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Glutathione Depletion by L-Buthionine Sulfoximine Antagonizes Taxol Cytotoxicity
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ABSTRACT

Taxol Â¡sa naturally occurring chemotherapeutic agent that is active
against a variety of tumors. Taxol is believed to act by binding tightly to
microtubules and preventing their disaggregation. Others have shown that
depletion of cellular glutathione results in the disaggregation of microtu
bules, presumably by allowing the oxidation of some or all of the cysteine
residues in tubulins. We studied the effect of glutathione (GSH) depletion
by i -buthionine sulfoximine (L-BSO) on taxol cytotoxicity in two human
tumor lines. After a 24-h incubation in 5 HIML-BSO, the breast adeno-
carcinoma line MCF-7 and the lung adenocarcinoma line A549 were

exposed to varying concentrations of taxol for 24 h. GSH levels were
undetectable in cells treated with L-BSO. At the highest concentrations of
taxol (50 MM). control MCF-7 cells had 10% cell survival and control AS49

cells had only 1% cell survival as assessed by clonogenic assay. Pretreat
ment with 5 imi L-BSO resulted in a 3-fold increase in survival of MCF-7
cells and a 10-fold increase in survival of A549 cells. Pretreatment with
L-BSO had no effect on taxol uptake into A549 or MCF-7 cells, as assessed
by measurement of binding of ['H] taxol to cells. Following exposure to 37

nMtaxol for 24 h, both cell lines had over 80% of their population in ( ; ,/-\l
and bromodoxyuridine labeling showed that taxol markedly reduced the
percentage of cells in S phase. L-BSO pretreatment had no effect on the

cell cycle in either cell line in the absence of taxol. However, in cells treated
with taxol, L-BSO increased the percentage of cells in S phase by 3-fold in
both cell lines. We conclude that depletion of cellular GSH by L-BSO
results in resistance to taxol in MCF-7 and A549 cells. Resistance to taxol

mediated by GSH depletion is not due to alterations in cellular uptake of
taxol by L-BSO. L-BSO increased the S-phase fraction of taxol-treated

cells in both cell lines. These data suggest that GSH depletion interferes
with cell cycle changes induced by taxol. The alteration in taxol-induced

cell cycle effects may account for the resistance to taxol produced by
L-BSO.

INTRODUCTION

Natural products have been actively pursued as potential anticancer
agents. Taxol, a diterpene derived from the yew tree Taxus brevifolia,
has demonstrated activity against breast and lung tumors in preclinical
animal models (1). Clinical trials have shown activity against ovarian
and breast cancer (2, 3). While the exact mechanism of taxol cyto
toxicity is unknown, there is evidence that its antitumor effects result
from binding to tubulin and preventing the disaggregation of micro-
tubules (4). Human tumor cells possessing a membrane-bound high-
molecular-weight glycoprotein, analogous to the p 170 glycoprotein

product of the multidrug resistance (mdr) gene, have a reduced steady
state accumulation of taxol and are relatively resistant to the drug (5).
Along with altered drug uptake and efflux, another possible means by
which cells may become resistant to taxol would be alteration in
tubulin structure. Supporting this view is the observation that Chinese
hamster ovary cell mutants with abnormal tubulin structure actually
require taxol for proper tubulin polymerization and normal growth (6).
Other mechanisms of resistance to taxol are possible.

Microtubules are composed of two peptides, a-tubulin and ÃŸ-tubu-

lin, which have 12 and 8 cysteine residues, respectively (7, 8). Oxi
dation of tubulin sulfhydryl groups has been shown to prevent the
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polymerization of tubulin and the formation of microtubules (9).
Subsequent reduction of sulfhydryl moieties with mercaptoethanol or
dithiothreitol restores the ability of tubulin monomers to polymerize
and form microtubules. Further evidence of a crucial role for sulfhy-
dryls in microtubule assembly comes from studies using L-BSO,2 a

potent inhibitor of glutathione synthesis, and CDNB, a compound
which causes the rapid consumption of GSH. Exposure of the human
lymphoid cell line 3T3 to both L-BSO and CDNB resulted in a

complete loss of microtubules within the cells (10). Cells actively
depleted of GSH by CDNB without L-BSO present gradually regained

normal GSH levels accompanied by microtubule reassembly (10).
Thus, GSH depletion can markedly alter microtubule structure, pre
sumably by permitting oxidation of sulfhydryl groups in tubulin.
Interestingly, preincubation of 3T3 cells in taxol prevents the disag
gregation of microtubules when GSH is subsequently lowered by
CDNB (11).

