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ABSTRACT. The aldehyde dehydrogenase inhibitor disulfiram (DS) has been used to deter drinking in
alcoholics, but it also precipitates pharmacokinetic interactions with coadministered drugs. From previous
experiments conducted in vitro, it has been proposed that the ethanol-inducible cytochrome P450 2E1 (CYP2E1)
is the major target for inhibition by DS, but the inference from reported drug interactions is that the drug inhibits
multiple CYPs. The aim of the present study was to evaluate the inhibition of major constitutive CYPs in rat
liver by DS. Thus, the effects of DS on activities mediated by CYPs 2A1/2, 2C11, 2E1, and 3A, which constitute
~80% of total CYPs in male rat liver, were evaluated. It was found that CYP2E1-mediated aniline 4-hydroxylase
activity was weakly inhibited by DS in witro, but that preincubation of the drug with NADPH-supplemented
microsomes to generate metabolites of DS enhanced the extent of inhibition somewhat. In contrast, constitutive
testosterone hydroxylases were inhibited effectively at low concentrations of DS (20 wM decreased the activities
of all hydroxylation pathways to 40—60% of control), and a preincubation step between DS and NADPH-
fortified microsomes enhanced the inhibition of CYP2C11 and 3A2 activities. In vivo studies were undertaken
in which a single dose of DS (100 mg/kg, i.p.) was administered to rats; 24 hr later, CYP2E1-mediated aniline
4-hydroxylase activity was decreased to about 50% of the activity in untreated control rats. CYP2E1 apoprotein
and mRNA were also decreased to 38% of the respective control, and CYP3A apoprotein and CYP3A2 mRNA
responded similarly. In contrast, CYP2C11 apoprotein was decreased to 66% of control after DS administration,
and CYP2A1 expression was unchanged. These findings establish that multiple CYPs are targets for inhibition
by DS and provide a basis for clinically significant drug interactions involving CYPs other than 2E1. In addition,
the in vivo modulation of CYP function by DS administration is not restricted to enzyme inactivation and may
also include down-regulatory effects mediated at a pretranslational level. BIOCHEM PHARMACOL 54;12:
1323-1329, 1997. © 1997 Elsevier Science Inc.
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interactions

DS§ (tetraethylthiuram disulfide) has been used in the
treatment of alcoholism because it inhibits hepatic alde-
hyde dehydrogenase activity and thereby promotes the
accumulation of acetaldehyde, a toxic metabolite of etha-
nol [1]. Subsequent studies have reported that other en-
zymes, including dopamine B-hydroxylase and cytochrome
P450 2E1 (CYP2EL), are also inhibited by DS [2, 3]. This
effect on CYP2El may be significant for nitrosamine
activation [4]. Indeed, certain organosulfur compounds
have received attention for their potential to inhibit
nitrosamine carcinogenesis [5].

CYPs catalyze the oxidation of thiono-sulfur-containing
compounds, such as carbon disulfide and parathion [6, 7].
However, CYPs are also inactivated by reactive metabolites
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formed from these agents, and irreversible heme/protein
modification is central to the observed extent of CYP
inhibition [8, 9]. It has been suggested that CYP2EL1 is the
major target for inhibition by DS and other sulfur-contain-
ing compounds, but there is evidence that other CYPs may
also be susceptible. Thus, DS precipitates pharmacokinetic
interactions with antipyrine and centrally acting agents like
phenytoin, morphine, amphetamine, meperidine, chlordi-
azepoxide, hexobarbital, and thiopental [10-12]. Symp-
toms of toxicity are often exaggerated therapeutic effects,
but, with the antiprotozoal drug metronidazole, more seri-
ous adverse effects include confusion and acute psychosis
[13]. In contrast, tolbutamide elimination is unaffected
during DS therapy [10], which suggests that 2C subfamily
CYPs may be refractory to inhibition. These observations
are consistent with inhibition of multiple CYPs and cannot
be explained solely in terms of CYP2E1 inhibition.

