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Abstract The successful outcome of ovarian cancer
therapy with alkylating agents and cisplatin is seriously
hampered by the development of acquired drug resist-
ance. An increase in intracellular glutathione (GSH)
levels in cancer cells is one of the major mechanisms
involved. Depletion of GSH overcomes drug resistance
and restores the chemosensitivity of malignant cells.
Ifosfamide (IFEX), an alkylating agent, has been dem-
onstrated to decrease intracellular GSH levels in vitro
in malignant cell lines and in vivo in peripheral blood
lymphocytes (PBL) obtained from patients with cancer.
We studied the effect of IFEX on intracellular GSH
levels in PBL isolated from patients with advanced
ovarian cancer who were receiving chemotherapy.
A total of 14 patients received IFEX plus mesna as
a continuous infusion (1 g/m? per day) for 6 consecutive
days and cisplatin (100 mg/m?) as a 24-h continuous
infusion on the 6th day. PBL were isolated prior to the
initiation of chemotherapy and on the 3rd and 6th days
of IFEX infusion. Intracellular GSH levels were deter-
mined by a modification of Tietze’s method. IFEX
caused a 20% or greater suppression of intracellular
GSH levels in nine patients, eight of whom achieved
complete remission of their disease. Six patients re-
sponded poorly to this chemotherapeutic regimen, five
of whom showed no significant suppression of GSH
levels. These data suggest that IFEX suppresses in-
tracellular GSH levels in PBL from patients with ovar-
ian cancer and that this suppression correlates closely
with the subsequent clinical outcome.
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Introduction

Opvarian cancer is the second most common gynaeco-
logic malignancy in females and is the most common
cause of gynaecologic cancer deaths. Use of combina-
tion of anticancer drugs, mostly cyclophosphamide and
cisplatin, is considered the standard therapy for pa-
tients who present with stage III-1V disease. Despite
the high initial response rates to chemotherapy, cure is
achieved in only a few patients [3, 6], primarily due to
the development of resistance to the cytotoxic drugs.
The pathogenesis of this resistance is multifactorial and
the underlying mechanisms vary with the agents used.
There is considerable evidence to suggest that the de-
velopment of resistance to alkylating agents and, pos-
sibly, cisplatin is associated with increased intracellular
glutathione (GSH) levels [11,28,35]. Hence, GSH de-
pletion may be advantageous in the management of
these patients.

Drug-resistant tumor cells have been shown to con-
tain levels of GSH several orders of magnitude higher
than those measured in wild-type cells. GSH may re-
duce cytotoxicity by facilitating the metabolism of
drugs to less active compounds or by detoxification of
the free radicals [2, 25]. Additionally, GSH may en-
hance the repair of drug-induced injury, primarily at
the DNA level. There is also considerable evidence that
sensitivity to alkylating agents can be restored by de-
pletion of intracellular GSH [1, 5, 10, 12, 34].

Buthionine sulfoximine (BSO), an inhibitor of GSH
synthesis, has been demonstrated to lower GSH levels
in human ovarian cancer cell lines, resulting in an
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increase in melphalan and carboplatin cytotoxicity
[2,22,31]. Similarly, in animal studies, BSO decreases
GSH levels in the tumor cells, resulting in increased
melphalan cytotoxicity and improved survival [27].
Hence, GSH is involved in the development of drug
resistance, and its inhibition may restore or enhance
the cytotoxic activity of several drugs.

Ifosfamide (IFEX) is an analog of cyclophosphamide.
Although it was initially discovered in the early 1970s,
severe urotoxicity prevented its widespread use. With
the discovery of mesna (sodium 2-mercaptoethanesul-
fonate) as a uroprotective agent, this drug is being
increasingly used in a wide variety of cancers [4, 7, 37].
IFEX is only partially cross-resistant with cyclophos-
phamide, and response rates of 15-30% have been
reported in cyclophosphamide-resistant cases [ 30, 33].
More recently, IFEX has been demonstrated to
reduce GSH levels [21]. This suggests that IFEX may
play a significant role in the management of ovarian
cancer.