To expand upon these observations we have examined the effects of
L-BSO on the cytotoxicity of taxol using clonogenic assays. We report
that pretreatment of cells with L-BSO to reduce GSH levels to below
detectable values results in marked antagonism of taxol-induced cy

totoxicity.

MATERIALS AND METHODS

Chemicals. Taxol was supplied by the Cancer Therapy Evaluation Pro
gram, National Cancer Institute. L-BSO was purchased from Schweizerhall,
Inc. (South Plainfield, NJ). [3H]Taxol was obtained from Research Triangle
Institute (Research Triangle Park, NC). The ['H]taxol was found to be 96%

pure by thin layer chromatography and 95% pure by high pressure liquid
chromatography. BrdUrd, PI, anti-murine immunoglubulin labeled with RTC,

and pepsin were purchased from Sigma Chemical Co. (St. Louis, MO). Mon
oclonal anti-BrdUrd was purchased from Becton-Dickinson (Mountain View,
CA). Monoclonal murine anti-ÃŸ-tubulin was purchased from Boehrringer-

Mannheim (Indianopolis, IN).
Cell Culture. Cell lines used in this study included the human breast

adenocarcinoma line MCF-7 and the human lung adenocarcinoma line A549,

both obtained from the American Type Culture Collection (Rockville, MD).
Both cell lines were maintained as stock cultures in RPMI 1640 supplemented
with 10% fetal calf serum and antibiotics. A number of 100-mm Petri dishes
were plated with 5 X IO5 cells in medium or medium containing L-BSO and

incubated for 24 h. Taxol was then added directly to the plates over a final
concentration range of 10-50 nM. Following a 24-h exposure to taxol, the cells

were rinsed, trypsinized, counted, plated, and incubated for macroscopic col
ony formation. Following a 2-week incubation, colonies were fixed with

methanol:acetic acid (3:1) and stained with crystal violet, and colonies with
>50 cells were counted. All survival points were done in triplicate, and
experiments were conducted a minimum of two times. Error bars shown in the
figures represent SD and are shown when larger than the symbol. Plating
efficiencies for MCF-7 and A549 cells ranged between 40-50% and 35^*5%,
respectively. Cells treated with L-BSO had lower plating efficiencies. L-BSO
treatment (5 ITIM)resulted in plating efficiencies of 30-35% and 12-20% in
MCF-7 and A549 cells, respectively.

| 'H ITaxol Binding. Cells were plated into 24-well plates at a concentration

of 50,000 cells/well. Cells were plated in either control medium or medium
containing 5 HIML-BSO. Twenty-four h later, 0.1 |aCi of [3H]taxol was added

to each well (8.7 nM final concentration). Unlabeled taxol, in final concentra-

2 The abbreviations used are: L-BSO, L-buthionine sulfoximine; GSH, glutathione; PI,
picipiHimn iodide; CDNB, l-chloro-2,4-dinitrobenzene; PBS. phosphate-buffered saline;

FITC, fluorescein isothiocyanate; BrdUrd, bromodeoxyuridine.
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lions of 10, 50, 100, 250, or 1000 HMwas also added to wells containing
[3H]taxol. Twelve h later, medium was aspirated from the plates, and the cells

were extensively washed with phosphate-buffered saline (pH 7.4). Cells were
then lysed with 0.5 ml of a solution containing \% Triton X-100 and 1%

sodium dodecyl sulfate. The lysates were collected and counted in a liquid
scintillation counter. Cells that had been exposed to unlabeled taxol alone were
trypsinized and counted. Results are expressed as cpm/105 cells.

