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ABSTRACT

The glutathione transferases comprise a family of isoenzymes, one or
more of which are involved in the conjugation of alkylating agents to
glutathione (GSH). Increased GSH transferase activity has been shown
to underlie acquired resistance to several alkylating agents. Ethacrynic
acid inhibits the isoenzymes of GSH transferase with 50% inhibitory-

concentration values ranging from 0.3 to 6.0 MMand has been shown to
restore sensitivity to alkylating agents in drug-resistant animal tumor
models. \Ve entered 27 previously treated patients with advanced cancer
on a study of ethacrynic acid (25 to 75 mg/m2 p.o. every 6 h for 3 doses)
and thiotepa (30 to 55 mg/m2 i.v. l h after the second dose of ethacrynic

acid). The major toxicity of ethacrynic acid was diuresis, which was
observed at every dose level; in addition, severe metabolic abnormalities
occurred at 75 mg/m2. At 50 mg/m2, the diuretic effects were manageable.

Myelosuppression was the most important effect of the combination.
Two of seven courses of ethacrynic acid, 50 mg/m2, and thiotepa, 55 mg/
m2, were associated with grade 3 or 4 neutropenia and/or thrombocyto-
penia. Nausea/vomiting ~>grade 2 was observed in 16% of courses. GSH

transferase activity was assayed spectrophotometrically in the peripheral
mononuclear cells of all patients. At each dose level, activity decreased
following ethacrynic acid administration, with recovery by 6 h. Adminis
tration of ethacrynic acid, 50 mg/m2, resulted in a mean nadir of trans

ferase activity of 37% of control. The pharmacokinetics of thiotepa and
its principal metabolite TEPA were studied in 23 patients. The plasma
disappearance of thiotepa fit a two-compartment open model with a
terminal half-life of approximately 2 h. Plasma TEPA levels peaked at
a mean of 2.16 h following thiotepa administration. The harmonic mean
terminal half-life of TEPA was 10.4 h, and the TEPA area under the
curve (AUC) did not increase with increasing thiotepa dose. The AUC of
thiotepa was approximately twice, and the clearance about one-half, of
the values obtained in a previous study of single agent thiotepa. The
AUC of TEPA was lower than that previously observed. The data suggest
that ethacrynic acid inhibits enzymes involved in the metabolic disposition
of thiotepa, including its oxidative desulfuration to TEPA. The severity
of the platelet toxicity was correlated with the AUC of thiotepa, but not
with that of TEPA. This combination of thiotepa and ethacrynic acid will
be tested further in Phase II trials.

INTRODUCTION

The development of drug resistance by tumors initially re
sponsive to chemotherapy is an important obstacle to the cu
rative therapy of cancer. Several mechanisms have been de
scribed. Resistance to several natural products and their semi-
synthetic derivatives may occur on the basis of overexpression
of a membrane protein (P-glycoprotein), which mediates the
efflux of these drugs from the cell (1, 2). There is evidence that
acquisition of the multiple drug resistance (mdr) phenotype
may underlie drug resistance in several human tumors (3). In
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multiple myeloma, the combined use of a chemotherapy regi
men (vincristine, doxorubicin, and dexamethasone) and vera-
pamil (which inhibits the P-glycoprotein and reverses mdr-1
based resistance in vitro) has resulted in responses in patients
previously refractory to therapy with natural products (4). Thus
the potential exists for the reversal of specific mechanisms of
drug resistance in the clinic.

A second major mechanism of acquired drug resistance ap
pears to be mediated by changes in the glutathione-related
detoxification pathways (5, 6). These changes are identified
most often in relation to resistance to alkylating agents and
radiation. In certain cell lines and human tumors, expansion of
intracellular glutathione pools appears to be the major abnor
mality which determines resistance: in these lines, depletion of
GSH' by agents such as buthionine sulfoximine restores sensi

tivity to drugs and radiation (7, 8).
Wang and Tew (9) and Buller et al. (10) have described a

series of tumor cell lines with acquired resistance to chloram-
bucil and nitrogen mustards in which the major difference
between sensitive and resistant cells is the overexpression of
GSH-related enzymes, principally the GSH transferases. Re
sistant lines have their sensitivity restored by the use of various
inhibitors of GSH transferases, including the diuretic ethacrynic
acid (11). In HT-29 human colon adenocarcinoma growing s.c.
in seid (severe combined immunodeficiency) mice, superior
tumor growth inhibition was observed in mice treated with
melphalan and ethacrynic acid, compared to groups treated
with either drug alone, or untreated controls (12). On the basis
of the in vitro and in vivo experiments, we performed a Phase I
study of ethacrynic acid in combination with an alkylating
agent.

