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We studied the effects of ifosfamide and major metabo-
lites on intracellular glutathione (GSH) levels in human
peripheral blood lymphocytes (PBL). in vitro exposure of
PBL to 4-hydroperoxyifostamide (4-OOH-IF), acrolein or
chloroacetaldehyde at 37°C for 60 min led to a concen-
tration dependent depletion of intracelliular GSH. The
concentration of the three metabolites to cause a 50%
depletion of GSH in PBL was in the micromolar range
(acrolein: 16 + 4 uM; 4-O0H-IF: 22 = 9 uM; chloroacetal-
dehyde: 30 + 7 uM). Exposure to lfosfamide, the non-ac-
tivated drug, had no effects on the intracellular GSH
levels. Pretreatment with 4-OOH-IF suppressed dose-de-
pendently the interleukin-2-induced proliferation of PBL.
Incubation of PBL together with 2-mercaptoethanesuifo-
nate (mesna) and 4-OOH-IF, acrolein or chioroacetalde-
hyde prevented the GSH depletion. The protecting effect
of mesna In combination with 4-OOH-IF was independent
of GSH blosynthesis, because addition of buthlonine
sulfoximine had no significant influence on this effect.
These findings indicate a novel protective mechanism of
mesna against intracellular GSH depletion of PBL during
exposure to metabolites of ifosfamide.

Key words: Acrolein, chloroacetaldehyde, glutathione,
ifosfamide, lymphocytes, mesna.

introduction

Ifosfamide is an effective alkylating cytostatic drug
with a broad spectrum of antitumor activity. Ifosfa-
mide is a isomer of cyclophosphamide but has its
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own profile of pharmacology and action.! Both
agents are prodrugs which need a metabolic acti-
vation by hepatic mixed-function oxidases. The
initial activation involves hydroxylation of the 4-
carbon in the oxazaphosphorine ring system. The
unstable 4-hydroxyifosfamide (4-OH-IF) exists in
equilibrium with aldoifosfamide which sponta-
neously decomposes to the alkylating agent ifosfa-
mide mustard and acrolein, as shown in Figure 1. In
a side reagtion, chloroacetaldehyde is generated
from ifosfamide. The metabolites ketoifosfamide,
carboxyifosfamide, 2- and 3-dechloroethylifosfa-
mide do not contribute to the cytostatic action of
ifosfamide.? For investigation of activated ifosfa-
mide in vitro, 4-hydroperoxyifosfamide (4-OOH-
IF) can be used. 4-OOH-IF rapidly decomposes to
4-OH-IF following dissolution without enzymic in-
volvement.3

During chemotherapy, the levels of ifosfamide
and its metabolites can be measured in the blood
for several hours.*> During this time the peripheral
blood lymphocytes (PBL) are exposed to this
agents. It is well known that cells of the immune
system are important for the treatment of tumor
cells in vivo. To study the effects of the different
ifosfamide metabolites on PBL we used an in
vitro system. There is considerable evidence from
the literature that intracellular GSH plays a key
role in the toxic action of cyclophosphamide.®
For metabolites of cyclophosphamide, an intracel-
lular depletion of GSH was demonstrated for
several cell types.%’” Therefore, exposure to the
ifosfamide metabolites 4-OH-IF, acrolein and
chloroacetaldehyde may also influence the GSH
status of PBL.

The thiol mesna is simultaneously administered in
clinical trials investigating ifosfamide as a chemo-
therapeutic agent.®!° Mesna allows regional detox-
ification of ifosfamide metabolites in the kidney and
urinary tract.! Mesna is systemically administered
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Figure 1. Metabolism of ifosfamide.

and may also show effects on PBL during exposure
to metabolites of ifosfamide. The present study was
designed to: (i) investigate the effects of ifosfamide
and major metabolites on GSH status of PBL #n vitro,
and (ii) determine whether mesna can protect PBL
under these conditions.