The present study assessed the capacity of DS to modu-
late major constitutive CYPs in rat liver in vitro and in vivo.
Thus, the capacity of DS to inhibit and inactivate CYPs



1324

2A1/2, 2C11, 2E1, and 3A (which from immunochemical
determinations constitute about 80% of the total CYP in
male rat liver [14, 15]) was evaluated in microsomal
incubations in vitro. Comparative studies were conducted in
vivo to evaluate the effects of DS on CYP expression. As
anticipated from the findings of earlier studies, CYP2E1 was
inhibited by DS in witro, but the drug exerted a more potent
effect in vivo. CYP2ZEl mRNA was markedly down-regu-
lated after a single dose of DS. It also emerged that
CYP3A2, the major testosterone 6B-hydroxylase in un-
treated male rat liver, was down-regulated at a pretransla-
tional level by DS.

MATERIALS AND METHODS
Chemicals

[4-'*C]Testosterone (sp. act. 56—59 mCi/mmol) and
[y-**PIATP (sp. act. 5000 Ci/mmol) were obtained from
Amersham Australia (North Ryde, NSW, Australia). Ste-
roid standards were from the Sigma Chemical Co. (St.
Louis, MO, U.S.A.), Steraloids (Wilton, NH, U.S.A.), and
the MRC Steroid Reference Collection (Queen Mary’s
College, London, U.K.). DS and biochemicals used in
enzyme assays were purchased from Sigma. HPLC grade
solvents and analytical reagent grade chemicals were ob-
tained from Rhone-Poulenc and Ajax (Sydney, Australia),
respectively. CYP-specific oligonucleotides were obtained
from Bresatec (Adelaide, South Australia), and the 18S
RNA oligonucleotide 5'-CGG-CAT-GTA-TTA-GCT-
CTA-GAA-TTA-CCA-CAG-3’ [16] was obtained from
Pac-Bio Pty Ltd. (Rushcutters Bay, NSW, Australia).

Animals and Preparation of Hepatic
Microsomal Fractions

The experimental procedures were approved by the West-
ern Sydney Area Health Service Animal Ethics Commit-
tee. Male Wistar rats (~250 g) were obtained from the
Department of Animal Care at Westmead Hospital and
were held in cages at constant temperature and lighting (12
hr day/night cycle).

Animals received a single dose of DS (100 mg/kg, i.p., in
corn oil) and were killed 24 hr later. Livers were removed,
perfused with cold saline, and snap frozen for storage at
—70°, until required for RNA isolation or the preparation
of microsomal fractions. The final (washed) microsomal
pellets were suspended in 50 mM potassium phosphate
buffer, pH 7.4, containing 20% glycerol and 1 mM EDTA,
and were frozen in liquid nitrogen for storage at —70° until
used in experiments [17]. Microsomal protein was estimated
by the procedure of Lowry et al. [18] and total holo-P450 by
the spectrophotometric procedure of Omura and Sato [19].

Assays of Microsomal Testosterone Hydroxylation

[M*C]Testosterone (50 wM; 0.18 Ci/0.4 mL incubation)
hydroxylation reactions (0.15 mg microsomal protein; 37°)
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were conducted in potassium phosphate buffer (0.1 M, pH
7.4; 1 mM EDTA) [9]. NADPH (1 mM) was used to start
incubations, which were terminated after 2.5 min by the
addition of chloroform (5 mL) and removal to an ice bath.
After extraction, the organic phase was evaporated to
dryness, and the residue was dissolved in a small volume of
chloroform and applied to TLC plates (Merck silica gel
60 F,s, type; Darmstadt, Germany) that were developed in
dichloromethane:acetone (4:1) and then in chloroform:
ethyl acetate:ethanol (4:1:0.7), with air drying in between
[20]. Radioactive products were detected by autoradiogra-
phy (Hyperfilm-MP; Amersham) over 40—60 hr and quan-
tified by B-scintillation spectrometry (ACS II; Amersham).

In some experiments, DS was added to microsomal
incubations for the determination of P450 inactivation.
Thus, DS was preincubated at 37° in NADPH-supple-
mented microsomes for 20 min prior to transfer to tubes
containing the steroid substrate; control incubations, from
which DS was omitted, were run in parallel. Steroid
hydroxylation reactions were conducted and activities were
determined as described above.

