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Abstract

Wehave pursued our findings of glutathione reductase (GSSG-
R) deficiency and disturbed glutathione in cancer patients
treated with 1,3-bis-(2-chloroethyl)-1-nitrosourea (BCNU),
by investigating how thiol metabolism, cell proliferation, and
the nitrosourea interact in human K562 leukemia. Fasting cells
arrested in G greatly increased their reduced glutathione
(GSH) in response to growth factors. The rise in thiol began
after several hours, peaked before DNAsynthesis, and resulted
from increased production. BCNUinactivated GSSG-Rrap-
idly, and later retarded, doubled, and greatly prolonged GSH
formation before stopping DNAsynthesis. Pretreatment unlike
post treatment with buthionine-S-R-sulfoximine (BSO) dimin-
ished BCNU's ability to block GSSG-R. Enzyme inhibition
decreased with falling cellular GSH. In the leukemia system as
in vivo, sequential BCNU-induced thiol alterations heralded
delayed antiproliferative effects. Drug timing markedly af-
fected both thiol and DNAsyntheses. By destroying GSSG-R
and delaying the upregulation of thiol synthesis while escalat-
ing GSHutilization and requirements, the nitrosourea created
a striking and previously unrecognized window of vulnerability
for GSH-dependent processes. During this period, altered
GSHmetabolism could contribute indirectly to BCNU's pleio-
tropic effects by interfering with DNAalkylation repair, glu-
cose decarboxylation, deoxyribose formation, and possibly by
influencing other aspects of proliferation. Acquired GSSG-R
deficiency was also an early and sensitive marker for prodrug
breakdown and activation. (J. Clin. Invest. 1993. 92:2761-
2767.) Key words: glutathione-reductase * proliferation * car-
mustine * sulfoximine * K562-leukemia

Introduction

Investigations of the pharmacogenetics of oxidative hemolysis
in various populations uncovered eventually that, in patients
with hematological malignancies, therapeutic doses of anti-
tumor 1 ,3-bis-( 2-chloroethyl )-1 -nitrosourea (BCNU) in-
terrupted recycling of glutathione disulfide (GSSG) into GSH
by inactivating glutathione reductase (GSSG-R) rapidly and
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irreversibly throughout the body ( 1-4).' The acute GSSG-R
deficiency led to marked erythrocyte GSHinstability in re-
sponse to oxidants, while cellular thiol content remained unaf-
fected or decreased slightly. Wewere surprised to observe that
later, in bloods obtained 10, 14, and 16 wk after the last (sixth)
weekly course of BCNU, the levels of erythrocyte GSHwere
much higher than they had been in the basal pre-chemotherapy
samples (4). In subsequent years, the inhibition of GSSG-Rby
BCNUbecame widely used to probe the impact of altered GSH
oxidoreduction in many biological contexts, new pleiotropic
drug effects were uncovered (5-1 1), GSSG-Rdeficiency was
incriminated etiologically in delayed pulmonary toxicity ( 12-
15), the "rebound" increase of GSHafter exposure to the drug
was confirmed in several systems ( 13, 14, 16), and impressive
progress was made in clarifying the role of 06-alkylated gua-
nine adduct formation and repair in the pharmacology of ni-
trosoureas ( 17-25 ). Nevertheless, several aspects ofthe biologi-
cal response to these agents remain poorly understood, includ-
ing the potential relationship between antitumor effects and
thiol alterations. For these reasons and because GSHsupports
many cell functions including proliferation, detoxification, en-
zyme protection, and drug metabolism (7-11, 26-30), we
have extended our earlier work concerning the GSSG-Rdefi-
ciency and thiol disturbances that develop after chemotherapy
with BCNU.

