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ABSTRACT

The effect and therapeutic consequences of buthionim--(.S'A)-sulfoxi-

mine (BSO)-inediated depletion of glutathione in the human medullo-
blastoma-derived cell line, TE-671, growing as s.c. xenografts in athymic

nude mice were examined. The glutathione content of the s.c. xenografts
was 1.11 Â±0.15(imol/g(7.79Â± 1.61 nmol/mgof protein). Administration
i.p. to tumor-bearing mice of n.i.-BSO (two doses at 12-h intervals; 5

mmol/kg) depleted the glutathione content of the xenografts to 25.7% of
control. Administration of a 30 RIMsolution of L-BSO in drinking water

for 96 h depleted the glutathione content to 17.4% of control. Depletion
of glutathione with these regimens resulted in a significant increase in
the s.c. tumor growth delay over that produced by melphalan alone: 17.2
days versus 12.6 days for D.L-BSO (i.p.) plus melphalan versus melphalan
and 22.9 days versus 16.6 days for L-BSO (p.o.) plus melphalan versus

melphalan. These studies demonstrate the increased Cytotoxicity of mel
phalan resulting from BSD-mediated depletion of glutathione in human
medulloblastoma and support further efforts to modulate the chemosen-

sitivity and radiosensitivity of this tumor by modulation of glutathione.

INTRODUCTION

Medulloblastoma, the most common childhood central nerv
ous system tumor, is a highly aggressive malignancy with a
striking propensity to metastasize along the cerebrospinal fluid
pathways (1). Conventional therapy for this tumor, consisting
of neurosurgical and radiotherapeutic intervention, results in
long-term survival for only 40 to 60% of patients completing
therapy (2). The recent identification of chemotherapeutic
agents active in the treatment of medulloblastoma (3) raises the
hope that intervention with this modality will lead to meaning
ful increases in survival.

Our laboratory has developed and characterized models of
human medulloblastoma facilitating an analysis of the chemo
therapeutic sensitivity of this tumor (4, S). Studies to date with
this battery of medulloblastoma cell lines and transplantable
xenografts support the marked Cytotoxicity of the classical
alkylators, particularly melphalan and cyclophosphamide (6-
8). Clinical studies have provided evidence for the activity of
cyclophosphamide in patients with recurrent medulloblastoma
(9,10). Preliminary results from our Phase 2 study of melphalan
for recurrent medulloblastoma suggest similar activity for this
agent.

Unfortunately, the likelihood of any single agent or class of
agents providing curative intervention for a malignancy is re
mote, as elegantly described by the mathematical models of
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Goldie and Coldman (11, 12). A reasonable approach to this
problem requires not only the identification of additional active
compounds, but the recognition (and hopefully modulation) of
the mechanisms of resistance to agents previously shown to be
active. In previous studies, modulation of int rat-ellular glutathi

one levels was implicated in protecting cells from nitrogen
mustard-based alkylating agents (13). Recent studies with
LI210 leukemia cells and human ovarian carcinoma cell lines
have demonstrated that resistance to melphalan can be me
diated by elevated glutathione levels, with reversal of this re
sistance following selective inhibition of glutathione synthesis
(14-18).

We now describe the effect and therapeutic consequences of
buthionine-(5/?)-sulfoximine-mediated selective inhibition of

glutathione synthesis (19, 20) in the human medulloblastoma
cell line, TE-671, growing as s.c. xenografts in athymic nude
mice. Our results demonstrate that either i.p. (D.L-BSO3 given
at 12-h intervals for 2 doses; 5 mmol/kg) or p.o. (L-BSO given
continuously for 96 h at a concentration of 30 UM)administra
tion of buthionine sulfoximine to tumor-bearing mice results in
depletion of intracellular glutathione in the s.c. xenografts and
to a significant increase in s.c. tumor growth delay over that
produced by melphalan alone.

MATERIALS AND METHODS

Cell Line. The continuous human medulloblastoma-derived cell line,
TE-671, growing as s.c. xenografts, was used for all experiments. The
characterization and transplantation of this cell line have been previ
ously described (4, 21).

Animals. Male or female athymic BALB/c mice (nu/nu genotype, 6
wk or older) were used for all in vivo experiments and maintained as
previously described (22).

Drugs. D.L-Buthionine-(5/?)-sulfoximine (MW 222.3) (Sigma Chem
icals, St. Louis, MO) was given i.p. (5 mmol/kg) at a concentration of
44.4 mg/ml. Animals received two doses at 12-h intervals, i -Buth ion-
ine-(S/?)-sulfoximine (Sigma) was administered over 96 h in acidified
drinking water (pH 3.0) at a concentration of 30 niM. Melphalan (MW
305) was administered as a single i.p. dose in a volume of 90 ml/m.2
The dose was 35.65 mg/m2 in 16.7% dimethyl sulfoxide which is 50%

of the calculated 10% lethal dose, determined as previously described
(7).

