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ABSTRACT:

Disulfiram and its primary metabolite diethyldithiocarbamate are
effective mechanism-based inhibitors of cytochrome P-450 2E1
(CYP2E1)" in vitro. Single-dose disulfiram diminishes CYP2E1 ac-
tivity in vivo and has been used to identify CYP2E1 participation in
human drug metabolism and prevent CYP2E1-mediated toxifica-
tion. Specificity of single-dose disulfiram toward CYP2E1 in vivo,
however, remains unknown. This investigation determined single-
dose disulfiram effects on human CYP 2C9, 2C19, 2D6, and 3A4
activities in vivo. In four randomized crossover experiments, vol-
unteers received isoform-selective probes (oral tolbutamide, me-
phenytoin, dextromethorphan, or i.v. midazolam) on two occa-
sions, 10 h after oral disulfiram or after no pretreatment (controls).
Plasma and/or urine parent and/or metabolite concentrations were
measured by HPLC or gas chromatography-mass spectrometry.
CYP2C9, 2C19, 2D6, and 3A4 activities were determined from the
tolbutamide metabolic ratio, 4’-hydroxymephenytoin excretion,

and dextromethorphan/dextrorphan ratios in urine and midazolam
systemic clearance, respectively. Midazolam clearance (670 = 190
versus 700 += 240 ml/min, disulfiram versus controls), dextro-
methorphan/dextrorphan metabolic ratio (0.013 + 0.033 versus
0.015 = 0.035), 4’'-hydroxymephenytoin excretion (122 + 22 versus
128 + 25 umol), and tolbutamide metabolite excretion (577 = 157
versus 610 = 208 umol) were not significantly altered by disulfiram
pretreatment, although the tolbutamide metabolic ratio was
slightly diminished after disulfiram (60 = 17 versus 81 *+ 40, p <
.05). Results show that single-dose disulfiram does not cause
clinically significant inhibition of human CYP2C9, 2C19, 2D6, and
3A4 activities in vivo. When single-dose disulfiram is used as an in
vivo probe for P-450, inhibition of drug metabolism suggests se-
lective involvement of CYP2E1. Single-dose disulfiram should not
cause untoward drug interactions from inhibition of other P-450
isoforms.

The metabolism of numerous halogenated xenobiotics usedhinman liver microsomal CYP2E1 in vitro (Guengerich et al., 1991)
industrial applications, endogenous compounds, ethanol, and a favd rat CYP2E1 in vivo (Brady et al., 1991). Using chlorzoxazone
drugs such as chlorzoxazone, isoniazid, acetaminophen, and voldiileydroxylation as a measure of CYP2E1 activity (Peter et al., 1990),
anesthetics is catalyzed by human liver cytochrome P-450 (CYP) 2disulfiram was found to reduce chlorzoxazone elimination clearance
(Lieber, 1997). Potential consequences of such metabolism inclugiid 6-hydroxychlorzoxazone formation clearance to 15% and 7% of
bioactivation resulting in toxification and/or carcinogenesis. One agontrol values, respectively (Kharasch et al., 1993). This established
proach for identifying CYP2E1 participation in human xenobiotigingle-dose disulfiram as an effective inhibitor of human CYP2E1 in
biotransformation in vivo is to manipulate CYP2E1 activity, by invivo, a useful probe for delineating CYP2EL participation in drug
duction or inhibition, and assess the effect on candidate drug met8isposition and for potential prevention of CYP2E1-mediated toxifi-
olism. When bioactivation portends toxification, the latter approach §&tion. Single-dose disulfiram was subsequently used to establish
preferable. A corollary application of this technique is that CYP2E€YP2EL participation in human in vivo metabolism of enflurane,

inhibition may be used prophylactically, or possibly postexposure, ggvoflurane, and halothane (Kharasch et al., 1994, 1995, 1996) and to

prevent CYP2E1-mediated toxification.

diminish CYP2E1-mediated metabolism of halothane to potentially

Single-dose disulfiram inhibition of CYP2E1 has been explored 4&Xi¢ reactive intermediates (Kharasch et al., 1996).

an in vivo probe for CYP2EL participation in biotransformation and as

Although initial in vitro investigations indicated that disulfiram and

a potential preventative agent against CYP2E1-mediated toxiﬁcaﬂ&;.ethyldithiocarbamate were selective, mechanism-based inhibitors of