To clarify underlying mechanisms and potential signifi-
cance, it seemed desirable to investigate the relationship be-
tween thiol metabolism, cell proliferation, and BCNUin a hu-
man malignant line. Wechose K562 leukemia cells because
they synthesize and recycle GSHefficiently, they are sensitive
to BCNU, and because their growth in liquid cultures can be
arrested, reinstated, and coordinated without drugs by manipu-
lating the supply of fresh serum and nutrients (31-33). GSH,
consumed as an adduct or in oxidoreduction, can be replen-
ished by de novo synthesis and by recycling GSSG(26, 27). De
novo synthesis is regulated primarily by the supply of amino-
acid substrates for the rate-limiting GSH-cysteine synthase,
and by feedback inhibition of this enzyme by GSH, the end
product of GSHsynthase (26, 27). Recycling of GSSGon the
other hand depends exclusively on GSSG-R, a ubiquitous
NADPH-dependent enzyme, that restores GSHeffectively and
with great flexibility by responding to and regulating the flux of
glucose through the hexose monophosphate shunt (HMS) (8,
1 1 ). Wehave therefore defined quantitative changes in GSH
and their temporal association with cell growth by measuring
thiol levels, GSHsynthesis, GSSGrecycling, hexose shunt de-

1. Abbreviations used in this paper: BCNU, 1,3-bis-(2-chloroethyl)-1-
nitrosourea; BSO, buthionine sulfoximine; G6PD, glucose-6-phos-
phate dehydrogenase; GSSG, glutathione disulfide; GSSG-R, glutathi-
one reductase; HMS, hexose monophosphate shunt; 6PGD, 6-phos-
phogluconic dehydrogenase.
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hydrogenase activities, and DNAsynthesis before and after the
arrested leukemic cells were stimulated to proliferate. The im-
pact of BCNUon GSSG-R, GSH, and DNAsynthesis was
measured in cells exposed to the drug at different stages of
proliferation. The contributions of synthesis and oxidoreduc-
tion in maintaining GSHwere analyzed by using buthionine
sulfoximine (BSO) (27, 34) as well as BCNU.

Methods

Materials. BCNUwas obtained from Bristol Labs (Syracuse, NY).
BSOwas from Chemalog (South Plainfield, NJ). ScintisolR scintilla-
tion cocktail was from United Technologies Packard (Downers Grove,
IL). Glutathione, NADPH, GSSG-R, GSSG, N-ethyl maleimide
(NEM), disodium EDTA, TrizmaR, cysteine, 5,5'-dithiobis-(2-nitro-
benzoic acid (DTNB), and Folin & Ciocalteu phenol reagent were
from Sigma Chemical Co. (St. Louis, MO).

Cell cultures. The K562 cell line was maintained in RPMI 1640
media supplemented with 10% heat inactivated fetal calf serum (both
from Gibco, Grand Island, NY), antibiotics (penicillin 180 U/ml,
streptomycin 0.18 mg/ ml; Eli Lilly & Co., Indianapolis, IN, gentami-
cin 36 ,g/ml, Schering-Plough Corp., Kenilworth, NJ, amphotericin B
9 mcg/ml; E. R. Squibb & Sons, New Brunswick, NJ), hepes buffer
0.02 mol/liter pH 7.3 (Gibco), and sodium hydroxide 10 N 0.5 ml
(Fisher Scientific, Fair Lawn, NJ). The cells were maintained at 370C
in an humidified atmosphere with 5%CO2in a NAPCO6300 incuba-
tor (Precision Scientific Inc., Chicago, IL). The cells were starved for 4
d before each experiment. After fasting synchronization, the spent me-
dium was decanted from the flasks containing K562 cells, viability was
assessed by trypan blue exclusion, and the cells were counted and resus-
pended with complete medium to a concentration of 106 cells per ml in
50-ml Falcon flasks (Becton Dickinson, Lincoln Park, NJ).

