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Aims Short-term disulfiram administration has been shown to selectively inhibit
CYP2E1 activity but the effects of chronic disulfiram administration on the activities
of drug metabolizing enzymes is unclear. The purpose of this study was to evaluate
the effects of disulfiram given for 11 days on selected drug metabolizing enzyme
activities.

Methods Seven healthy volunteers were given disulfiram 250 mg daily for
11 days. Activities of the drug metabolizing enzymes CYP1A2, CYP2C19,
CYP2D6, CYP2E1 and N-acetyltransferase were determined using the probe
drugs caffeine, mephenytoin, debrisoquine, chlorzoxazone, and dapsone, respectively.
Chlorzoxazone was administered before disulfiram administration and after the second
and eleventh doses of disulfiram, while the other probe drugs were given before
disulfiram administration and after the eleventh disulfiram dose.

Results Disulfiram administration markedly inhibited chlorzoxazone 6-hydroxylation
by more than 95%, but did not affect metabolism of debrisoquine or mephenytoin.
Caffeine N3-demethylation was decreased by 34% (P<0.05). Monoacetyldapsone
concentrations were markedly elevated by disulfiram administration resulting in a
nearly 16-fold increase in the dapsone acetylation index, calculated as the plasma
concentration ratio of monoacetyldapsone to dapsone. CYP-mediated dapsone
N-hydroxylation was not significantly altered.

Conclusions These data suggest that disulfiram-mediated inhibition is predominantly
selective for CYP2E1. The magnitude of CYP2ET1 inhibition was similar after both
acute and chronic disulfiram administration. The effects on caffeine N3-demethylation
(CYP1A2) and dapsone metabolism suggest that chronic disulfiram administration
may affect multiple drug metabolizing enzymes, which could potentially complicate
the use of chronically administered disulfiram as a diagnostic inhibitor of CYP2E1.
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in vitro [1, 2]. Kharasch et al. [3, 4] demonstrated in normal

Introduction

Disulfiram and its primary metabolite, diethyldithio-
carbamate, have been identified as selective mechanism-
based inhibitors of human cytochrome P450 (CYP) 2E1
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healthy volunteers that a single 500 mg dose of disul-
firam markedly reduced (by 93%) the 6-hydroxylation
of chlorzoxazone, a putative index of CYP2E1 activity.
They subsequently showed, using probe drugs selectively
metabolized by individual CYP enzymes, that disulfiram
500 mg had no effect on the metabolism of coumarin
(CYP2A6), tolbutamide (CYP2C9), mephenytoin
(CYP2C19), dextromethorphan (CYP2D6) or intra-
venously administered midazolam (CYP3A) [5, 6].
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Selective effects were further demonstrated by Dambkier
et al. [7], who showed that short-term treatment (for
5 days) with disulfiram 200 mg had no effect on the
metabolism of caffeine (CYP1A2), tolbutamide (CYP2C9),
mephenytoin (CYP2C19), sparteine (CYP2D6) or quini-
dine (CYP3A). Collectively, these observations support
the suggestion that single-dose disulfiram administration
could be used to assess the in vivo role of CYP2E1 in
the biotransformation of a drug [3, 6].

While evidence supports that acute administration of
disulfiram results in selective CYP2E1 inhibition, the
effect of chronic dosing is unclear. Chronic, long-term
disulfiram administration has been shown to inhibit the
metabolism of antipyrine, theophylline, caffeine, pheny-
toin, and warfarin [8-13], drugs for which CYP2E1
is not the predominant pathway of elimination. These
observations suggest that with long-term administration
(>5 days) the effect of disulfiram becomes nonselective,
which would severely limit its use as a diagnostic CYP2E1
inhibitor for cases in which disulfiram must be admin-
istered for longer periods of time, such as when evaluating
the in vivo role of CYP2E1 in the metabolism of drugs
with long elimination half-lives [14]. Thus, the purpose
of this study was to evaluate the effects of disulfiram
given for 11 days on the activities of the drug metaboliz-
ing enzymes CYP1A2, CYP2C19, CYP2D6, CYP2E1
and N-acetyltransferase using the probe drugs cafteine,
mephenytoin, debrisoquine, chlorzoxazone and dapsone,
respectively.