Disulfiram and its reduced metabolite diethyldithiocarbamate inhi
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bgEYPZEl (Guengerich et al., 1991), their selectivity was subsequently

questioned. For example, diethyldithiocarbamate was also reported to
inhibit human liver microsomal P-450s 2A6 (Yamazaki et al., 1992;
Chang et al., 1994; Ono et al., 1996) and 2C19 (Ono et al., 1996) and,
at higher concentrations, both 2C8 and 3A3/4 (Chang et al., 1994).
Furthermore, although disulfiram efficacy toward CYP2EL is unques-
tioned, the in vivo specificity of single-dose disulfiram for only
CYP2E1 remains unknown. Accurate interpretation of clinical studies
using disulfiram as a (presumably) selective inhibitor of CYP2E1
rests on this identification. Furthermore, before disulfiram can be
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recommended to prevent CYP2E1-mediated drug or xenobiotic biegular intervals until the midafternoon urine collection to prevent hypogly-
activation and toxicity, its safety, vis-a-vis the absence of unwantégmia. Twenty subjects (22 4 years, 70+ 12 kg, 9:11 male/female) were
and potentially hazardous non-CYP2E1 drug interactions, must $jdied to detect a 30% difference in tolbutamide metabolic ratis 0.05,3
demonstrated. We recently showed that single-dose disulfiram dge0%). based on the population variability of tolbutamide metabolism
not inhibit human CYP2A6 activity (coumarin hydroxylation) in vivo(Veronese etal., 1993).

; o ; Analytical Methods. Dextromethorphan, dextrorphan, 3-methoxymorphi-
(Kharasch et al., 1998). The present investigation determined (?1 3-hydroxymorphinan, levallorphan, tolbutamide, hydroxytolbutamide,

effect of single-dose disulfiram on the other human P-450 isoformgy 4_hydroxymephenytoin were obtained from Research Biochemicals, Inc.
responsible for metabolizing the majority of therapeutically usegatick, MA), carboxytolbutamide was purchased from UltraFine Chemicals
drugs, CYPs 2C9, 2C19, 2D6, and 3A4 (Guengerich, 1995; Wright@Manchester, England), and all other chemicals were from Sigma (St. Louis,
et al., 1996). MO).
) Plasma midazolam concentrations were determined by gas chromatography-
Materials and Methods mass spectrometry as described previously (Thummel, 1994b), with minor
Patient Selection and Clinical Protocol.Male and nonpregnant female modification. Briefly, 1.5 ml of plasma containing the internal standard diaz-
nonsmoking volunteers participated in this investigation after written informeé&Pam (25 ng) and 0.5 mfd M sodium hydroxide was extracted with>2 3
consent was obtained. The investigational protocols were approved by fkof ethyl acetate-heptane (1:1, v/v). The combined organic layers were
Institutional Human Subjects Committee. Not all subjects participated in eag#aporated under nitrogen at 40°C, reconstituted inul76f acetate-heptane,
study pair; group size was determined by prospective power analysis. Subj@étd analyzed on a Hewlett-Packard 5890 series Il GC/5972 mass selective
were in good health, within 20% of ideal body weight, had no history dietector using a DB-5 capillary column (30 m 0.32 mmx 0.25 pm film
hepatic or renal disease, and were taking no prescription medications (excliidckness) (J&W, Folsom, CA). The column head pressure (helium carrier gas)
ing a few subjects on oral contraceptives) during the investigation. Subje®gs 25 psi for 1 min and then decreased to 8 psi. The oven temperature was
abstained from caffeine, grapefruit, grapefruit juice, and ethanol beginning t¥0°C for 1 min, increased 10°C/min to 280°C, and then to 320°C at 5°C/min.
day before each study day and continuing throughout the period of uribgector and transfer line temperatures were 290°C and 300°C, respectively.
collection. Subjects also abstained from ethanol for 5 days after disulfird@ns monitored werem/z 283.1 and 310.1 for diazepam and midazolam,
administration. Each substrate probe was studied in a crossover design, Viggpectively. Standard curves were prepared daily (0.1-25 ng/ml) and were
subjects randomly assigned first to the control or disulfiram phase andirzear ¢* > 0.99 over 0.1-5 and 0.1-25 ng/ml). The interday variability was
washout period of 1 to 2 weeks between phases. Pretreated subjects recéided, and 1% at 0.1, 5, and 25 ng/ml, respectively.

