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ABSTRACT. The drug disulfiram (DSF, Antabuse@) has been used in the therapy of alcohol abuse. It is a 

potent inhibitor of aldehyde dehydrogenase. Its reduced form, diethyldithiocarbamate (DDTC), and further 

metabolites show similar activities. DSF and DDTC have also been widely used to inhibit mixed-function 

oxidases. In this study, the reversible inhibition and time-dependent inactivation of the major rat and human 

glutathione S-transferase (GST) lsoenzymes by DSF and DDTC was investigated. Reversible inhibition, using 

l-chloro-2,4-dinitrobenzene as substrate for the GST alpha-, mu-, and pi-class, expressed as I,, (in FM), ranged 

from 5-18 (human Al-l), 43-57 (rat 4-4) and 66-83 (rat l-l), for both DSF and DDTC. The I,,, for rat GST 

theta, using 1,2-epoxy-3-(p-nitrophenoxy)-propane as substrate, was 350 FM for DDTC. The other GSTs were 

significantly less sensitive to inhibition. The major part of reversible inhibition by DSF was shown to be due to 

DDTC, formed rapidly upon reduction of DSF by the glutathione (GSH) p resent in the assay to measure GST 

activity. The oxidized GSH formed upon reduction of DSF might also have made a minor contribution to 

reversible inhibition. The rat and human pi-class was, by far, the most sensitive class for time-dependent 

inactivation by DSF, but no such inactivation was observed for any of the GSTs by DDTC. Moderate suscep- 

tibility to inactivation by DSF of all the other GSTs was observed, except for human A2-2, which does not 

possess a cysteine residue. Consistent with the assumption that a thiol residue is involved in this inactivation, 

a significant part of the activity could be restored by treatment of the inactivated GST with GSH or 

dithiotreitol. BKXHEM PHARMACOL 52;2:197-204, 1996. 
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Disulfiram (Antabuse@) has been used in the treatment of 
alcohol abuse for more than 40 years [l]. The combined 
intake of disulfiram and ethanol provokes an unpleasant 
reaction (associated with nausea and vomiting), which is 
the basis of its therapeutic use. After oral ingestion, disul- 
firam is rapidly absorbed from the human gastrointestinal 
tract [2]. Although a small part of the drug is already re- 
duced in the stomach, the major fraction of disulfiram is 
rapidly reduced to its monomer DDTC” after absorption 
into the blood [3-61. Next, DDTC undergoes further me- 
tabolism that involves S-methylated compounds [7], S- 
glucuronides [8], some minor glutathione conjugates [9], 
and the formation of carbon disulfides [2]. Moreover, disul- 
firam has been shown to form mixed disulfides with pro- 
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teins [2]. The potent inhibition of the liver mitochondrial 
low-K,,, form of aldehyde dehydrogenase by disulfiram and 
its metabolites results in a dramatic rise in the concentra- 
tion of acetaldehyde after alcohol ingestion, which is con- 
sidered to account for most of the symptoms observed dur- 
ing treatment with disulfiram [1, 2, lo]. In particular, the 
methyl-N,N-diethylthiocarbamoyl sulfoxide and its corre- 
sponding sulfone metabolites of disulfiram have been iden- 
tified as the most potent inhibitors of the low-K, form of 
aldehyde dehydrogenase [9, 111. 

Disulfiram and DDTC have also been used as inhibitors 
of cytochrome-P450 enzymes for more than 20 years [12, 
131. The biotransformation reactions undergone by xeno- 
biotics can be conveniently divided into two major classes: 
phase-I reactions, in which oxidation, reduction, and hy- 
drolysis reactions often serve to provide a chemical handle 
on the xenobiotic molecule, to which a hydrophilic group 
can be conjugated in the phase-11 reaction [14]. Cyto- 
chrome-P450 enzymes are an integral part of the enzyme 
system catalyzing these phase-I reactions [15]. Because of 
the crucial role played by P45Os in biotransformation reac- 
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tions, inhibitors such as disulfiram and DDTC have been 
useful in studying its function in the metabolism of xeno- 
biotics in viva [16, 171 and in vitro [18]. 

The multigene family of glutathione S-transferases 
(GSTs; EC 2.5.1.18) is an important enzyme system in- 
volved in the conjugation of electrophilic compounds with 
GSH, a typical phase-II reaction [19, 201. Supplementing 
the diet of mice with disulfiram induced GST activity to a 
slight extent in cytosols of several organs upon prolonged 
exposure [21-231. On the other hand, although extensive 
lists of both reversible and irreversible acting inhibitors of 
GST isoenzymes have been published [19, 241, to our 
knowledge the direct-acting inhibitory potential of disulfi- 
ram and DDTC on GST has not yet been studied in detail. 
In this paper, we describe a series of experiments designed 
to determine the inhibitory capacity of disulfiram and 
DDTC on GSTs, using purified isoenzymes of rats and hu- 
mans. 