Drug exposures. For the standard early exposure, the test drug
(usually BCNUat 1.25 X IO-5 M) or buffered saline control was added
to K562 cells that had been deprived of fresh nutrients and serum for
the preceding 4 d and had just been resuspended at 106 cells/ml in
fresh RPMI-serum (at to). At this stage the cells were still predomi-
nantly in the G lag phase. For the late exposure, the test drug or buffer
was added 17.5 h after the cells had been refed and incubated at 370C in
a humidified 5%CO2atmosphere. At this stage the cells were mostly in
mid-S log phase. In both experimental groups, the end point measure-
ments ( [3H]thymidine incorporation into DNA, GSSG-Rassays, and
thiol levels) were obtained 18 h after the addition of serum-RPMI. To
examine whether the anti-GSSG-R property of BCNUwas altered in
K562 cells that had been preexposed to BSO, the 4-d-starved cells were
first incubated for 18 h in fresh complete medium. This was followed
by incubation with BSO(I0- M) or buffer (24 h), and then by expo-
sure to various concentrations of BCNU(30 min). To test how BCNU,
BSO, or BCNUpreceding BSOaffected GSH, the thiol was measured
in 4-d-fasted K562 cells that had been resuspended in fresh complete
medium, and then incubated for 18 h with either saline alone, BCNU
alone ( 1.25 X IO- M), BSOalone ( l0-5 M), or BCNU(1.25 x 10-5
M) followed by BSO(I0 -5 M). The incubations preceding the assays
for GSSG-Rand for GSHwere in humidified 5%CO2at 37°C.

DNAsynthesis. DNAsynthesis was measured by placing 200-M1 cell
samples into microtiter plates. [3H]thymidine (0.5 ,iCi/well) was
added to the wells, and after a 1-h pulse, the cells were harvested on
glass fiber filters. These were thrice washed in deionized water in a
microharvestor (PHDR model 200A; Cambridge Technol., Inc., Wa-
tertown, MA), air-dried, and counted in ScintisolR in a scintillation
counter (4000 series Tri-CarbR; Packard Instrument Company), as
previously described ( 31 ).

Enzyme assays and GSHstudies. After incubation for the appro-
priate time, the K562 cells were centrifuged (model TJ-6; Beckman
Instrs., Inc., Fullerton, CA) at 1000 g for 10 min at 26°C. The superna-
tant was separated from the K562 cells and the cells were reconstituted
with 0.5 ml of phosphate buffer (0.1 MP04 containing 0.005 Mof

EDTA, pH 7.4). After the samples were frozen and thawed four times
in a methanol/dry ice bath, they were centrifuged ( 15,000 g, 50C) for
30 min. The supernatant was used to measure GSSG-R,
glucose-6-phosphate dehydrogenase (G6PD), 6-phosphogluconic de-
hydrogenase (6PGD) activities, GSHand GSSGlevels, and GSHsyn-
thesis as previously described ( 1, 2, 35). GSSG-R, G6PD, and 6PGD
activities were expressed in gmol NADP(H) oxidized (reduced) min-'
mg-' protein at 370C. GSHlevels were expressed as mgthiol g-' pro-
tein. GSHsynthesis activity was expressed as Amol GSHproduced g-'
protein h1 at 370C. Protein was determined according to Lowry (36).

Results

Pilot studies concerning the growth characteristics of the K562
leukemia line used in our laboratory (31-33) gave the follow-
ing information (data not shown). The presence of serum in
the fresh growth medium was essential for maximum activa-
tion of DNAsynthesis. After cells received fresh RPMI-serum
(to) to replace that which had been supplied 4 d earlier, the
mean lag phase before onset of DNAsynthesis was - 10 h.
Subsequently, thymidine incorporation reached a maximum
centered around 26 h before decaying rapidly and returning to
the very low to baseline values by 32-38 h after the addition of
RPMI-serum. Viability was preserved from days zero to four,
and cell counts, adjusted to 10 cells/ml at to, remained at
baseline for at least 26 h before doubling and redoubling in
samples obtained at 48 and 96 h, respectively.

Fig. 1 shows the activities of GSSG-Rstudied as a function
of time in K562 cells treated with BCNU(1.25 x 10-5 M) or
buffer. In the cells exposed to the nitrosourea, GSSG-Rwas
rapidly inactivated, and this persisted throughout the experi-
mental period. There was no loss of enzyme activity in the
no-drug control cells.