For further elucidation of the effect of IFEX on
intracellular GSH levels, 14 patients with histologically
proven ovarian cancer were treated with IFEX-cis-
platin combination chemotherapy. We studied the ef-
fect of IFEX on intracellular GSH levels and correlated
this with the subsequent response to chemotherapy.

Patients and methods

Selection of patients

Patients with histologically proven advanced ovarian cancer were
eligible for this trial. Only patients whose disease was measurable
either clinically, radiologically, or serologically were included in this
study. Patients were expected to have a WHO performance status of
0-2, a life expectancy of >3 months, no prior radiation, a WBC
count of >4,000/mm?, a platelet count of >100,000/mm?3, a serum
creatinine level of <2.0 mg/dl, liver-function tests of <2 times the
normal values, and no other malignancy. Patients with prior chemo-
therapy exposure were also eligible for the trial. Informed consent
was obtained in all cases.

Chemotherapeutic regimen

The combination chemotherapy protocol consisted of IFEX at
1 g/m? given as a 24-h continuous infusion daily for 6 consecutive
days. Similar amounts of mesna were added to the same infusion bag
and given for 6 days along with IFEX and for 12 h afterward.
Cisplatin at 100 mg/m? was given as a 24-h continuous infusion
overlapping the 6th day of IFEX infusion. Patients were extensively
hydrated prior to, during, and after cisplatin infusion. An institu-
tional protocol to prevent cisplatin-induced nausea and vomiting
was followed. This included use of metoclopramide, clemastine, and
dexamethasone. No other drug was used.

Response to therapy

The response to combination chemotherapy was determined clinic-
ally, serologically, and radiologically. Patients who had clinical

disappearance of their disease, normalization of the serological
marker CA-125, and the absence of radiologically evident disease on
the use of the IFEX-cisplatin combination were considered good
responders. Those who failed to meet these criteria were considered
poor responders. Drug toxicity was defined according to well-esta-
blished criteria [26].

Determination of GSH levels

GSH levels were determined in peripheral blood lymphocytes
(PBL) isolated from blood samples (5-10ml) obtained from
the patients at the following time points: before the start of chemo-
therapy, on the 3rd day of IFEX infusion, and at the beginning of
the 6th day of infusion immediately prior to the administration
of cisplatin. Blood was collected in heparinized tubes and the
lymphocytes were isolated using Ficoll-Paque (Pharmacia Fine
Chemicals, Piscataway, N.J.). Cells were washed with phosphate-
buffered saline (PBS), counted, and then pelleted down by centrifu-
gation. The pellet was extracted in 0.5ml of 1 M perchloric acid
for 1h. After centrifugation, 0.3 ml of supernatant solution was
neutralized with 0.18 ml of ice-cold KOH/MOPS buffer (pH 8.6)
and assayed for GSH by a modification of the procedure described
by Tietze [15, 36]. GSH content was expressed in nanomoles per
106 cells.

Results

This study was carried out on 14 patients; their clinical
characteristics are provided in Table 1. The mean age
of the patients was 50.4 years (range 33-60 years). The
most common histologic subtype encountered was
serous cystadenocarcinoma. Five patients presented
with International Federation of Gynaecology and Ob-
stetrics (FIGO) stage IV disease. None of them had
undergone surgery, and chemotherapy was the only
modality offered to these patients. Nine patients had
stage III disease. They all underwent debulking sur-
gery. Post operatively, five of them had bulky residual
disease (> 1.5 cm). The other four patients had minimal
residual disease (< 1.5 cm) postoperatively. However,
they continued to show elevated levels of the tumor
marker CA-125. Most of the patients were chemother-
apy-naive. Three had received previous chemotherapy,
cisplatin and cyclophosphamide in all cases, and had
relapsed. GSH levels were determined prior to the
institution of chemotherapy and on the 3rd and 6th
days of IFEX infusion. The values are provided in
Table 1. Nine patients showed a 20% or greater reduc-
tion in GSH levels during IFEX infusion. Eight of these
nine patients achieved complete remission of their dis-
ease and were considered good responders as defined
above. Six patients responded poorly to this chemo-
therapeutic regimen. Five of them showed no signifi-
cant fall in GSH levels. The only exception was a pa-
tient in whom a decline in GSH levels was observed on
the 6th day, however, the value was above the baseline
levels on the 3rd day. The effect of IFEX on GSH
levels in PBL of patients showing a good response is
presented in Fig. 1.
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Table 1 Clinical characteristics and changes in the intracellular GSH values found in PBL of the study patients and their correlation with the