MATERIALS AND METHODS 
Chemicals 

Disulfiram (tetraethylthiuram disulfide, 1,2-epoxy-3-(p- 
nitrophenoxy)-propane (EPNP), CDNB, and GSSG were 
purchased from Sigma Chemical Co. (St. Louis, MO, 
U.S.A.). DDTC (diethyldithiocarbamic acid, sodium salt, 
trihydrate, p.a.), and DTT were obtained from Acres 
Chimica (Geel, Belgium). GSH was purchased from Boeh- 
ringer (Mannheim, Germany). 

GST Purification 

GST isoenzymes were purified from liver, kidney (rat GST 
7-7) and placenta (human GST Pl-1) using affinity chro- 
matography (S-hexylglutathione-Sepharose 6B), as de- 
scribed previously [25]. The separation of the different iso- 
enzymes was achieved by chromatofocusing on polybuffer 
exchanges (Pharmacia, Uppsala, Sweden), as previously de- 
scribed [26]. The rat recombinant GST 5-5 was purified 
from a culture of E. coli JM 105 containing the pKK233-2 
plasmid with the GST 5-5 construct, as previously de- 
scribed [27]. Purity was confirmed by HPLC analysis [28] 
and isoelectric focusing [25]. 

Inhibition Studies 

Inhibition was determined by mixing in the cuvettes of the 
enzymic assay to a final concentration of 10 nM GST Pl-1, 
20 nM Mla-la, 25 nM l-l, 3-3, and Al-l, 50 nN 2-2, 4-4, 
5-5, 7-7, and A2-2 with at least 6 concentrations (in trip- 
licate) in the concentration range of 5-100 FM and 
5-2100 PM, for disulfiram and DDTC, respectively. Stock 
solutions of disulfiram were made in acetone, resulting in a 
constant final concentration of 2.5% acetone (v/v) in the 
blank and all other incubations. The maximal solubility 
reached for disulfiram was 100 PM. Reversible inhibition 

was also studied with 0.1 and 1 mM GSSG with the same 
enzyme solutions (in triplicate). 

The K,-values for disulfiram using the rat GST isoen- 
zymes were measured with either GSH or CDNB held con- 
stant at 1 mM, while the concentration of the other sub- 
strate was varied. Four different inhibitor concentrations of 
disulfiram (range lo-100 FM) were used, resulting in at 
least 16 independent assays to calculate the K,. In the case 
of the theta-class GST 5-5, the substrates were held at a 
constant concentration of 0.5 mM and 5 mM, for EPNP 
(see below) and GSH, respectively. The mechanism of in- 
hibition was determined graphically from Lineweaver- 
Burke and Hanes-Woolf plots. 

The time-dependent inactivation of the GSTs by disul- 
firam and DDTC was studied by the incubation of 1 FM 
GST isoenzyme with 50 p,M disulfiram at 25°C in 0.1 M 
potassium phosphate buffer pH 7.4 (incubations were per- 
formed in triplicate). Samples were drawn from the incu- 
bation and assayed immediately for GST activity (see be- 
low; final concentration of 20 nM GST and 1 FM disulfi- 
ram in the assay). The catalytic activity of GST (1 FM), 
inactivated with disulfiram (50 FM; 133 min), was moni- 
tored after the addition of GSH (to a final concentration of 
20 mM) and, finally, DTT (to a final concentration of 50 
mM). For GST 5-5 and 7-7, time-dependent inactivation 
was also studied in the presence of 2.5 mM GSH. 

Cjlutathione S-transferase Assay 

The activity of individual alpha-, mu-, and pi-class GST 
isoenzymes was determined with 1 mM GSH and 1 mM 
CDNB as second substrate at 25°C in 0.1 M potassium 
phosphate buffer pH 6.5, using the spectrophotometric 
method of Habig et al. [29]. EPNP (0.5 mM) was used as a 
second substrate to assay the activity of the theta class GST 
5-5 [29], because this enzyme has no activity toward 
CDNB. The final concentration of the solvent (ethanol) 
used for the second substrate was always 4% (v/v) in both 
assays. 

Analysis of the Reaction of CjsH with 
Disulfiram and DDTC by W-spectroscopy 

The UV-difference spectra after reaction of 50 p,M disul- 
firam or DDTC with 50 p,M GSH or GSSG were recorded 
at 25°C in 0.05 M potassium phosphate buffer pH 7.4 
(range 200 to 500 nm; bandwidth 2.0 nm, scanspeed 300 
nm/min) on a Cary 1E UV-Visible Spectrophotometer 
(Varian, Australia). The changes in the spectra were moni- 
tored by scanning several cycles (up to 15 min). Disulfiram 
was dissolved in ethanol (final concentration always 2.5%). 

