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expression of all three classes of GST isozymes, i.e. a,
Over-expression of glutathione S-transferases (GST) m, and p, has been found in resistance of cultured cells

has been found to play a significant role in multiple to antineoplastic agents. Glutathione depletors and
drug resistance in cancer chemotherapy. To combat GST inhibitors have been employed to combat GST-
GST-mediated drug resistance, GST inhibitors are be- mediated drug resistance to cancer chemotherapy.ing studied as potential synergists for effective cancer Buthionine sulfoximine, an inhibitor of GSH synthesis,chemotherapy. We have designed and synthesized a

has been found to resensitize resistant cells to antitu-haloenol lactone derivative as a mechanism-based in-
mor drugs [8, 9]. The GST inhibitors, ethacrynic acidactivator of GST-p isozyme. In the current study, we
[10], piriprost [10], indomethacin [11] and gossypolexamined the inhibitory effect of the haloenol lactone
[12], have been used as synergistic agents of chemo-compound on GST of a human renal carcinoma cell
therapeutic drugs. Ethacrynic acid has been exten-line UOK130 and found that this compound shows
sively investigated for possible employment as a syner-time-dependent GST inhibition in these cancer cells.
gistic agent of chemotherapeutic drugs. This compoundThe enzyme activity lost upon incubation with the ha-
is a widely used diuretic, and it as well as its GSHloenol lactone could not be restored by extensive dial-
conjugate has been found to be a reversible inhibitorysis against buffer. Pretreatment of the cancer cells

with 1.0 mM of haloenol lactone increased cytotoxicity of GST [13-15]. Pretreatment of mammalian cancer cell
induced by cisplatin in the UOK130 cell line. This re- lines with ethacrynic acid increases the cytotoxicity of
port further supports the possibility of synergizing al- mitomycin [16, 17], chlorambucil [18] and melphalan
kylating agents in cancer chemotherapy by use of se- [19]. However, the diuretic function of ethacrynic acid
lective GST inhibitors. q 1997 Academic Press limits its clinical use for chemotherapy.

Recently, we successfully designed and synthesized
a haloenol lactone compound as a mechanism-based
inactivator of GST, and this compound was found toA number of alkylating agents used in cancer chemo-
selectively and irreversibly inhibit the GST-p isozymetherapy have been shown to be deactivated by glutathi-
[20]. The enzyme was inhibited by covalent modifica-one S-transferase (GST). Nitrogen mustards such as
tion of an amino acid residue at the active site by thismelphalan [1-3] and chlorambucil [4] have both been
lactone. Here, we report our recent studies on the inac-shown to form glutathione (GSH) conjugates. Glutathi-
tivation of GST in a human renal carcinoma lineone S-transferases have been found to catalyze the de-
(UOK130) by this haloenol lactone derivative and onnitrosation of the nitrosourea BCNU by formation of a
investigation of the synergistic effect of this compoundS-nitroso GSH conjugate [5, 6]. These enzymes also
with cisplatin in these cells.catalyze the conjugation of GSH with acrolein [7], a

major reactive metabolite of cyclophosphamide.
MATERIALS AND METHODSOver-expression of GST can confer cell resistance to

chemotherapeutic drugs. The relationship between Synthesis. Compound 1, 3-cinnamyl-5(E)-bromoethylidenetetra-
hydro-2-furanone, was synthesized as reported in our earlier paper [20].drug resistance and expression of GST has been stud-

ied extensively in many cancer cell lines. The over- Cell culture. UOK130 human renal cancer cells were grown in
improved minimum essential medium (IMEM) supplemented with
10% fetal bovine serum. Cells were maintained in Corning T75 flasks
and held at 377C in 5% CO2 and 95% air.1 Correspondence.
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blocked by shaking overnight in 5% non-fat dry milk in PBST buffer.
The blotted polyvinylidene difluoride membranes were incubated for
1.0 hr with a 1/500 dilution of polyclonal rabbit antibodies (purchased
from Novocastra Laboratories, Newcastle upon Tyne, UK) raised
against human GST a, m, or p isozymes in PBST buffer (0.2 M sodium
phosphate containing 0.05% Tween-20, pH 7.4) with 3% non-fat milk.
The immunoblots were incubated for 1.0 hr with horseradish peroxi-
dase conjugated goat anti-rabbit IgG antibodies (1/4,000 in PBST
buffer, Sigma). The blotted protein bands were detected by chemilu-
minescence using ECL Western blotting kits (Amersham Interna-
tional plc, England).