Methods

Eight normal healthy male volunteers agreed to participate
in this study after providing written informed consent.
This study was approved by the local Institutional Review
Board. All subjects were nonsmokers (self-reported) and
healthy as confirmed by medical history, physical exami-
nation, blood chemistries and urinalysis. Subjects were
instructed to abstain from caffeine or alcohol-containing
products for at least two days before each study visit and
none of the subjects was receiving any over the counter or
prescription medications.

Subjects received the probe drug chlorzoxazone
(250 mg) on three occasions: prior to disulfiram admin-
istration, after the second daily disulfiram dose and
after the eleventh daily disulfiram dose. Subjects also
received, in combination with chlorzoxazone, the probe
drugs caffeine (100 mg), dapsone (100 mg), debrisoquine
(10 mg), and mephenytoin (100 mg), prior to disulfiram
administration and after the eleventh daily dose. Subjects
received disulfiram (250 mg orally) each morning and
all doses were administered by clinic personnel. All
probe drugs were given orally with eight ounces of water,
the morning after an overnight fast. The five probe drugs
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were administered simultaneously as a cocktail, which we
have previously shown to be devoid of any interaction at
the doses used [15]. In each session, heparinized plasma
samples were collected prior to drug administration and at
0.5, 1, 2, 4, 6, 8, and 10 h after probe administration.
Urine was collected from 0-8 h into a container with
ascorbic acid as a preservative for the unstable dapsone
hydroxylamine metabolite. Plasma harvested by centri-
fugation, and urine aliquots were stored frozen at —20° C
until analysed.

Analytical techniques

The following drugs and metabolites were measured by
high performance liquid chromatographic techniques
described previously: cafteine
plasma [16]; chlorzoxazone and 6-hydroxychlorzoxazone
in plasma and 6-hydroxychlorzoxazone in urine [17];
dapsone (DDS) and dapsone hydroxylamine (HDA) in
urine and dapsone and monoacetyldapsone in plasma [18];
debrisoquine (DB) and 4-hydroxydebrisoquine (HDB)
in urine [19]; and 4’-hydroxymephenytoin (HMP) in
urine [15]. The within and between-day coefficients of
variation for each of these assays was <10%. All of the
assay procedures utilized in this study were tested with
the other probe drugs and metabolites to ensure that no
analytical interference would occur with simultaneous
administration.

and paraxanthine in

Data analysis

Chlorzoxazone and 6-hydroxychlorzoxazone pharmaco-
kinetic data were presented in detail previously [14].
In this report, the chlorzoxazone metabolic ratio, cal-
culated as the concentration ratio of 6-hydroxychlorzox-
azone to chlorzoxazone in a 4 h plasma sample, was used
as an index of CYP2E1 activity [20, 21]. The concen-
tration of paraxanthine (1,7 dimethylxanthine) divided by
the concentration of caffeine in the 8 h plasma sample
was used to assess CYP1A2 activity [22, 23]. The ability
to N-hydroxylate dapsone (CYP-mediated) was estimated
by the urinary recovery ratio [24]:

HDA
HDA+DDS

Dapsone recovery ratio =

in which HDA is the urinary recovery of dapsone hydro-
xylamine in an 8 h urine sample and DDS is the 8 h
urinary recovery of dapsone. Acetylator phenotype was
defined as the ratio of monoacetyldapsone to dapsone
in the 8 h plasma sample; subjects having an acetylation
ratio of 0.35 or greater were classified as rapid acetylators
[24]. The area under the concentration time curve (AUC)
for monoacetyldapsone and dapsone from O to 10 h after
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dapsone administration was calculated by the trapezoidal
rule. The activity of CYP2D6 was estimated using the
debrisoquine recovery ratio [25]:

HDB
HDB+DB

Debrisoquine recovery ratio =

where HDB and DB are the urinary recoveries of
4-hydroxydebrisoquine and debrisoquine in 8 h, respec-
tively. The total urinary recovery of 4-hydroxymephe-
nytoin (pmol) was used as the phenotypic measure of
CYP2C19 activity [26].