Miscellaneous 

Protein was determined by the method of Lowry et al. [30], 
using bovine serum albumin as standard. 
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RESULTS 
Analysis of the Reaction of C’jSH with 
Disulfiram and DDTC by W-spectroscopy 

TABLE 1. I,, (pM) values of rat and human GST isoen- 
zymes inhibited by disulfiram and DDTC 

Disulfiram is reduced rapidly in vieto [3-6]. Because the en- 
zymic assays to assess GST activity require GSH (1 mM), a 
major part of disulfiram might be reduced immediately. To 
study this phenomenon, a UV-spectrum of disulfiram (50 
p,M) was recorded as baseline and verified for stability. 
After adding equimolar amounts of GSH to a cuvette with 
disulfiram, immediately after mixing (delay time about 
5-10 set), two characteristic peak maxima at 282 and 256 
nm, and one characteristic minimum at 270 nm were found 
in the UV-difference spectra (Fig. 1). Approximately 90- 
95% of the spectral change was reached immediately after 
mixing, indicating that the reaction was rapidly completed. 
The recorded UV-difference spectrum was very similar to 
the spectrum of DDTC (in which the absorbance maxima 
were approximately 25% higher; result not shown), indi- 
cating that, even at an equimolar ratio, the major fraction 
of disulfiram is rapidly reduced by GSH. The UV-spectrum 
of DDTC itself was not affected by GSH nor by GSSG. 

Isoenzyme Disulfiram DDTC 

Alpha-class 
l-l 
2-2 
Al-l 
A2-2 

Mu-class 
3-3 
4-4 
Mla-la 

Pi-class 
7-7 
Pl-1 

Theta-class 
5-5 

66 [64. .68]* 83 [79. .89] 
>lOO (17 * 0.2)** >2100 (32 f 1.3) 

5 14. .61 18 [16. .20] 
>lOO (15 * 1.1) >2100 (22 f 0.7) 

>lOO (18 + 0.4) >2100 (14 f 0.7) 
43 [38. .48] 57 [50. .65] 

>lOO (32 f 2.2) 605 [555. .675] 

>lOO (23 * 0.7) >2100 (31 * 0.8) 
>lOO (30 * 3.6) >2100 (41 it 2.6) 

>lOO (19 f 5.2) 350 [295. .445] 

150-values for the alpha-, mu-, and pl-class were determined with CDNB (1 mM) as 

second substrate, and for the theta-class. EPNP (0.5 mM) was used. GSH was held 

constant at 1 mM. *Between brackets [ ] the 95% confidence mterval. **Between 

parentheses () % inhlbition + SD at 100 and 2100 PM, for disulfiram and DDTC, 

respectively. 

Inhibition Studies 

The inhibition of GSTs by disulfiram and DDTC, ex- 
pressed as I,,, is shown in Table 1. This inhibition (in the 
presence of the GSH of the enzymic assay) is characterized 
by a noncovalent interaction of the inhibitor with the en- 
zyme, which is reversible (as determined by dialysis; result 
not shown). The human GST Al-l was, by far, the most 
sensitive to reversible inhibition by disulfiram and DDTC, 
followed by the rat GST 4-4 and l-l. From the UV- 
spectroscopy experiments described above, it was clear that 
significant amounts of DDTC were present in the incuba- 
tions with disulfiram, despite the fact that catalytic activity 
was measured immediately after mixing of the enzyme, di- 
sulfiram, and the substrate. Indeed, the &e-values of DDTC 
and disulfiram were in the same range and were correlated. 
In general, the &e-values for disulfiram were slightly lower. 
Three mechanisms may be involved in this phenomenon: 
1. because two molecules of DDTC were formed from di- 

sulfiram, this may result in stronger inhibition by disulfiram 
when DDTC is the only determinant of inhibition; 2. the 
presence of unreduced disulfiram, which may have a stron- 
ger inhibitory capacity than DDTC, may result in more 
potent inhibition; and/or 3. in principle, the GSSG, which 
is formed upon the reduction of disulfiram, may also add to 
reversible inhibition. Using 100 FM disulfiram, a maximal 
concentration of 100 FM GSSG is expected in these in 
vitro incubations. From Table 2, it is clear that the GSSG 
also contributes to the observed inhibition by disulfiram for 
the individual GST. A high concentration of GSSG, which 
might be reached using potent solvents of disulfiram (such 
as Tween or DMSO), will significantly inhibit all enzymes 
in vitro. 

TABLE 2. The inhibition of rat and human GST isoenzymes 
by oxidized glutathione (GSSG) 

Isoenzyme GSSG (0.1 mM) GSSG (1 mM) 

W 1 I 

Alpha-class 
l-l 
2-2 
Al-l 
A2-2 

Mu-class 

::; 
Mla-la 

Pi-class 
7-7 
Pl-1 

Theta-class 
5-5* 

29 f 4.1 
27 f 0.8 
16 k 0.8 
2kO.l 

54 f 1.1 
72 + 2.6 
58 + 1.5 
21 f. 0.6 

-0,l I I 
200 Wavelength (nm) 500 

FIG. 1. Typical UV-difference spectra of GSH added to di- 
suEram. The diiulfiram spectrum (50 pM) was recorded as 
baseline, then equimolar amounts of GSH were added. The 
spectrum shown was recorded immediately after mixing and 
after 10 min (after which no changes were observed). 