DNA Flow Cytometry and BrdUrd Analysis. MCF-7 and A549 cells
were plated in medium or medium containing 5 ITIML-BSO. After 24 h, cells

were exposed to taxol for an additional 24 h; 10 UMBrdUrd was added to the
plates in the last hour of taxol exposure. For DNA flow analysis, cells were
trypsinized. washed in PBS, fixed in 70% ice-cold ethanol, and stored for

analysis. For BrdUrd detection, cells were centrifuged out of ethanol and
resuspended in a 1-ml pepsin solution (0.4 mg/ml 0.1 N HC1) for 30 min at
37Â°C.The cell nuclei were filtered through a 60-UM nylon mesh, centrifuged.

and resuspended in 4 ml of a 2 N HC1 solution for 15 min at room temperature.
The HC1 treatment was halted by the addition of 1 ml 10 ITIMborate buffer (pH
= 8.6). Cells were centrifuged, resuspended in 0.5 ml PBS along with 10 pi of

an anti-BrdUrd monoclonal antibody, and incubated for 30 min at room tem

perature. Cells were centrifuged out of the primary antibody, resuspended in
0.5 ml PBS, and incubated with 5 ug of an anti-mouse IgG-FlTC labeled

antibody for 30 min at room temperature. Finally, cells were centrifuged out of
the secondary antibody and resuspended in 1 ml PBS + 10 ug/ml PI.

All samples were analyzed using the EPICS cell sorter (Coulter Electronics,
Hialeah, FL). For BrdUrd analysis, the FITC labeled cells were detected by
excitation at 488 nm and collection of the emitted light using a 525 nm band
pass filter. The PI labeled cells were detected by excitation at 488 nm and
collection of emitted light using a 630 nm long pass filter.

GSH Assay. For each survival and growth experiment extra plates were
seeded for GSH determination. Following trypsinization cells were rinsed with
PBS, and 1-5 x IO6cells were pelleted by centrifugation. The cell pellets were

resuspended in 0.6% sulfosalicylic acid. GSH was assayed by the method of
Tietze (12). This assay retains linearity at concentrations of GSH as low as 100
ng/ml.

Microtubule Immunofluorescence. Cells were cultured in chamber slides
and treated with taxol and/or L-BSO for 24 h. They were then rinsed with PBS
and fixed in methanol at -20Â°C for 30 min. Cells were probed with murine

anti-ÃŸ-tubulin antibody according to the procedure supplied by the manufac
turer. Anti-murine immunoglobulin conjugated with FITC was subsequently

applied to the cells. Epifluorescence photomicrographs were made with a Zeiss

axioplane microscope.

RESULTS

Effect of Taxol on Cell Survival. Figs. 1 and 2 show the survival
of cells after 24 h of exposure to taxol as assessed by clonogenic assay.
Both cell lines were sensitive to taxol at 10 nM, the lowest concen
tration tested. However, MCF-7 cells had only about one log of cell

death at 10 nM, while A549 cells had between one and two logs of cell
kill. Both cell lines exhibited a plateau in cell kill with little additional
cytotoxicity at taxol concentrations up to 50 nM.

Control A549 and MCF-7 cells had mean GSH concentrations of 39

ug/mg protein and 42 jig/mg protein, respectively. Treatment of both
cell lines with 5 IHML-BSO for 24 h caused GSH levels to fall to
below the detectable limits of our assay. L-BSO treatment also re
duced the plating efficiency of both cell lines, as noted in "Materials
and Methods." Despite reducing plating efficiency, L-BSO treatment

resulted in a striking antagonism of the cytotoxic effects of taxol. At
a taxol concentration of 50 nM, L-BSO-treated MCF-7 cells had a
3-fold increase in survival compared with control cells (Fig. 1). A549
cells treated with L-BSO demonstrated a 10-fold increase in survival

in 50 nM taxol compared with control A549 cells (Fig. 2).
In an attempt to exclude the possibility that L-BSO antagonized

taxol cytotoxicity independently of GSH depletion, A549 cells were
exposed to 50 nM taxol after pretreatment for 24 h with 0.05, 0.5, or
5 mM L-BSO. Five IHMand 0.5 mM L-BSO both reduced GSH to

below detectable levels. GSH fell by 99% in cells treated with 0.05
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Fig. I. Clonogenic assay of MCF-7 cells exposed to laxol for 24 h. As described Â¡n