The major purpose of the study was to explore the clinical
tolerance of ethacrynic acid at escalating doses, and to investi
gate its dose response and time course in inhibiting GSH
transferases in accessible normal tissue (peripheral mononu
clear cells) of treated patients. We chose thiotepa as the alkyl
ating agent because sensitization by ethacrynic acid had been
observed with the bifunctional nitrogen mustards, and because
of our continuing interest in the pharmacology of this drug
(13).

MATERIALS AND METHODS

Patient Population. Patients eligible for this study had a histolÃ³gica!
diagnosis of a malignant solid tumor, and had exhausted the standard
therapeutic options for their disease, or had a disease for which no
established therapy exists. They were 18 years old or older, and had an
Eastern Cooperative Oncology Group performance status of 0-2. They
had adequate bone marrow (WBC > 3,000/mm3; platelet count >
100,000/mm3), liver (bilirubin < 2 mg/dl), and kidney (creatinine <

1.5 mg/dl) function. Other than prior treatment with thiotepa, there
was no limit on previous treatment. A minimum of 4 weeks must have
elapsed between previous therapy and beginning this regimen. Because
of concerns surrounding the effects of GSH transferase inhibition,

3The abbreviations used are: GSH, glutathione; AUC, area under the curve.
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PHASK I STUDY OF ETHACRVNIC ACID/THIOTEPA

patients taking any regular prescription medication were excluded, and
all patients were advised to avoid self-medication, particularly with
aspirin, acetaminophen, or nonsteroidal antiinflammatory drugs during
the course of the study. All patients gave written informed consent in
accordance with Federal, State, and institutional guidelines.

Prior to therapy a medical history, physical examination, complete
blood count, biochemical profile, urinalysis, and chest X-ray were
performed. Patients were monitored with weekly blood counts and
serum electrolytes, and clinical examinations and full biochemical
profiles on each course. Doses of thiotepa for the second and subsequent
courses were determined by nadir counts from the previous course.
Grade 3 myelosuppression led to a 25%, and Grade 4 to a 50%
reduction in thiotepa dose. Doses were not escalated within patients
and ethacrynic acid doses were not modified. Results are reported using
the consensus toxicity criteria (Cancer Therapy Evaluation Program,
National Cancer Institute, Bethesda, MD, 1988). Patients with meas
urable disease were evaluated (usually by scan or X-ray) every other
course; those with stable disease or better were continued on therapy.
Response criteria were standard (14).

Treatment Plan. Patients were admitted to the Mary S. Schinagl
Clinical Studies Unit at Fox Chase Cancer Center for 24-48 h sur
rounding ethacrynic acid administration, and began hydration on the
evening before treatment. Directions for hydration following ethacrynic
acid treatment specified that the fluid lost during any one 4-h period
would be replenished i.v. during the next 4 h. Fluids p.o. were freely
available and serum electrolytes were monitored to ensure appropriate
replacement. Thiotepa was obtained from Lederle Laboratories, Pearl
River, NY in glass vials, each containing 15 mg of lyophilized powder.
Reconstitution with 3 ml sterile water yielded a solution containing 5
mg/ml. The appropriate dose of thiotepa was then diluted in 50 ml of
5% dextrose (USP), and administered i.v. as a zero-order infusion over
10 min. Ethacrynic acid was obtained from Merck, Sharp & Dohme as
25- or 50-mg scored tablets, and taken with water at the designated
time. The appropriate dose on a per m~ basis was administered to the
nearest 12.5 mg (half-tablet).