15 k 1.2 
27 k 1.1 
15 f 1.4 

28 * 0.5 
28 k 3.6 

7 f 0.4 

50 f 3.0 
74 f 8.7 
54 f 7.3 

77 r 4.0 
71 * 3.7 

33 k 1.6 

The inhibition (expressed as % inhibition) for the alpha-, mu-, and pi-class GST 

isoenzymes were determined with CDNB (1 mM) as second substrate and, for the 

GST theta-class, EPNP (0.5 mM) was used. GSH was held constant at 1 mM. Values 

wae the average ? SD of three incubations. *measured in duphcate. 
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To determine Ki values for disulfiram, the inhibition of 
rat GSTs was studied at various substrate concentrations, 
after which the mechanism of inhibition was examined by 
graphical methods. Although competitive inhibition was 
the predominant mechanism of inhibition in most cases 
(especially versus GSH), there was no isoenzyme that 
showed a single type of inhibition (data not shown), and, 
hence, no K, could be determined. This might be expected 
because both the DDTC and the GSSG formed, as well as 
the parent disulfiram, contribute to inhibition. Addition- 
ally, especially at low GSH concentrations, inactivation by 
covalent modification of the enzyme may also contribute to 
inhibition (see below). 

The time-dependent inactivation of the GSTs by disul- 
firam is shown in Fig. 2. The GST pi-class is, by far, the 
most sensitive to inactivation by disulfiram. At the first 
time-point (5 min), the human GST Pl-1 was more than 
97% inhibited. The human GST Al-l showed a biphasic 
inhibition. However, this was due to the sensitivity of hu- 
man GST Al-l to reversible inhibition (the inhibition is 
affected by 1 PM disulfiram, which is present in the enzyme 
assay). For the other isoenzymes, the rate of inhibition was 
more or less the same, except for the human GST A2-2. 
This prompted us to study the role of thiols in the inacti- 
vation, because the human GST A2-2 is the only isoen- 
zyme which does not have a cysteine residue [31], and be- 
cause of the rapid reduction of disulfiram observed (see 
above). Consistent with the involvement of a thiol group, 
a partial restoration of catalytic activity occurred under 
mild reduction with GSH, which could be enhanced by the 
use of a strong reducing agent (DTT) in most cases (Table 
3). However, full restoration of activity was observed only 
for the human Pl-1. This might indicate that, for the other 
GSTs studied, a different chemical reaction is involved or 
that the modified thiol of these GSTs are more resistant to 
reduction by DTT. Finally, inhibition was studied in GST 
5-5 and 7-7 in the presence of 2.5 mM GSH. No inhibition 
could be observed under these conditions (data not shown). 
GSH protects GSTs from the time-dependent type of in- 
activation by disulfiram, presumably by reducing them to 
DDTC, which does not inactivate GSTs in this way (Fig. 
2). Only for GST 5-5 was a small, but significant, inhibition 
by DDTC seen (Fig. 2). Again, for the human Al -1 a 
decrease is seen initially (at the first time-point), one that 
can be assigned to reversible inhibition (see above). 

DISCUSSION 

The present study shows that disulfiram and its reduced 
form (DDTC) inhibit GST isoenzyme selectively by revers- 
ible inhibition, and a time-dependent inactivation was 
shown for disulfiram. 

From the set of experiments with purified GSTs, it is 
concluded that rapidly formed DDTC is presumably the 
major factor determining the reversible inhibition of disul- 
firam in vitro. However, disulfiram itself and the GSSG 
formed upon reduction may also contribute to reversible 

inhibition. Owing to the activity of glutathione reductase, 
GSSG is retained at low concentration (20-40 FM) in oivo 
[32] and, thus, GSSG does not significantly contribute to 
reversible inhibition in uivo. DDTC is further metabolized 
in vivo [7-91. Thus, the in viva reversible inhibition of di- 
sulfiram will depend on the rate of metabolism of disulfiram 
and DDTC, the inhibitory capacity of its metabolites, and 
general factors such as protein-binding and pharmacokinet- 
ic behavior. In general, reversible acting inhibitors of GSTs 
do not display high selectivity, especially within a GST 
class [19, 331. In this case, significant selectivity of DDTC 
for human Al-l was observed. Thus, DDTC may be used, 
for example, to rapidly distinguish between Al-l or A2-2 or 
to study the inhibition of human Al-l in cytosols. 

Selectivity was also found for the inactivation of GST by 
disulfiram: the pi-class of GST was, by far, the most sensi- 
tive to time-dependent inactivation by disulfiram in the 
absence of GSH. In this case, the specific sensitivity of the 
pi-class is presumably due to the well-known reactive thiol, 
identified near or at position 47 in the amino acid sequence 
of most species studied [34-371. The enzyme may be inac- 
tivated by oxidation with concomitant formation of an in- 
trasubunit disulfide [38] or by a thiol/disulfide exchange 
reaction with disulfiram and Cys 47 [39,40]. Disulfiram and 
related compounds are bound to other proteins both in vitro 

and in viva via formation of mixed disulfides with the free 
thiol group of various proteins [2,41,42]. However, because 
the inactivation of GSTs was completely abolished in the 
presence of 2.5 mM GSH in vitro, and because the GSH 
concentration in most eukaryotic cells is generally in the 
range of 2-10 mM [43], it might be expected that in vivo 

inactivation of GST by disulfiram is only of importance 
when GSH levels fall dramatically (e.g., by drugs metabo- 
lized by GST). 