500 mg of disulfiram orally at bedtime, 9 to 10 h before substrate probes,Urine dextromethorphan and metabolite concentrations were determined by
whereas controls received nothing. HPLC with fluorescence detection as described (Chen et al., 1990), with the
CYP3AA4 activity was assessed by the clearance of midazolam (Thummef@towing modifications. Urine (1 ml) was incubated overnight at 37°C with 1

al., 1994a,b). Subjects received 1 mg i.v. midazolam, and venous bloddof 0.1 M potassium acetate buffer (pH 5) containpglucuronidase (5000
samples were obtained through an indwelling catheter in the contralateral adml), spiked with 5ug of levallorphan and diluted with 1 ml of saturated
for 12 h after dosing. Plasma was frozen#20°C for later analysis. Based on sodium carbonate. Samples were twice extracted with 3 ml of diethyl ether/
the population variability of midazolam disposition (Kassai et al., 1988), 1ghloroform/isopropanol (20:9:1) by vortexing for 10 min and centrifuged at
subjects (30+ 5 years, 72+ 13 kg, 8:7 male/female) were studied to detec200Q) for 10 min; organic layers were combined into a 15-ml tapered polypro-
a 30% difference in midazolam clearanee € 0.05, 3 = 80%). CYP3A4 pylene screw cap tube containing 2Q0 of 0.1 N HCI. Analytes were
activity was also estimated by tHé-demethylation of dextromethorphan to back-extracted by vortexing for 10 min and centrifuging (2§QD min), and
3-methoxymorphinan (Jacqz-Aigrain et al., 1993; Ducharme et al., 1996; Jottleg organic layer was aspirated and the aqueous phase evaporated to drynes
et al., 1996). under nitrogen at 55°C. Samples were reconstituted inloff 0.1 N HCI,
CYP2D6 activity was determined from the metabolism of dextromethovortexed, and transferred to an autosampler vial. Chromatography was per-
phan (Schmid et al., 1985). Subjects received 30 mg oral dextromethorpiiamned with a Hewlett Packard 1050 HPLC system coupled to a Kratos
hydrobromide (85.5umol of dextromethorphan) with 200 ml of water after anSpectroflow 980 fluorescence detector (excitation 228 nm, no emission cut-off
overnight fast, followd 2 h later by a standard breakfast. Urine was collectefilter) using a Rainin Microsorb phenyl column (250 4.6 mm, 5 microns).
0 to 8 h after dextromethorphan, the volume was measured, and an aliquot Mag mobile phase was methanol/acetonitrile/10 mM potassium phosphate (pH
frozen at—20°C for metabolite analysis. Forty subjects (2% years, 69+  3.5) (20:25:55) at 1.2 ml/min. Analyses were carried out at room temperature.
12 kg, 20:20 male/female) were studied to detect a 30% difference in dextkach sample was injected twice (1 andudlpto ensure that peaks were within
methorpharO-demethylation ¢ = 0.05, 8 = 80%), based on the population the linear range of the detector. Calibration standards were prepared daily
variability of dextromethorpha®-demethylation and the expected incidenceusing blank urine containing 80 to 10,000 ng/ml dextrorphan and 3-hydroxy-
of poor metabolizers (Evans et al., 1993). morphinan and 8 to 1000 ng/ml dextromethorphan and 3-methoxymorphinan.
CYP2C19 activity was determined by the-Hydroxylation of S Peak area ratios were used for analysis of dextromethorphan and dextrorphan,
mephenytoin (Wrighton et al., 1993), as described previously (Kupfer amatid 3-methoxymorphinan and 3-hydroxymorphinan were quantified from peak
Preisig, 1984; Wedlund et al., 1984). Subjects received racemic mephenyto@ight ratios because complete baseline resolution was unattainable in some
(100 mg orally with 200 ml of water; 22amol of Smephenytoin), followed patients. Standard curves were linear over the concentration rangestised (
2 h later by a standard breakfast. Urine was collected fromo 8 t after 0.99, 0.99, 0.98, and 0.96 for dextromethorphan, dextrorphan, 3-methoxymor-
mephenytoin dosing, the volume was measured, and an aliquot was frozephanan, and 3-hydroxymorphinan, respectively). Interday coefficients of vari-
—20°C for metabolite analysis. Fifteen subjects {36 years, 72+ 13 kg, 8:7 ation were 25 and 2% at 16 and 1000 ng/ml dextromethorphan, 22 and 15% at
male/female) were studied, based on the calculation that 13 subjects wouldt&and 2.5ug/ml dextrorphan, 19 and 2% at 16 and 1000 ng/ml 3-methoxy-
needed to detect a 30% difference in mephenytoin metabolism@.05,8 =  morphinan, and 18 and 8% at 0.3 and a&/ml 3-hydroxymorphinan.
80%) using the published population variability of mephenytoin hydroxylation The concentration of '4dhydroxymephenytoin in urine was measured by
and the expected incidence of poor metabolizers (Wilkinson et al., 1989PLC with UV detection as described, with minor modification (Xie et al.,
Goldstein et al., 1997). 1995). Urine (10Qul), water (900ul), and 50ul of 0.5 M acetate buffer (pH
CYP2C9 activity was assessed by the metabolism of tolbutamide to Hy0, containing 5000 U/mB-glucuronidase) were incubated in polyethylene
droxytolbutamide and its secondary metabolite carboxytolbutamide (Briantabes at 37°C for 18 h. The hydrolysate was transferred to a glass tube
al., 1989; Relling et al., 1990), as described previously (Peart et al., 19&8dntaining 5ug of phenobarbital and twice extracted by vortexing with 3 ml
Veronese et al., 1990). Subjects received tolbutamide (500 mg orally, 18#f9diethyl ether. Following centrifugation (206010 min), the combined
nmol) with 200 ml of water after breakfast. Urine was collected from 6 to 12 oirganic layers were evaporated to dryness at 45°C under nitrogen, reconsti-
after tolbutamide, the volume was measured, and an aliquot was frozertuaéd in 50 ul of mobile phase, and transferred to an autosampler vial.
—20°C for metabolite analysis. Subjects self-administered glucose tabletsCatromatography was performed at room temperature on an HP 1050 HPLC
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Fic. 1. Disulfiram effect on midazolam disposition. A, plasma midazolam concentrations (m&bD.) for all subjects. B, midazolam systemic clearance, shown for
individual subjects and mean S.D.

