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Abstract—D-54 MG, a human glioma-derived continuous cell line growing as subcutaneous or intra-
cranial xenografts in athymic mice, was found to be sensitive to the effects of p.L-buthionine-(SR)-
sulfoximine, a selective inhibitor of y-glutamylcysteine synthetase. Intraperitoneal administration of one
dose of buthionine sulfoximine (BSO, 5 mmol/kg) resulted in depletion of total intracellular glutathione
to 57 and 47% of control 12 hr, and 73 and 23% of control 24 hr, after BSO in subcutaneous and
intracranial xenografts respectively. Concurrent measurement of total glutathione in the contralateral
(non-tumor-containing) cerebral hemisphere in mice bearing intracranial D-54 xenografts demonstrated
insignificant depletion of glutathione. Multiple doses of BSO, at 12-hr intervals, resulted in further
depletion to 27% (s.c.) and 16.5% (i.c.) of control 12 hr following the final dose of BSO. Quantitative
analysis of BSO delivery to xenograft and contralteral brain tissue revealed transfer constants, K, of
15.8-24.1 x 107% and 2.4 x 10> ml-g~!-min"! for xenograft and “normal” brain respectively. This
highly selective depletion of glutathione in neoplastic tissue versus surrounding non-neoplastic host
tissue may have therapeutic implications for the rational use of chemotherapeutic and radiotherapeutic
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intervention.

Glutathione (GSH), the major intracellular non-
protein sulfhydryl, functions to minimize the cyto-
toxic effects of exogenous or endogenous
electrophiles including chemotherapeutic alkylating
agents, reactive oxygen species and radiation-
induced free radicals [1-4]. Cellular GSH levels
(typically 0.5 to 10mM) reflect a homeostasis
between de novo synthesis, catalyzed by y-glutamyl-
cysteine synthetase and GSH synthetase, and GSH
utilization, a process that includes the reaction of
GSH with electrophiles and the irreversible transport
of GSH out of cells. In tissues or cells with significant
rates of GSH utilization, GSH levels fall following
exposure to buthionine sulfoxamine (BSO), a selec-
tive inhibitor of y-glutamylcysteine synthetase [5-7].
Previous studies indicate that the central nervous
system (CNS) is relatively refractory to the effects
of BSO [6].

The effect of BSO on tumors within the CNS
has not been examined previously. Earlier studies
suggest, however, that the blood-brain barrier is
compromised by tumor growth [8] and that the rate
of GSH turnover is often increased in neoplastic
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relative to normal tissues [9]; either effect might
allow selective BSO-mediated depletion of GSH in
CNS neoplasms. In the present studies, we have
examined the effects of BSO on a human glioma-
derived cell line, D-54 MG, growing a subcutaneous
or intracranial xenografts in athymic nude mice. We
found that BSO markedly depleted GSH in the
xenografts without altering the GSH concentration
in the contralateral “normal” brain. This selective
GSH depletion and potential “sensitization” of neo-
plastic cells may facilitate the use of alkylating
agents, external beam irradiation, and monoclonal
antibody-targeted irradiation in the treatment of
CNS neoplasms.

MATERIALS AND METHODS

Animals. Male or female athymic BALB/c mice
(nu/nu genotype, 6 weeks old) were maintained as
previously described [10].

Xenograft establishment. D-54 MG, the Duke Uni-
versity subline A-172 established by Giard et al. [11],
and previously characterized in our laboratory [12],
was used in all experiments. Subcutaneous and intra-
cranial xenografts were grown as previously
described [13].

BSO regimen. D,L-Buthionone-(SR)-sulfoximine
(Sigma Chemical Co., St. Louis, MO) dissolved in
0.9% NaCl solution (44.4 mg/ml) was given by intra-
peritoneal injection at doses of 5mmol/kg or
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20 mmol/kg. L-[3*S]Buthionine-SR-sulfoximine was
synthesized from L-[*’S]methionine (New England
Nuclear) [7].