Materlals and methods

4-OOH-IF was a generous gift from ASTA-Pharma
(Frankfurt, Germany). 4-OOH-IF is rapidly decom-
posed to 4-OH-IF following aqueous dissolution. 4-
OOH-IF was desiccated and stored at —30°C. The
agent was dissolved in phosphate buffered saline
(PBS), pH 7.4, immediately before adding to the
cells. Then, 100 pl of the stock solution was added
to 5 ml of culture medium containing the cell sus-
pension to obtain the final concentration. Mesna
was also obtained from ASTA-Pharma. Human re-
combinant interleukin 2 (rIL-2) was a gift from Euro
Cetus (Frankfurt, Germany). L-buthionine-(S,R)-sul-
foximine (BSO) was obtained from Sigma (Deisen-
hofen, Germany), acrolein from Aldrich (Steinheim,
Germany) and chloroacetaldehyde from Merck
(Darmstadt, Germany).

Cell culture

Chinese hamster ovary (CHO) cells were routinely
grown and subcultured in McCoy’s 5A medium sup-
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plemented with 10% newborn and 5% fetal calf
serum (FCS) with glutamine and antibiotics. The
human 5838 Ewing's sarcoma (ES) cell line was
kindly provided by Dr ML Meltz (University of
Texas, San Antonio, TX) and subcultered in RPMI
1640 supplemented with 20% FCS, glutamine and
antibiotics. Human PBL were obtained from healthy
blood donors. The blood was diluted with RPMI
1640 medium (Gibco, Eggenfelden, Germany) and
the PBL were isolated by Ficoll-Paque (Pharmacia,
Uppsala, Sweden) centrifugation. The cells in the
interface were washed twice with RPMI 1640 med-
ium and resuspended in RPMI 1640 containing 10%
heat inactivated FCS, 25 mM HEPES, pH 7.4, 2 mM
glutamine, penicillin (100 U/ml) and streptomycin
(100 pg/ml). The adherent monocytes were re-
moved by incubation of the cells in plastic culture
flasks (Falcon, New Jersey, USA) at 37°C for ap-
proximately 2 h. The resulting non-adherent PBL
were used for the experiments as described. Cell
viability was determined by the Trypan blue
exclusion method.

Determination of intracellular GSH

Total soluble intracellular GSH (reduced and oxi-
dized form) was quantified using the modified
method by Reed'? as previous described.!® Brief-
ly, the cell pellet was treated with 1 N perchloric
acid and y-glutamylglutamate was added as an in-
ternal standard. After derivatization of the free thiol



groups with iodoacetic acid and of the amino
groups with 1-fluoro-2,4-dinitrobenzene, the reac-
tion mixtures were separated by high performance
liquid chromatography (HPLC). Aliquots were injec-
ted onto a pBondapak amine column (4 X 250 mm;
Waters, Eschborn, Germany) and eluted with a
sodium acetate gradient (flow rate 2 ml/min) in a
water : methanol : acetic acid solvent at pH 4.5. The
dinitrophenyl derivatives were detected at 360 nm.
GSH was quantified in relation to the internal stan-
dard. Protein was determined according to the
method of Lowry.

Proliferation assay

Treated PBL were washed twice with PBS, counted,
checked for >95% viability by Trypan blue exclu-
sion and seeded (1-2 X 10~ in 200 pl media) in a
96-microwell plate (Greiner, Frickenhausen, Ger-
many). For stimulation, human rIL-2 (100 U/ml
was added to the medium. After stimulation for 3
days, [PHl-thymidine (Amersham, Braunschweig,
Germany) was added (1 pCi/well) and incorpora-
tion was determined after 18 h using a liquid scin-
tillation counter (Beckmann Instruments, Miinchen
Germany).

Incubation of PBL with 4-OOH-IF, acrolein or
chloroacetaldehyde led to a concentration-depen-
dent depletion of intracellular GSH (Figure 2). Ex-
posure of PBL to ifosfamide, the non-activated form
which is applied during chemotherapy #n vivo, did
not deplete the GSH levels even in a concentration
range up to 1000 puM.