In toxicological research, disulfiram has been used to 
inhibit cytochrome-P450s [12, 13, 16-181. It has been 
shown that disulfiram and DDTC are potent inhibitors of 
the catalysis of selective substrates of cytochrome P450IIEl 
(e.g., of several low-molecular-weight compounds such as 
benzene, styrene, and most halogen alkanes and alkenes) 
[44-48]. In animals and humans, a single oral dose of di- 
sulfiram produced rapid inhibition of the catalytic activity 
of cytochrome P450IIEl using the (semi)-specific substrate 
N-nitrosodimethylamine and chlorzoxazone [45, 491. How- 
ever, rat P450IIBl was induced markedly between 15 and 
72 hr after disulfiram treatment [45]. Furthermore, the in- 
hibitory capacity of DDTC using a nonselective substrate 
(‘I-ethoxycoumarin) or a selective substrate (chlorzoxa- 
zone) was different: DDTC was not a selective inhibitor of 
7-ethoxycoumarin 0-deethylation by P450IIEl (I,, value 
approximately 125 FM), because the P45Os IAl, IA2, IIA6, 
IIB6, IIC8, IIIA3, and IIIA4 were also inhibited [50], and 
DDTC was a selective inhibitor of chlorzoxanone 6-hy- 
droxylation (I,, value approximately 10 FM) [51]. In ad- 
dition, the I,, values for P450IIEl were, depending on the 
substrate used, in the same range or significantly higher 
than the value obtained for human GST Al-l. Thus, in the 
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FlG. 2. Time-dependent inactivation of rat and human GST isoenzymes by disu&am and DDTC. One pM &enzyme was 
incubated with 50 $4 disulflram or DDTC at 25°C in 0.1 M potassium phosphate buffer pH 7.4. At appropriate time intervals, 
samples were drawn from the incubations and assayed immediately for GST activity. The incubations were performed in 
triplicate (duplicate measurements for GST 5-S). Solid lin es and dotted lines were used, respectively, for disulfiram and DDTC. 
Symbols = alpha-class: A, l-l; 0, 2-2; A, Al-l; 0, A2-2; mu-class: V, 3-3; 0, 4-4; V, Mla-la; pi-class: 0, 7-7; W, Pl-1; and 
theta-class: +, 5-S. 

study of biotransformation, it is recommended to use a dif- 

ferent P450IIEl inhibitor than disulfiram because of the 

nonspecificity and concomitant inhibition of GSTs. 
Disulfiram has been shown to inhibit chemically-induced 

carcinogenesis [52]. Induction of GST by anticarcinogenic 

compounds is believed to be part of the mechanism of an- 

ticarcinogenesis [22, 531. Administration of disulfiram in 

the diet for several days induced GST activity approxi- 



202 J.-P. H. T. M. Ploemen et al. 

TABLE 3. Restoration of the catalytic activity of disulfiram-inactivated 
GST by incubation with glutathione and dithiotreitol (expressed as % re- 
maining activity) 

Isoenzyme Start* 

+ Gluthathione + Dithiotreitol 

35 min 65 min 10 min 110 min 

Alpha-class 
l-l 
2-2 
Al-l 

Mu-class 

::.: 

Mla-la 
Pi-class 

7-7 
Pl-1 

Theta-class 
5-5** 

19 f 0.9 24 + 0.8 24 ?1 1.2 58 + 4.6 68 + 2.3 
45 ? 0.8 60 f 2.7 64 f 0.7 83 f 6.5 81 * 3.2 
42 f 1.1 32 f 1.0 49 + 1.9 44 + 1.9 52 * 3.1 

31 * 4.5 48 f 4.4 47 r 0.3 57 f 2.0 70 * 2.7 
51 * 4.5 62 f 1.2 62 + 5.9 65 * 5.7 79 * 1.9 
16 f 0.2 26 ? 2.3 32 + 0.6 40 * 0.1 49 * I.7 

7 * 1.4 22 k 4.8 25 k 5.0 52 k 7.9 49 k 6.0 
0.6 f. 0.2 22 * 0.5 30 r 5.0 85 + 2.6 103 * 2.2 

6 + 0.8 9+ 1.3 9 k 6.4 28 + 0.9 32 k 1.3 

* Frst, the remaining activity of the enzymes (1 PM) that had been incubated for 133 min with 50 pM 

dwlfiram was measured. Next, the enzymes were incubated with 20 mM GSH, after which the activity 

of the enzymes was determined. Finally, DTT (f’ ma concentration 50 mM) was added to the same tubes, I 

and the activity was measured. The experiments were performed in triplicate. Values were average + SD. 