Statistical analysis

Data are presented as median and range. Statistical test
values are Hodges-Lehmann estimates of median differ-
ences with exact 95% confidence intervals. Computations
were performed using StatXact 4 (Cytel Software
Corporation, USA). Differences were considered statis-
tically significant when the 95% confidence intervals
excluded zero.

Results

Seven healthy volunteers completed the study. One
subject withdrew consent for reasons unrelated to study
participation. The four African-American and three
Caucasian subjects averaged 29+6 years of age and
weighed 77 +12 kg. Disulfiram treatment and single-dose
probe drug administrations were well tolerated by all study
participants.

As expected, disulfiram administration profoundly
6-hydroxylation (Table 1,
Figure 1). The chlorzoxazone metabolic ratio (Figure 1)
was decreased from a median value of 0.86 to 0.04 after

decreased chlorzoxazone

acute and 0.04 after chronic disulfiram administration
(median difference: —0.66; 95% confidence interval of the
difference: [—1.27, —0.40]). The effects of disulfiram on
the metabolism of the other CYP probe drugs were far
less dramatic (Table 1). There was no significant difference

Effect of chronic disulfiram on drug metabolizing enzymes

in the 8 h urinary recovery of 4’-hydroxymephenytoin
or the debrisoquine recovery ratio, indices of CYP2C19
and CYP2D6 activity, respectively (Table 1). CYP1A2
activity, as measured by the ratio of plasma paraxanthine
to caffeine concentrations (caffeine metabolic ratio) at 8 h,
was decreased after disulfiram administration in all seven
subjects by an average of 34% (P<0.05) (Tables 1). The
dapsone recovery ratio, an index of CYP-mediated
dapsone N-hydroxylation, was decreased in five of
the six evaluable subjects by an average of 22%, which
was not statistically significant (median difterence: —0.14;
95% confidence interval of the difterence: —0.32, 0.11).
One subject was not included in the analysis due to
unmeasureable dapsone hydroxylamine in the baseline
assessment.

Disulfiram administration altered plasma concentrations
of both monoacetyldapsone and dapsone as shown in
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Figure 1 Ratio of 6-hydroxychlorzoxazone to chlorzoxazone in
plasma, before disulfiram administration and after the second and

eleventh daily disulfiram doses.

Table 1 Phenotypic indexes of drug metabolizing enzyme activities before and during concomitant administration of disulfiram (data are median

(range)). The difterence is the Hodges-Lehmann point estimate of the median difference with the exact 95% confidence intervals (CI).

Index Pathway Baseline Disulfiram Difference (95% CI)
Caffeine metabolic ratio CYP1A2 0.92 (0.50-2.78) 0.52 (0.32-2.23) —0.41 (—0.70, —0.12)*
Chlorzoxazone metabolic ratio CYP2E1 0.86 (0.34-1.74) 0.04 (0.02-0.07) —0.66 (—1.27, —0.40)*
Dapsone recovery ratio 0.61 (0.51-0.67) 0.47 (0.30-0.71) —0.14 (—0.32, 0.11)
Dapsone acetylation ratio NAT 0.18 (0.13-0.67) 2.87 (1.43-16.24) 6.27 (1.37, 12.25)*
Debrisoquine recovery ratio® CYP2D6 0.53 (0.02-0.74) 0.61 (0.01-0.76) 0.005 (—0.11, 0.10)
4'-Hydroxymephenytoin recovery (wmol)” CYP2C19 122 (14-192) 117 (7-203) —3.5 (—18.5, 43.0)

. P . . b . .
*The 95% confidence limit excludes zero; “n=6, one poor metabolizer excluded from analysis; “n=6, one poor metabolizer excluded from analysis.