system with variable wavelength UV detector at 204 nm, using a Rainaarbon disulfide and also for disulfiram itself (van Doorn et al., 1981, 1982).
Microsorb-MV C-18 analytical column (5 microns, 250 4.6 mm) (Varian, TTCA was synthesized, and TTCA in urine was analyzed by gas chromatog-
Walnut Creek, CA) and Opti-Guard C-18 (1 mm) guard column (Optimizeaphy-mass spectrometry, as described previously (Johnson et al., 1996).
Technologies, Oregon City, OR). The mobile phase gradient began at 698defly, 1 ml of filtered urine and 0.8 mlfal N HCI were extracted with 2 ml
water/acetonitrile, increased linearly to 38:62 over 10 min, held for 2 minf ethyl acetate, dried over magnesium sulfate, evaporated to dryness, dis-
returned to its initial composition over 3 min, and then re-equilibrated for $olved in methanol, derivatized with diazomethane, evaporated to dryness,
min. The flow rate was 1.75 ml/min. Injection volume was 2D Analyte reconstituted in acetonitrile, and analyzed by selected ion mode gas chroma-
stock solutions were prepared in acetonitrile and used to formulate 4ography-mass spectrometmfz132; M*-COOCH,). A linear standard curve
hydroxymephenytoin standards in urine for calibration curves (0.gZBl, was prepared using blank urine and TTCA (10-1000 ng/fi> 0.99) and

r? = 0.999). The intraday coefficient of variation fof-dydroxymephenytoin used for quantification. Urine samples were collected as described above and
was 2% at 0.5 and 2ag/ml. All urine samples were analyzed on the same dalso for 0 to 24 h after midazolam.