Table I shows that the capacity for GSHsynthesis and the
activities of the hexose monophosphate dehydrogenases were
similar before or after resuspending 4-d-starved K562 cells for
24 h in fresh growth medium with serum. GSHlevels were
markedly altered by refeeding the cells (Fig. 2). While un-
synchronized, nonfasted K562 cells contained 4.0±1.6 mg
GSHg-' protein (n = 12), the thiol was less than 0.5 mgg-' in
cells that had not received fresh medium for the previous 4 d.
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Figure 1. GSSG-Ractivity as a function of time in K562 cells treated
with BCNU( 1.25 x 1i-0 M) or saline (see Methods). Bars represent
±+SD, n = 7.

2762 H. Frischer, E. J. Kennedy, R. Chigurupati, and M. Sivarajan



Table I. GSHSynthesis and Hexose Phosphate Dehydrogenases
before and after Refeeding Fasting Synchronized K562 Cells

0 h postfeeding 24 h postfeeding

GSHsynthesis 17.0±4.1 14.6±3.3
G6PD 0.42±0.01 0.45±0.06
6PGD 0.25±0.02 0.24±0.01

GSHsynthesis and hexose phosphate dehydrogenases were assayed in
4-d-starved K562 cells before and 24 h after they were resuspended
in fresh serum-containing growth medium. GSHsynthesis is ex-
pressed as Mmol GSHproduced g-' protein h-' (370C). G6PDand
6PGDactivities are expressed as gmol NADPHreduced min-' mg-'
protein (370C). The numbers represent the mean± 1 standard devia-
tion of three different experiments.

In the synchronized systems without BCNU, the low baseline
intracellular GSHlevel began to increase within 3 h after addi-
tion of fresh medium serum to reach a maximum of 4.2 mgg-'
protein at 6 h. Over the next 6 h the thiol fell progressively to
3.0 mgg-' protein or about six times the starting value. This
level remained fairly stable for the next 12 h. The baseline level
of cellular GSHat to was inversely proportional to the duration
of the previous fasting period, and the thiol increased in starved
cells receiving fresh RPMI 1640 medium with or without
serum (data not shown).

In the BCNU-treated cells the increase in GSHafter refeed-
ing was delayed for - 3 h when compared with the no-drug
control. Thereafter, K562 GSHlevels continued to rise. By 12
h the thiol had reached about twice the maximum values found
in the no-drug controls (8.0 mgg-' protein) and over the next
12 h the high levels of GSHafter BCNUwere maintained or
increased slightly.

Fig. 3 shows that in K562 cells, BSO, a specific inhibitor of
glutathione synthesis, decreased GSHwith a KI4o of 8.5 x I0 -7
M. The fall in GSHwas not associated with a rise in GSSGor
with changes in the activities of GSSG-R, G6PD, and 6PGD
(data not shown). Preexposure to BSOimpaired significantly
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Figure 3. Effect of BSO-induced inhibition of GSHsynthesis on GSH
content in K562 cells. Bars represent ± lSD, n = 7.

the ability of BCNUto inhibit GSSG-R (Fig. 4). Conse-
quently, in the following studies (Fig. 5), treatment with
BCNU(1.25 x 10-5 M) preceded incubation with BSO(10-5
M). BSOabolished the rise in GSHinduced by RPMI-serum
in K562 cells that had not (Fig. 5 A) or had (Fig. 5 B) been
treated with the nitrosourea.

