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ABSTRACT

Glutathione transferases are enzymes implied in the resistance of
tumor cells to bifunctional alkylating cytostatic drugs. We have investi
gated the effect of the glutathione transferase inhibitor by ethacrynic
acid on the cytotoxicity of melphalan to a human melanoma cell line
(RPMI 8322) with a high level of glutathione transferase activity. Using
l-chloro-2,4-dinitrobenzene as substrate, ethacrynic acid was shown to
inhibit the activity of purified human glutathione transferases, with 50%
inhibition values of 1, 10, and 15 MMfor transferase M (class mu),
transferase <(class alpha) and transferase T (class pi), respectively, all
of which occur in RPMI 8322 cells. Ethacrynic acid at a concentration
of 20 MM,which by itself was noncytotoxic, increased the cytotoxicity of
melphalan to RPMI 8322 human melanoma cells approximately 2-fold.
The induction of DNA interstrand cross-links by 40 MMmelphalan was
increased 1.4-fold by 30 MMethacrynic acid. These results indicate that
a potentiation of the cytotoxic effect of bifunctional alkylating agents can
be achieved by inhibition of glutathione transferases and that the en
hanced cytotoxicity may be caused at least in part by increased formation
of drug-DNA adducts.

INTRODUCTION

Bifunctional alkylating drugs such as melphalan are of con
siderable importance in chemotherapy of malignant diseases.
However, the success of clinical cancer pharmacotherapy is
limited by intrinsic or acquired tumor resistance to cytostatic
drugs (1). Increased intracellular drug inactivation is one mech
anism of resistance of tumor cells to chemotherapeutic drugs.
Conjugation of electrophilic groups in xenobiotics to GSH3 in

reactions mediated by GSTs is the initial step in an important
cellular pathway for inactivation and excretion of toxic com
pounds (2, 3). GSTs are a family of cytosolic isoenzymes, which
can be grouped into three classes according to structural and
catalytic properties: class alpha, class mu, and class pi (4). In
humans both the alpha and the mu classes consist of several
isoenyzmes, whereas the pi class is only known to contain one
enzyme form, GST TT(2, 4).

It is likely that GST-mediated conjugation of bifunctional
alkylating chemotherapeutic drugs to GSH in some cases con
tributes to tumor cell resistance to such agents. Thus, it has
been shown that the bifunctional alkylating drug melphalan can
be conjugated to GSH in vi'.ro in a GST-mediated reaction (5).

In addition, it has been demonstrated that several tumor cell
lines with acquired drug resistance following exposure to bi
functional alkylating drugs have increased GST activities (6-
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18). For example, elevated class alpha GST activities have been
found in rodent cell lines resistant to chlorambucil (6-8, 10,
11) and nitrogen mustard (6-8). Likewise, increased GST class
pi activities have been demonstrated in human tumor cell lines
resistant to mitomycin C (12), melphalan (13), c/s-DDP (14,
15) and doxorubicin (16). Direct evidence that increased expres
sion of class pi GST is sufficient to induce drug resistance was
recently obtained with the demonstration that transfection of
the human GST TTgene into drug sensitive 3T3 mouse fibro-
blasts resulted in increased resistance to doxorubicin (but not
to alkylating agents or c/s-DDP) (19). Also, expression of
transfected GST genes of the alpha, mu, and pi classes conferred
moderate but significant levels of resistance to chlorambucil,
melphalan, m-DDP, and dexorubicin to cultured mammalian
cells (20).

Further evidence for the relevance of high GST activity to
resistance of human tumors to chemotherapeutic drugs derives
from the finding that increased expression of GST is a charac
teristic of many malignant tumors. Especially, the class pi GST
is frequently elevated, and has been proposed as a useful marker
of neoplasia (21). High levels of class pi GST have been found
in biopsies of many types of human solid tumors (22-29),
including melanoma mÃ©tastases(26, 29, 30).

Since considerable evidence thus implicates increased GST
activity as a mechanism contributing to tumor cell resistance
to cancer chemotherapeutic drugs, it is of interest to investigate
the possibility of sensitizing drug-resistant cells by inhibiting
GST. The diuretic drug ethacrynic acid interferes with GST-
mediated GSH conjugation by two related mechanisms: (a)
ethacrynic acid acts as a direct inhibitor of GST activity (31);
(b) ethacrynic acid is also a substrate for GST-mediated GSH

conjugation (32, 33). As a consequence, cellular GSH levels are
reduced by treatment with ethacrynic acid (31, 34-36), which
may result in a further impairment of GST-mediated GSH
conjugation.