Hydroxytolbutamide, carboxytolbutamide, and unchanged tolbutamide inData Analysis. CYP2C9 activity was assessed by the tolbutamide meta-
urine were determined by HPLC after glucuronidase treatment using a moaielic ratio [(hydroxytolbutamider carboxytolbutamide)/tolbutamide] in the 6
fication of a previous method (Csillag et al., 1989). Briefly, urine (1 mlfo 12-h urine (Veronese et al., 1990) and tolbutamide metabolite recovery
containing 20ug of chlorpropamide (internal standard) and 200f 2 M HCI  (Peart, 1987). CYP2C19 activity was determined by the amount’-bfy4
was twice extracted with 2 ml of diethyl ether by vortexing and was thedroxymephenytoin excreted in the O to 8-h urine, expressed also as the
centrifuged for 10 min at 20@) The combined organic layers were evaporatetlydroxylation index gmol S-mephenytoinimol 4'-hydroxymephenytoin)
to dryness under nitrogen at 40°C, reconstituted in 1000f methanol/ (Kupfer and Preisig, 1984; Wedlund et al., 1984; Xie et al., 1997). Individuals
acetonitrile/isopropanol/0.1% phosphoric acid buffer (pH 2.0) (50:8.5:8.5:38xcreting<2% of the dose as’4ydroxymephenytoin were considered phe-
and transferred to autosampler vials. Analyses were performed at room tetotypically poor metabolizers (Wedlund et al., 1984). The molar dextrometho-
perature on an HP 1050 HPLC system with variable wavelength detector (2@han/dextrorphan metabolic ratio in 0 to 8-h urine was used to determine
nm) and a Rainin Microsorb-MV C-18 column (5 microns, K&50 mm) at CYP2D6 activity (Schmid et al., 1985; Jacqz-Aigrain et al., 1993; Jones et al.,
room temperature. The isocratic mobile phase was acetonitrile/isoproparkgf6). A metabolic ratic=0.3 was considered evidence of CYP2D6 poor
0.1% phosphoric acid (pH 2.0) (17:17:66) at 1.0 ml/min, and the injectiometabolizer phenotype (Schmid et al., 1985). Midazolam systemic clearance
volume was 10ul. Tolbutamide in urine was also analyzed by HPLCHdose/area under the curve) was determined by noncompartmental analysis
electrospray mass spectrometry using an HP 1100 HPLC-MSD system gmgnNonlin 1.5; Scientific Consulting, Inc. Cary, NC) and used as a measure
Rainin Microsorb C-18 analytical column (5 microns, X1150 mm) coupled of hepatic CYP3A4 activity (Thummel et al., 1994a, 1994b). Drug disposition
to a HAIPEEK C-18 guard column. Injection volume wasub and the in the control and disulfiram sessions was compared by paitedt or by
isocratic mobile phase was acetonitrile/isopropanol/aqueous 0.5% trifluoroaggiicoxon signed rank test if normality assumptions were violated. Signifi-
tic acid (20:20:80) at 20Qul/min. The mass spectrometer acquisition parameance was assigned pt< .05. Results are shown as the meanstandard
eters included positive ionization, quadrupole temperature 99°C, gas tempiiviation.
ature 350°C, 55 nA cap current, and drying gas at 10 liters/min. Tolbutamide
and chlorpropamide were monitoredratz271.2 and 277.2 (MH), respec-
tively. Analyte stock solutions were prepared in methanol, and standard curves
of peak area ratios were created daily using drug-free urine (Stisl Mean midazolam plasma concentration versus time profiles in
hydroxytolbutamide and carboxytolbutamide, 0.5-a¢Iml tolbutamide) and control and disulfiram-treated subjects were superimposable (Fig.
used to quantify concentrations in patient samples. Standard curves were Iir}g@}l Systemic clearance (676 190 versus 706 240 ml/min,p =
pver the conggntratlon re}nges used & 0.995 for all analytes), anq the .39) was similarly unchanged by disulfiram (Fig. 1B).
interday coefficient of variation was 8 and 10%_f0r hydroxytolbutamide at 5 Dextromethorphan disposition in untreated subjects resembled that
and 115ug/ml, 3 and 0.3% for carboxytolbutamide at 5 and 3igml, and . . . . )

in previous reports (Jacqz-Aigrain et al., 1993; Ducharme et al., 1996;

7 and 2% for tolbutamide at 0.5 angug/ml (intraday, liquid chromatography- . .
mass spectrometry). Jones et al., 1996). Urine excretion (0—8 h) of dextrorphan, 3-me-

To verify that disulfiram had been ingested, subjects kept medicatidfoXymorphinan, 3-hydroxymorphinan, and dextromethorphan was
diaries, and urine was analyzed for 2-thiothiazolidine-4-carboxylic acid7 = 12, 0.05= 0.06, 14+ 8, and 0.3= 0.5 umol, respectively,
(TTCA), an established human biomarker for the major disulfiram metabolitepresenting 32= 15, 0.06+ 0.07, 16+ 10, and 0.3+ 0.5% of the
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Fic. 2. Disulfiram effect on dextromethorphan metabolism. A, dextromethorphan/dextrorphan metabolic ratio (CYP2D6). B, dextromethorphan/3snpétihaxym
metabolic ratio (CYP3A4).

dose, with 48+ 20% metabolite recovery. Dextromethorph@a
demethylation was unaffected by disulfiram pretreatment (Fig. 2A). 200
The mean dextromethorphan/dextrorphan metabolic ratio was un-
changed by disulfiram (0.013 0.033 versus 0.015 0.035,p = .~
.26), and no subject was converted to a phenotypically poor metab®
lizer. There was an excellent correlation € 0.94, not shown) £ 150
between the two ratio measures of CYP2D6 activity, dextrometho«=>
phan/dextrorphan and dextromethorphan/3-hydroxymorphinan, as de- g:
scribed previously (Jones et al., 1996). The mean dextromethorphag/ .&
3-hydroxymorphinan metabolic ratio was also unchanged by A
disulfiram (0.028+ 0.061 versus 0.032- 0.064,p = .22, datanot g 100 |-
shown). Dextromethorphad-demethylation, another putative marker <
of CYP3A4 activity, was also unaffected by disulfiram pretreatmento
with no change observed in the dextromethorphan/3-methoxymorph®
nan metabolic ratio (Fig. 2B). Neither molar excretion of dextroiI 50
methorphan and metabolites nor metabolite recovery was significant®
different after disulfiram pretreatment. [
Mephenytoin metabolism in controls was similar to that describear
previously (Kupfer and Preisig, 1984; Xie et al., 1997), averaging