The starting dose of thiotepa was 30 mg/m2, approximately one-half

of the recommended Phase II dose from our previous Phase I study
(13). The starting dose of ethacrynic acid was 25 mg/m2; this dose

corresponds to the usual starting dose of ethacrynic acid when admin
istered as a diuretic. The schema of drug administration is shown in
Fig. 1. Ethacrynic acid was administered at 6-h intervals for three doses.
Thiotepa was given l h after the second ethacrynic acid dose. The
schedule was based on a small study in normal volunteers indicating
that the GSH transferase inhibitory and diuretic effects were maximal
at 1 to 2 posttreatment, and had largely resolved by 6 h.4 The doses of

both drugs were escalated in tandem, since their individual toxicities
did not overlap. This escalation scheme was developed to determine
expeditiously the appropriate Phase II dose. A minimum of three
patients was treated at each dose level. Accrual to a level was expanded
if severe or unexpected toxicity was encountered. The recommended
Phase II dose was defined as the dose at which fewer than 50% of
patients had Grade III or IV myelosuppression, or Grade II-IV extra-
medullary toxicity. Courses were repeated every 4 weeks.

Pharmacokinetic Sampling. In this study the pharmacokinetics of
thiotepa in plasma were determined for the majority of patients treated.
Blood samples (5 ml) were drawn into heparinized tubes, and centri-
fuged immediately at 4Â°C.Samples were obtained at base line (before

infusion), and at 5, 10, 15, 30, 45, and 60 min, and 1.5, 2, 3, 6, 12, 18,
24, 36, and 48 h after the end of the infusion. Plasma was separated
and stored at -70Â°Cuntil it was assayed. The extraction procedure was

as previously described, with minor modifications (15). The internal
standard diphenhydramine (0.2 mg/ml) was added to the thawed
plasma. Thiotepa, TEPA, and diphenhydramine were then extracted
into ethyl acetate, and the organic phase was evaporated to approxi
mately 50-100 n\ under nitrogen at room temperature.

Analytic Procedure. The analytic method for both TEPA and thiotepa
was as previously described (15). Drug levels were quantitated by using
a Hewlett-Packard HP5890 gas Chromatograph equipped with a nitro-

tv hydration

EA (25-75 mg/m2 )

I J L
-12 0 6 12 24 hours

4 P. J. O'Dwyer, unpublished results.

TT (30-55 mg/m2 )

Fig. I. Schema of drug administration. EA, ethacrynic acid; TT, thiotepa.

gen phosphorus detector (Hewlett-Packard, Palo Alto, CA). One-^l
aliquots were injected by using a split-splitless injector, operated in
split mode (split ratio 10:1) at 260Â°C.onto a Supelco 0.25 mm inside
diameter x 30 m SPB-5 capillary column at 230Â°C.The carrier gas was

helium flowing at 1 ml/min. Drug concentrations were derived from
standards which were prepared weekly for thiotepa (in water) and TEPA
(in ethyl acetate). Standard curves were run at the beginning and end
of each analysis day. The assay was linear from 50 ng/ml to 10 Mg/ml
for thiotepa, and 40 ng/ml to 8 ng/m\ for TEPA.

Pharmacokinetic Analysis. Plasma thiotepa concentration versus time
curves were fitted to the following biexponential equation:

C(t) = Ae-" + Be'"

and corrected for the length of infusion (10 min) using the NONLIN84
nonlinear curve-fitting program (16). Initial parameter estimates re
quired for the NONLIN84 program were obtained with the JANA
exponential curve stripping program (17). The volume of the central
compartment ( Vc),steady-state volume of distribution ( yâ€ž).total body-
clearance (Clm), AUC, and the elimination half-lives were calculated
from standard pharmacokinetic equations (18). The plasma TEPA
AUC was calculated by using the linear trapezoidal method, and the
portion of the AUC following the final time point was calculated by
dividing the final detectable TEPA concentration by the terminal dis
position rate constant (18).

As in our previous study of thiotepa alone, pharmacokinetic/phar-
macodynamic relationships were investigated by using three models:
(a) the Hill equation; (h) an exponential equation; and (e) a linear
relationship (13).

Glutathione Transferase Analyses. GSH transferase activity was
measured in peripheral mononuclear cells and RBC of patients treated
in this study. Blood samples (5 ml) were drawn into heparinized tubes
before treatment, and at the following intervals after the first ethacrynic
acid dose: 30 min, l h, 2, h, 4 h, and 6 h. Further samples were drawn
after the thiotepa infusion, at 1, 2, 4, and 6 h. The final group of
samples was drawn after the last ethacrynic acid dose, at 1,2, 4, 6, 12,
and 24 h. The heparinized whole blood samples were immediately
layered over Ficoll Hypaque and centrifuged. The mononuclear cell
layer was pipeted into a 1-ml volume. From the RBC layer, a 1-ml
aliquot was obtained. Samples were frozen and stored at â€”¿�70"C.