Assay of Microsomal Aniline 4-Hydroxylation

Aniline 4-hydroxylase activity was monitored by the deter-
mination of 4-aminophenol formation as described previ-
ously [21]. Reactions (0.6 mL) contained 1.6 mg microso-
mal protein and 5 mM aniline. In inactivation experiments,
components with the exception of substrate were incubated
(at 37°) with NADPH-supplemented microsomes for 20
min and then transferred to tubes containing aniline. After
12 min, reactions were stopped with 10% trichloroacetic
acid, and metabolite formation was quantified colorimetri-
cally.

Detection of CYPs in Rat Liver Microsomes
by Immunoblotting

Microsomal fractions (6 g protein each lane, with the
exception of blots for CYP2E1 in which 10 pg was loaded;
response rates around these protein loadings were in the
linear range) were heated for 5 min at 100° with 2% sodium
dodecyl sulfate and 5% B-mercaptoethanol and loaded onto
vertical polyacrylamide gels (7.5%; 15 lanes per side). Gels
were electrophoresed overnight at ~10 mA per side, and
then proteins were transferred electrophoretically to nitro-
cellulose sheets (Schleicher & Schuell, Dassel, Germany).
Nitrocellulose sheets were then washed sequentially in the
solutions described previously [22].

Several primary antibodies were available for these stud-
ies (dilutions used in immunoblotting are indicated in
parentheses). The anti-CYP2C11 IgG (3.7 pg protein/mL)
and anti-CYP2E1 IgG (4.1 pg protein/mlL) have been
described previously [9, 23], and anti-CYP3A (3.7 g
protein/mL) was provided by Dr. A. Astrom, Karolinska
Institutet. CYP2A1 was isolated from female rat liver and
was used to immunize female NZ rabbits; the anti-CYP2A1
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TABLE 1. Effect of disulfiram treatment on cytochrome P450, aniline 4-hydroxylation, and testosterone hydroxylation in rat

hepatic microsomes

Aniline Hydroxytestosterone metabolite (nmol/mg protein/min)
holo-P450 4-hydroxylation
Treatment (nmol/mg protein)  (nmol/mg protein/min) 2a- 6PB- Ta- 16a-
None (control) 1.06 + 0.04 0.97 = 0.05 270 +0.17 431+038 048 +0.04 2.82*0.20
Disulfiram (100 mg/kg) 0.77 = 0.06* 0.47 £ 0.07F 1.68 £ 0.17* 147 =0.14f 0.28 £0.02* 2.06 £ 0.19%
% of Control 73 48 62 34 58 73

Data are means *+ SEM from four individual rats in each group.

*_% Significantly different from control: *P < 0.01, P < 0.001, and #P < 0.05.

IgG selectively inhibited CYP2A1-mediated steroid 7a-
hydroxylation (0.08 g protein/mL, after cross-adsorption
against CYP2A1 immobilized on CNBr-activated Sepha-
rose 4B; not shown). NADPH-CYP-reductase was purified
from male rat liver, and an anti-NADPH-CYP-reductase
IgG was raised in female NZ rabbits (4.6 g protein/mL).
CYP and NADPH-CYP-reductase immunoreactive pro-
teins were detected on Hyperfilm-MP (Amersham) by
enhanced chemiluminescence and autoradiography. The
resultant signals were analyzed by laser densitometry (LKB
Ultroscan-XL, Bromma, Sweden).

Extraction of Total RNA from Rat Liver and Analysis
of CYP mRNAs

Total RNA was extracted from male rat liver by the RNA-
easy method (Qiagen, Clifton Hill, Australia). For analysis
of CYP3A2 mRNA, the synthetic 30-mer oligonucleotide
described previously [24], and complementary to nucleo-
tides 1594-1623 of the published cDNA sequence [25], was
employed. For CYP2ZEl mRNA, the synthetic 24-mer oligo-
nucleotide described by Sundseth and Waxman [24], and
complementary to nucleotides 930-953 of the published
cDNA sequence [26] was employed. The oligonucleotides
were labeled using [y->’P]JATP and polynucleotide kinase.
In northern analysis, total RNA (10 pg) was electrophoresed
on 1.2% agarose in the presence of 2.2 M formaldehyde and
then transferred to Hybond-N™ nylon filters (0.45 wm,
Amersham) [27]. Hybridization and washing conditions
were as described previously [28], and signals corresponding
to CYP mRNAs were quantified using a Molecular Dynam-
ics Phosphorimager. To demonstrate equivalence of RNA

loading between samples, filters were stripped and rehybrid-
ized to a y->*P-labeled probe to 18S ribosomal RNA.