** Measured in duplicate 

mately 2-fold [21-231. Thus, a distinction presumably has 
to be made between short- and long-term effects in pro- 
cesses induced by disulfiram in a cell: initial inhibition is 
followed by induction, a phenomenon observed for other 
compounds affecting biotransformation enzymes, including 
P450IIEl [53]. In this field, it might not only be the GST- 
disulfiram interaction that triggers induction, but also the 
GSSG/GSH levels affected by disulfiram, which is involved 
in the regulation of GST and other biotransformation en- 
zymes [54]. 

In summary, disulfiram and DDTC have been shown to 
have GST inhibitory capacity. In vitro reversible inhibition 
by disulfiram was seen for several GST isoenzymes and is, in 
principle, due to rapidly formed DDTC. Rapid inactivation 
of GST pi by disulfiram and involving a thiol occurs in 
vitro. In wivo, disulfiram is rapidly reduced, leaving revers- 
ible inhibition as the main mechanism of inhibition. 

This research wa.s supported b the Dutch Technology Foundation, 
STW-NWO, Grant VCH22.2831. Prof. B. Ketterer, Dr. S. E. 
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the recombinant GST 5-5. 

References 13. 

Hald J and Jacobsen E, The formation of acetaldehyde in the 
organism after ingestion of Antabuse (tetraethylthiuram- 
disulphide) and alcohol. Acta Pharmacol 4: 285-296, 1948. 
Johansson B, A review of the pharmacokinetics and pharma- 
codynamics of disulfiram and its metabolites. Acta Psychian 
Stand 86: 15-26, 1992. 
Striimme JH, Effects of diethyldithiocarbamate and disulfiram 
on glucose metabolism and glutathione content of human 
erythrocytes. Biochem Pharmacol 12: 705-715, 1963. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

14. 

15. 

16. 

Str(imme JH, Methaemoglobin formation induced by thiols. 
Biochem Pharmacol 12: 937-948, 1963. 
StrGmme JH, Interaction of disulfiram and diethyldithio- 
carbamate with serum proteins studied by means of a gel- 
filtration technique. Biochem Phurmacol 14: 381-391, 1965. 
Cobby J, Mayersohn M and Selliah S, The rapid reduction of 
disulfiram in blood and plasma. J Phartnacol Exp Ther 202: 
724-731, 1977. 
Gessner T and Jakubowski M, Diethyldithiocarbamic acid 
methyl ester, a metabolite of disulfiram. Biochem Pharmacol 
21: 219-230, 1972. 
Kaslander J, Formation of an S-glucuronide from tetraethyl- 
thiuram disulfide (Antabuse) in man. Biochem Biophys Acta 
71: 730-732, 1963. 
Jin X, Davies MR, Hu P and Baillie TA, Identification of 
novel glutathione conjugates and diethyldithiocarbamate in 
rat bile by liquid chromatography-tandem mass spectrom- 
etry. Evidence for metabolic activation of disulfiram in vivo. 
Chem Res Toxicol 7: 526-533, 1994. 
Kitson TM, The disulfiram ethanol-reaction: A review. J Stud 
Alcohol 38: 96-l 13, 1977. 
Hart BW and Faiman MD, In vitro and in vivo inhibition of 
rat liver aldehydes dehydrogenase by S-methyl-N,N- 
diethylthiolcarbamate sulfoxide, a new metabolite of disulfi- 
ram. Biochem Phannacol43: 403-406, 1992. 
Lange P, Kastner D and Jung F, Influence of diethyldithio- 
carbamate on the CC&-liver toxicity and the inhibition of 
the microsomal metabolism. Acta Biol Med Ger 24: 29-33, 
1970. 
Hunter AL and Neal RA, Inhibition of hepatic mixed- 
function oxidase activity in vitro and in vivo by various 
thiono-sulfur-containing compounds. Biochem Pharmacol 24: 
2199-2205, 1975. 
Armstrong RN, Enzyme-catalyzed detoxification reactions: 
Mechanism and stereochemistry. CRC Crir Rev Biochem 22: 
39-87, 1987. 
Guengerich FP, Reactions and significance of cytochrome 
P-450 enzymes. J Biol Chem 266: 10019-10022, 1991. 
Hawari AM, Potentiation of dibromoethane (EDB) toxicity 



GST Inhibition by Disulfiram 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

by disulfiram, thiuram, diethyldithiocarbamate and carbon di- bond stability. In: Methods in Enzymology (Eds. Packer L), Vol. 
sulfide. Pharmacologist 20: 213, 1978. 251 pp. 8-28. Academic Press, New York, 1995. 
van Bladeren PJ, Hoogeterp JJ, Breimer DD and van der Gen 
A, The influence of disulfiram and other inhibitors of oxida- 
tive metabolism on the formation of 2_hydroxyethyl- 
mercapturic acid from 1,2_dibromoethane by the rat. Biochem 
Pharrnacol30: 2983-2987, 1981. 
Kainz A, Cross H, Freeman S, Gescher A and Chipman JK, 
Effects of l,l-dichloroethene and some of its metabolites on 
the functional viability of mouse hepatocytes. Fundurn Appl 
Toxicol21: 140-148, 1993. 
Mannervik B and Danielson UH, Glutathione transferases- 
structure and catalytic activity. CRC Crit Rev Biochem 23: 
283-336, 1988. 
Armstrong RN, Glutathione S-transferases: reaction mecha- 
nism, structure, and function. Chem Res Toxic01 4: 131-140, 
1991. 

