overexpression of GPx-1 produces doxorubicin resistance in the T47D
breast cancer line [31].

NCI/ADR-RES cells display a complex phenotype that includes, among other changes,
overexpression of MDR1 and glutathione S-transferase r, and alterations in the function of
topoisomerase 1, as well as increased GPx activity. It is remarkable, in the context of the
pleiotropic nature of the acquired resistance to doxorubicin exhibited by these cells, that
decreasing GPx activity should, in itself, sensitise them to the anthracycline. In the presence
of a multiplicity of resistance mechanisms, it is also understandable that decreasing GPx
alone would not completely reverse the multidrug-resistance phenotype. Taken together,
these data suggest that Pgp-mediated drug efflux and GPx-related oxidant detoxification
play complementary roles in defending tumour cells against the cytotoxic effects of
doxorubicin.

In conclusion, these experiments indicate that depletion of intracellular GPx, without
concomitant changes in other antioxidant proteins, Pgp or the expression of the apoptosis-
related genes leads to a significant increase in doxorubicin-induced hydroxy! radical
formation, clonogenic tumour cell killing and programmed cell death in the face of
equivalent levels of cell-associated anthracycline. Our results suggest that detoxification of
peroxides by GPx contributes to doxorubicin resistance even in the presence of high levels
of P-glycoprotein expression.
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Figurel.
Effect of glutathione peroxidase activity on the toxicity of hydrogen peroxide and

doxorubicin in MR-30 and MR-0 cells. (A) Hydrogen peroxide was generated in the tissue
culture medium continuously by addition of glucose oxidase and cytotoxicity evaluated by
clonogenic assay; (B) doxorubicin cytotoxicity in MR-30 and MR-0 cells was determined by
clonogenic assay; (C) the effect of glutathione peroxidase activity and selenium on
doxorubicin-induced apoptosis in MR-30 and MR-0 cells was determined by TUNEL assay.
As shown in the upper left panel, cell cycle progression is demonstrated on the x axis, extent
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of apoptosis (TUNEL positivity) on the yaxis and the number of events on the zaxis.
Apoptosis is represented both as the extent of TUNEL positive low molecular weight DNA
and as TUNEL positive cells present in various phases of the cell cycle. In the bottom panel,
MR-0 cells were treated with 30 nM sodium selenite beginning 2 h prior to doxorubicin
treatment and continuing both during and for the 96 h following drug exposure.
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Figure2.
Effect of glutathione peroxidase activity on doxorubicin-enhanced hydroxyl radical

production, P-glycoprotein expression and anthracycline uptake and efflux in MR-30 and
MR-0 cells. (A) Hydroxyl radical (or a related strong oxidant species) has been quantitated
by gas chromatographically as the release of CH, from DMSO in a closed reaction system.
Results represent the mean + SE of at least three separate determinations. (B) Effect of
glutathione peroxidase activity and selenium on P-glycoprotein expression in MR-30 and
MR-0 cells. Representative fluorescence histograms are presented from duplicate
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experiments for these cell lines. (C) Effect of glutathione peroxidase activity on 14C-
doxorubicin accumulation and efflux in MR-30 and MR-0 cells. The results represent the
mean + SE of experiments performed in triplicate.
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Effect of selenium on antioxidant activities in MR-30 and MR-0 human cancer cells.

Table 1.

Antioxidant activity® MR-0 MR-30
Glutathione Peroxidase (nmol/min/mg) 294 0_91) 225+15
Catalase (umol/min/mg) 155+0.14 1.39+0.04
Glutathione S-Transferase (nmol/min/mg) 91.1+4.2 81.9+35
Glucose-6-Phosphate Dehydrogenase (nmol/min/mg) 255+ 33 204 £ 37
Glutathione Reductase (nmol/min/mg) 76+17 6.4+25
Superoxide Dismutase (ug superoxide dismutase/mg) 0.14+0.01 0.12+0.01
Glutathione (nmol/108 cells) 7.7+04 77+04

Page 17

Antioxidant activities were determined in the two cell lines after multiple passages without (MR-0) or with (MR-30) supplemental sodium selenite

(30 nM) in the media.

a, .. . . . . . .
Antioxidant activities obtained using cytosolic preparations; data presented as the mean + SE.

bp< .01 versus MR-30 cells.
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Table 2.

Effect of selenium on gene expression in MR-0 and MR-30 cancer cells.

Gene of inter&sta

MR-0 MR-30

GPX1
MDR1
BCL-2
TOPZA

102,217 £ 23,012 78,085 + 11,422
78,210 £ 6133 106,399 + 30,421
724 +140 932 +109
27,049 + 2902 23,375 + 2811

Page 18

amRNA expression was determined in triplicate by real time RT-PCR and has been shown as gene of interest/B-actin x 10'6; data presented as

mean * SE.
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Effect of a 1-h exposure to 5-iminodaunorubicin on the clonogenic survival of MR-0 and MR-30 cells.

Table 3.

5-Iminodaunor ubicin concentration MR-0 MR-30

2uM

5uM
25 uM

95 + 26a 91+25

86+22 81%75
68+44 68x21

a
Percent of control + SE.
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Table 4.

Effect of glutathione peroxidase activity on doxorubicin-stimulated hydroxyl radical production by MR-0 and
MR-30 human cancer cells.

Reaction conditions MR-0 MR-30
Initial 276 + 643’1] 66 =29
Minus doxorubicin of 0
Minus NADPH of 0
Plus Catalase (1500 U/ml) of 0
Plus Superoxide Dismutase (20 ug/ml) 84 +30° 0
Plus Deferoxamine (100 pM) 89 + 490’ 0
Plus Thiourea (100 mM) 14 +14€ 0
Plus Urea (100 mM) 177 +50 106 + 60

Hydroxyl radical production in MR-0 and MR-30 cells was determined by gas chromatography as the release of methane from dimethyl sulfoxide
in a closed reaction system.

aMethane production from dimethy! sulfoxide in a 1-ml reaction volume containing 2.5 mM doxorubicin, 5 mM NADPH, 0.1% Triton X-100,
DME/F12 medium and 7.5 x 108 tumour cells incubated for 4 h at 37°C; data have been expressed as pmol methane/4 h/107 cells + SE.

bp< .02 versus MR-30 cells.
cp< .02 versus initial reaction system in MR-0 cells.

d - . .
p < .05 versus initial reaction system in MR-0 cells.
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