The human melanoma cell line RPMI 8322 is resistant to
melphalan, compared to normal human lymphocytes (37, 38),
and has a high cellular content of GSH (38, 39) and a high
level of GST activity (30). We have previously demonstrated
that GSH conjugation is likely to contribute to the compara
tively low sensitivity of this cell line to bifunctional alkylating
agents, since reduction of the GSH content by treatment with
the GSH synthesis inhibitor buthionine sulfoximine sensitized
RPMI 8322 cells to nitrogen mustard and melphalan (39). In
the present study we have investigated the possibility of sensi
tizing RPMI 8322 cells to melphalan with the GST inhibitor
ethacrynic acid.

MATERIALS AND METHODS

Cells. RPMI 8322, a cell line established from a human melanoma
metastasis (40), was kindly provided by Professor A. Espmark, National
Bacteriological Laboratory, Stockholm, Sweden. Cells were cultured in
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Eagle's minimal essential medium with Earle's salts (Flow Laborato

ries, Rickmansworth, United Kingdom), supplemented with 2 mM L-
glutamine, 10% PCS, 125 ID/ml benzylpenicillin, and 125 Mg/ml
streptomycin. LI210 mouse leukemia cells were cultured in RPMI
1640 medium with 4-(2-hydroxyethyl)-l-piperazineethanesultbnic acid
buffer (Flow Laboratories), supplemented with 2 mM L-glutamine, 10%
FCS, 125 lU/ml benzylpenicillin. and 125 /ig/ml streptomycin.

Enzymes. GST < (representing class alpha) and GST n (class mu)
were isolated from human liver (41) and GST ir (class pi) from placenta
(42) by use of affinity chromatography on immobilized S-hexylgluta-
thione and chromatofocusing.

Drugs and Chemicals. Melphalan was obtained as a sterile powder
from the Wellcome Foundation Ltd., London, United Kingdom. Stock
solutions were prepared by dissolving 100 mg of melphalan in 1 ml
92% ethanol with 2% HC1, and diluting with 9 ml of sterile 60%
propylene glycol with 1.2% dipotassium hydrogen phosphate. These
stock solutions were immediately frozen at â€”70Â°Cin aliquots of 2 mg
melphalan, and were renewed every' 3 months. Immediately before drug

incubation an aliquot was further diluted in cell culture medium without
FCS to the desired drug concentrations. Ethacrynic acid was obtained
from Merck. Rahway, NJ, and CDNB from Fluka AG, Buchs, Swit
zerland. [mÃ‰-rA.y/-"'C]Thymidine(60 mCi/mmol, 50 ^Ci/ml) and
{methyl-3H]-
thymidine (5 Ci/mmol, 1 mCi/ml) were obtained from the Radiochem-
ical Centre, Amersham, United Kingdom.

Assay of GST Activity. GST activity was measured with CDNB as
substrate. The assay was based on the reaction between CDNB (1 mM)
and GSH (1 m\i) in a 1-ml reaction system containing 0.1 M sodium
phosphate buffer (pH 6.5) at 30Â°C.The reaction was started by the

addition of enzyme and was monitored spectrophotometrically at 340
nm (43). The inhibitory effect of ethacrynic acid on the catalytic activity
was studied by comparing the reaction rates in the presence and absence
of ethacrynic acid. The concentration of inhibitor giving 50% inhibition,
the ICsovalue, was determined by interpolation from plots of remaining
activity versus inhibitor concentration.

Drug-induced Cytotoxicity. Drug-induced cytotoxicity was measured
as the inhibition of colony formation. Appropriate numbers of cells
were seeded into 6-cm-diameter Petri dishes in 4 ml Eagle's minimal

essential medium with 10% FCS and 2 ITIML-glutamine and were
allowed to attach to the bottom overnight. The cells were exposed to
drug(s) for 30-45 min in medium without FCS. The cells were then
grown in drug-free fresh medium with 10% FCS and 2 mM L-glutamine
for 14 days to produce colonies of appropriate size. The dishes were
rinsed with phosphate-buffered saline, fixed with formaldehyde, and
stained with Giemsa. Colonies containing at least 50 cells were counted.
The cell survival for each drug dose was calculated as the ratio of the
plating efficiency in dishes containing drug-treated cells over the plating
efficiency in control dishes with untreated cells.