"Materials and Methods," cells were plated Â¡ncontrol medium or medium with 5 mM

L-BSO. One day later cells were exposed to laxol. Points represent the mean of at least
three replicates. Bars, SEM; *, P < 0.01 by Student's I test for difference between control

and L-BSO-treated cells.
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Fig. 2. Clonogenic assay of A549 cells exposed to taxol for 24 h. As described in

"Materials and Methods," cells were plated in control medium or medium with 5 mM

L-BSO. One day later cells were exposed to laxol. Points represent the mean of at least
three replicates. Bars. SEM; *, P < 0.01 by Student's I test for difference between control

and L-BSO-treated cells.

mML-BSO. In all cases, L-BSO pretreatment increased the survival of
A549 cells 5-fold over control A549 cells. Additionally, A549 cells
were incubated simultaneously in 50 nM taxol and 5 mM L-BSO
without any pretreatment in L-BSO. In the absence of L-BSO pre

treatment, no difference in taxol cytotoxicity between control cells and
cells coincubated in L-BSO was observed.

Effect of Taxol on the Cell Cycle. L-BSO had no effect on the

DNA histograms of either cell line. As reported by others (13), taxol
produced a block in the cell cycle at G2/M in both cell lines (>80%
of cells in G2/M; data not shown). Cell cycle analysis using BrdUrd
labeling further defined the effects on the cell cycle induced by taxol
and GSH depletion by L-BSO. Fig. 3 shows the two-dimensional
BrdUrd/DNA contour plots of A549 and MCF-7 cells incubated with
either taxol (for 24 h) or taxol and L-BSO (for 48 h). Control cells had
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an S-phase fraction of 28% and 45% in the A549 and MCF-7 lines,
respectively. L-BSO alone did not affect the percentage of cells in S

phase. As shown in Fig. 3, taxol lowered the percentage of cells in S
phase to 7.2% and 2.7% in the A549 and MCF-7 lines, respectively.
L-BSO increased the S-phase fraction in taxol-treated cells to 25.2%
and 6.6% in the A549 and MCF-7 lines.

Effect of GSH Depletion on Taxol Binding. Figs. 4 and 5 show
the binding of [3H]taxol to MCF-7 and A549 cells. Depletion of

cellular GSH by L-BSO had no effect on the binding of taxol to either

of the two cell lines.
Effect of Taxol and L-BSO on Microtubule Morphology. Fig. 6

shows the results of immunofluoresence studies performed on A549
cells exposed to 37 nM taxol and/or 5 ITIML-BSO for 24 h. L-BSO

1000
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Fig. 3. Two-dimensional contour plots of A549 and MCF7 cells incubated with either
taxol (for 24 hi or taxol + BSO (for 48 h). BrdUrd was added during the last hour of drug
incubation, and the S-phase fraction was determined. A. A549 cells + 37 nM taxol for 24
h; B. A549 cells + 5 mu BSO (48 h) + 37 nu taxol (24 h); C. MCF7 cells + 100 nMtaxol
for 24 h; D. MCR cells + 5 mw BSO (for 48 h) + 100 nM taxol (for 24 h). The
BrdL'rd-containing S-phase fractions were determined in the boxes shown and are: A,

7.2*; B, 25.2%: C. 2.1%: D. 6.6%. For each contour plot 10.000 cells were collected and
analyzed.
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Fig. 4. Binding of |'H]taxol to MCF-7 cells. Cells were plated into either control

medium or medium containing 5 ITIML-BSO. One day later 0.1 jiCi of I'HJtaxol (8.7 nM

final concentration) was added to cells along with increasing concentrations of unlabelled
taxol. Eighteen h later, cells were washed and lysed, and [3H)taxol uptake was determined

by counting in a scintillation counter. Points, mean of duplicates: bars, SEM.
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Fig. 5. Binding of [3H]taxol to A549 cells. Cells were plated into either control medium

or medium containing 5 mM L-BSO. One day later O.I uCi of [3H]taxol (8.7 nM final

concentration I was added to cells along with increasing concentrations of unlabeled taxol.
Eighteen h later, cells were washed and lysed. and [3H]taxol uptake was determined by

counting in a scintillation counter. Points, mean of duplicates: bars, SEM.