33. 

34. 

35. 

36. 

37. 
Sparnins VL, Venegas PL and Wattenberg LW, Glutathione 
S-transferase activity: enhancement by compounds inhibiting 
chemical carcinogens and by dietary constituents. J Natl Can- 
cer lnst 68: 493-496, 1982. 
Pearson WR, Windle JJ, Morrow JF, Benson AM and Talalay 
P, Increased synthesis of glutathione S-transferases in re- 
sponse to anticarcinogenic antioxidants. Cloning and mea- 
surement of messenger RNA. f Biol Chem 258: 2052-2062, 
1983. 

38. 

39. 
Benson AM and Barrett0 PB, Effects of disulfiram, diethyl- 
dithiocarbamate, bisethylxanthogen, and benzyl isothiocya- 
nate on glutathione activities in mouse organs. Cancer Res 
45: 42194223, 1985. 
Ploemen JHTM, van Ommen B, van Iersel MLPS, Rompel- 
berg CJM, Verhagen H and van Bladeren PJ, Irreversible 
inhibition of cytosolic glutathione S-transferase. In: Glutathi- 
one S-tmnsfernses: Structure, Functions and Clinical Ap@ications 
(Eds. Vermeulen NPE, Mulder GJ, Nieuwenhuyse H, Peters 
WHM and van Bladeren PJ), Taylor & Francis, London, (in 
press). 
Vos RME, Snoek MC, van Berkel WJH, Mtiller F and van 
Bladeren PJ, Differential induction of rat hepatic glutathione 
S-transferase isoenzymes by hexachlorobenzene and benzyl 
isothiocyanate: comparison with induction by phenobarbital 
and 3-methylcholantrene. Biochem Phurmucol37: 1077-1082, 
1988. 

Mannervik B, The isoenzymes of glutathione transferases. Adv 
Enzymol Rel Areas Mel Biol 57: 357417, 1985. 
Lo Bello M, Petruzzelli R, De Stefano E, Tenedini C, Barra D 
and Federici G, Identification of a highly reactive sulphydryl 
group in human placental glutathione transferase by a site- 
directed fluorescent reagent. FEBS Lett 263: 389-391, 1990. 
Tamai K, Satoh K, Tsuchida S, Hatayama I, Maki T and Sato 
K, Specific inactivation of glutathione S-transferases in class 
pi by SH-modifiers. Biochem Biophys Res Commun 167: 331- 
338, 1990. 
Reinemer P, Dirr HW, Ladenstein R, Schtiffer J, Gallay 0 and 
Huber R, The three-dimensional structure of class 7~ gluta- 
thio$e S-transferase in complex with glutathione sulfonate at 
2.3 A resolution. EMBO .I 10: 1997-2005, 1991. 
Garcia-Sgez I, Pgrraga A, Phillips MF, Mantle TJ and Co11 
M, Molecular structure at 1.8 A of mouse liver class pi glu- 
tathione S-transferase complexed with S-(p- 
Nitrophenyl)glutathione and other inhibitors. J Mel Biol237: 
298-314, 1994. 
Shen H, Tsuchida S, Tamai K and Sato K, Identification of 
cysteine residues involved in the disulfide formation in the 
inactivation of glutathione transferase P-form by hydrogen 
peroxide. Arch Biochem Biophys 300: 137-141, 1993. 
Terada T, Maeda H, Okamoto KI, Nishinaka T, Mizoguchi T 
and Nishirada T, Modulation of glutathione S-transferase ac- 
tivity by thiol/disulfide exchange reaction and the involve- 
ment of thioltransferase. Arch Biochem Biophys 300: 495-500, 
1993. 

40. 

41. 

42. 

43. 