At the time of analysis, samples were thawed on ice. The peripheral
mononuclear cells were lysed by sonication, and centrifuged at 10,000
x g for 3 min. The red cells were lysed in distilled water followed by
sonication. GSH transferase activity was assayed spectrophotometri-
cally by the method of Habig et al. (19), which measures the rate of
formation of a conjugate of l-chloro-2,4-dinitrobenzene and glutathi-
one. Results were normalized to protein content using the Bradford
assay (Bio-Rad, Richmond, VA).

RESULTS

Twenty-seven patients were treated with 52 courses of thi
otepa and ethacrynic acid. Their demographic characteristics
are summarized (Table 1). This group was of excellent perform
ance status, and all had received prior chemotherapy. Two-
thirds had prior radiation therapy. A broad range of tumor
types was accrued to this trial.
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PHASE I STUDY OF ETHACRYNIC ACID/THIOTEPA

Table 1 Characteristics of treated patients

PatientsenteredMales/femalesMedian

age(range)Performance
status012Prior

therapyChemotherapyChemotherapy/radiationHistologyColorectalBreastOvarianLungOtherNo.

ofcourses1236102710/1759

(33-80)71829186SS38175311

Table 2 Urine output in the 24 h following initiation of ethacrynic acid treatment

24-h urine output
Ethacrynic acid dose (mg/m2

every 6 h for 3 doses) N Mean Range

25507531165492678269343455-71504035-11,7503750-10.700

Table 3 Toxic effects of combined treatment with thiotepa (TT) and elhacrynic
acid <EA)

Dose (mg/m! EA/mg/m2 TT)

No. ofcourses[
GranulocytesJ

PlateletsVomiting|

Magnesium1

Calcium1

Blood sugarGrade012340123401230120120123425/301711611421232161171750/3033213213350/40147223832164311221311475/405143252123112375/554112121112132113150/557411142143511617

administered i.v. l h after the second dose of ethacrynic acid
acid.

Ethacrynic Acid Toxicity. The most obvious consequence of
ethacrynic acid administration was a brisk diuresis, which began
within 30 min (indicating rapid drug absorption) and lasted
from 2 to 6 h. The magnitude of the diuretic effect varied
among patients, and was most pronounced at the highest dose
(Table 2). At 75 mg/m2 patients excreted almost 7 liters of

urine/day.
Such an output was manageable with attentive nursing care,

but the development of additional complications at the 75-mg/
m2 dose level precluded further escalation (Table 3). Of nine

courses administered at this level, four were associated with
Grade 3 or 4 hyperglycemia, and three with symptomatic hy-
pocalcemia and/or hypomagnesemia. Two patients were se
verely symptomatic with these metabolic abnormalities, and
required intensive management for about 24 h. Since no meta
bolic consequences of this nature had followed the administra
tion of 50 mg/m2, this dose of ethacrynic acid was determined

to be appropriate for Phase II testing.
Biochemical Effects of Ethacrynic Acid. The goal of etha

crynic acid administration was to inhibit GSH transferase ac
tivity, and we observed alterations in enzyme activity in the
peripheral mononuclear cells of treated patients. The time
course of transferase inhibition is illustrated in Fig. 2, which
depicts the mean change in transferase activity in the three
patients treated with ethacrynic acid, 25 mg/m2. A rapid fall in

enzyme activity is followed by partial recovery between doses.
Activity levels are restored to normal between 12 and 24 h after
the last dose of the drug. Considerable interpatient variability
was evident both in the time course and the extent of inhibition.
Table 4 shows the mean nadir values (expressed as percentage
of control) both in the initial 6 and 24 h of observation. At both
the 50- and 75-mg/m2 levels, inhibition to less than 40% of

control was achieved.
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TT = 30 mg/m2
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TT

18

Time (hrs)

24 30 36

Fig. 2. Mean change in GSH transferase activity in peripheral mononuclear
cells of 3 patients treated with ethacrynic acid (EA). 25 mg/m2. and thiotepa
(TT). 30 mg/m2.