The depletion of cellular GSH following treatment
with metabolites of ifosfamide was not caused by
leakage to the medium as a result of a loss of mem-
brane integrity. As determined by the Trypan blue
exclusion technique, no change in the ability of the
cells to exclude the vital dye was observed under
either condition (data not shown). The tested me-
tabolites of ifosfamide depleted the GSH in a micro-
molar concentration range. To quantify the effects
of the metabolites, the Iso values were calculated
from the data shown in Figure 2. The Iso value repre-
sents the drug concentration that causes a 50% de-
pletion of intracellular GSH (37°C, 1 h). In PBL, ac-
rolein was the most effective drug (Iso=16 = 4 uM)
compared with 4-OOH-IF (Iso=22+9 uM) and
chloroacetaldehyde (Iso=30 + 7 pM).

The potency of 4-OOH-IF to deplete the intracel-
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Figure 2. The effect of ifostamide and major metabolites of
ifosfamide on cellular GSH of PBL. PBL were exposed o
different concentrations of ifosfamide, 4-OOH-IF, acrolein
and chloroacetaldehyde at 37°C for 1 h. After this incuba-
tion time the total intracellular GSH was determined.
Means *+ SD from at least three independent experi-
ments. The total GSH content of untreated PBL was
35.8+14.5 nmol/mg protein (n=18). OO, Ifosfamide;
B, 4-OOH-IF; @@, acrolein; A'A, chioroacetaldehyde.

lular GSH level is not cell type specific. As shown in
Table 1, the GSH depletion of 4-OOH-IF is also
observed in CHO and ES cell lines. The Is, values
show further that PBL in vitro are more sensitive
than CHO and ES cells.

An intracellular depletion of GSH in PBL may alter
their physiological functions. We preincubated PBL
with 4-OOH-IF and determined the incorporation of
*Hithymidine as a marker for proliferation. The
incorporation of [*Hlthymidine was dose-depen-
dently reduced after 3 days of rIL-2 stimulation
(Figure 3). The lymphocyte proliferation in re-
sponse to rIL-2 correlates with the initial GSH con-
tent of the cells.

The depletion of intracellular GSH induced by
metabolites of ifosfamide was reduced with' the
addition of the low molecular weight thiol mesna
(Figure 4). Different concentrations of mesna (0-
400 uM) were added immediately before each me-
tabolite (50 uM) to the cell suspension. The reduced

Table 1. Determination of 5o values of GSH depletion for
different cell types

Cells Iso (M) SD (uM) "
PBL 22 9 8
CHO 53 15 4
ES 100 79 4

The cells were incubated with different concentrations of 4-OOH-
IF (0-200 uM) at 37°C for 1 h.
® Number of independent experiments.
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Flgure 3. The effect of 4-OOH-IF on the [*H]thymidine in-
corporation of PBL after IL-2 stimulation. PBL were ex-
posed to different concentrations of 4-OOH-IF at 37°C for
1 h. Then the cells were washed and incubated with 100 U/
ml human riL-2 for 3 days. After labeling with [*H]thymidine
for 18 h, the incorporation of radioactivity was determined.
Each data point represents the mean + SD of four determi-
nations, two repeated experiments gave similar results.

depletion of GSH was dependent on the concentra-
tion of mesna, e.g. 400 pM mesna nearly completely
prevented the GSH depletion of 4-OOH-IF. The
GSH depletion induced by chloroacetaldehyde was
less effectively reduced by mesna compared with
the metabolites acrolein and 4-OOH-IF.

A depletion of GSH might be avoided by the
ability of cells to increase the GSH biosynthesis.
In a series of experiments we could demonstrate
that in PBL the new biosynthesis of GSH did not
significantly contribute to the effects of 4-OOH-IF
and mesna on intracellular GSH levels (Figure 5).
BSO is a specific inhibitor of y-glutamylcysteinesyn-
thetase, the enzyme responsible for the first and
rate-limiting step of GSH synthesis. GSH levels of
PBL are not affected by incubation with BSO (1 mM)
for 1 h, which is in accordance with published data
that BSO depletes intracellular GSH of resting lym-
phocytes very slowly.!* Mesna alone (100 pM) or in
combination with BSO did not significantly change
the GSH levels of PBL. The GSH depletion of PBL
induced by 4-OOH-IF is not enhanced in combina-
tion with BSO. Mesna (100 uM) partially prevented
the 4-OOH-IF induced GSH depletion of PBL, but
addition of BSO reduced this effect of mesna. How-
ever, the statistical analysis of both values showed
no significant difference (p> 0.05; Student’s paired
t-test).