RESULTS

Immunoblotting. Glutathione S-transferase iso-
zymes in UOK130 cell line were examined by electro-

FIG. 1. Immunochemical detection of glutathione S-transferase phoresis separation and Western blotting using poly-
isozymes in UOK130 cell homogenates. Immobilon-P transfer mem- clonal antibodies raised against human GST a, m, and
branes blotted with the cell homogenates were incubated with poly-

p isozymes. As shown in Figure 1, a single chemilumi-clonal antibodies raised against GST-p (lane 1), GST-m (lane 2), or
nescent band with molecular weight of 23 kDa wasGST-a (lane 3), followed by detection of chemiluminescence using
observed in the membrane blotted with UOK130 cellECL Western blotting kits.
homogenates, and then incubated with antibodies
against human GST-p isozyme, followed by treatment
with ECL Western blotting kits. However, no chemilu-Growth inhibition studies. Haloenol lactone 1 was dissolved in a
minescent bands were detected by antibodies againstmixture of DMSO and sterile normal saline prior to dilution with

culture medium. The final concentration of DMSO was less than human GST a or m isozyme.
0.1%. Cisplatin stock solution was prepared in sterile normal saline

Inhibition of GST activity. UOK130 cancer cell ho-at 1000 mg/ml and diluted as required. Cells were plated in triplicate
T25 flasks at 10,000 cells/ml. Twenty-four hours after plating, 500 mogenates (3.0 mg/ml protein content) were incubated
ml of sterile stock solution were added to the appropriate flasks to with 320 mM haloenol lactone 1 at 377C, and total GST
achieve final concentrations of 1.0 and 5.0 mM haloenol lactone 1. activity of the resulting homogenate toward CDNB was
Controls received an equal volume of vehicle containing õ0.1%

measured at various times. As shown in Figure 2, aDMSO. The cells were incubated at 377C in 5% CO2 and 95% air.
time-dependent GST activity loss was observed afterAfter four days of continuous exposure to haloenol lactone 1, the cells

were exposed to cisplatin (1.0 mg/ml) for 1 hr. Growth inhibition was
determined by cell counts using a hemacytometer and was calculated
as percent of the controls. Trypan blue dye exclusion was used to
assess viability, which was greater than 95% in all cases.

Kinetics of enzyme inhibition. Cells were lysed by sonication, and
supernatants were obtained by centrifugation of the resulting cell
lysates at 1000g for 30 min. To 300 ml of 07C cell supernatant solution
containing 3.0 mg/ml protein content was added 5 ml of vehicle or 20
mM compound 1 in ethanol. Aliquots were withdrawn for enzyme
activity and the remaining solution was immediately placed in a
water bath for incubation at 377C. Aliquots were withdrawn at 0, 2,
8 and 15 min, and GST activity was determined using spectrophoto-
metric assays described below.

Enzyme assays. Glutathione S-transferase activity was mea-
sured using glutathione and 1-chloro-2,4-dinitrobenzene (CDNB) as
substrates according to the method of Habig [21]. The activity of the
enzyme was determined in a 0.1 M potassium phosphate buffer (pH
6.5) containing 1.0 mM GSH and 1.0 mM CDNB. The rate of product
formation was monitored by measuring the change in absorbance
at 340 nm using a Shimadzu PC-2101 uv-visible spectrophotometer
(Shimadzu Scientific Instruments, Columbia, MD). Enzyme activi-
ties were calculated after correction for nonenzymatic reaction. Spe-
cific activities are based on protein concentrations as determined
using Bio-Rad protein spectrophotometric assay kits.

Electrophresis and immunoblotting. The protein bands resolved
by SDS-polyacrylamide gel electrophoresis (Mini-Protean II, Bio- FIG. 2. Time-dependent inhibition of GST activity of UOK130

cell homogenates by haloenol lactone 1. UOK130 cell homogenatesRad) using 3.3% stacking and 12% resolving gels were transfered
to polyvinylidene difluoride microporous membranes (Immobilon-P (3.0 mg protein contents/ml) were incubated with vehicle (j) or ha-

loenol lactone 1 (l, 320 mM) at 377C. The GST activity was deter-transfer membranes, Millipore) by electroblotter (LKB Novablot elec-
trophoretic transfer kit). After 3.0 hr transfer (43 mA), blots were mined periodically by the Habig method [21].
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vehicle or 1.0 mM compound 1, followed by exposure to
cisplatin or vehicle. As shown in Figure 4, the treat-
ment with 1.0 mg/ml cisplatin alone caused neither cell
death nor GST inhibition. This cell line is insensitive
to cisplatin at low concentration. No cell death was
observed after the cells were exposed to compound 1
(1.0 mM) alone. However, 20% GST activity of these
cells was inhibited in the presence of 1.0 mM compound
1. Not surprisingly, cells died only after they were ex-
posed to a combination of compound 1 and cisplatin.
As expected, almost the same level of GST activity was
lost as that of the cells exposed to compound 1 alone.