Tumor Measurements. Xenografts s.c. were measured every 3 to 4
days as previously described (22).

Tumor (s.c.) Therapy. Groups of 9 to 10 randomly assigned mice
were treated when the median tumor volume exceeded 200 mm3 with
vehicle alone, i>i-BSO or L-BSO alone, melphalan alone, or melphalan
12 h after the second dose of D.L-BSO or immediately after 96 h of L-
BSO. Animals were matched for tumor size, and all animals received
vehicle or melphalan on the same day.

1The abbreviations used are: BSO, buthionine-(SX}-sulfoximine; T/C, treated
versus control; Tâ€”C,difference in days between the median of individual treated
and individual control animals' tumors to reach a volume of 5 times the treatment
volume; DTNB, S,S-dithiobis(2-nitro)benzoic acid.
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Response was assessed by mean T/C tumor volume, the Tâ€”C,and

treated versus control tumor regressions. Statistical analyses comparing
various treatment regimens and treated versus control animals were
performed as previously described (6).

Glutathione Assay. Total glutathione was determined, with minor
modificai inns, as described by Tietze (23) and Griffith (24). Groups of
animals bearing s.c. II -671 xenografts were used for glutathione
measurements. Regimens for D,L-or L-BSO-treated animals were iden
tical to those used in therapy experiments.

Twelve h after receiving the second dose of o.L-BSO or vehicle, or
after 96 h of L-BSO administration, animals were killed by cervical
dislocation, and tumors were removed and placed on ice. Tissue samples
were immediately homogenized in cold 10% sulfosalicylic acid (1:5, w/
v, in ml) with a Brinkmann Polytron (Brinkmann Instruments Co.,
Westbury, NY). Aliquots of the homogenate were centrifuged at 4000
rpm at 4*C for 5 min. The supernatant was decanted and used for

glutathione determination; the protein content of the pellet was deter
mined by the method of Bradford (25).

For the glutathione assay, all reagents were obtained from Sigma.
Three solutions in stock buffer of 125 HIMsodium phosphate:6.3 imi
sodium-EDTA, pH 7.5, were made as follows: (a) 0.3 mM NADPH;
(b) 6.0 mM Ellman's reagent (DTNB); and (c) glutathione reductase

(50 units/ml). The glutathione assay was performed by placing NADPH
(700 Â»ti),Ellman's reagent (100 ul), stock buffer (185 u\), and superna

tant or stock buffer (5 fi\) into a cuvet. Glutathione reductase (10 /il)
was added to the mixture at room temperature, and the cuvet was
scanned at 412 nm for 1 min with a Gilford Response spectrophotom-
eter (Gilford Instruments Laboratory, Oberlin, OH). Five n\ of reduced
glutathione (0.5 nmol) were used as an internal standard; total gluta
thione in the sample was determined by comparing the rates of reduc
tion of DTNB with and without the internal standard. Glutathione
levels were expressed per mg of protein and per g of sample wet weight.
Tissue taken from vehicle-treated animals served as control; BSO- and
vehicle-treated tumors were matched for size. Glutathione measure
ments were performed on tumors with a median volume of 200 mm3

(similar to the tumor sizes in therapy experiments). Statistical analyses
comparing various treatment regimens and treated versus control ani
mals were performed by the Wilcoxon rank sum test.

RESULTS

Xenograft Glutathione Content. The total intracellular gluta
thione concentrations in s.c. TE-671 xenografts with and with
out BSO treatment are presented in Table 1. Control values for
TE-671 glutathione were 1.11 Â±0.15 umo\/g tumor and 7.79
Â±1.61 nmol/mg protein. Either i.p. o,L-BSO or p.o. adminis
tration of L-BSO in the drinking water results in depletion of
intracellular glutathione to 25.7% and 17.4% of control, re
spectively. The units of expression did not alter the magnitude
of depletion.

Drug Toxicity. There was 1 death in 56 treated animals with
the following distribution: 0 of 19 animals treated with BSO
alone; 0 of 18 for md phalan alone; 1 of 10 animals for D,L-
BSO plus melphalan; and 0 of 9 animals for L-BSO plus
melphalan. Mean nadir weight loss for the treatment groups
was as follows: 1.2% for BSO alone; 4.2% and 11.8% for

Table 1 TE-671 xenografi glutathione values following administration of BSO
BSO regimen" Glutathione (Â«imol/g)

D.L-BSO
L-BSO

0.29 Â±0.06* <25.7)f

0.19 Â±0.02 (17.4)
" i>.i BSO was given by i.p. injection for 2 doses (5 mmol/kg), 12 h apart. The

glutathione assay was performed 12 h later. L-BSO was given as 30 mM solution
in drinking water over 96 h.