406 Anti-Cancer Drugs - Vol 5 - 1994

100 1

% glutathione

0 S0 100 150 200 250 300 350 400
Mesna (uM)

Figure 4. The effect of mesna and metabolites of ifosfa-
mide on cellular GSH of PBL. Different concentrations of
mesna were incubated together with 50 uM 4-OOH-IF,
50 uM acrolein and 50 uM chloroacetaldehyde at 37°C
for 1 h. Means * SD are from at least three independent
experiments. B, 4-OOH-IF; @@, acrolein; AA, chloro-
acetaldehyde.
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Figure 5. The effect of mesna, 4-OOH-IF and BSO on
cellular GSH of PBL. PBL were exposed to 4-OOH-IF
(50 uM), mesna (100 uM) and BSO (1000 uM) for 1 h at
37°C as described. Means + SD are from at least three
independent experiments.

Discussion

The present data show that metabolites of ifosfa-
mide are able to deplete the intracellular GSH of
human PBL fn vitro. As demonstrated for 4-OOH-IF,
the depletion of GSH was not cell type specific and
occurs at concentrations which were measured for
4-OH-IF in blood during ifosfamide chemotherapy.
In vivo blood concentrations of 4-OH-IF are
achieved up to 5 uM for several hours.* Intracellu-
lar depletion of GSH by activated cyclophospha-
mide is well known in vitro'® and in vivo.'® For



ifosfamide, less data are available, a depletion of
GSH in mouse P388 cells by 4-OOH-IF was reported
by Lind et al.'” The described Isq value of 4-OOH-IF
after treatment of P388 cells for 1 h was approxi-
mately 1 mM. This is about a factor of 10-50 more
than calculated from our experiments for several
cell types (Table 1). For comparison, the Iso values
of the isomer 4-hydroperoxycyclophosphamide
(incubation for 3 h at 37°C) in several tumor cell
lines ranged from 1 to 25 pM.S A reaction between
GSH and 4-hydroxycyclophosphamide at the 4-car-
bon position #n vitro was described.”® A similar
reaction may occur between GSH and 4-OH-IF and
may in part be responsible for the GSH depletion
induced by 4-OOH-IF in PBL.

Chloroacetaldehyde, a ifosfamide metabolite
which results from a deactivation reaction of ifos-
famide, is generated during ifosfamide chemo-
therapy #n vivo. Concentrations of chloroacetalde-
hyde up to 40 uM were determined in the plasma
419 Chloroacetaldehyde is the candidate for the
CNS toxicity of ifosfamide,?® but the situation is
not completely understood.?! A GSH depletion in-
duced by chloroacetaldehyde in vitro was reported
by Lind in P388 cells.!” A conjugation reaction be-
tween
chloroacetaldehyde and GSH to form a thioether
conjugate was postulated,!”?? and may be the
molecular mechanism for the observed depletion
of GSH in PBL.

Acrolein, a major factor for the urotoxicity of
ifosfamide,?® is spontaneously generated from 4-
OH-IF. Acrolein can deplete intracellular GSH very
efficiently,’® whereas ifosfamide mustard, the prob-
able primary alkylating metabolite of ifosfamide,
has no influence on GSH levels of cells.!” There-
fore, part of the GSH depletion in PBL caused by 4-
OOH-IF is probably attributable to the production
of acrolein.