Six distinct dose levels were studied, involving three dose
levels of thiotepa and three of ethacrynic acid. A minimum of
three patients was treated at each level. As the dose of each
drug was escalated, it became apparent that toxicities were
nonoverlapping, and that maximum tolerated doses for each
would be identified based on their individual tolerance. The
recommended Phase II dose was found to be ethacrynic acid,
50 mg/m2, p.o. every 6 h for 3 doses, and thiotepa 55 mg/m2

Table 4 Glutathione S-transferase (GST) inhibition in peripheral mononuclear
cells following ethacrynic acid administration

Values are expressed as percentage of control Â±SEM

Ethacrynic acid
(mg/m2)25

5075No.

of
patients4

12
3GST

activity (% ofcontrol)Initial

6 h Initial 24h54

Â±15.9 40+13.8
73 Â±6.0 37 Â± 6.1
55 Â±20.0 25 Â± 9.2
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PHASE l STUDY OF ETHACRVNIC ACID/THIOTEPA

The extent of GSH transferase inhibition in peripheral mono-
nuclear cells did not correlate either with urine output or with
the degree of myelosuppression (expressed as percentage of
change in neutrophils and platelets).

Thiotepa Toxicity. The major and dose-limiting toxicity of
thiotepa was myelosuppression affecting both granulocytes and
platelets (Table 3). Grade 3 or 4 granulocytopenia occurred in
6 of 19 courses at 40 mg/nr, and 2 of 11 courses at 55 mg/nr.
The incidence and severity of thrombocytopenia were similar.
No neutropenic sepsis or bleeding was reported.

The level of marrow toxicity was clearly related to the dose
of thiotepa, but not to the dose of ethacrynic acid (Table 3).
Analysis of granulocyte toxicity by an examination of the
percentage of change in granulocytes from pretreatment to
nadir values, showed a significant increase in toxicity from
thiotepa, 30 to 55 mg/nr (P = 0.016). A similar analysis of
platelet toxicity showed a borderline significant relationship
with dose (P = 0.092).

The only other major adverse effect was vomiting, which
occurred in 2 of 20, 4 of 19, and 2 of 11 courses at 30, 40, and
55 mg/m2, respectively. This level of emesis (16%) is not trivial

for a drug generally considered to be of low emetogenic poten
tial. Its incidence and severity were comparable to that observed
in our previous study of thiotepa alone (13). As before, no
alopecia, mucosal, or neurological effects were identified at
these thiotepa doses.

Thiotepa Pharmacokinetics. The plasma pharmacokinetics of
thiotepa were investigated in 22 patients treated at various dose
levels. The mean pharmacokinetic parameters at the various
dose levels of both thiotepa and ethacrynic acid are presented
(Table 5). The plasma concentration-time curve of thiotepa fit
a 2-compartment open model (Fig. 3). The harmonic mean
terminal half-life was approximately 2 h, and was invariant
with dose. The mean area under the thiotepa concentration-
time curve increased linearly with dose (r = 0.9991) (Fig. 4A).

Mean thiotepa total body clearance varied from 217 to 368
mg/m2. No evidence of dose dependence is present over this

dose range (Fig. 4B). A trend toward increasing clearance with
increasing ethacrynic acid dose is seen (Table 6). Further studies
directed to elucidating the mechanism of this effect are war
ranted. Unlike the findings of Ng and Waxman (20), which
showed higher clearance of thiotepa in male versus female
Fisher rats, our data do not indicate a significant sex-related
difference in humans. The mean clearance (Â±SD) in 6 males
was 207 Â±109 ml/min/nr, and in 16 females it was 287 Â±90
ml/min/m2.

Volumes of distribution were relatively constant over this
dose range. The volume of the central compartment approxi
mated that of extracellular fluid, while the steady state volumes

A Thio-TEPA

D TEPA

-O..,

0.01

Time(hr)

Fig. 3. Representative plasma concentration time cune of thiotepa and TEPA
from a patient treated with thiotepa. 55 mg/m3. The solid line represents the best
fit of the data, using nonlinear regression analysis, and the two-compartment
open model described in "Materials and Methods."

suggest that the drug is distributed through the total body water,
with minimal tissue binding.