Tissue preparation and glutathione assay. At
specific time points after BSO administration, ani-
mals were killed by cervical dislocation; animals
bearing intracranial tumors were treated 30 min
before sacrifice with Evans blue (i.v.) to assist tumor
dissection [14]. Tumor, liver, and samples of normal
brain from the contralateral hemisphere were
removed, placed on ice, and then quickly homo-
genized (Brinkmann Polytron) in cold 10% 5-sul-
fosalicyclic acid (1:5 w/v in ml, or 1.0ml for
intracranial samples). Homogenates were centri-
fuged at 4000 rpm for 5Smin at 4°, and the pellets
were assayed for protein [15].

The total glutathione* content of the supernatant
fractions was determined by the method of Tietze
[16] using solutions and procedures described by
Griffith [17]. GSH-containing sample (5pul) was
added last to initiate the reaction, and the A4, was
monitored at room temperature for 1-3 min with a
Gilford Response spectrophotometer. Quantitation
was based on the assay of each sample with and
without added internal standard (0.5 nmol Sigma
GSH). GSH levels are expressed per milligram pro-
tein and per gram sample wet weight. Control GSH
levels are based on tissue taken from untreated ani-
mals; tumors were matched for size (subcutaneous)
or time after implantation (intracranial). Statistical
analysis was by Wilcoxon rank sum test.

Octanol/water partition coefficient. The octanol/
water partition coefficient of [>>S]BSO was measured
as previously described [18].

[*’S]BSO quantitation. Animals with D-54 MG
intracranial xenografts were prepared as previously
described [19], with modifications necessitated by
the small animal size. Unilateral arterial and venous
catheters {PE-10) were inserted under halothane—
nitrous oxide—oxygen anesthesia (1.5-2:30:70; by
vol.), which was maintained throughout the
experiment. Body temperature was maintained at
34-37° with heat lamps. Arterial blood pressure was
not monitored. Arterial blood samples for measure-
ments of radioactivity were obtained by allowing 10—
20 ul to drop directly into a tared scintillation vial.
At the conclusion of the experiment arterial blood
was collected for measurement of hematocrit and
blood gases. Previous studies in our laboratory indi-
cate that the vascular volume of D-54 MG xenografts
is 0.017 ml/g, similar to that of normal brain. Based
on a whole blood GSH concentration of 0.69 mM
[17], the contribution of brain or xenograft GSH
derived from red blood cells is only 0.01 to 0.02 umol/
g, obviating the need for brain perfusion prior to
measurement of GSH.

To initiate an experiment, 10uCi of L-
[23S]buthionine-SR-sulfoximine (sp. act. = 910 uCi/
mmol; radiochemical purity = 96% by amino acid
analysis), dissolved in 0.1 ml of 0.9% saline, was
injected as a bolus into the femoral vein. Arterial

* As assayed here, total glutathione is approximately
GSH + 2 x GSSG. Since intracellular GSH » GSSG, total
glutathione = GSH, and “GSH” is used in this context
throughout.
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samples were collected at intervals, and 10 min after
injection the animal was decapitated. The brain
was removed and processed for quantitative auto-
radiography as previously described [19,20]. The
autoradiographic sections and histologic sections
were digitized with a video-based digitizing system
[19]. Whole tumor measurements and values from
tumor-free brain were used for transport
calculations. Tissue and plasma radioactivity values
(the latter corrected by the arterial hematrocrit,
39.7 + 1.8%) were used to calculate a unidirectional
blood-to-tissue transfer constant, K, [19]. The appar-
ent tissue [**S]BSO content was corrected for the
amount of radioactivity remaining in the vascular
space at the end of the 10-min experiment.

RESULTS

Subcutaneous xenograft sensitivity to BSO. Con-
trol values for glutathione concentrations in sub-
cutaneous xenografts and murine liver are presented
in Table 1. Glutathione concentration was expressed
as micromoles per gram tissue wet weight and namo-
moles per milligram protein; the units of expression
did not alter the magnitude of depletion.