Statistics

Data are presented as means = SEM. Differences between
means were detected using Student’s t-test.

RESULTS
Effects of DS Administration on Microsomal CYP

Function and Expression

A single injection of DS 24 hr before death elicited a 27%
decrease in the microsomal content of total holo-P450 in

rat liver (0.77 * 0.06 vs 1.06 = 0.04 nmol/mg protein in
control; Table 1; P < 0.01). DS has been proposed as an
inhibitor of CYP2E1 [3], but the observed 27% decrease in
holo-P450 was not consistent with (lower) literature esti-
mates of 2E1 expression in liver [15]. The selectivity of CYP
loss produced by DS was investigated further. From Table 1
it is apparent that aniline 4-hydroxylation, an activity
mediated primarily by CYP2E1, was indeed decreased after
DS administration (to 48% of control; P < 0.001).
However, significant decreases in the activities of several
pathways of testosterone hydroxylation mediated by other
CYPs suggested that the expression of CYP3A2 and, to a
lesser extent, CYP2C11 was also impaired by DS adminis-
tration (Table 1). The effect of DS administration on
CYP3A2-dependent steroid 6B-hydroxylation was most
pronounced (to 34% of control activity: 1.47 *£ 0.14 vs
4.31 * 0.38 nmol/mg protein/min). The 2a-/16a-hydroxy-
lations of the steroid are mediated in male rat liver by
CYP2C11 and were decreased to 62% (P < 0.01) and 73%
(P < 0.05) of the respective control. A decrease in
testosterone 7a-hydroxylation activity was apparent, but it
is noteworthy that the 15B-hydroxy metabolite (which is
formed by CYPs 3A) is not resolved completely in this
chromatographic system [20].

Effects of DS Administration on CYP Apoprotein and
mRNA Expression

The observed effects of in vivo DS administration on the
activities of major constitutive CYP enzymes were investi-
gated further. A series of immunoblot analyses was per-
formed to determine the effects of DS administration on
the microsomal contents of specific CYP apoproteins (Fig.
1). There was close correspondence between the decreases
in CYP activities (Table 1) and CYP apoproteins. Thus,
CYP2E1l and CYP3A immunoreactive proteins were de-
creased to 38 = 4 and 37 = 8% of the respective control.
Less pronounced effects on CYPs 2C11 and 2A1 were
observed. The relative expression of CYP2C11 apoprotein
was decreased after DS administration to 66 * 4% of
control, and there was a trend toward a decline in the
relative expression of CYP2A1 apoprotein, but this did not
attain statistical significance. The apparent decrease in
CYP2A1-dependent 7a-hydroxylation to 58% of control
may include a contribution from CYP3A-mediated steroid
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15B-hydroxylation. In contrast to these findings, microso-
mal NADPH-CYP-reductase immunoreactive protein was
not affected significantly by DS administration.

Because the effects of DS administration on CYPs 3A2
and 2E1 expression were so pronounced, the level of the
regulatory impairment was investigated further by northern
analysis. From Fig. 2 it is apparent that the mRNAs for both
hepatic CYPs were decreased markedly 24 hr after admin-
istration of a single dose of DS to rats; these decreases were
to 10 = 1 and 38 = 4% of respective control values.

In Vitro Inactivation of CYP-Dependent Microsomal
Oxidation Activities by DS

In vivo experiments in rats established that DS administra-
tion decreases the expression of several CYPs in rat hepatic
microsomes. However, DS is also known to modulate
CYP2E1 function in witro by inhibition and mechanism-
based inactivation. Therefore, the capacity of DS to inhibit
constitutive CYP enzymes directly and in a time-dependent
fashion was assessed in this study. As indicated in Fig. 3, DS
was relatively nonpotent as an inhibitor of CYP2EI-
dependent aniline 4-hydroxylation (only ~30% inhibition
at 250 pM DS), although preincubation of DS with
NADPH-supplemented microsomes for 20 min enhanced
the observed inhibition about 2-fold. In contrast, constitu-
tive steroid hydroxylases appeared more susceptible than
CYP2E1 to inhibition by DS. Thus, 20 uM DS elicited
marked direct inhibition (decreases of the order of 40—
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FIG. 1. Western immunoblots of CYP3A,
CYP2E1, CYP2C11, and CYP2A1 im-
munoreactive protein in hepatic micro-
somes from untreated (lanes 1-4) and
DS-treated (lanes 5—-8) male rats. The
appearance of at least two proteins immu-
noreactive with the anti-CYP3A IgG is
typical in our Wistar rat strain.