© 2002 Blackwell Science Ltd Br J Clin Pharmacol, 53, 155-162

157



R. F. Frye & R. A. Branch

5000
Dapsone
4000 |
= A
g 3000 |
c
9
©
£ A
8 2000
c
[
o
1000
0....|....|....|...

0.0 25 5.0 7.5 10.0

5000
Monoacetyldapsone

4000 o T

T
1

3000

R

2000

1000

0....|....|....|....|.
0.0 25 5.0 7.5 10.0

Time (h)

Figure 2 Concentration-time profiles of dapsone (left panel) and monoacetyldapsone (right panel) before (closed symbols) and during

(open symbols) disulfiram administration.

Figure 2. The monoacetyldapsone AUC(0,10 h) increased
from 3.5 to 24.0 mgh 1" (median difference: 20.6;
95% confidence interval of the difference 6.1, 43.2),
while the dapsone AUC(0,10 h) decreased from 9.9 to
7.0 mg h 17" (median difference: —2.9; 95% confidence
interval of the difference: —4.7, —1.6). Accordingly, the
acetylation ratio of monacetyldapsone to dapsone at 8 h
was increased by more than 16-fold in these subjects
during disulfiram administration (P<0.05) (Table 1). The
increase in the acetylation ratio was primarily due to
the large increase (900%) in monoacetyldapsone concen-
trations with a concomitant 35% reduction in dapsone
plasma concentrations at 8 h (Figure 2). The change in
the acetylation ratio was greater in the three phenotypic
rapid acetylators as compared with the four phenotypic
slow acetylators (Figure 3).

Discussion

The results of this study confirm previous reports that
disulfiram acutely inhibits chlorzoxazone metabolism
and extends these observations by showing that the
inhibition of chlorzoxazone metabolism was sustained
at the same magnitude after 11 days of disulfiram
administration [3, 4]. The results from the other CYP
probe drugs indicate that chronic disulfiram administra-
tion has no effect on CYP2D6 or CYP2C19 mediated
metabolism, as indicated by the probe drugs debrisoquine
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Figure 3 Dapsone acetylation ratio before and during disulfiram
administration. The ratio increased 20-fold in phenotypic rapid
acetylators and 12-fold in phenotypic slow acetylators.

and mephenytoin, respectively, and does not alter CYP-
mediated dapsone hydroxylation, as shown by the dapsone
recovery ratio. In contrast to previous reports with acute
disulfiram administration, chronic disulfiram administra-
tion modestly decreased caffeine N3-demethylation.

© 2002 Blackwell Science Ltd Br J Clin Pharmacol, 53, 155162



In addition, disulfiram administration markedly influenced
dapsone pharmacokinetics as evidenced by a substantial
increase in monoacetyladapsone plasma concentrations
and a slight decrease in dapsone plasma concentrations,
resulting in an increase in the dapsone acetylation ratio.
Thus, the effects of disulfiram on drug metabolizing
enzymes are not confined to CYP2E1.

Disulfiram and diethyldithiocarbamate are potent
mechanism-based inhibitors of CYP2E1 in wvitro [1, 2]
and single-dose disulfiram administration has been shown
to profoundly inhibit CYP2E1-mediated chlorzoxazone
metabolism in vivo [3, 4]. In our study, both the for-
mation clearance of 6-hydroxy-chlorzoxazone [14] and
the single-point chlorzoxazone metabolic ratio were
reduced by approximately 95% after both acute and
chronic disulfiram administration. The magnitude of
inhibition was similar after acute and chronic inhibition,
which is anticipated since the effect is mediated through
mechanism-based inhibition. That disulfiram-mediated
inhibition was constant throughout the 11 day evaluation
period is important for supporting the use of disulfiram
to identify the role of CYP2E1 in the in vivo metabolism
of a drug. This strategy would require the use of multiple-
dose disulfiram to maintain inhibition for drugs with
long-elimination half-lives, since it was shown that
chlorzoxazone metabolism returns to 50% and 100%
of baseline values three and eight days after a single
500 mg dose of disulfiram, respectively [4]. Thus,
disulfiram administration should be continued throughout
the sampling period for a drug with a long elimination
half-life in order to avoid the confounding effect that
CYP2E1 enzyme resynthesis would have on activity.
affect  the
debrisoquine recovery ratio or the urinary recovery of
4'-hydroxymephenytoin, indices of CYP2D6 and
CYP2C19 activity, respectively. A lack of effect on
CYP2D6 and CYP2C19 activities with chronic dosing
is consistent with the observations following single-
dose (500 mg) or five daily doses (200 mg) of disulfiram
and the probe drugs mephenytoin (CYP2C19) and
dextromethorphan or sparteine (CYP2DO6) [6, 7]. Thus,
these data suggest that administration of disulfiram does
not affect CYP2D6 or CYP2C19 activities in vivo.