Melphalan-induced DNA Interstrand Cross-Linking. The alkaline
elution technique developed by Kohn et al. (44) was used with minor
modifications, as previously described (39). The DNA of RPMI 8322
melanoma cells was labeled by growing cells in medium containing
[l4C]thymidine (1-2 ^Ci/ml) for 24 h. The DNA of L1210 cells, to be

used as an internal standard in the assays, was similarly labeled by
growth in medium containing ['Hjthymidine ( 1Â¿iCi/ml).The melanoma

cells were then incubated for 30 min with various concentrations of
melphalan in cell culture medium without FCS. In some experiments
the cells were preincubated with ethacrynic acid for 15 min, and then
exposed to melphan for 30 min in the presence of ethacrynic acid. Since
the formation of DNA interstrand cross-links by melphalan in RPMI
8322 cells is a delayed process (38, 45), the cells were incubated for 6
h after drug treatment in drug-free medium with 10% FCS before
analysis of DNA cross-linking. RPMI 8322 cells were then irradiated
with 6 Gy and LI210 cells with 3 Gy. During and after irradiation the
cells were kept on ice in cold phosphate-buffered saline with 2% FCS
to prevent repair of X-ray-induced DNA strand breaks. Melanoma cells
and LI210 cells (approximately 0.2 x IO6 cells of each type) were

mixed and collected on polycarbonate filters (pore size, 2 urn, diameter,
25 mm, Nucleopore Corp., Pleasanton, CA). The cells were lysed with

2% Sarkosyl-0.02 M EDTA (pH 9.5), and treated with 0.5 mg/ml
proteinase K for 1 h. The DNA was then eluted with a 0.02 M EDTA-
0.1% Sarkosyl solution, adjusted to pH 12.1 with tetraethylammonium
hydroxide (39). The elution was performed for 16 h at a rate of 0.035
ml/min. and the eluate was collected in fractions. The fraction of 14C-

labeled DNA from melanoma cells that was retained on the filter when
25% of the 3H-labeled DNA from internal standard LI210 cells re

mained on the filter was determined for each sample. The amount of
DNA interstrand cross-links was then calculated from the formula (44):

CLF = - I

where CLF is the cross-linking factor and r and r,, are the fractions of
'"C-labeled DNA retained on the filter from drug-exposed irradiated

cells and irradiated control cells, respectively. By multiplying CLF with
the X-ray dose used (6 Gy), the amount of DNA interstrand cross-links
is expressed as Gy equivalents.

RESULTS

Inhibition of GST Isoenzymes by Ethacrynic Acid. Previous
investigations have shown that ethacrynic acid inhibits the GST
activity of crude extracts of rat hepatocytes (31) and rat and
human tumor cell lines (36). In these studies the relative sen
sitivities of individual Â¡soenzymesof GST to ethacrynic acid
were not investigated. We therefore studied the inhibitory effect
of ethacrynic acid on the catalytic activity (with CDNB as
substrate) of purified human GSTs representing the three
classes of isoenzymes. While ethacrynic acid inhibited the ac
tivity of each of the isoenzymes, they differed markedly in
sensitivity to the drug (Fig. 1). The class mu GST (GST n) was
most sensitive to ethacrynic acid, with IC5U= 1 /Â¿M,while the
class alpha (GST t) and pi (GST TT)isoenzymes had IC50values
of 10 and 15 UM,respectively.

Effect of Ethacrynic Acid on Melanoma Cell Survival. It has
been demonstrated that high concentrations of ethacrynic acid
may be cytotoxic to human tumor cells (36). In order to find a
nontoxic dose suitable for studies of potentiation of melphalan
cytotoxicity, we investigated the effect of a 45-min incubation
with various concentrations of ethacrynic acid on survival of
RPMI 8322 melanoma cells (Fig. 2). Exposure to 20 ^M ethac
rynic acid did not reduce cell survival, as measured by colony-
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Fig. 1. Inhibition of purified human GST isoenzymes by ethacrynic acid. The
inhibition by different concentrations of ethacrynic acid of the catalytic activities
of purified human GST isoen/ymcs representing class alpha (GST <)>class mu
(GST /j). and class pi (GST -a)was assayed with CDNB as substrate.
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Fig. 2. Effect of ethacrynic acid on the survival of human melanoma cells.
RI'MI 8322 melanoma cells were incubated with various concentrations of
ethacrynic acid for 45 min. and cell survival was assayed by inhibition of colony
formation, as described in "Materials and Methods." Points, mean values of 7

separate experiments: bars. SEM.
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Fig. 3. Potentiation of melphalan cytotoxicity by ethacrynic acid. RPMI 8322
cells were preincubated for 15 min with 20 MMelhacrynic acid, and then incubated
with various concentrations of melphalan for 30 min in the presence of 20 MM
ethacrynic acid (â€¢).Parallel cell cultures were treated with melphalan only (O).
Cylotoxicity was assayed by inhibition of colony formation. Points, mean values
of 2-5 separate experiments; bars. SEM.

forming ability, while higher concentrations were increasingly
cytotoxic.