response to IFEX-cisplatin combination chemotherapy

Patient Age Histologic Extent of Previous GSH levels (nmol/10° cells) Response
number (years) subtype disease chemotherapy to therapy
(stage) Baseline® Day3 Day6  Maximal
% decline®
1 60 Serous III (minimal)  None 0.74 0.25 0.05 93.2 Good
2 56 Endometrioid 11T (bulky) None 0.55 0.32 0.25 54.5 Good
3 64 Serous I1I (bulky) None 0.34 0.03 0.09 91.2 Good
4 59 Mucinous III (minimal)  None 0.51 0.38 0.67 25.5 Good
5 49 Mucinous v None 0.83 0.54 0.17 79.5 Good
6 40 Undifferentiated ~ III (bulky) None 0.48 0.09 0.21 81.3 Good
7 42 Serous III (minimal)  None 0.5 0.19 0.28 62 Good
8 50 Serous v Cisplatin-cyclo- 2.11 0.61 1.34 71 Good
phosphamide
9 56 Undifferentiated IIT (minimal)  None 0.80 0.96 1.61 — Poor
10 52 Serous v None 0.22 0.21 0.2 9.1 Poor
11 33 Serous I1I (bulky) None 0.43 0.75 0.45 - Poor
12 46 Serous v None 0.25 0.36 0.55 - Poor
13 51 Undifferentiated I1I (bulky) Cisplatin-cyclo- 0.39 0.33 0.83 15.4 Poor
phosphamide
14 58 Serous v Cisplatin-cyclo- 0.52 0.55 0.41 21.2 Poor
phosphamide

2Mean values + SD recorded for good responders and poor responders were 0.757 + 0.57 and 0.435 + 0.21 nmol/10° cells, respectively
®Mean values + SD recorded for good responders and poor responders were 69.8 + 22.3% and 7.6 + 2.8%, respectively
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Fig. 1 Percentage of change in GSH levels in PBL of patients who
responded well to the treatment (P Patient)

It was interesting that the mean (4 SD) baseline
GSH levels measured among good responders
(0.757 + 0.568 nmol/10° cells) and poor responders
(0.435 + 0.21 nmol/10° cells) were found not to be
statistically significantly different as analyzed by
Student’s t-test for equality of means. However, the
mean percentage of decline in GSH levels noted after
IFEX treatment among good responders (69.8%)
and poor responders (7.6%) revealed a statistically
significant difference at P < 0.005 when analyzed by
the same test.

Discussion

Lind et al. [21] demonstrated the ability of IFEX and
its metabolites to lower intracellular GSH levels in
vitro and in vivo. In a single patient receiving an §-h
infusion of IFEX, a marked decrease in GSH levels to
about 30% of the original value was observed. The
significance of this observation, however, remains un-
determined. A similar effect in vivo was observed by
Meier et al. [24]. It has been suggested that this effect
may be partly mediated by inhibition of plasma GSH
peroxidase activity by IFEX [29]. We observed a sim-
ilar inhibitory effect of IFEX on intracellular GSH
levels in PBL obtained from patients with ovarian
carcinoma. We also observed a close association of this
inhibitory effect with the subsequent response to
chemotherapy. In all, 9 of the 14 patients showed
a 20% or greater decline in GSH levels during IFEX
infusion; all but 1 achieved complete remission of their
disease. In the patient who did not respond despite the
observation of a 20% reduction in GSH levels on day 6,
GSH levels were above baseline value on day 3 of IFEX
infusion. This transient decline in GSH levels may
not have been reflective of the overall effect. Five pa-
tients had less than a 20% decline in GSH levels. All of
them responded poorly to the combination chemother-
apy. These results suggest that the decline in GSH
levels induced by IFEX closely correlates with the
therapeutic response.