DISCUSSION

To develop new drugs to combat GST-mediated drug
resistance to cancer chemotherapy, we have success-
fully designed and synthesized haloenol lactone 1 as a

FIG. 3. Irreversible inhibition of GST activity of UOK130 cell mechanism-based inactivator of GST to synergize al-
homogenates by haloenol lactone 1. UOK130 cell homogenates (3 mg kylating agents in cancer chemotherapy. Haloenol lac-
protein/ml) were incubated with vehicle (open columns) or haloenol tone 1 has shown a potent time-dependent inhibitory
lactone 1 (shaded columns, 320 mM) at 377C for 60 min, followed by

effect on mouse GST-p, and slower inhibition of a and6 changes of dialysis against 0.1 M potassium phosphate buffer (pH
m GST isozymes [20]. In an attempt to develop a good in6.5). The GST activity of cell homogenates were determined before

and after dialysis. vitro system to test the synergistic effect of compound 1
on cytotoxicity induced by alkylating agents, we found
predominant levels of GST-p isozyme in UOK130 es-
tablished from human renal carcinoma (Figure 1). Inthe homogenates were incubated with compound 1, and
addition, this cell line is mild resistant to cisplatin.about 30% of total GST activity remained in 15 min.
Naturally, we employed this cell line as a model of cellIn separate experiments, the cancer cells (10,000
system for our in vitro synergy studies. As expected, acells/ml) were incubated with vehicle or compound 1 at
time-dependent GST activity loss was observed afterconcentrations of 1.0 or 5.0 mM (see Method for details).
the supernatants of UOK130 human cancer cells wereThe resulting cells were harvested by centrifugation
exposed to compound 1. In addition, the GST activityand lysed by sonication. The specific GST activity of
lost in the incubation could not be restored by extensivethe supernatants were determined by measuring GST
dialysis. The time-dependent enzyme inhibition alongactivity toward CDNB and the protein content, and
with irreversible inhibition of GST upon exposure to17% and 28% of GST activity was lost relative to the
compound 1 indicates that the haloenol lactone inacti-control after exposure of the cells to 1.0 mM and 5.0
vates GST through the covalent modification of proteinmM compound 1, respectively.
by the lactone other than the formation of simple Mi-

Irreversible inhibition. To determine irreversible chaelis complex as reversible enzyme inhibition. This
enzyme inhibition, the cell homogenates were incu- is consistent with the assumption that compound 1 in-
bated with 320 mM haloenol lactone 1 or vehicle at 377C activates GST-p by mechanism-based inhibition.
for 60 min, followed by dialysis of 6 changes of 0.1 In addition to the studies of direct exposure of cancer
M potassium phosphate buffer (pH 6.5). The enzyme cell supernatants to compound 1, the human UOK130
activity of the resulting proteins toward CDNB and
protein contents were measured. The specific enzyme
activity was determined by measuring the protein con-
tent and GST activity. As shown in Figure 3, more than
99% GST activity lost in 60 min after the cancer cell
homogenates were incubated with compound 1 relative
to the control. In addition, the extensive dialysis of the
homogenates which had been treated with compound
1 did not recover the loss of GST activity, indicating
irreversible inhibition of GST by compound 1.

Synergistic effect on cisplatin-induced cytotoxicity.
Cisplatin was used to induce cancer cell death. UOK130
cancer cells (10,000 cells/ml) were preincubated with
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FIG. 4. Cytotoxicity and GST inhibition by cisplatin (CDDP, 1.0 mg/ml) and haloenol lactone 1 (HL, 1.0 mM). UOK130 cells pretreated
with vehicle or haloenol lactone 1 at 377C for 2 days were incubated with vehicle or cisplatin. Cell viability (open columns) was determined
by cell counts and the GST activity (shaded columns) of cell homogenates was measured after continuous exposure to haloenol lactone 1
for four days.

cancer cells were incubated with the lactone. As expected, four possible mechanisms responsible for GST-p medi-
ated drug resistance in chemotherapy including (1) theGST activity of cancer cells was inhibited after exposure

of the cells to compound 1. This implies that compound involvement of GST-p in detoxification of alkylating
agents through glutathione conjugation; (2) the seques-1 is stable at physiological pH and able to penetrate the

cell membranes to attack the target enzyme. tration of alkylating agents resulting from binding with
GST-p, (3) the reduction of lipid peroxides by GST-p,Compound 1 at a concentration of 1.0 mM increased

cytotoxicity of cisplatin in the UOK130 cell line with and (4) the reduction of the amounts of DNA peroxides
and the repair of DNA [33].mild resistance to cisplatin. The Western blotting ex-

periments (Figure 1) demonstrated that GST-p is domi- In summary, haloenol lactone 1 showed time-depen-
dent inhibitory effect on GST of human renal cancernant in UOK130 cell line and GST-a and GST-m are

undetectable by the corresponding antibodies. Our cell line UOK130, demonstrating penetration of cellu-
lar membranes and irreversible inhibition of GST. Inearly studies have shown compound 1 selectively inac-

tivates GST-p isozyme. The synergistic effect of com- vitro studies showed that compound 1 increases cyto-
toxicity of cisplatin to UOK130 cancer cells.pound 1 on cisplatin-induced cytotoxicity may be asso-

ciated with GST-p inactivation by compound 1. Ele-
vated expression of GST-p has been reported in a ACKNOWLEDGMENT
variety of human cancer tissues such as gastric cancer,
colon cancer, lung cancer, oral cavity cancer, and uter- This work was partially supported by an Institutional Research
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