It is well known that GSH has central functions in
cellular metabolism. A depletion of GSH can lead to
different dysfunctions of cells.?* In PBL, a GSH
depletion induced by BSO was shown to cause a
decreased proliferating activity of these cells.?>"? In
agreement with data from other groups, we found a
decreased proliferation of 4-OOH-IF treated PBL
after stimulation with IL-2 as shown in Figure 3.
The decreased proliferation rate correlates with the
initial GSH content of the cells after the treatment
with 4-OOH-IF.

Mesna given together with metabolites of ifosfa-
mide prevented the GSH depletion of PBL as shown
in Figure 4. In vivo plasma concentrations of mesna
up to 500 uM were measured for a short time after

Ifosfamide induced depletion of GSH

intravenous administration.?’ The reason for giving
mesna during ifosfamide treatment in vivo is to
avoid the urotoxicity of the drug. An interference
of mesna with the therapeutic efficacy of ifosfamide
has not been observed.®! Mesna shows effective
chemoprotection during oxazaphosphorine chemo-
therapy in the urinary bladder which is caused by
direct interaction of mesna with metabolites of ox-
azaphosphorines. For metabolites of cyclophospha-
mide, some of these detoxification reactions have
been described and are also relevant for metabolites
of ifosfamide. The most important detoxification
step is an addition reaction of mesna with the
double bond of acrolein. A stable thio-ether
product of mesna and acrolein was detected in
viv0.2> Further mesna was shown to reduce the
breakdown rate of 4-hydroxycyclophosphamide.
A deactivation product of mesna and 4-hydroxycy-
clophosphamide has been detected in vivo.!' A
reduced breakdown rate for the ifosfamide
metabolite 4-OH-IF caused by a similar stabili-
zation reaction with mesna seems probable and
was proposed as an inactivation mechanism of
4-OH-IF.%

Mesna also prevents the GSH depletion induced
by chloroacetaldehyde in PBL. As a simple explan-
ation of this effect, we suggest an addition reaction
of mesna with chloroacetaldehyde, a reaction based
on a mechanism which may be similar to the addi-
tion reaction of GSH with chloroacetaldehyde.??
Indeed, from our data this mechanism remains hy-
pothetical and needs further investigation.

Mesna itself may influence the GSH status of cells.
A stimulation of GSH synthesis by exogenous thiols
was observed, e.g. in CHO cells.>® Addition of dif-
ferent thiols like N-acetylcysteine, cysteamine or
WR-2721 to the medium increased the GSH content
of CHO cells.>* The biochemical mechanism for this
effect is a disulfide exchange reaction of the added
thiol with the cystine present in the medium and the
release of cysteine. The cysteine is taken up from
the cells and promotes the GSH synthesis, because
cysteine is in most cases the limiting factor for GSH
synthesis.” Also, mesna can react with free thiols
and disulfides in aqueous solution, e.g. a resulting
decrease of plasma cysteine and cystine level after
administration of mesna was observed in vivo.?®

Our data showed that mesna alone had no influ-
ence on the GSH levels of PBL under the described
conditions (Figure 5). To examine the possibility of
an increased GSH synthesis after 4-OOH treatment
by mesna we used BSO as specific inhibitor of GSH
synthesis. As shown in Figure 5, the addition of BSO
had no significant influence on the GSH depletion of
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4-OOH-IF under either conditions. Therefore, we
conclude that mesna prevents the depletion of GSH
induced by 4-OOH-IF not by a promotion of intra-
cellular GSH synthesis. Based on our experiments
and the discussed data from the literature, we sug-
gest that one GSH protecting effect of mesna in PBL
is mediated by direct interaction of mesna with the
metabolites of ifosfamide. In most cell types mesna
cannot be taken up.3 Therefore, mesna may be an
extracellular GSH protecting drug which reacts with
metabolites of ifosfamide instead of GSH. Further
mechanisms, e.g. the possibility that other thiol
compounds contribute to the GSH protection of
PBL, should also be considered, e.g. the intracellu-
lar levels of cysteine were increased after exposure
of lymphocytes to mesna.?