There could be several reasons for the observed ef-
fects. A fall in GSH levels may be due to the direct effect
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of IFEX on GSH metabolism [29]. This reduction in
GSH levels may prevent the subsequent development
of resistance to IFEX and, hence, correlates with the
therapeutic response. Another possibility would in-
volve the increased metabolic conversion of IFEX into
4-OH-IFEX in responders. An additional explanation
might be sensitization of the tumor cells to cisplatin
cytotoxicity due to decreased GSH levels. In the pres-
ent study, cisplatin was given on the 6th day of IFEX
infusion. Decreased GSH levels observed at that time
may also have allowed enhanced cisplatin-induced
cytotoxicity [8,9,13,14,23]. It is, however, unclear
whether GSH is a major determinant of cisplatin
cytotoxicity [1,9]. Because we used both IFEX and
cisplatin, our study does not provide an adequate ex-
planation. Administration of IFEX as a single agent
and correlation of its effect on GSH levels with the
therapeutic response may help to elucidate further the
underlying mechanism.

It must be emphasized that in our study, GSH levels
were determined in PBL. Other investigators have ap-
plied similar methods to determine GSH levels in
vivo [21,24]. It is unclear whether similar effect is
observed on the tumor cells. Since data are not avail-
able on this subject, we cannot draw any definitive
conclusion.

The chemotherapeutic regimen used in this study
also included intravenous mesna. Mesna was mixed
with IFEX in the same bag and at the same dose and
was given for an additional 12 h after the IFEX infu-
sion. Mesna may influence the GSH status of the cells
[16, 17]. Stimulation of GSH synthesis and an increase
in GSH content has been described in Chinese hamster
ovarian cells. Two recent studies, however, demon-
strate that mesna has no influence on the GSH levels in
PBL [24,32]. Due to these data and to the presence of
mesna throughout the IFEX infusion, it appears un-
likely that mesna had any significant effect on the GSH
levels observed in our patients.

Another important issue is the effect of depletion of
GSH on normal cellular functions. Depletion of GSH
can result in cellular dysfunction. In PBL, depletion of
GSH has been demonstrated to decrease the prolif-
erative activity of the cells [18]. There is significant
inhibition of [*H]-thymidine incorporation in inter-
leukin-2-expanded PBL. Similarly, suppression of
GSH peroxidase activity may facilitate the peroxida-
tion of membrane lipids, resulting in enhanced toxicity.
GSH depletion with resultant loss of an important
cellular protective mechanism against toxic agents and
drugs may make cells more vulnerable to drug toxicity.
Hence, the frequency or degree of IFEX-induced side
effects may increase. In our ongoing study we have not
yet observed any unexpected increase in the incidence
or severity of side effects. However, further trials are
necessary to exclude this possibility completely.

Information regarding the GSH-inhibitory effect of
IFEX may be important in the formulation of drug

combinations. Combination of IFEX with other drugs
that have GSH-dependent metabolism may help to
enhance their cytotoxic activity by reducing GSH
levels. Conversely, taxol cytotoxicity is decreased by
GSH depletion and, hence, should be used cautiously
with IFEX [20]. In vitro activity and interactions of
taxol and IFEX support this hypothesis [19].

In conclusion, we observed substantial inhibition of
intracellular GSH levels in PBL by IFEX. We also
observed a close relationship between GSH inhibition
and the response to cytotoxic therapy. A prospective
trial is in progress to evaluate the efficacy and toxicity
of IFEX and cisplatin in previously untreated patients
with advanced ovarian cancer.
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