* Mean Â±SE.
' Numbers in parentheses, percentage of control from 3 to 6 individual meas

urements in two separate experiments. Control values, the mean of 8 individual
measurements from tumors measuring approximately 200 mm3, were: 1.11 Â±

0.15 fimol/g (wet weight) or 7.79 Â±1.61 nmol/mg protein, respectively.

melphalan alone, in duplicate trials; 10.9% for L-BSO plus
melphalan; and 15.4% for n.i.-BSO plus melphalan.

Subcutaneous Tumor Therapy. The response of s.c. xenografts
to treatment is summarized in Table 2. Growth curves illus
trating the response to BSO, melphalan, or melphalan plus
BSO are presented in Figs. 1 and 2.

There was no difference in growth delay or doubling time for
animals treated with vehicle or BSO alone. Melphalan plus n.i .-
BSO (i.p.) significantly prolonged the growth delay over mel
phalan alone with growth delays of 17.2 and 12.6 days, respec
tively (P = 0.01). Melphalan plus L-BSO (p.o.) significantly
prolonged the growth delay over melphalan alone with growth
delays of 22.9 and 16.6 days, respectively (P = 0.001).

There were no significant differences in the number of regres
sions between groups receiving melphalan or melphalan plus
BSO.

DISCUSSION

The optimal design of chemotherapeutic intervention for
human malignancies requires both identification of active com
pounds and recognition of clinically important mechanisms of
resistance. The laboratory and clinical data demonstrating the
activity of the classical alkylators in the treatment of human
niedul loblast orna (6-10) coupled with the observations that
tumor responses in both laboratory and clinical settings are not
permanent, led us to explore the potential benefit of glutathione
depletion in enhancing classical alkylating agent activity. Our
studies were designed to (a) examine the effects of BSO, a
selective inhibitor of -y-glutamylcysteine synthetase (19, 20) on
intracellular glutathione levels in the continuous human me-
dulloblastoma cell line, TE-671, growing as s.c. xenografts in
athymic nude mice; and (b) determine the therapeutic conse
quences of these BSO-mediated alterations of glutathione me
tabolism. Our data demonstrate that depletion of intracellular
glutathione in TE-671 s.c. tumors to 17 to 26% of control can
be achieved with p.o. or i.p. administration of BSO, and that
this depletion, although not having direct antitumor effects,
can significantly increase the activity of melphalan, a bifune
tional, nitrogen mustard-based alkylator previously shown to
be active against TE-671 (8). It is noted that mitochondria!
glutathione, representing about 15% of the total cellular pool,
is not depleted by BSO (26); depletion of cytoplasmic glutathi
one is thus actually more extensive than indicated by the 17 to
26% residual glutathione levels determined for whole tumor.

These studies are in agreement with previous reports dem
onstrating that increases in classical alkylator cytotoxicity can
be seen following BSO-mediated depletion of glutathione. Som
fai-Reele et al. (14) demonstrated that LI210 leukemia cells
resistant to melphalan could be rendered sensitive by BSO-
mediated reductions in cellular glutathione. Similar observa
tions were seen with a human ovarian cancer cell line resistant
to melphalan, 1847ME, which demonstrated an increased re

sponse to melphalan following depletion of glutathione (15).
Kramer et al. (16) demonstrated that BSO-mediated depletion
of glutathione enhanced the cytotoxicity of melphalan in a
melphalan-resistant LI210 leukemia line in vitro, but failed to
produce a significant increase in the life span of melphalan-
treated mice inoculated with LI210 leukemia cells. However,
Ozols et al. (17) demonstrated that the survival of mice inocu
lated i.p. with NIH:OVCAR-3 ovarian cancer cells (derived
from a patient clinically refractory to alkylating agents) and
treated with melphalan could be extended by pretreatment with
BSO. Interestingly (and relevant to our studies with TE-671),
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Table 2 Chemotherapeutic response ofs.c, TE-671 xenografts

ExperimentIeExperiment

2eDrugBSOMelphalanMelphalan

+BSO'BSOMelphalanMelphalan

+ BSO'T/CÂ°(%)131.470.551.8105.933.929.1PNS"NSNSNS<0.001<0.001T-C(days)-0.912.617.2-0.816.622.9PNS<0.001<0.001NS<0.001<0.001Regression*0/109/99/90/98/98/9PNS<0.001<0.001NS<0.001<0.001