128 = 25 umol of 4'-hydroxymephenytoin (56 11% of the dose) 0

excreted in 0 to 8-h urine, corresponding to a hydroxylation index of Control Disulfiram
1.9 i 0.5. One SUbJGCt could not void in t_he control phase, and two Fic. 3. Disulfiram effect on mephenytoin metabolism. Urine (0—8'R) 4
subjects were found to be poor metabolizers; these were excluded hydroxymephenytoin excretion is shown.

from the statistical analysis. Single-dose disulfiram effects on mephe-

nytoin metabolism are shown in Fig. 3. No subject was converted t .
a phenytypic poor metabolizer. AverageRydroxymephenytoin ex- o%served (84 39) was lower than those reported previously (7294

cretion (122+ 22 umol: hydroxylation index 1.9+ 0.4) was un- 87 and 1144+ 529) (Veronese et al., 1990, 1993). This difference
changed compared wi£h control® (= .72). In one subject, ‘4 may be related in part to assay conditions. Urine tolbutamide concen-

hydroxymephenytoin control excretion appeared low, although s/H&tions were close to the limit of quantification for the HPLC-UV
was not a poor metabolizer. Reanalysis without this subject showpa: @S reported previously (Veronese et al., 1990). Thus, urine
that 4-hydroxymephenytoin excretion was somewhat lower aftdp/Putamide was re-assayed using liquid chromatography-mass spec-
disulfiram (120+ 22 versus 134+ 18 umol: hydroxylation index (rometry, which afforded greater sensitivity and specificity. Concen-
2.0+ 0.4 versus 1.7- 0.2,p = .045). trations measured by liquid chromatography-mass spectrometry were

Tolbutamide metabolism in controls was similar to that describéPProximately 2-fold greater than when measured by HPLC-UV and
previously (Veronese et al., 1990, 1993), with one difference. Urigere used to calculate the tolbutamide metabolic ratio reported.
excretion (6—12 h) of hydroxytolbutamide (16437 umol; 6 = 2% The effect of single-dose disulfiram on tolbutamide metabolism is
of the dose), carboxytolbutamide (586179 umol; 27 = 10% of the shown in Fig. 4. Tolbutamide metabolite excretion was unchanged
dose), and percent of the dose recovered{3B1%) were similar to (577 = 157 versus 610+ 208 pumol, p = .54) after disulfiram
those reported by Veronese et al. 42, 22 + 8, and 26+ 9%) pretreatment (Fig. 4A). The tolbutamide metabolic ratio, however,
(1993). In contrast, urinary tolbutamide excretion (8:54.6 umol;  was slightly, although significantly, diminished after disulfiram (60
0.46 + 0.25% of the dose) was higher than that reported previously versus 81+ 40, p = .032), and this difference persisted after
(0.49 = 0.23 umol; 0.027 = 0.013% of the dose) (Veronese et al.yeanalysis without the subject with unusually low urine tolbutamide
1993). Consequently, the 6 to 12-h tolbutamide metabolic ratio wecovery (60+ 18 versus 74+ 26, p = .033) (Fig. 4B).
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Fic. 4. Disulfiram effect on tolbutamide metabolism. A, urine (6—12 h) hydroxytolbutamide plus carboxytolbutamide molar excretion. B, urine (6 -f2ijdelb
metabolic ratio. Disulfiram significantly lowered the metabolic ratio but not metabolite excretion.

TTCA excretion after control and disulfiram pretreatment is shown
in Fig. 5 for each isoform probe. TTCA was present in urine of
untreated subjects, as described previously, due presumably to dietary
sources (Simon et al., 1994). All subjects instructed to ingest disul- 1000
firam the night before probe drug administration, with the exception
of one subject in the dextromethorphan study, showed increased
TTCA excretion.

100 -

(kg)

Discussion

Single-dose disulfiram effects on CYP3A4 activity, assessed bk
systemic midazolam clearance and dextromethorpkatemethyl- — 10
ation, can be compared against the influence of known CYP3AT
inhibitors. Neither midazolam clearance nor the dextromethorphan/:g
methoxymorphinan metabolic ratio was affected by disulfiram pretT
treatment. In contrast, known CYP3A4 inhibitors such as macrolide’
antibiotics and azole antifungals markedly impair i.v. midazolam
clearance (Olkkola et al., 1993, 1994; Kharasch et al., 1997). Further-
more, erythromycin pretreatment caused a significant 35 to 50%
increase in the dextromethorphan/3-methoxymorphinan metabolic ra-
tio (Ducharme et al., 1996; Jones et al., 1996). These results suggest 0.1 r
that single-dose disulfiram does not significantly inhibit CYP3A4
activity in vivo. Lack of CYP3A4 inhibition, based on unaltered