5 6 7 8

60%) of all four principal pathways of testosterone hydroxy-
lation (Fig. 3). Preincubation enhanced the apparent inhi-
bition of pathways mediated by CYPs 2C11 and 3A2
(2a-/16a- and 6B-hydroxylation, respectively), but not
CYP2A1-dependent 7a-hydroxylation, at quite low con-
centrations of DS (5-10 uM). Thus, CYPs 2C11 and 3A2
appeared much more susceptible than CYP2E1 to mecha-
nism-based inactivation during DS oxidation.

DISCUSSION

CYP2EL1 catalyzes the oxidation of numerous small mole-
cules, such as benzene and nitrosamines, to toxic metabo-
lites. Thus, CYP2EL1 inhibition may be a viable mechanism
for the protection of the liver and other organs from toxic
metabolites. DS and its reduced metabolite, diethyldithio-
carbamate, have been considered as CYP2E1 inhibitors.
However, from the present study, DS clearly modulates the
activities of CYPs other than 2E1, and similar findings have
been reported for diethyldithiocarbamate [29]. Indeed, DS
was a more potent inhibitor of the major rat hepatic
constitutive CYPs 2C11 and 3A2 than of CYP2EI. Simi-
larly, diethyldithiocarbamate was found to inhibit the
activities of human hepatic CYPs 2A6, 2B6, 2C8, and 3A3
somewhat more effectively than that of CYP2E1 [29]. At
low concentrations of diethyldithiocarbamate, CYPs 2A6
and 2B6 were inhibited markedly even though inhibition of
CYP2E1 was minimal. This is reminiscent of the present

FIG. 2. Northern analysis for CYP3A2 and
CYP2E1 mRNAs in liver from untreated (lanes
1-3) and DS-treated (lanes 4—6) male rats. The
18S signal was used to correct for differences in
RNA loading prior to quantification.
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FIG. 3. Effect of DS on microsomal testosterone 2e-, 6B-, 7a-, and 16a-hydroxylations and aniline 4-hydroxylation in vitro. Key: (m)
activity determined after a 20-min preincubation step between NADPH, microsomes, and DS, or (@) in the absence of preincubation.
Control reactions were run in parallel. Control activities were: 1.94, 2.87, 0.47, and 2.01 nmol metabolite/mg protein/min for
testosterone 2a-, 6B-, 7a-, and 16a-hydroxylation, respectively, and 0.47 nmol 4-aminophenol/mg protein/min. Each value is the mean

derived from duplicate experiments that varied by less than 10%.

observations that constitutive steroid hydroxylases (CYPs
2A1, 2C11, and 3A2) were inhibited at much lower
concentrations than those required for CYP2E1 inhibition.
Studies in humans and rodents indicate that DS can
influence the elimination of a number of coadministered
drugs [10-13, 30, 31]. Thus, observations regarding the lack
of specificity of DS and diethyldithiocarbamate as CYP2E1
inhibitors are consistent with clinical experience.

Selective inhibitors of particular CYPs are potential tools
in the study of microsomal drug oxidations, but few such
chemicals have been identified. Mechanism-based inacti-
vation by suicide processing or metabolite complexation is
one approach to enhance the selectivity of CYP inhibition.
Thiono-sulfur compounds, exemplified by DS and the
pesticide parathion, constitute an important chemical class
of mechanism-based inactivators of CYPs. Inactivation of
CYPs by thiono-sulfur compounds occurs during their
oxidative biotransformation and results in the binding of
atomic sulfur to the CYP apoprotein. Most of the studies
describing such mechanisms have been done with para-
thion and carbon disulfide [6—9], but this process is likely to
be applicable to other sulfur-containing agents.