Ploemen JHTM, Bogaards JJP, Veldink GA, van Ommen B, 
Jansen DHM and van Bladeren PJ, Isoenzyme selective irre- 
versible inhibition of rat and human glutathione S- 
transferases by ethacrynic acid and two brominated deriva- 
tives. Biochem Pharmacol 45: 633-639, 1993. 
Thier R, Taylor JB, Pemble SE, Humphreys WG, Persmark 
M, Ketterer B and Guengerich F, Expression of mammalian 
glutathione S-transferases 5-5 in Salmonella typhimurium 
TA1535 leads to base-pair mutations upon exposure to diha- 
lomethanes. Proc Nat1 Acad Sci USA 90: 8576-8580, 1993. 
Bogaards JJP, van Ommen B and van Bladeren PJ, An im- 
proved method for the separation and quantification of glu- 
tathione S-transferase subunits in rat tissue using high- 
performance liquid chromatography. J Chromatogmphy 474: 
435-440, 1989. 
Habig WH, Pabst MJ and Jakoby WB, Glutathione S- 
transferases. The first step in mercapturic acid formation. _I 
Biol Chem 249: 7130-7139, 1974. 
Lowry OH, Rosebrough NJ, Farr AL and Ransdall RJ, Protein 
measurement with the Folin phenol reagent. J Biol Chem 193: 
265-275, 1951. 
Rhoads DM, Zarlengo RP and Tu CPD, the basic glutathione 
S-transferases from human liver are products of separate 
genes. Biochem Bioehys Res Comm 145: 474-484, 1987. 
Gilbert HF, Thiol/disulfide exchange equilibria and disulfide 

44. 

45. 

46. 

47. 

48. 

49. 

Ricci G, Lo Bello M, Caccuri AM, Pastore A, Nuccetelli M, 
Parker MW and Federici G, Site-directed mutagenesis of hu- 
man glutathione transferase Pl-1. Mutation of Cys-47 induces 
a positive cooperativity in glutathione transferase Pl-1. J Biol 
Chem 270: 1243-1248, 1995. 
Agarwal RP, McPherson RA, Philips M, Rapid degradation of 
disulfiram by serum albumin. Res Commun Chem Pnthol Phar- 
macol42: 293-310, 1983. 
Elskens MT and Penninckx MJ, In vitro inactivation of yeast 
glutathione reductase by tetramethylthiuram disulphide. EurJ 
Biochem 231: 667-672, 1995. 
Meister A, Metabolism and transport of glutathione and other 
y-glutamyl compounds. In: Functions of glutarhione: Biochemi- 
cal, Physiological, Toxicological ad Clinical Aspects (Eds. Lars- 
son A, Orrenius S, Holmgren A and Mannervik B), pp. l-22, 
Raven Press, New York, 1983. 
Guengerich FP, Kim DH and Iwasaki M, Role of cytochrome 
P-450 IIEl in the oxidation of many low molecular weight 
cancer suspects. Chem Res Toxicol4: 168-179, 1991. 
Brady JF, Xiao F, Wang MH, Li Y, Ning SH, Gapac JM and 
Yang CS, Effects of disulfiram on hepatic P450IIE1, other 
microsomal enzymes and hepatotoxicity in rats. Toxicol Appl 
Pharmftcol 108: 366-373, 1991. 
Yamazaki H, Oda Y, Funae Y, Imaoka S, Inui Y, Guengerich 
FP and Shimada T, Participation of rat liver cytochrome P450 
2El in the activation of N-nitrosodimethylamine and N- 
nitrosodiethylamine to products genotoxic in an acetyltrans- 
ferase-overexpressing Salmonella typhimurium strain. Carci- 
nogenesis 13: 979-985, 1992. 
Kedderis GL, Batra R and Koop DR, Epoxidation of acrylo- 
nitrile by rat and human cytochromes P450. Chem Res Toxicol 
6: 866-871, 1993. 
Urban G, Speerscheider P and Dekant W, Metabolism of the 
chlorofluorocarbon substitute l,l-dichloro-2,2,2-tri-flu- 
oroethane by rat and human liver microsomes: the role of 
cytochrome P450 2El. Chem Res Toticol 7: 170-176, 1994. 
Kharasch ED, Thummel KE, Mhyre J and Lillebridge JH. 
Single-dose disulfiram inhibition of chlorzoxazone metabo- 

203 



204 J.-P. H. T. M. Ploemen et aI. 

lism: a clinical probe for P450 2El. Clin Pharmacol Ther 53: 
643-650, 1993. 

50. Chang TKH, Gonzalez FJ and Waxman DJ, Evaluation of tri- 
acetyloleandomycin, cY-naphthoflavone and diethyldithiocarba- 
mate as selective chemical probes for inhibition of human cy 
tochrome P450. Arch Biochem Biophys 311: 437442, 1994. 

51. Newton DJ, Wang RW and Lu AYH, Cytochrome P450 in- 
hibitors. Evaluation of specificities in the in vitro metabolism 
of therapeutic agents by human liver microsomes. Drug Metub 
Dispos 23: 154-158, 1994. 

52. Wattenberg LW, Inhibition of carcinogenic and toxic effects 
of polycyclic hydrocarbons by sulfur-containing compounds. .I 
Natl Cancer lnst 52: 1583-1587, 1974. 

53. Zhang Y and Talahay P, Anticarcinogenic activities of or- 
ganic isothiocyanates: chemistry and mechanisms. Cancer Res 
54: 1976+1982s, 1994. 

54. Shertzer HG, Vasiliou V, Liu RM, Tabor MW and Nebert 
DW, Enzyme induction by l-buthionine (S,R)-sulfoximine in 
cultured mouse hepatoma cells. Chem Res Toxicol8: 431-436, 
1995. 