Fig. 6 shows the kinetics of DNAsynthesis in K562 cells
treated without or with BCNU. In these experiments, the cells
were pulsed serially with [3H]thymidine after resuspension in
fresh growth medium with serum. In the no-drug control sys-
tems, the serum-containing growth medium stimulated DNA
synthesis after a lag period. The duration of the lag period was
directly proportional to the length of the previous fasting pe-
riod (data not shown). In the systems with the standard 4-d
fasting period (Fig. 6), and in the no-drug control systems,
DNAsynthesis began between 6 and 14 h and continued to
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Figure 2. Time course of GSHcontent in fasting-synchronized K562
cells induced to proliferate without or with BCNU( 1.25 x I0- M),
added immediately after refeeding (to) (see Methods) Bars represent
±ISD, n = 7.
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Figure 4. Inhibition of K562 GSHsynthesis by BSO interferes with

subsequent BCNUinactivation of GSSG-R(see Methods). GSSG-R

100% = 0.081±0.009 gmol NADPHoxidized min-' mg-' protein
(370C). Bars represent ±ISD, n = 4.
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Figure 5. BSOblocks the
GSHresponse to growth
stimulation in K562 cells
treated without (A) or
with (B) BCNU(see
Methods). Bars represent
±ISD, n = 3.

increase until the end of the 24-h experimental period. In the
systems with BCNU(1.25 X 10' M, added at to), the DNA
synthesis response after RPMI-serum was completely blocked
in all samples, throughout the experimental period.

Next we determined the effect of graded amounts of BCNU
on DNAsynthesis, GSSG-R activity, and GSHlevels (Fig.
7-9) in K562 cells that had been exposed to the drug at two
different stages of their growth cycle (see Methods). Fig. 7
shows that BCNUblocked the DNA synthesis response to
RPMI-serum in a dose-dependent manner whether the cells
were treated with the drug earlier or later. However, the timing
of exposure had a marked quantitative impact. BCNUinhib-
ited DNAsynthesis with a Ki of approximately 5 X 10-6 M
when added immediately after RPMI-serum (early addition in
G1). In contrast, when the nitrosourea was added 17.5 h after
the addition of RPMI-serum (late addition in mid-S phase),
the Ki increased by an order of magnitude to - 5 X 10-1 M.
The difference in Ki's between the systems with early or late
drug addition is highly significant (P < 0.005, Wilcoxon paired
rank test).

Fig. 8 shows that BCNUinhibited GSSG-Ractivity power-
fully in a dose-related manner whether the cells had been ex-
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Figure 6. Time course of DNAsynthesis in fasting-synchronized
K562 cells induced to proliferate without or with BCNU( 1.25 x 10-
M) (see Methods) Bars represent +ISD, n = 5.

posed to the drug for 18 h (Fig. 8 A) or for 0.5 h (Fig. 8 B)
before the measurements. Enzyme inactivation was more ef-
fective when the cells were exposed to the drug at the later time.
The mean K,50 for both types of exposure was - 5 X I0 -7 M.
This value was about 10 and 100 times smaller than the K,50's
for BCNU-mediated DNAinhibition using early or late drug
exposures, respectively.

Fig. 9 shows that the effect of BCNUon K562 GSHlevels
depended on the time of exposure to the drug. In cells that had
been treated with BCNUimmediately after they had received
fresh RPMI-serum and then sampled 18 h later (Fig. 9 A),
intracellular GSHincreased progressively, as the drug concen-
tration increased to 1.25 X I0-' M; at higher BCNUconcentra-
tions the thiol began to fall. The GSHpattern was very different
when the cells were treated with the nitrosourea later, that is,
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Figure 7. Dose-related inhibition of K562 DNAsynthesis by BCNU
as a function of drug timing. In A, drug exposure took place shortly
after the cells were resuspended in fresh medium (early exposure); in
B, the cells were treated with drug 17.5 h later (late exposure). See
Methods for details. DNA100% (A) = 81,915 ±19,872 cpm/ 106
cells; 100% (B) = 79,303 +21,499 cpm/ 106 cells. Bars represent
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Figure 8. Dose-related inhibition of K562 GSSG-Ractivity by BCNU
as a function of drug timing. In A, drug exposure took place shortly
after the cells were resuspended in fresh medium (early exposure); in
B, the cells were treated with drug 17.5 h later (late exposure). See
Methods for details. GSSG-R 100% (A) = 0.062±0.007; 100% (B)
= 0.061±0.006. Activities are expressed as gmol NADPoxidized
min' mg-' protein (370C). Bars represent ±ISD, n = 8.