Potentiation of Melphalan Cytotoxicity and DNA Cross-Link
ing by Ethacrynic Acid. Since 20 nM ethacrynic acid was non-
toxic to RPMI 8322 cells, we chose this dose for investigations
of the possibility of potentiating melphalan cytotoxicity by
inhibiting GST activity. The toxicity of melphalan was en
hanced approximately 2-fold by 20 /Â¿Methacrynic acids, as
estimated from the slopes of cell survival curves (Fig. 3). To
investigate whether the potentiation of melphalan cytotoxicity
was due to increased induction of DNA damage, we measured
the effect of ethacrynic acid on melphalan-induced DNA inter-
strand cross-linking. Addition of 20 nM ethacrynic acid had
little effect on the induction of DNA cross-links by melphalan,
as measured by alkaline elution (data not shown). We therefore
studied the effect of a slightly higher dose of ethacrynic acid.
The presence of 30 /uMethacrynic acid for 15 min before and
during a 30-min exposure to 40 n\\ melphalan increased the
induction of DNA interstrand cross-links approximately 1.4-
fold (Fig. 4). Although this concentration of ethacrynic acid is
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Fig. 4. Potentiation of melphalan cross-linking by ethacrynic acid. RPMI 8322
cells were preincubated with 30 MMethacrynic acid for 15 min. and then incubated
with 10 or 40 MMmelphalan for 30 min in the presence of 30 MMethacrynic acid
(â€¢).Parallel cell samples were treated with melphalan only (O). Cells were then
incubated in fresh drug-free medium for 6 h before DNA inlcrstrand cross-lining
was measured with alkaline elution. Points, mean values of 3 experiments; bars,
SEM.

somewhat toxic to RPMI 8322 cells, reducing the colony-
forming ability to 65% (Fig. 2), no induction of DNA strand
breaks was detected by alkaline elution. Thus the measurements
of melphalan-induced DNA interstrand cross-links are unlikely
to be biased by DNA strand breaks associated with ethacrynic
acid cytotoxicity.

DISCUSSION

The primary aim of this investigation was to study the pos
sible importance of GST-mediated GSH conjugation for tumor
cell resistance to bifunctional alkylating agents. In addition, we
wanted to find out whether the GST inhibitor ethacrynic acid
may be useful as a sensitizer of resistant tumor cells to such
drugs. In this study we used the human melanoma cell line
RPMI 8322 which is comparatively resistant to melphalan (37,
38) and has a high level of GST (30). The finding that a nontoxic
dose of ethacrynic acid (20 UM) gives a 2-fold potentiation of
melphalan cytotoxicity (Fig. 3) indicates that GST-mediated
GSH conjugation probably is of importance for cellular resist
ance to this drug. Our results are in general agreement with the
findings of Tew et al. Â¡36),who studied the potentiation by
ethacrynic acid of chlorambucil cytotoxicity in tumor cell lines.
These investigators found that ethacrynic acid significantly
potentiated the cytotoxic effect of chlorambucil on a human
colon carcinoma cell line with high bulk GST activity, while a
much smaller effect was seen with another colon carcinoma cell
line with lower GST activity.

Measurements of ethacrynic acid inhibition of the catalytic
activities of purified human GST isoenzymes showed that 20
UM ethacrynic acid efficiently inhibited class mu GST. Partial
inhibition of the catalytic activities of class alpha and class pi
isoenzymes was obtained (Fig. 1). The major part of the GST
activity of RPMI 8322 cells can be accounted for by high levels
of a class pi isoenzyme (30). High expression of class pi GST
has been linked to resistance to melphalan (13) and to other
cross-linking agents (12, 14, 15) in several cell lines. We there
fore consider it possible that the partial inhibition of GST class
pi activity observed at 20 (Â¡Methacrynic acid contributes to the
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potentiation of melphalan toxicity in RPMI 8322 cells. How
ever, inhibition of GST enzymes of the alpha and mu classes
recently identified in this cell line4 may be equally important.