Thiotepa Pharmacodynamics. As a guide to future drug dosing
with this combination, relationships between the major phar
macokinetic parameters of thiotepa and TEPA and the degree
of biological effects (change in neutrophil and platelet counts)
were investigated as described in "Materials and Methods." A

significant relationship between the AUC of thiotepa and the
percentage of decrease in platelet counts was identified (P =
0.042). The relationship was best described with an exponential
model of the form:

>â€¢= 100(1 - <>-*AUi)

where y is the percentage of decrease in platelets, and the value
of the constant A:was 0.047 (Fig. 5). The AUC of thiotepa was
also related to the neutrophil toxicity, although less markedly
so (P = 0.21). Neither the AUC of TEPA nor the combined
AUC of TEPA plus thiotepa, correlated significantly with any
index of hematological toxicity.

Tepa Pharmacokinetics. We measured plasma concentrations
of the metabolite TEPA at intervals after thiotepa administra
tion. A typical concentration-time curve for both thiotepa and
TEPA is shown in Fig. 3. TEPA levels increase to a maximum
at a mean of 2.16 h, then decrease exponentially with a terminal
half-life of 5.01 to 20.6 h (harmonic mean, 10.4 h). TEPA
pharmacokinetic parameters are presented (Table 7). The AUC
of TEPA did not, however, increase with dose: mean values
were 29.2, 22.9, and 19.4 ^M-h at thiotepa doses of 30, 40, and

Table 5 Pharmacokinetics of thiotepa with ethacrynic acid
Values are mean Â±SE except where indicated

Dose (mg/m2; thiotepa/ethacrynicacid)AUC(nmol

x h/ml)
Harmonic Â«i . min(range)Harmonic

ji fÂ»,min(range)CilÂ«,

ml/min/m!
Volume of distribution,liters/m2y,

yÂ»VÂ»30/25

n =511.32Â±

2.81
3.88

(1.68-13.2)
92.4

(43.1-230)
291.2Â±63.9210.77

Â±3.32
42.82 Â±4.62
35.14 Â±4.7130/50

n =3'
11.57 Â±2.76

5.10
(4.67-5.55)

107.8
(87.3-154)

265.9 Â±73.3111.81

Â±0.73
40.30 Â±6.90
35.23 Â±4.6740/50

n =316.83

Â±2.58
7.12

(4.92-9.49)
121.2

(102-157)
224.8 Â±33.9510.64

Â±1.11
37.91 Â±3.06
32.00 Â±2.4640/75

n =312.72

Â±1.33
6.27

(4.70-12.2)
122.5

(121-124)
282.7 Â±27.2410.35

Â±1.59
49.90 Â±4.67
39.39 Â±4.0455/50

n =624.27

Â±4.34
9.23

(6.95-15.3)
142.6

(102-319)
226.9Â±31.6113.29Â±

1.39
47.44 Â±1.67
39.11 Â±1.8155/75

n =213.19

Â±0.635.95

(3.44-22.0)
127.2

(111-150)
368.3 Â±17.4525.46

Â±17.65
69.64 Â±13.66
58.56 Â±13.32
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Fig. 4. Plot of (A) thiotepa plasma AUC versus thiotepa dose (r = 0.9991 ); (B)
thiotepa total body clearance versus thiotepa dose; and (C) ratio of TEPA AUC
to thiotepa AUC versus thiotepa dose. Points, mean at each thiotepa dose level;
bars. S.E.

Table 6 Clearance (in ml/min/m1) of thiotepa at various doses as a function of

ethacrynic acid <EA)dose
Dose of thiotepa (mg/m2)

DoseofEA(mg/m2)25

50

7530291

(5)"

266
(3)40217

(1)
225
(4)
283
(3)55227

(6)
368(2)

' Numbers in parentheses, number of patients.

55 mg/m2, respectively, resulting in a decrease in the AUC

ratio of TEPA to thiotepa with increasing thiotepa dose (Fig.
4C). These data, which imply that conversion of thiotepa to
TEPA is capacity limited, are consistent with our previous
observations in this dose range (13). These data also suggest an
effect of ethacrynic acid on the conversion of thiotepa to TEPA.
The values for TEPA AUC are considerably lower than those
obtained without ethacrynic acid at these doses (13). The AUC
of TEPA was greatest at the lowest ethacrynic acid dose (also
the lowest thiotepa dose). At doses greater than 25 mg/m2, the

TEPA AUC was constant, suggesting that any effect of etha
crynic acid upon this pathway of thiotepa metabolism is maxi
mal at the standard clinical dose. In two patients treated at 25
mg/m2, the AUC of TEPA was higher, but still less than that
observed without ethacrynic acid, which may indicate a sub-
maximal effect of ethacrynic acid at this dose.