Twelve hours after administration of one dose of
BSO (5 mmol/kg), tumor glutathione concentration
was 57.1% of control while liver glutathione con-
centration was 52.5% of control (P = 0.05 and 0.05)
(Table 2). Twenty-four hours after drug adminis-
tration, both tumor and liver glutathione levels had
recovered to near control levels (72.8 and 85.2% of
control respectively) (P = 0.200 and 0.05).

The effect of two doses of BSO (5 mmol/kg),
given 12 hr apart, on the glutathione level at 24 hr is
presented in Table 2. This regimen resulted in further
depletion of glutathione in the xenograft to 26.7%
of control (P = 0.05) while only depleting hepatic
glutathione to 70.1% of control (P = 0.200).

Intracranial xenograft sensitivity to BSO. Control
values for glutathione concentration in intracranial
xenografts and brain from the contralateral hemi-
sphere are presented in Table 1. There were no
significant differences in glutathione concentration
in the brain of tumor-bearing (contralateral hemi-

Table 1. Control glutathione concentrations

Glutathione concentration*

umol/g
Tissue tissue wet wt nmol/mg protein
Liver 6.34 = 0.87 22.14 £ 3.00
D-54 MG (s.c.)t 0.68 = 0.13 9.99 +2.76
D-54 MG (i.c.) 1.39 = 0.21 13.94 = 4.39
Brain (cl)f 1.68 = 0.26 13.99 + 4.48
Brain (ntb) 1.74 £ 0.08 13.38 +0.59

* Glutathione concentrations (mean + SD) were based
on 3-10 data points.

+ Abbreviations: sc, subcutaneous; ic, intracerebral; cl.
contralateral; and ntb, non-tumor-bearing.

i There were no statistical differences (P = 0.05)
between contralateral brain and brain from non-tumor-
bearing mice in control and treated animals.
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Table 2. BSO treatment regimens

Parameter % Control [GSH]*
Tumor site Regimens compared measured Tumor Brain
Subcutaneous (A) 5 mmol/kgt 12 hr GSH 57.1+3.0 52.5+17.6
(B) 2nd dose at t = 12 hr 24 hr GSH 26.7+2.4 70.1 = 24.8%
(C) no 2nd dose 24 hr GSH 72.8+25.6 852+ 4.6
Intracranial (A) 20 mmol/kg 12hr GSH 433 +22.1 110.0 £ 20.5
(B) 5 mmol/kg 12hr GSH 472 £17.7 104.3 £ 17.0
Intracranial (A) 2nd dose at t =12 hr 24 hr GSH 222+33 74.5 = 10.0
(B) no 2nd dose 24 hr GSH 23.0+£ 4.1 93.5 = 12.1
Intracranial (A) 3rd dose at t = 24 hr 36 hr GSH 16.5 + 8.7 76.7 = 17.5
(B) no 3rd dose 36 hr GSH 26.8 £ 15.0 92.6 + 15.0

* Values are expressed as the mean percent control + SD for three to six animals (over one to three

experiments). See Table 1 for control values.

+ Dose of BSO was 5 mmol/kg, unless noted otherwise.
% In subcutaneous experiments, [GSH] in liver was measured in place of brain in order to provide a

positive control.

sphere) and non-tumor-bearing animals (P = 0.272).

The effect of one dose of BSO (5mmol/kg) is
presented in Fig. 1. Glutathione concentrations in
the xenograft 12 and 24 hr after BSO administration
were 47.2 and 23.0% of control respectively (P =
0.017 and 0.024 respectively). Glutathione levels in
contralateral cerebrum from tumor-bearing mice at
12 and 24 hr after BSO administration were 104.3
and 93.5% control respectively (P = 0.722 and 0.215
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Fig. 1. Glutathione concentration in subcutaneous and
intracranial D-54 MG xenografts and contralateral, “nor-
mal” murine brain following intraperitoneal administration
of 5 mmol/kg D.L-BSO. Data represent individual samples
(3, A, O) and mean values (H, A, @) for subcutaneous
and intracranial xenografts, and contralateral brain
respectively. Control values (umol/g tissue wet weight)
are listed in Table 1). Insert: Depletion of cytoplasmic
glutathione in intracranial D-54 MG xenografts, corrected
for a mitochondrial glutathione pool of 16%.