Disulfiram administration had a modest effect on

Disulfiram  administration did not

caffeine N3-demethylation causing a 34% decrease in
the caffeine metabolic ratio, which has been validated as a
surrogate measure of systemic caffeine clearance [22, 23].
The magnitude of change in the caffeine metabolic ratio is
consistent with the 30% and 29% decreases in systemic
caffeine clearance observed in normal volunteers given
disulfiram 250 mg or 500 mg day ' for 4 days, respec-
tively, and also the 30% decrease in theophylline clearance
seen after 1 week of treatment with disulfiram 500 mg
[9, 10]. In contrast to these findings, Damkier et al. [7]

© 2002 Blackwell Science Ltd Br J Clin Pharmacol, 53, 155-162
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did not observe a change in caffeine metabolic ratio in
normal volunteers given five daily doses of disulfiram
200 mg. The smaller dose (200 mg vs 250 mg) and/or
shorter duration of exposure (5 vs 11 days) relative to our
study may have contributed to the disparate effect on
CYP1A2 activity. The eftect of single-dose disulfiram
(500 mg) on CYP1A2 activity remains unknown. The
decrease in cafteine metabolic ratio suggests that disulfiram
inhibits CYP1A2 activity following chronic adminis-
tration. However, it is also known that CYP2E1 con-
tributes to caffeine 1- and 7-demethylations [27-29].
Thus, the magnitude of decrease may reflect decreases in
both CYP1A2 and CYP2E1 activities. It is also possible
in our study that caffeine metabolism may have been
diminished during disulfiram administration by the sub-
stantially higher plasma concentrations of chlorzoxazone,
since an interaction between these two probes (when
both are given at higher doses than used in this study) has
been reported [30]. Clearly, the magnitude of inhibition
seen with disulfiram is modest compared with other
known CYP1A2 inhibitors such as fluvoxamine [31].
The eftect of disulfiram administration on dapsone
disposition was marked, with the predominate effect
observed being an increase in the plasma concentrations of
monoacetyldapsone. As shown in Figure 4, the increase
in monoacetyldapsone plasma concentrations that was
observed could result from either inhibition of the
metabolic breakdown of monoacetyldapsone, inhibition
of monoacetyldapsone deacetylation, or a combination of
both. Monoacetyldapsone hydroxylamine is not recovered
in urine to any significant extent and no other urinary
metabolites of dapsone have been identified [18, 32]. An
inhibition of deacetylase activity by disulfiram is plausible
since disulfiram was shown to reduce the deacetylation of
both diltiazem and cinobufagin in rat liver microsomes
[33, 34]. In addition, monoacetyldapsone is deacetylated
by a carboxylesterase enzyme(s) and it is known that oral
administration of disulfiram and its reduced metabolite,
diethyldithiocarbamate, inhibits plasma and hepatic micro-
somal carboxylesterase in rats [35, 36]. Concentration-
time data for dapsone and monoacetyldapsone following
oral administration of monoacetyldapsone
that deactylation is much slower in comparison with

indicate

acetylation [32]. Thus, a decrease in monoacetyldapsone

deacetylation would be expected to result in a
decrease in dapsone concentrations, as was observed,
since the equilibrium between monoacetyldapsone and
dapsone would be altered. Characterization of the
mechanism of the interaction between disulfiram,
dapsone, and monoacetyldapsone will require further
study.