DISCUSSION

Accumulating evidence indicates that resistance to cytotoxic
drugs may be multifactorial. Human tumor cell lines with
acquired resistance may have increased expression of several
proteins that protect cells from structurally unrelated toxins.
Batist et al. (21) described a human breast cancer cell line
selected for resistance to doxorubicin in which both increased

1001

_a
JS 60
IX

o
M
n 40

20-

% A in platelets = 100(l-e'OM'AUC)

10 15 20 25 30 40 50

Thio-TEPA AUC (nmol x hr/ml)

Fig. 5. Plot of percentage of change in platelets versus thiotepa plasma AUC.
The inset equation indicates the value of Aobtained following nonlinear regression
analysis using the exponential model described (r - 0.376).

Table 7 Pharmacokinetics of TEPA derived from thiotepa
Dose (mg/m2; thiotepa/ethacrynicacid)AUC,

nmol Xh/mlPeak

concentrationsftaTime

to peak,hTerminal

harmonichalf-life,
h(range)TEPAAUC/thiotepaALr30/25

n =r41.4(20.5-62.3)2.19(2.16-2.23)1.51(1.0-2.02)8.06(5.0-21)5.61(3.89-7.33)30/50n =2"17.1(11.0-23.1)0.77(0.63-0.81)2.0013.0(11-18)1.78(1.77-1.78)40/50n =4"25.6

Â±3.481.06

Â±0.114.00

Â±1.213.3(11-18)1.45

Â±0.0940/75

n =3*20.3

Â±5.151.21

Â±0.391.69

Â±0.179.61(7.8-14)1.56

Â±0.32

1Values are mean (range).
*Values are mean Â±SE.
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expression of the P-glycoprotein and of GSH transferase were
documented. Others have found heterogeneity in, for example,
GSH content in cells derived from solid tumors (22). These
findings suggest that effective treatment of resistant cancers
may require simultaneous reversal of several mechanisms of
resistance. For this and other reasons, pharmacological inter
ventions directed toward these mechanisms should be relatively
nontoxic, and must have in vivo confirmation of their biochem
ical efficacy if not in tumor then in some acceptable surrogate
tissue (23).

In this study we have demonstrated that tolerable doses of
ethacrynic acid, a commonly used diuretic, may be used to
inhibit GSH transferase activity in the cells of treated cancer
patients. At the two highest doses, enzyme activity in peripheral
mononuclear cells declined to below 40% of control, with a
time course that was similar to the diuretic effect. Recovery of
activity was found by 12-24 h following treatment. The dose
of ethacrynic acid selected for further clinical development was
50 mg/m2, since the toxicity of the higher dose was not justified
by an enhanced enzyme-inhibitory effect.

We found considerable interpatient variability in the degree
of enzyme inhibition in peripheral mononuclear cells. The basis
for this is unlikely to lie in pharmacokinetic variability, since
all patients had a brisk diuresis, and the amount of urine
excreted bore no relationship to the extent of transferase inhi
bition. Rather, this variability may reflect the phenotypic diver
sity of GSH transferase expression in peripheral mononuclear
cells: some 40% of the population express only the n isoenzyme,
while the majority express both the Â«and n classes (24). The
50% inhibitory concentration of ethacrynic acid for GSH trans
ferase of human origin varies with isoenzyme class, and is
lowest for n (about 0.3 UM), intermediate for -a (3.3 UM), and

highest for Â«(6.0 /Â¿M)(25). The data of Hansson et al. (26) are
in general agreement with these findings. Other tissues, includ
ing tumors, may vary similarly in isoenzyme phenotype. These
data imply that a knowledge of the predominant phenotype
expressed by the tumor may assist in maximizing the efficacy
of ethacrynic acid when given as a GSH transferase inhibitor.