Although in witro inhibition of CYPs by DS clearly
involves inactivation, it is apparent from the present study
that DS exerts effects on CYPs at multiple levels. Thus,
CYPs 2E1 and 3A2 were down-regulated at a pretransla-
tional level in liver from DS-treated male rats. Similar
findings have been reported with other drugs and chemi-

cals, such as chlormethiazole [32] and YH439 [33], which
impair CYP2E1 transcription in rat liver. Diallyl sulfide and
phenethyl isothiocyanate also appeared to produce small
decreases in CYP2E1 mRNA levels when administered to
rats in experimental diets [34], although acute administra-
tion of diallyl sulfide by intraperitoneal injection did not
affect CYP2ElI mRNA levels [35]. Thus, the route of
administration of certain chemicals may exert differential
effects on CYP2E1 expression and function. In the case of
chlormethiazole, CYP2E1 was a preferred target in that
CYPs 1A1, 2B1, and 3A1/2 were refractory to altered
regulation [32]. DS is less selective than chlormethiazole
because several CYPs are down-regulated after in wivo
administration. High concentrations of DS in in witro
incubations were required for inactivation, whereas a single
dose of the drug produced substantial pretranslational
down-regulation in vivo. Thus, pretranslational down-regu-
lation and not posttranslational modification may be the
predominant mechanism that influences CYP2E1 expres-
sion and function after in vivo administration of DS. It
remains to be established whether DS decreases transcrip-
tion rates of the CYP2EI and CYP3A2 genes or decreases
mRNA stability. Chlormethiazole administration to rats
decreased CYP2EI run-on transcription rates in hepatic
nuclei [32]. However, analogous run-on experiments with
CYP3A genes would be difficult because there are at least
four members of this subfamily in rat liver that exhibit
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considerable nucleotide sequence similarity at the 5'-end of
their cDNAs [36].

The use of chemical agents to inhibit toxic processes,
such as CYP2E1-mediated drug and carcinogen activation,
is an attractive possibility. Strategies of this type may have
utility in the management of individuals after acute intox-
ication by CYP2EI substrates, such as the prevention of
CYP2E1-mediated free radical generation after ingestion of
ethanol. This can be considered analogous to the use of
supportive therapy after poisoning with organophosphorus
pesticides [37]. However, it would be desirable that such
agents elicit short-term and highly specific effects on CYPs
or other protein targets. The present findings with DS, and
earlier work with chlormethiazole [32], indicate that com-
plex multifactorial effects on CYPs are possible and may not
be restricted to transient inhibition. Thus, effects on
CYP2EI gene transcription and mRNA concentrations are
apparent with these drugs. The possibility of low selectivity
for individual CYPs, as highlighted in the present study
with DS, would decrease their value as hepatoprotectants.

In conclusion, the present findings that DS inhibits
metabolic oxidations by CYPs 2A1/2, 2C11, and 3A, as
well as CYP2EI, are consistent with clinical studies sug-
gesting that DS has significant inhibitory activity against
multiple CYPs. Indeed these CYPs comprise most of the
total holo-CYP in male rat liver. If DS exerted effects on
human CYP gene regulation similar to those observed in rat
liver, then it is likely that effects on the pharmacokinetics
of coadministered drugs would be protracted.

The gift of anti-CYP3A IgG by Dr. Anders Astrom, Karolinska
Institutet, Stockholm, (present address: Astra Draco Co., Lund),
Sweden, is gratefully acknowledged. This work was supported by a
grant from the Australian National Health and Medical Research
Council.

References

1. Hald ] and Jacobsen E, The formation of acetaldehyde in the
organism after ingestion of antabuse (tetraethylthiuram di-
sulphide) and alcohol. Acta Pharmacol 4: 305-310, 1948.

2. Goldstein M, Anagnoste B, Lauber E and McKeregham M,
Inhibition of dopamine B-oxidase by disulfiram. Life Sci 3:
763-161, 1964.

3. Brady JF, Xiao F, Wang MH, Li Y, Ning SM, Gapac JM and
Yang CS, Effects of disulfiram on hepatic P450IIEl, other
microsomal enzymes, and hepatotoxicity in rats. Toxicol Appl
Pharmacol 108: 366373, 1991.

4. Kim SG, Kwak JY, Lee JW, Novak RF, Park SS and Kim ND,
Malotilate, a hepatoprotectant, suppresses CYP2E1 expres-
sion in rats. Biochem Biophys Res Commun 200: 1414-1420,
1994.