respectively). There was no difference in effect of
BSO in the contralateral hemisphere of tumor-bear-
ing animals and brain taken from similarly treated
non-tumor-bearing animals (P = 0.139).

Attempts to maximize the depletion of glutathione
in tumor cells while allowing selective rebound in
normal tissues were examined; the data are pre-
sented in Table 2. Neither a larger dose (20 mmol/
kg) nor a second dose at 12hr enhanced the
glutathione depletion in the xenograft; a second dose
enhanced the depletion in contralateral brain, 74.5
versus 93.5% of control (P = 0.111). Three doses of
BSO appeared to reduce the glutathione con-
centration in the xenograft further than two doses
(16.5 versus 22.2% of control, P = 0.139), while not
affecting contralateral normal brain (75 versus 77%
of control, P = 0.437).

Octanol/water partition coefficient. The octanol/
water partition coefficient of BSO was determined to
be 4.34 x 1073 + 0.11 x 1073 (standard error) which
indicates relatively high water solubility.

[33S]BSO quantitation. The value of the transfer
constant, K,, for [**S]|BSO in tumor-free frontal
cortex was 2.4 x103ml-g7'-min~!. In whole
tumor the value of K, ranged from 15.8 to
24.1 x 1073 ml-g~!-min~!. There was little regional
variation in the value of K; throughout the D-54 MG
tumors. The autoradiographs illustrate a marked
increase in tumor radioactivity compared to normal
brain (Fig. 2).

DISCUSSION

The present studies indicate that a single dose
of BSO depleted GSH in a human glioma-derived
intracranial xenograft by 77% in 24 hr; the GSH
concentration in the contralateral hemisphere was
not affected significantly. The finding that larger
doses of BSO or additional doses of BSO given
at 12-hr intervals did not increase substantially the
extent of depletion suggests that tumor GSH biosyn-
thesis was quickly and totally inhibited by 5 mmol/
kg BSO (i.p.) given once. The observation that
maximal GSH depletion was only about 84% is remi-
niscent of earlier studies indicating that mito-



4316

Fig. 2. (A) Histologic section of brain containing D-54 MG
xenograft. The lobulated tumor mass is located peri-
ventricularly, is not necrotic, and is clearly demarcated
from surrounding brain tissue. Smaller foci of tumor cells
can be seen in the dorsal meninges, and in the third
ventricle. Hematoxylin stain, X5. (B) Autoradiographic
image of [*S]BSO distribution in the same section. The
highest concentrations of BSO are represented by the dar-
kest part of the autoradiographic image, namely, in the D-
54 MG xenograft. In contrast, relatively little BSO is seen
in tumor-free brain.

chondrial GSH, typically accounting for 15-20% of
GSH pool, is not susceptible to depletion by inhibi-
tors of GSH synthesis [21]. Corrected for a mito-
chondrial GSH pool of 16%, the results indicate
that cytoplasmic GSH was depleted from intracranial
tumors with approximately first-order kinetics (r =
0.98); the apparent T, for GSH turnover in intra-
cranial tumors was about 6.5 hr (see insert, Fig. 1).
In subcutaneous xenografts, GSH levels decreased
more slowly following administration of BSO, and,
in contrast to the intracranial xenografts, the GSH
levels showed substantial recovery by 24hr.
Although the kinetics are complicated by GSH resyn-
thesis, data at 2 and 6 hr indicate that the T, for GSH
turnover was between 8 and 10 hr. The lower Ty
value for intracranial xenografts indicates a higher
rate constant for GSH turnover. Since intracranial
xenografts also maintained a higher level of GSH
(Table 1), the results indicate that tumor GSH
biosynthesis and utilization were both affected mark-
edly by the tissue environment.