alone had no effect on the appearance of the microtubules compared
with control cells. As others have also noted (4), taxol caused marked
condensation and thickening of microtubules. Cells treated with L-

BSO and taxol exhibited microtubule structure that appeared very
similar to that of control cells. MCF-7 cells exhibited microtubule
changes after treatment with taxol and/or L-BSO that were akin to

those seen in A549 cells.

DISCUSSION

We have shown that the depletion of glutathione with L-BSO pre

treatment of two different human tumor cell lines results in marked
resistance to the cytotoxic effects of taxol. The L-BSO-mediated

resistance was demonstrated in clonogenic assays, which measure cell
survival. Although the degree of protection afforded by L-BSO against

taxol differed between the two cell lines, GSH depletion resulted in
significant improvement in cell survival at all taxol concentrations.

The concentrations of taxol that were used in these studies are lower
than those used by other investigators. However, nearly all previous in
vitro studies of taxol have utilized growth inhibition assays (14, 15).
We have found, using clonogenic assays in a number of human tumor
cell lines, that taxol has an unusual dose-response curve. This is

manifested by a sharp decline in cell survival (to about 1% of control
cells) over a narrow range of taxol concentration (10-30 nMexposure

for 24 h) with a subsequent plateau in survival that extends across
taxol concentrations up to 2 UM.'The killing of both MCF-7 and A549

cells by exposure to taxol for 24 h is maximal at a taxol concentration
of about 20 nM. The data presented here emphasize the protective
effect of GSH depletion over the range of taxol concentrations where
cytotoxicity is first evident and in the early part of the "plateau" of cell

survival. Higher concentrations of taxol do not further enhance killing
of these cells. Similarly, the protection against taxol afforded by
L-BSO-induced GSH depletion is not altered at higher concentrations

of taxol.
The biphasic nature of the dose-response curves for taxol is puz

zling. Biphasic dose-response curves could arise if two subpopula-

tions of cells are present, one of which is exquisitely sensitive and the
other essentially resistant to a particular agent. This is somewhat

3 J. Liebmann, J. A. Cook, and J. B. Mitchell, personal observation.
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Fig. 6. Immunofluorescence study of microtubules in A549 cells. A, control A549 cells after staining of microtubules as described in "Materials and Methods." B. A549 cells that

have been incubated in 5 mm L-BSO for 48 h. C, A549 cells after a 24-h incubation in 37 nMtaxol. D. A549 cells exposed to 37 nMtaxol for 24 h after pretreatment with 5 mM L-BSO.

unlikely in the present study given that two completely different
human tumor cell lines were used, yet both exhibited the same overall
response. The dose-response curves for these two cell lines to other

chemotherapy drugs (e.g., doxorubicin, cisplatin, melphalan) tested in
our laboratory have yielded exponential dose-response curves through

3 logs of survival. We cannot rule out, however, the possibility that in
both cell lines there are two subpopulations which differ with respect
to taxol sensitivity. Regardless of the nature of the dose-response

curve, GSH depletion results in both cell lines being much less re
sponsive to taxol at all taxol concentrations.

It is unlikely that L-BSO antagonized taxol independently of GSH
depletion. Cells pretreated with concentrations of L-BSO that ranged

from 0.05 to 5 mM had extremely low or undetectable GSH levels.
Similar degrees of taxol antagonism were seen at all concentrations of
L-BSO used. Furthermore, when pretreatment with L-BSO was elim

inated, no antagonism of taxol in A549 cells was seen by coincidental
incubation of cells in 5 mM L-BSO. Because GSH levels fall with a
half-life of 4 h in A549 cells (16), it takes almost 24 h for 5 mML-BSO

to deplete GSH by about 99%. The lack of antagonism of taxol by
L-BSO when cells had not been previously depleted of GSH supports

the notion that it is GSH depletion and not simply the presence of
L-BSO that is responsible for taxol antagonism.