5. Wattenberg LW, Sparnins VL and Barany G, Inhibition of
N-nitrosodiethylamine carcinogenesis in mice by naturally
occurring organosulfur compounds and monoterpenes. Cancer
Res 49: 2689-2692, 1989.

6. DeMatteis F, Covalent binding of sulfur to microsomes and
loss of cytochrome P-450 during the oxidative desulfuration of
several chemicals. Mol Pharmacol 10: 849-854, 1974.

7. Norman BJ, Poore RE and Neal RA, Studies of the binding of
sulfur released in the mixed-function oxidase-catalyzed me-

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

R. Martini et al.

tabolism of diethyl p-nitrophenyl phosphorothioate (parathi-
on) to diethyl p-nitrophenyl phosphate (paraoxon). Biochem
Pharmacol 23: 1733-1744, 1974.

. Halpert J, Hammond D and Neal RA, Inactivation of purified

rat liver cytochrome P-450 during the metabolism of para-
thion (diethyl p-nitrophenyl phosphorothionate). J Biol Chem
255: 1080-1089, 1980.

. Butler AM and Murray M, Inhibition and inactivation of

constitutive cytochromes P450 in rat liver by parathion. Mol
Pharmacol 43: 902-908, 1993.

Svendsen T, Kristensen M, Hansen ] and Skovsted L, The
influence of disulfiram on the half-life and metabolic clear-
ance rate of diphenylhydantoin and tolbutamide in man. Eur
J Pharmacol 9: 439-441, 1976.

Sharkawri M, Cianflone D and El-Hawari A, Toxic interac-
tions between disulfiram and some centrally acting drugs in
rats. ] Pharm Pharmacol 30: 63, 1978.

Giarman NJ, Flick FH and White JM, Prolongation of
thiopental anesthesia in the mouse by premedication with
tetraethylthiuram disulfide (Antabuse). Science 114: 35-36,
1951.

Rothstein E, Combined use of disulfiram and metronidazole
in treatment of alcoholism. Q J Stud Alcohol 31: 446-447,
1970.

Waxman DJ, Dannan GA and Guengerich FP, Regulation of
rat hepatic cytochrome P-450: Age-dependent expression,
hormonal imprinting, and xenobiotic inducibility of sex-
specific isoenzymes. Biochemistry 24: 4409-4417, 1985.
Thomas PE, Bandiera S, Maines SL, Ryan DE and Levin W,
Regulation of cytochrome P-450j, a high-affinity N-ni-
trosodimethylamine demethylase, in rat hepatic microsomes.
Biochemistry 26: 2280-2289, 1987.

Chan Y-L, Gutell R, Noller HF and Wool IG, The nucleotide
sequence of a rat ribosomal ribonucleic acid gene and a
proposal for the secondary structure of 18S ribosomal ribonu-
cleic acid. ] Biol Chem 259: 224-230, 1984.

Murray M, Wilkinson CF and Dube CE, Effects of dihydro-
safrole on cytochromes P-450 and drug oxidation in hepatic
microsomes from control and induced rats. Toxicol Appl
Pharmacol 68: 66-76, 1983.

Lowry OH, Rosebrough NJ, Farr AL and Randall R], Protein
measurement with the Folin phenol reagent. ] Biol Chem 193:
265-2175, 1951.

Omura T and Sato R, The carbon monoxide binding pigment
of liver microsomes. I. Evidence for its hemoprotein nature.
J Biol Chem 239: 2370-2378, 1964.

Waxman DJ, Ko A and Walsh C, Regioselectivity and
stereoselectivity of androgen hydroxylations catalyzed by
cytochrome P-450 isozymes purified from phenobarbital-in-
duced rat liver. ] Biol Chem 258: 11937-11947, 1983.
Murray M and Ryan AJ, Inhibition and enhancement of
mixed-function oxidases by nitrogen heterocycles. Biochem
Pharmacol 31: 3002-3005, 1982.

Cantrill E, Murray M, Mehta [ and Farrell GC, Downregula-
tion of the male-specific hepatic microsomal steroid 16a-
hydroxylase, cytochrome P-450(,1_4, in rats with portal by-
pass. Relevance to estradiol accumulation and impaired drug
metabolism in hepatic cirrhosis. ] Clin Invest 83: 1211-1216,
1989.