carbamazepine and methadone disposition, has also been seen with c b ¢ D C D C D
chronic disulfiram administration (Enghusen Poulsen et al., 1992). Midazolam Dextro. Mephenytoin Tolbutamide
Single-dose disulfiram effects on dextromethorpli@emethyl- Fic. 5. Urine TTCA excretion in untreated control (C) and disulfiram (D)

ation can be compared against CYP2D6 activity in genetically defi- sessions for each isoform probe. Urine was collected for 0 to 24 h after
cient poor metabolizers and the effects of known CYP2D6 inhibitorgTidazolam, 0d 8 h after dextromethorphan, @ 8 h after mephenytoin, and 6

. . to 12 h after tolbutamide, with disulfiram ingested approximately 10 h before the
Phenotypic poor metabolizers have a dextrorphan/dextromethorphan probe drugs.
metabolic ratic>0.3 (Schmid et al., 1985). In extensive metabolizers,
the CYP2D6 inhibitor quinidine (1 week pretreatment) increased theSingle-dose disulfiram effects @imephenytoin hydroxylation can

dextrorphan/dextromethorphan metabolic ratio from 0.613.061 to be compared against CYP2C19 activity in genetically deficient poor

1.9+ 1.6, and all subjects but one were converted from an extensivetabolizers and the effects of known CYP2C19 alternate substrates.

to a phenotypically poor metabolizer (Zhang et al., 1992). Similarifpoor metabolizers excrete less than 1 to 5%Sahephenytoin as

a single quinidine dose administered to extensive metabolizers 12’krhydroxymephenytoin<2—-11 umol) (Wedlund et al., 1984; Sohn
before dextromethorphan increased the average metabolic ratio frehal., 1992; Kubota et al., 1996; Xie et al., 1997). A single dose of
0.005 to 0.4 (Schadel et al., 1995). In contrast, single-dose disulfiratmoroguanide increased the mephenytoin hydroxylation index from
did not significantly change the dextrorphan/dextromethorphan mét4 + 0.2 to 2.5+ 1.8, corresponding to a reduction iftdydroxyme-
abolic ratio, and no subject was converted from an extensive to a ppbenytoin excretion from 164 to 92mol (Partovian et al., 1995). A
metabolizer. Thus, these data suggest that single-dose disulfiram dsirgle dose of mephobarbital, administered shortly before mepheny-
not significantly inhibit CYP2D6 activity in vivo. toin, decrease®&mephenytoin clearance by approximately one-third
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(Jacgz et al., 1986). Chronic omeprazole treatment decreased uiinvelvement of CYP2EL but not CYPs 2A6, 2C9, 2C19, 2D6, and
4'-hydroxymephenytoin excretion from 128 16 to 74= 19 umol 3A4. Second, single-dose disulfiram use to prevent CYP2E1-medi-
(Caraco et al., 1996). In contrast to these 35 to 45% decreasested drug or xenobiotic bioactivation is unlikely to result in untoward
apparent CYP2C19 activity, single-dose disulfiram did not signifdrug interactions resulting from inhibition of other P-450 isoforms
cantly change urine "dhydroxymephenytoin excretion, and, if theand potentially hazardous alteration in therapeutic drug disposition.
subject with low control 4hydroxymephenytoin excretion was omit-
ted, it caused only an 11% decrease. Thus, these data suggest
single-dose disulfiram does not cause clinically significant inhibitio
of CYP2C19 activity in vivo.

Single-dose disulfiram effects on tolbutamide metabolism can be

Compared against the effects of known CYP2C9 inhibitors. Sulfgeach CA, Mays DC, Guiler RC, Jacober CH and Gerber N (1986) Inhibition of elimination of
. ffeine by disulfi i | subject d i Icohol@im Ph. | Th
phenazole decreased plasma tolbutamide clearance by 80%, causeffgas orq. e S PISCs ANt Tecovering alconotis Fharmacol Ther

2-fold decrease in urine hydroxytolbutamide and carboxytolbutamiéedy JF, Xiao F, Wang M-H, Li Y, Ning SM, Gapac JM and Yang CS (1991) Effects of
: H H : : jsulfiram on hepatic P450I11E1, other microsomal enzymes, and hepatotoxicity iffoatsol
excretion, a 3-fold |pcrease in tqlbutqmlde excre.tlon, and reduced th opl Pharmacofl08:366 373,
6 to 12-h tolbutamide metabolic ratio to one-sixth that of controksian WR, Srivastava PK, Umbenhauer DR, Lloyd RS and Guengerich FP (1989) Expression of
(Veronese et al. 1990) In contrast. disulfiram had no significanta human liver cytochrome P-450 protein with tolbutamide hydroxylase activiBaiztharo-
. ' 7 - . myces cerevisiadBiochemistry28:4993-4999.
effect on urine tolbutamide or metabolite excretion and caused onlg@aco v, wilkinson GR and Wood AJ (1996) Differences between white subjects and Chinese