It is also possible that a reduction in cellular GSH content
by ethacrynic acid (31, 34-36) may contribute to the sensitiza-
tion to melphalan, since inhibition of GSH synthesis by bu-
thionione sulfoximine increases the toxicity of melphalan to
RPMI 8322 cells (39). Piriprost, an inhibitor of lipoxygenase,
a key enzyme in leukotriene synthesis, also inhibits partially
purified cytosolic GSTs (46, 47). It has been demonstrated that
piriprost inhibits GST activity in rat and human tumor cells,
and sensitizes these cells to chlorambucil, without lowering the
cellular GSH concentrations (36). Similarly, the cyclooxygen-
ase inhibitor indomethacin inhibits class alpha GST purified
from drug-resistant Chinese hamster ovary cells, and sensitizes
these cells to chlorambucil (48). These findings indicate that
inhibition of GST activity without concomitant depletion of
cellular GSH can be sufficient to sensitize cells with high GST
levels to bifunctional alkylating agents.

We studied the effect of ethacrynic acid on the induction of
DNA interstrand cross-links by melphalan to find out whether
the sensitizing effect of ethacrynic acid was caused by increased
DNA damage due to reduced drug inactivation. Ethacrynic acid
at a concentration of 30 ^M increased the formation of DNA
interstrand cross-links by 40 pM melphalan 1.4-fold (Fig. 4).
Therefore, increased induction of drug-DNA adducts partially
accounts for the sensitizing effect of ethacrynic acid. However,
since no significant effect on DNA interstrand cross-linking
was seen despite the 2-fold potentiation of melphalan toxicity
by 20 UMethacrynic acid, other factors are likely to contribute
to the sensitization. One possible effect of ethacrynic acid could
be to inhibit repair of drug-DNA adducts by reducing the
cellular GSH levels. It has thus been shown that depletion of
cellular GSH by buthionione sulfoximine reduced c/s-DDP-
induced DNA repair synthesis in a resistant ovarian carcinoma
cell line and sensitized the cells to cw-DDP (49). It was sug
gested that the effect of lowered GSH levels on DNA repair
synthesis is caused by reduced DNA polymerase activity either
by a direct enzyme inhibition or by a decrease in available
deoxyribonucleotide triphosphates. This is in apparent contra
diction to our earlier finding that buthionione sulfoximine
treatment does not affect the rate of removal of nitrogen mus
tard-induced DNA interstrand cross-links in RPMI 8322 cells
(39). However, since we measured reversal of DNA cross-links,
which is likely to be an early step in the excision repair pathway,
any effect of GSH depletion on the synthesis of repair patches
by DNA polymerase (presumably a later step) would not have
been detected in our investigation.

Irrespective of their mechanism of action, it is of interest to
consider whether ethacrynic acid and similar drugs may be
clinically useful by sensitizing drug-resistant tumors with high
levels of GST to chemotherapeutic drugs. Some recent reports
suggest that this may be the case. For example, a preliminary
report shows that ethacrynic acid can sensitize some human
leukemia, lymphoma, and myeloma cells to nitrogen mustard
and doxorubicin (50). In that study the in vitro effects of the
drugs on fresh tumor cell samples were investigated. Thus, the
ability of ethacrynic acid to potentiate the effect of alkylating
drugs on human tumor cells is not limited to established cell
lines. In another recently reported investigation significantly
increased regrowth delay of human colon cancer xenografts in

' Unpublished results.

mice was obtained by adding ethacrynic acid to treatment with
melphalan (51 ). This indicates that ethacrynic acid can sensitize
tumor cells to in vivo treatment with melphalan. The finding
that ethacrynic acid preferentially inhibits class mu GST (Fig.
1) raises the possibility that this drug might be particularly
useful in combination with chloroethylnitrosoureas. Some re
cent findings implicate class mu GST isoenzymes in resistance
to such drugs. Thus, a specific increase in the activity of class
mu GST was seen in a rat brain tumor cell line selected for
resistance to l,3-bis(2-chloroethyl)-l-nitrosourea (17, 18). It
was further demonstrated that l,3-bis(2-chloroethyl)-l-nitro-
sourea is inactivated by a denitrosation reaction catalyzed by
class mu GST, and that the effect of the drug could be aug
mented by inhibitors of GST (18). If it can be shown that a
corresponding class mu GST-mediated reaction operates in
human tumors resistant to chloroethylnitrosoureas, combina
tion chemotherapy with ethacrynic acid would potentially be of
clinical value.
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