" T/C, mean volume of tumors from treated animals versus control animals on Day 20 after implantation.
0 Regression defined as 2 successive measurements of decreasing volume.
' Experiment 1 regimen: iu USO (5 mmol/kg) for 2 doses with 50% of the 10% lethal dose of melphalan delivered 12 h after BSO. Experiment 2 regimen: L-BSO

(30 HIM) in drinking water for 96 h followed immediately by 50% of the 10% lethal dose of melphalan.
J NS, not significant (/' > 0.01 ). /' values reflect comparisons between treated and control animals.
' Growth delay for melphalan -I- BSO significantly longer than melphalan alone: /' = 0.01 and 0.001 for Experiments I and 2, respectively.
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Fig. 1. Groups of 9 to 10 randomly assigned mice with s.c. tumors were treated
with D.L-BSO (2 doses at 12-h intervals; 5 mmol/kg), melphalan (50% of the
10% lethal dose), BSO plus melphalan, or an equivalent volume of drug vehicle
by the i.p. route.
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Fig. 2. Groups of 9 to 10 randomly assigned mice with s.c. tumors were treated
with L-BSO (p.o. administration at a concentration of 30 HIMin drinking water
for 96 h), melphalan (50% of the 10% lethal dose administered i.p.), BSO plus
melphalan, or an equivalent volume of drug vehicle (administered i.p.).

Hamilton et al. (27) have shown that although increases in the
cytotoxicity of melphalan were seen following BSO-mediated
glutathione depletion in sensitive or resistant A2780 human
ovarian cancer cell lines, the greatest increases were seen in the
sensitive line. These results suggest that BSO acts as a sensitizer
for alkylating agents such as melphalan and is not merely
functioning to reverse acquired resistance.
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Although the precise mechanism by which glutathione deple
tion enhances the cytotoxicity of melphalan is not yet known,
it is likely that the extent of melphalan inactivation by reaction
with the glutathione sulhydryl is decreased in glutathione-
depleted tissues (28). Dorr (29) has shown that BSO-mediated
depletion of glutathione in 11210 leukemia cells results in an
increase in DNA-DNA cross-linking following exposure to
melphalan with no change in the rate of repair of cross-links
following drug exposure. Additionally, Dulik et al. (30) have
shown that glutathione-5-transferase catlyzes formation of mel-
phalan-glutathione adducts in LI210 leukemia cells. These
observations support, but do not prove, that melphalan is
detoxified by glutathione; further studies are needed to establish
the mechanism of glutathione modulation of melphalan cyto
toxicity. Similarly, it is not yet clear if the percentage of
depletion of initial glutathione content or the absolute gluta
thione concentration following exposure to BSO is the relevant
value influencing sensitization to melphalan. Studies addressing
the sensitization of specific cell lines or tissues of variable initial
glutathione content will be needed to address this directly.

The clinical value of glutathione depletion in conferring
additional activity or reversing acquired resistance to alkylating
agents is unknown. The primary concern is that enhanced host
organ toxicity secondary to reduced glutathione levels will
require dose reductions of alkylating agent with consequent
reduction in therapeutic activity. Several studies have suggested
that the combination of BSO with alkylating agents does not
result in an increase in host toxicity (31, 32), but carefully
controlled studies of toxicity to all relevant host tissues will
need to be conducted prior to entry of BSO into clinical trials.
Selective modulation of glutathione levels in normal versus
tumor cells has been attempted for human cells in vitro (18)
and murine cells in vivo (32) with only partial success. Further
studies will need to explore differences in rates of glutathione
depletion and repletion for normal versus tumor cells if a
therapeutic window optimal for administration of an alkylating
agent is to be found. However, the use of BSO-mediated glu
tathione depletion in conjunction with focal radiotherapy may
provide a means of increasing therapeutic activity without en
hanced systemic toxicity (33).

Our results suggest that glutathione depletion may provide a
therapeutic advantage in the treatment of human medulloblas-
toma. Griffith and Meister (19) have demonstrated that the
normal murine brain is relatively insensitive to the effects of
BSO. This may be due to slow glutathione turnover in the
central nervous system or may reflect restricted delivery of BSO
to intracranial sites. However, disruption of the blood-brain
barrier in brain tumors is associated with abnormalities of blood
flow and blood-to-tissue transport, providing enhanced delivery
of normally restricted compounds (34, 35). Studies in progress
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in our laboratory are evaluating the potential modulation of
glutathione in intracranial human glioma and medulloblastoma
xenografts. The ultimate goal of these studies is augmentation
of the known activity of alkylating agent chemotherapy or
radiotherapy in the treatment of this tumor.
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