Dapsone is commonly used as a probe of N-acetyl-
transferase activity with the acetylation ratio serving as

a single-point index of N-acetyltransferase activity [24].
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Figure 4 Dapsone metabolic pathways. NAT = N-acetyltransferase, CYP = Cytochrome P450, UGT = uridine 5'-diphosphate

[UDP]-glucuronosyltransferase.

The acetylation ratio is determined using plasma con-
centrations of dapsone and monoacetyldapsone, which
reach equilibrium approximately 4 h after dosing [24, 32].
Disulfiram administration caused a 16-fold increase in the
acetylation ratio (Figure 3), due largely to the substantial
increase in monoacetyldapsone concentrations. As dis-
cussed, the acetylation ratio may have been increased due
to apparent eftects of disulfiram on monoacetyldapsone
metabolism. Clearly factors that could independently affect
monoacetyldapsone metabolism (e.g.  deacetylation)
would confound interpretation of the acetylation ratio
and thereby severely limit the use of dapsone as a probe of
acetylation in the context of drug—drug interaction
studies.

CYP-mediated dapsone metabolism, as estimated using
the dapsone recovery ratio, was not aftected by disulfiram
administration. There is controversy regarding which
CYP enzyme(s) is/are most relevant to dapsone meta-
bolism in vivo. While the dapsone recovery ratio was
originally proposed as an index of CYP3A activity, recent
data demonstrate that in addition to (and possibly more
important than) CYP3A4, the enzymes CYP2E1 [37],
CYP2C8 and CYP2C9 [38, 39] can also hydroxylate
dapsone. It has been suggested that at plasma dapsone
concentrations typically observed following a single
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100 mg dose (~5 pm), CYP2E1 is primarily responsible
for dapsone hydroxylation [37]. However, this is not
consistent with the data from the present study, where
the dapsone recovery ratio was decreased by only 22%
(P>0.05) in the presence of substantial CYP2E1 inhi-
bition. It is interesting to note that inhibition of mono-
acetyldapsone deacetylation could result in reduction in
the 8 h urinary recovery of dapsone hydroxylamine, since
the altered equilibrium (Figure 4) would result in less
dapsone being available for subsequent hydroxylation
(or potentially, less monoacetyldapsone hydroxylamine
being converted to dapsone hydroxylamine).

A limitation of the present study is that there was not
an assessment of the effects of chronic disulfiram admin-
istration on CYP2CY9 and CYP3A activities. Chronic
disulfiram administration has previously been shown
to decrease phenytoin clearance [12, 40] and augment
warfarin pharmacodynamics [13] suggesting that disulfiram
may aftect CYP2C9 activity, although Damkier et al. [7]
did not observe a significant change in tolbutamide
metabolism (CYP2C9) in five volunteers given five
daily doses of disulfiram 200 mg and Svendsen et al.
[40] did not observe a change in tolbutamide clearance
after four daily doses of disulfiram in 10 volunteers. Data
pertaining to the effect of disulfiram on CYP3A in vivo

© 2002 Blackwell Science Ltd Br J Clin Pharmacol, 53, 155162



are limited. Single-dose disulfiram did not alter the
clearance of intravenously administered midazolam [5]
and multiple dose disulfiram given for 5 or 10 days did
not alter quinidine 3-hydroxylation [7] or alprazolam
clearance [41], respectively.

In conclusion, disulfiram administration substantially
inhibited CYP2E1-mediated hydroxylation of chlorzo-
xazone. The extent of CYP2E1
with a dose of 250 mg was similar after both acute and

inhibition observed

chronic administration. Disulfiram modestly decreased
caffeine N3-demethylation, and had no effect on debriso-
quine or mephenytoin metabolism. An interaction
between dapsone and disulfiram resulted in an increase
in monoacetyldapsone concentrations and an associ-
ated increase in the dapsone acetylation ratio; dapsone
hydroxylation was unchanged. These data suggest that
disulfiram, when used as an inhibitor of CYP-mediated
metabolism, is predominately selective for CYP2E1 when
given at a daily dose of 250 mg. However, effects on
CYP1A2 and deacetylation may potentially confound
use of disulfiram as a diagnostic CYP2E1 inhibitor.
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