0.5 h before the sampling time at 18 h. In these systems (Fig. 9
B), GSHnever increased but instead began to fall progressively
with BCNUconcentrations greater than 10-6 M.

Discussion

Human K562 leukemia cells that had been starved for 4 d
incorporated radiolabelled thymidine into DNApoorly. When
the spent medium was replaced with fresh nutrient and serum,

BCNU (M)

Figure 9. Dose-related alterations of K562 GSHcontent by BCNUas

a function of drug timing. In A, drug exposure took place shortly
after the cells were resuspended in fresh medium (early exposure); in
B, the cells were treated with drug 17.5 h later (late exposure). The
ordinate represents GSHand GSSG, in GSHequivalents (see refer-
ences 26 and 35 and Methods). The no-drug control levels of GSH
( 100%) were measured at 18 h. GSH100% (A) = 4.77±0.34 mgg'

protein; in B, 100% = 5.01±0.10 mg g-' protein. Bars represent
±+SD, n = 8.

DNAsynthesis began after a time lag greater than 6 h. The
delayed onset of proliferation in response to growth factors
characterizes the fasting method for achieving synchronization
and represents the time needed for the bulk of the cell popula-
tion to cross the boundary between G and S phases (37). As
expected, BCNUblocked K562 DNAsynthesis in a dose-de-
pendent manner, completely and irreversibly. Unexpectedly,
however, we found that the efficacy of BCNUin suppressing
K562 DNAsynthesis depended on the timing of exposure to
the drug. The dose required to block DNAsynthesis in cells
treated shortly after receiving fresh RPMI-serum, when they
were still in the lag phase, was 1O-fold smaller than that needed
to produce an equivalent effect if the cells were treated 17 h
later, when they were in log phase. The impact of BCNUwas
therefore characteristically time dependent, as in patients re-
ceiving chemotherapy (12, 15, 38, 39).

The in vitro system also replicated several other features
observed in patients treated with BCNU. Such persons became
severely GSSG-R deficient long before the antiproliferative
and cytotoxic drug effects could be detected. Similarly, in vitro,
BCNUinactivated GSSG-Rwithin minutes while many hours
were needed to suppress K562 DNAsynthesis. Moreover, the
leukemic cell enzyme was completely and irreversibly inhib-
ited by less than 5 X 1o-6 Mdrug, a concentration that corre-
sponds approximately to the mean serum blood level found
within the first 90 min of a therapeutic dose of BCNUin hu-
mans (75-100 mgM-2) (38, 39).

Leukemia cells that had been starved for 4 d contained very
little GSH. The depressed thiol level could not be attributed to
impaired enzymatic recycling of GSSGbecause the activities of
GSSG-R and its supporting HMSdehydrogenases were pre-
served. GSHsynthetases were also intact when assayed in vitro
in the presence of optimal substrates and ATP. It was therefore
plausible that GSHfell in fasting cells because substrate deple-
tion limited production. This inference was strengthened by
finding that the low poststarvation thiol could be raised by
providing the cells with fresh growth medium, even if it lacked
serum. These observations are consistent with the induction of
cystine transport, particularly after oxidant stress, in many cell
types (40, 41, 16). Moreover, in K562 cells GSHrecovered
without significant change in GSSG-Ractivity. Finally, the rise
in GSHwas fully blocked by BSO, a relatively specific inhibitor
of GSHsynthesis. Thus, the data demonstrated that refeeding
increased GSHby activating de novo biosynthesis.

The pattern of GSHregeneration suggested that biosynthe-
sis was under homeostatic control. Several hours after the cells
were refed, their GSHlevel began to increase rapidly, overshot,
and then settled for the duration of the experimental period to
a steady state that was maintained at about six times the base-
line nadir in the systems without BCNU. The nitrosourea de-
layed, augmented, and prolonged the GSHresponse to the pro-
liferative stimulus, so that the thiol level stabilized at 12 times
above baseline or twice the control value. Thus, the leukemia
line reproduced in vitro the elevation of GSHthat developed in
vivo in humans and other species after parenteral administra-
tionofBCNU(4, 13, 14).