Conclusion

Metabolites of ifosfamide deplete the GSH of PBL in
vitro at concentrations which are achieved during
chemotherapy in vivo. Mesna protects the GSH
levels of PBL which provides further arguments for
the combination of ifosfamide and mesna in vivo.

References

1. Nowrousian MR, Burkert H, Herdrich K, et al. lfosfamide
in Cancer Therapy. Universititsverlag Jena: Jena 1993.

2. Boos J, Welslau U, Ritter J, et al. [Ifosfamide and the
metabolites of side chain oxidation—excretion in urine in
various pediatric therapeutic protocolsl. Klin Padiatr
1992; 204: 299-305.

3. Sladek NE. Oxazaphosphorines. In: Powis G, Prough RA,
eds. Metabolism and action of anti-cancer drugs. Lon-
don: Taylor and Francis 1987: 48-90.

4. Kurowski V, Cerny T, Kupfer A, et al. Metabolism and
pharmacokinetics of oral and intravenous ifosfamide. J
Cancer Res Clin Oncol 1991; 117 (Suppl 4): S148-53.

5. Lind MJ, Margison JM, Cerny T, et al. Comparative
pharmacokinetics and alkylating activity of fractionated
intravenous and oral ifosfamide in patients with
bronchogenic carcinoma. Cancer Res 1989; 49: 753-7.

6. Lee FY, Flannery DJ, Siemann DW. Prediction of tumour
sensitivity to 4-hydroperoxycyclophosphamide by a glu-
tathione-targeted assay. Br J Cancer 1991; 63: 217-22.

7. Peters RH, Ballard K, Oatis JE, et al. Cellular glutathione
as a protective agent against 4-hydroperoxycyclopho-
sphamide cytotoxicity in K-562 cells. Cancer Cbemother
Pbarmacol 1990; 26: 397-402.

8. Zalupski M, Baker LH. Ifosfamide. J Natl Cancer Inst
1988; 80: 556-66.

9. Dechant KL, Brogden RN, Pilkington T, et al. Ifosfamide/
mesna. A review of its antineoplastic activity, pharma-
cokinetic properties and therapeutic efficacy in cancer.
Drugs 1991; 42: 428-67.

408 Anti-Cancer Drugs - Vol 5 - 1994

10. Skinner R, Sharkey IM, Pearson AD, et al. Ifosfamide,
mesna, and nephrotoxicity in children. J Clin Oncol
1993; 11: 173-90.

11. Brock N, Pohl J. The development of mesna for regional
detoxification. Cancer Treat Rev 1983; 10 (Suppl A): 33—
43,

12. Reed DJ, Babson JR, Beatty PW, et al. High-performance
liquid chromatography analysis of nanomole levels of
glutathione, glutathione disulfide, and related thiols and
disulfides. Anal Biochem 1980; 106: 55-62.

13. Issels RD, Nagele A. Influence of thiols on thermosen-
sitivity of mammalian cells in vitro. Methods Enzymol
1990; 186: 696-708.

14. Hamilos DL, Wedner HJ. The role of glutathione in
lymphocyte activation. 1. Comparison of inhibitory
effects of buthionine sulfoximine and 2-cyclohexene-
l-one by nuclear size transformation. J Immunol
1985; 135: 2740-7.

15. Crook TR, Souhami RL, Whyman GD, et al. Glutathione
depletion as a determinant of sensitivity of human leu-
kemia cells to cyclophosphamide. Cancer Res 1986; 6:
5035-8.

16. Gurtoo HL, Hipkens JH, Sharma SD. Role of glutathione
in the metabolism-dependent toxicity and chemotherapy
of cyclophosphamide. Cancer Res 1981; 41: 3584-91.

17. Lind MJ, McGown AT, Hadfield JA, et al. The effect of
ifosfamide and its metabolites on intracellular glu-
tathione levels in vitro and in vivo. Biochem Pharmacol
1989; 38: 1835-40.

18. Draeger ], Peter G, Hohorst HJ. Deactivation of cyclo-
phosphamide (NSC-26271) metabolites by sulfhydryl
compounds. Cancer Treat Rep 1976; 60: 355-9.