L-BSO depletion of GSH has been used by a number of investiga

tors to define the role of intracellular thiols in mediating resistance to
chemotherapeutic drugs. The cytotoxicity of a number of drugs, in
cluding melphalan, doxorubicin, and bleomycin, is enhanced when
GSH is depleted by L-BSO (17, 18). In contrast, the polypeptide

antibiotic neocarzinostatin appears to require reduced thiols for the
activation of its chromophore in order to be cytotoxic. Depletion of
GSH by L-BSO protects cells from killing by neocarzinostatin (19).

We are not aware, however, of any data that suggest that taxol requires
intracellular reduction in order to bind tubulin and exert its cytotoxic
effects.

It is not clear what the exact mechanism of L-BSO antagonism of
taxol cytotoxicity might be. In all experiments, however, L-BSO

pretreatment caused GSH levels to fall below the limits of detection in
our assay. Profound depletion of GSH may directly affect other cell
ular thiols (20). In the absence of GSH, thiols may form thioesters or
become oxidized to disulfides. The overall effect of oxidation of
cellular thiols is unclear. Earlier work by others demonstrated a strik
ing effect on microtubule disaggregation when cellular GSH levels
were depleted by CDNB and L-BSO in 3T3 cells (10). It is possible
that GSH depletion in MCF-7 and A549 cells may also affect micro-
tubule structure in those cell lines. However, GSH depletion by L-

BSO did not affect the morphology of microtubules as assessed by
immunofluoresence microscopy of MCF-7 or A549 cells. Further
more, binding of [3H]taxol to either MCF-7 or A549 cells was unaf

fected by GSH depletion. Any effect that GSH depletion might have
on microtubule structure is unlikely, therefore, to involve the taxol
binding site.

A characteristic effect of taxol on cells has been to cause a block in
the cell cycle at G2/M (13). Over 80% of both A549 and MCF-7 cells

were blocked in G2/M after exposure to 37 nvi taxol for 24 h. BrdUrd
labeling showed that L-BSO greatly increased the fraction of cells in
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S phase after taxol treatment. This suggests that the mechanism of
protection against taxol provided by GSH depletion may be due in part
to changes in the cell cycle.

A Chinese hamster ovary cell line mutant has been described which
has abnormal tubulin structure and requires taxol for growth (6). It is
conceivable that cellular thiol depletion by L-BSO could result in

abnormal tubulin and that taxol would then be required for normal cell
growth. However, growth curves for A549 and MCF-7 cells in the
presence of taxol and L-BSO fail to show any benefit from taxol
supplementation of the L-BSO-treated cells (data not shown). In fact,
both L-BSO and taxol either alone or in combination inhibit cell

growth. This is in contrast to the Chinese hamster ovary cell mutants
in which taxol supplementation restores normal growth. It is unlikely
that the protective effect of L-BSO on taxol cytotoxicity is mediated

by a change in tubulin structure which results in a need for taxol to
restore normal tubulin function.

Clinical trials of L-BSO as a chemotherapy sensitizer are in
progress (21). The use of L-BSO together with chemotherapy has been

of particular interest in the treatment of ovarian cancer (22). Taxol
shows considerable promise as an effective drug for ovarian cancer.
Our data indicate that any attempt to modulate the activity of taxol
with L-BSO in clinical trials may result in a decrease in tumor re

sponse to taxol.
In summary, we have shown that treatment of two human cancer

cell lines with L-BSO to deplete cellular GSH markedly protects the

cells from cytotoxicity caused by taxol. GSH depletion also prevented
the condensation of microtubules that occurs after taxol exposure.
GSH depletion did not affect the binding of ['Hjtaxol to these cells.

However, GSH depletion increased the percentage of cells in S phase
after exposure to taxol. The significance of the effect of L-BSO on the

cell cycle changes induced by taxol is not clear. We are pursuing
additional studies in an attempt to elucidate the mechanism of the
interaction between GSH and taxol.
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