BCNU, in contrast to its anti-GSSG-R effect, did not in-
hibit the enzymes of GSHsynthesis (8). Moreover, BSOabol-
ished the elevation of GSHfound in nitrosourea-treated K562
cells. Thus, the thiol response found after addition of growth
factors and treatment with BCNUwas caused by increased
GSHsynthesis, as was the lesser increase in GSHthat devel-
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oped in the no-drug systems. Because these experiments re-
quired that the cells be treated with both BCNUand BSO, we
also examined whether these agents interfered with each other.
While BCNUinactivated GSSG-Rwithin minutes, BSO re-
quired several hours to block GSHsynthesis and begin to de-
plete GSH. Moreover, we found that pretreatment with BSO
diminished markedly the ability of BCNUto inhibit GSSG-R.
The nitrosourea cannot block this enzyme or lipoamide dehy-
drogenase, a genetic homologue, as long as the active-site thiols
remain oxidized in the absence of reduced coenzyme (42).
Thus, it is likely that the BSO-induced loss of GSHdecreased
the cellular NADPHneeded to keep GSSG-Rin a nitrosourea-
sensitive state. This interpretation is corroborated by noting
that the inhibition of GSSG-Rby BCNUis also blunted in cells
sampled when their GSHcontent was decreased by fasting
rather than by BSO(Fig. 8). BCNUand BSOare widely used
to interrupt recycling and synthesis of glutathione, respec-
tively. Whenthese agents are used together it may seem conve-
nient, because BSOacts much more slowly than BCNU, to add
the sulfoximine before the nitrosourea. Under those circum-
stances the hitherto unrecognized drug interaction between
BSOand BCNUcan lead to underestimation or misinterpreta-
tion of combined effects. The potential difficulty can be
avoided if exposure to the nitrosourea precedes incubation
with the sulfoximine in experiments designed to inhibit both
GSHsynthesis and GSSG-R.

The evidence discussed so far indicates that human leuke-
mic cells exposed to growth factors greatly increase their GSH
production before they start to synthesize DNA. This synthesis
depends absolutely on the formation of pentoses and on their
conversion into deoxyribose by ribonucleotide reductase (30,
43). The activity of this enzyme requires reduced glutaredoxin
that must be maintained by GSHwith concomitant oxidation
to GSSG(30, 43). Thus, cells that prepare to proliferate need
more thiol, as corroborated by our observations. GSSG-Rpro-
vides not only GSHfor glutaredoxin, but also plays a major
role in activating glucose decarboxylation to produce pentoses
by the HMS( 11). Moreover, the shunt supported by GSSG-R
is very efficient and has a large reserve capacity (8). Hence, as
long as GSSG-R, G6PD, and 6PGDare functional, the rising
demand for thiol as well as for pentoses in cells preparing to
grow can be satisfied initially by increasing GSSGrecycling
with concomitant stimulation of the HMS. Nevertheless, we
found that several hours after K562 cells were induced to proli-
ferate they required so much GSHthat GSSGrecycling was
supplemented by enhanced de novo thiol synthesis even when
GSSG-Rwas intact in the systems without BCNU.

In the cells treated with BCNU, GSHsynthesis increased
even more after addition of growth factors than in the no-drug
systems. While the thiol response was delayed for about 2 h
without BCNU, the lag was - 3 h longer after exposure to the
drug. Therefore, in drug-treated K562 cells, a period of - 5 h
separated the abrupt abolition of GSSG-R from the onset of
enhanced GSHsynthesis. The extra delay in the appearance of
newly formed GSHafter BCNUcould be explained by the loss
of cellular thiol recycling caused by the drug-induced GSSG-R
deficiency. The subsequent prolonged overproduction of GSH
found in the drug-treated systems was triggered most likely by
increased utilization and heightened demand for the thiol.
BCNUenhances GSHutilization by reacting with and remov-
ing the thiol and may also boost the demand for GSHto sup-
port glutaredoxin for ribonucleotide reductase (23, 30, 31, 42,
44, 45).