GSH transferase inhibition may also depend upon ethacrynic
acid metabolism. Ploeman et al. (25) found that the GSH
conjugate of ethacrynic acid is a more potent inhibitor of
isoenzyme classes Mand a, but not of TT.Ethacrynic acid may
also bind covalently to GSH transferases (27), but the reversi
bility of inhibition demonstrated by Ploeman et al. (25) indi
cates that covalent binding plays but a small part in enzyme
inhibition. However, the molecular species responsible for the
diuretic effects remains to be elucidated. Extensive metabolism
of the drug to GSH adducts, mercapturates, and cysteine deriv
atives, is documented in dogs and rats (28). The pathways of
drug metabolism, and the kinetics and cellular effects of metab
olites remain to be clarified in humans, and will be addressed
in an on-going clinical trial.

Sensitization of normal bone marrow cells must also be
considered relative to its impact upon the therapeutic index.
Our previous study of thiotepa as a single agent yielded a Phase
II dose of 65 mg/m2. In a subsequent Phase II trial in ovarian
cancer a dose reduction to 55 mg/m2 was required, probably a
reflection of the impact of prior treatment with marrow-dam
aging agents (29). Similarly, the population studied in this
Phase I trial was quite heavily pretreated (with a median of 1.5
different chemotherapy regimens), so the toxicity of thiotepa
with ethacrynic acid seems to be equivalent to that of thiotepa
as a single agent.

Consideration of the pharmacokinetics, however, might in
dicate that thiotepa toxicity should be increased by ethacrynic
acid. In combination with ethacrynic acid, thiotepa plasma
clearance was about one-half of that measured at equivalent

thiotepa doses in our single agent study. Since the total clear
ance of thiotepa far exceeds creatinine clearance, an effect of
ethacrynic acid upon the metabolic disposition of thiotepa is
likely to account for observed alterations in total plasma clear
ance. However, how these effects at a kinetic level relate to
toxicity at a pharmacodynamic level is far from clear. Cohen et
al. (30) have shown that tumor cells grown in vitro vary in
sensitivity to thiotepa and to TEPA based upon their ability to
repair specific DNA lesions. Interindividual variability in sus
ceptibility to DNA damage from thiotepa, TEPA, or more
distal metabolites may be more important determinants of
toxicity to normal tissues than the pharmacokinetics of the
parent compound. Such differences could also account for the
wide interpatient pharmacodynamic variability shown in Fig.
5.

Several additional findings emerged from the pharmacoki
netic investigations. The thiotepa AUC increased linearly with
dose, an observation consistent with our previous Phase I study
(13). In that trial we found a disproportionate increase in AUC
at 65 mg/m2 and above, doses which were studied here. Between
30 and 55 mg/m2 in the previous study, AUC increased in

proportion to dose. However, the values for thiotepa AUC in
combination with ethacrynic acid are some 2-fold those ob
tained with thiotepa alone. Despite this, the maximum tolerated
dose in this study indicates that toxicity was not markedly
increased. These data suggest that ethacrynic acid may have a
pronounced (but not dose related in this range) effect upon the
oxidative desulfuration of thiotepa to TEPA.

The lack of effect upon toxicity implies, however, that addi
tional metabolites of thiotepa may be responsible for its cyto-

toxic effect, which supports suggestions made by others (31,
32). Biotransformation of thiotepa to other active metabolites
may be variably affected by ethacrynic acid, resulting in unpre
dictable effects. As a result, the AUC of thiotepa which pre
dicted granulocyte toxicity in the study of thiotepa alone, was
poorly predictive when ethacrynic acid was used in combina
tion. These data are consistent therefore with the metabolism
of thiotepa to additional unidentified active metabolites, the
kinetics of which are undefined.

It seems clear, however, that conversion of thiotepa to TEPA
is capacity limited in this dose range. As in the single agent
trial, this study showed no relationship between TEPA phar
macokinetics and toxicity. In tumor cell lines in vitro, TEPA is
described as having alkylating activity almost equivalent to that
of thiotepa (33). Presumably, tissue-specific differences in cell
ular kinetics or "detoxification" underlie this observation. Elu

cidation of the phenomenon may be of interest since an exploit
able selective advantage may emerge.

In conclusion, this trial has defined a dose of ethacrynic acid
that produces GSH transferase inhibition in the cells of treated
patients. Phase II trials of this or similar regimens are on-going.

While exploratory trials using ethacrynic acid will be of interest,
reversal of GSH transferase-based drug resistance in the com

mon solid tumors may be optimally achieved by the develop
ment of specific inhibitors directed toward the isoenzyme pat
tern expressed in an individual tumor.
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