Since GSH is not depleted significantly in normal
brain following BSO, the present studies do not
establish the rate of GSH turnover. Earlier studies
using intracisternally administered ['*Clglycine indi-
cated a T, of 70 hr [22]. This value was calculated
without accounting for ['*Clglycine recycling [22] or
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GSH synthetase-catalyzed glycine exchange [23] and
must be considered only approximate. Nevertheless,
it is apparent that GSH turnover is much more rapid
in D-54 MG tumors than in normal brain.

Studies of [**S|BSO accumulation in intracerebral
D-54 MG and surrounding non-tumor-bearing brain
suggest that differential BSO transport contributes
to the impressive selectivity of tumor GSH depletion.
The unidirectional blood-to-tissue transfer constant,
K, of BSO across the tumor blood-brain barrier
was 6- to 15-fold higher than that in normal brain;
the restricted entry of BSO into normal brain is
clearly evident in Fig. 2. Although this K is charac-
teristic of water-soluble compounds transported by
passive diffusion, it is noted that BSO is an amino
acid analogue and may enter the brain by carrier-
mediated transport. Further studies determining K,
and k, (the tissue-to-blood efflux constant) at multi-
ple time points are expected to characterize the
mechanism of BSO transport more fully. Preliminary
results indicate that tissue-to-blood BSO transport is
slow in the intracranial tumors, and it is probable that
this factor contributes to the long-lasting inhibition
mediated by BSO in those tumors. In contrast, BSO
appeared to be cleared from the subcutaneous
tumors relatively rapidly with consequent resynthesis
of the GSH pool (Fig. 1).

Previous studies indicate that isolated tumor cells
are sensitized by GSH depletion to the cytotoxic
effects of ionizing radiation {2, 24, 25], reactive oxy-
gen species [26], sesquiterpene lactones [26], and
several clinically important alkylating agents [27, 28];
in many cases, tumor cell killing is increased by
substantial factors (e.g. 3- to 30-fold). Few studies
have extended these in vitro results to intact animals,
but the results reported to date are generally
encouraging. Ozols et al. [27] have shown, for
example, that a human ovarian adenocarcinoma
xenograft in nude mice is sensitized to melphalan by
BSO-mediated GSH depletion, and Clement et al.
have shown in normal mice that a subcutaneous B,
melanoma is sensitized to '*’Cs gamma radiation
by GSH depletion [see Ref. 4]. In general, it is
anticipated that the therapeutic success of in vivo
GSH-depletion strategies will depend on both the
extent and selectivity of tumor GSH depletion. Lee
et al. [29] have demonstrated the marked diversity
in the response of neoplastic and normal tissues to
BSO, observing “significant variations™ in the rate
and degree of GSH depletion and recovery. Accord-
ingly, therapeutic exploitation of BSO will require
awareness of the GSH kinetics of the target tumor
and normal! tissues likely to demonstrate therapy-
limiting toxicity. Nevertheless, a therapeutic
“window” maximizing antitumor activity and mini-
mizing normal tissue toxicity may be discernible.
Furthermore, localized therapeutic intervention,
such as with radiotherapy, may result in increased
anti-tumor activity without concomitant increases in
toxicity, particularly if the surrounding normal tis-
sues do not demonstrate significant depletion of
GSH. The present studies demonstrate that BSO-
mediated inhibition of GSH synthesis allows an intra-
cranial tumor to be depleted of GSH without sig-
nificantly affecting normal brain GSH levels; both
selective transport of BSO into the tumor and a
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relatively rapid rate of tumor GSH turnover con-
tribute to the selectivity of depletion.

Future studies will address the role of GSH

depletion in selectively enhancing chemotherapeutic
and radiotherapeutic activity against human glioma
and medulloblastoma xenografts in athymic nude
mice.
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