The data just discussed have revealed that shortly after leu-
kemia cells have been treated with BCNU,while the drug gener-
ates moieties that can alkylate DNA, the cells enter a prolonged
period when GSSG-Ris lost, thiol utilization and requirements
are both escalating, and GSHsynthesis has not yet become
upregulated. This constellation of events places the cells into a
striking and previously unrecognized "window of vulnerabil-
ity" for GSHdependent processes. Because the thiol is essential
for several aspects of cell growth and GSSG-Ractivity is a key
factor in regulating the decarboxylation of glucose and sup-
porting ribonucleotide reductase, these processes are hampered
by BCNU. Thus, as shown previously, the nitrosourea and hy-
droxyurea interact synergistically in blocking the proliferation
of K562 cells (31 ). While hydroxyurea inactivates a functional
tyrosyl group of ribonucleotide reductase, BCNUmaynot only
interfere with the enzyme's supply of substrate and cofactor,
but also with its catalytic center (46). Moreover, recent evi-
dence indicates that GSHalso plays a significant role in pro-
tecting the functional integrity of 06-alkylguanine-DNA alkyl-
transferase, an enzyme required to repair nitrosourea-induced
DNAalkylation (23, 47). Hence, by destroying GSSG-Rand
raising GSHutilization and requirements before thiol synthesis
is upregulated, BCNUcould interfere with the decarboxylation
of glucose into pentose, deoxyribose formation, DNAalkyl-
ation repair, and perhaps with other proliferation require-
ments.

The previous discussion has highlighted several ways in
which the profound GSSG-Rdeficiency induced by BCNU
interacted with other disturbances of thiol metabolism, in the
presence of alkylating drug metabolites, to interfere with cellu-
lar events that precede proliferation. The data presented also
show that while the antiproliferative effect of the nitrosourea
was delayed, the drug-induced GSSG-Rdeficiency was not.
This was further evidence that the acquired enzyme defect was
not immediately and exclusively responsible for the drug's an-
tiproliferative properties. In this light, how might one then in-
terpret the fact that GSSG-Rdeficiency occurs so promptly, in
vivo or in vitro, within therapeutic doses, and before the nitro-
sourea's other effects? The answer is to be found in all likeli-
hood in that BCNUis a prodrug and its toxic, antitumor, and
anti-GSSG-R effects are all mediated by drug breakdown prod-
ucts. The active site of GSSG-Ris blocked through carbamoy-
lation and alkylation by the chloroethylisocyanate derivative of
BCNU; this moiety is generated in parallel with other active
breakdown products and inactivates GSSG-Ras soon as it is
formed (4, 42, 48). Therefore, the acquired enzyme deficiency
contributes not only indirectly to the drug's effects but must be
viewed also as an early marker of prodrug breakdown and bio-
logical activation.

The multiple effects of BCNUon cellular glutathione me-
tabolism discussed so far have all preceded the drug's impact
on DNAsynthesis. Moreover, we found that BCNUaltered the
production of both GSHand DNAonly after hours of latency.
It is tempting therefore to try to define more precisely how the
nitrosourea-induced activation of GSH formation could be
linked functionally to some of the drug's puzzling and even
more delayed cytostatic and toxic effects. The problem is still
unresolved. Furthermore, we do not yet understand why the
timing of BCNUexposure influences K562 DNAsynthesis so
profoundly. A promising approach to clarify these issues is to
focus further attention on the changes in GSHhomeostasis
that take place without or with BCNUwithin a few hours after
the cells are stimulated to proliferate. The K562 leukemia sys-
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tern should continue to be a useful tool for such studies given
that it reproduces many of the typical biological and biochemi-
cal features found in patients treated with nitrosoureas.

Supported in part by United Nations Development Programme-World
Health Organization Special Programme for Research and Training in
Tropical Diseases.
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