19. Kaijser GP, Beijnen JH, Jeunink EL, et al. Determination
of chloroacetaldehyde, a metabolite of oxazaphosphor-
ine cytostatic drugs, in plasma. J Chromatogr 1993; 614:
253-9.

20. Goren MP, Wright RK, Pratt CB, et al. Dechloroethylation
of ifosfamide and neurotoxicity (letter). Lancet 1986; 2:
1219-20.

21. Cerny T, Kupfer A. The enigma of ifosfamide encepha-
lopathy [editoriall. Ann Oncol 1992; 3: 679-81.

22. Shaw IC, Graham MI. ‘Mesna—a short review. Cancer
Treat Rev 1987; 14: 67-86.

23. Brock N, Stekar J, Pohl J, et al. Acrolein, the causative
factor of urotoxic side-effects of cyclophosphamide,
ifosfamide, trofosfamide and sufosfamide. Arzneimittel-
JSorschung 1979; 29: 659-61.

24. Meister A. Glutathione deficiency produced by inhibition
of its synthesis, and its reversal; applications in research
and therapy. Pbarmacol Ther 1991; 81: 155-94.

25. Liang CM, Lee N, Cattell D, et al. Glutathione regulates
interleukin-2 activity on cytotoxic T-cells. J Biol Chem
1989; 264: 13519-23.

26 Hamilos DL, Zelarney P, Mascali JJ. Lymphocyte prolif-
eration in glutathione-depleted lymphocytes: direct re-
lationship between glutathione availability and the
proliferative response. Immunopbarmacology 1989;
18: 223-35.

27. Kavanagh TJ, Grossmann A, Jaecks EP, et al. Proliferative
capacity of human peripheral blood lymphocytes sorted
on the basis of glutathione content. J Cell Pbysiol 1990;
1458: 472-80.

28. Kawabata TT, Chapman MY, Kim DH, et gl. Mechanisms
of in vitro immunosuppression by hepatocyte-gener-



29.

30.

31.

32.
33.

ated cyclophosphamide metabolites and 4-hydroper-
oxycyclophosphamide. Biochem Pharmacol 1990; 40:
927-35.

Stofer-Vogel B, Cerny T, Kiipfer A, et al. Depletion of
circulating cyst(e)ine by oral and intravenous mesna. BrJ
Cancer 1993; 68: 590-3.

Brock N, Pohl J, Stekar ], et al. Studies on the urotoxicity
of oxazaphosphorine cytostatics and its prevention—IiI.
Profile of action of sodium 2-mercaptoethane sulfonate
(mesna). Eur J Cancer Clin Oncol 1982; 18: 1377-87.
Brade WP, Herdrich K, Varini M. Ifosfamide—pharma-
cology, safety and therapeutic potential. Cancer Treat
Rev 1985; 12: 1-47.

Dorr RT. Chemoprotectants for cancer chemotherapy.
Semin Oncol 1991; 18: 48-58.

Issels RD, Nagele A, Eckert KG, et al. Promotion of

34,

35.
36.

Ifosfamide induced depletion of GSH

cystine uptake and its utilization for- glutathione bio-
synthesis induced by cysteamine and Macetyl-
cysteine. Bfochem Pbarmacol 1988, 37: 881-8.
Issels RD, Nagele A. Promotion of cystine uptake, in-
crease of glutathione biosynthesis, and modulation of
glutathione status by S$-2-(3-aminopropylamino)ethyl
phosphorothioic acid (WR-2721) in Chinese hamster
cells. Cancer Res 1989; 49: 2082-6.

Meister A, Anderson ME. Glutathione. Annu Rev Bfo-
chem 1983; 82: 711-760.

Brock N, Hilgard P, Pohl J, et al. Pharmacokinetics and
mechanism of action of detoxifying low-molecular-
weight thiols. J Cancer Res Clin Oncol 1984; 108:
87-97.

(Received 7 March 1994; accepted 7 April 1994)

Anti-Cancer Drugs - Vol 5 . 1994 409