Ekstrom G and Ingelman-Sundberg M, Rat liver microsomal
NADPH-supported oxidase activity and lipid peroxidation
dependent on ethanol-inducible cytochrome P-450 (P-
45011E1). Biochem Pharmacol 38: 1313-1319, 1989.
Sundseth SS and Waxman D], Sex-dependent expression and
clofibrate inducibility of cytochrome P450 4A fatty acid
w-hydroxylases. Male specificity of liver and kidney CYP4A2
mRNA and tissue specific regulation by growth hormone and
testosterone. J Biol Chem 267: 3915-3921, 1992.



Effects of Disulfiram on CYPs 3A2 and 2E1

25.

26.

21.

28.

29.

30.

31.

Gonzalez FJ, Song B-J and Hardwick JP, Pregnenolone 16a-
carbonitrile-inducible P-450 gene family: Gene conversion
and differential regulation. Mol Cell Biol 6: 2969-2976, 1986.
Song B-J, Gelboin HV, Park SS, Yang CS and Gonzalez F],
Complementary DNA and protein sequences of ethanol-
inducible rat and human cytochrome P-450s. Transcriptional
and post-transcriptional regulation of the rat enzyme. ] Biol
Chem 261: 16689-16697, 1986.

Sambrook ], Fritsch EF and Maniatis T, Molecular Cloning: A
Laboratory Manual, 2nd Edn, pp. 7.37-7.52. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY, 1989.
Jiang X-M, Cantrill E, Farrell GC and Murray M, Pretrans-
lational down-regulation of male specific hepatic P450s after
portal bypass. Biochem Pharmacol 48: 701-708, 1994.

Chang TKH, Gonzalez F] and Waxman D], Evaluation of
triacetyloleandomycin, a-naphthoflavone and diethyldithio-
carbamate as selective chemical probes for inhibition of
human cytochromes P450. Arch Biochem Biophys 311: 437—
442, 1994.

Beach CA, Mays DC, Guiler RC, Jacober CH and Gerber N,
Inhibition of elimination of caffeine by disulfiram in normal
subjects and recovering alcoholics. Clin Pharmacol Ther 39:
265-2170, 1986.

Loi C-M, Day JD, Jue SG, Bush ED, Costello P, Dewey LV
and Vestal RE, Dose-dependent inhibition of theophylline

32.

33.

34.

35.

36.

37.

1329

metabolism by disulfiram in recovering alcoholics. Clin Phar-
macol Ther 45: 476-486, 1989.

Hu Y, Mishin V, Johansson I, von Bahr C, Cross A, Ronis
M]]J, Badger TM and Ingelman-Sundberg M, Chlormethiazole
as an efficient inhibitor of cytochrome P450 2E1 expression in
rat liver. ] Pharmacol Exp Ther 269: 1286-1291, 1994.
Jeong K-S, Lee IJ, Roberts BJ, Soh Y, Yoo JK, Lee JW and
Song BJ, Transcriptional inhibition of cytochrome P4502E1
by a synthetic compound, YH439. Arch Biochem Biophys 326:
137-144, 1996.

Morimoto M, Hagbjork A-L, Wan Y-JY, Fu PC, Clot P,
Albano E, Ingelman-Sundberg M and French SW, Modula-
tion of experimental alcohol-induced liver disease by cyto-
chrome P450 2E1 inhibitors. Hepatology 21: 1610-1617, 1995.
Brady JF, Wang M-H, Hong J-Y, Xiao F, Li Y, Yoo J-SH, Ning
SM, Lee M-], Fukuto JM, Gapac JM and Yang CS, Modula-
tion of rat hepatic microsomal monooxygenase enzymes and
cytotoxicity by diallyl sulfide. Toxicol Appl Pharmacol 108:
342-354, 1991.

Mahnke A, Strotkamp D, Roos PH, Hanstein WG, Chabot
GG and Nef P, Expression and inducibility of cytochrome
P450 3A9 (CYP3A9) and other members of the CYP3A
subfamily in rat liver. Arch Biochem Biophys 337: 62—68, 1997.
Karalliedde L and Senanayake N, Organophosphorus insecti-
cide poisoning. Br ] Anaesth 63: 736750, 1989.