20% overall decrease in the metabolic ratio. These results Suggest th:‘at)jeCtS in the in vivo inhibition of cytochrome P450s 2C19, 2D6, and 3A by omepr&ioie.
Pharmacol Thei60:396—404.

single-dose disulfiram does not cause clinically significant inhibitioBhang TkH, Gonzalez FJ and Waxman DJ (1994) Evaluation of triacetyloleandomyaiph-

of CYP2C9 activity in vivo. Chronic disulfiram administration also thoflavone and diethyldithiocarbamate as selective chemical probes for inhibition of human
. cytochromes P450Arch Biochem Biophy811:437—442.
had no effect on tolbutamide clearance (Svendsen etal, 1976)' Chen ZR, Somogyi AA and Bochner F (1990) Simultaneous determination of dextromethorphan

The observed lack of disulfiram effect on CYP 2C9, 2C19, 2D6, and three metabolites in plasma and urine using high-performance liquid chromatography with
s : R : H pplication to their disposition in maither Drug Monit12:97-104.
and 3A4 aCtIV_ItIeS cannot be attributed t(_) a f_allure_ Of_ SUbJeCtS to Ing_%%ﬁlag K, Vereczkey L and Gachalyi B (1989) Simple high-performance liquid chromatographic
the drug as instructed. Both the medication diaries and the urin@éethod for the determination of tolbutamide and its metabolites in human plasma and urine
tAri H 1 i ; i _using photodiode-array detectiah.Chromatogr490:355-363.

monltorlng .clearly demon.st.rated disulfiram |qg§stlon. ThU.S, slnglgucharme J, Abdullah S and Wainer IW (1996) Dextromethorphan as an in vivo probe for the
dose disulfiram was administered but had minimal or no inhibitory simuitaneous determination of CYP2D6 and CYP3A actiitChromatogr B678:113-128.
effect on the above isoforms. Enghusen Poulsen H, Loft S, Andersen JR and Andersen M (1992) Disulfiram therapy: Adverse

. . . . . . drug reactions and interaction&cta Psychiatr Scan86 (Suppl 369)59—-66.
Effects of single-dose disulfiram differ from those of chronic disgyans we, Reliing MV, Rahman A, McLeod HL, Scott EP and Lin J-S (1993) Genetic basis for

ulfiram administration. Sing|e_dose disulfiram diminishes CYP2E]1 a lower prevalence of deficient CYP2D6 oxidative drug metabolism phenotypes in black
ity b h 90% (Kh h | 1993 d inhibiti ._Americans.J Clin Invest91:2150-2154.
activity by more than 0 ( arasch et al., )v and inhibition Soldstein JA, Ishizaki T, Chiba K, de Morais SMF, Bell D, Krahn PM and Price Evans DA

relatively selective for this isoform. Daily<4 days) disulfiram use  (1997) Frequencies of the defective CYP2C19 alleles responsible for the mephenytoin poor
H P : metabolizer phenotype in various Oriental, Caucasian, Saudi Arabian and American black

did not alter CYI?ZCQ or CYP3A_4 act|V|t|gs but did d_ecre_ase thepopuIationsPharmacogenetic§:59—64.

clearances of antipyrine, theophylline, caffeine, phenytoin, diazepasagngerich FP (1995) Human cytochrome P450 enzyme&ytochrome P450: Structure,

and chlordiazepoxide (Enghusen Poulsen et al 1992) suggestilwd‘a"ism and Biochemist({@rtiz de Montellano PR ed), pp 473-535, Plenum Press, New

. N ! rk.

inhibition of P-450s 1A2 and 2C19. However, even daily use d&uengerich FP, Kim D-H and Iwasaki M (1991) Role of human P-450 IIE1 in the oxidation of

creased CYP1A2 (caffeine and theophylline clearance) and 2C19aw low molecular weight cancer suspe@fem Res Toxicah:168-179.

. Lo 0 incqz—Aigrain E, Funck-Brentano C and Cresteil T (1993) CYP2D6-dependent and CYP3A-
(phenytoin clearance) activities by only 30 to 35% (Svendsen et al.gependent metabolism of dextromethorphan in humBharmacogenetic8:197—204.

1976; Beach et al., 1986; Loi et al.,, 1989). Differences betweeéfrqz E, Hall SD, Branch RA and Wilkinson GR (1986) Polymorphic metabolism of mepheny-
. . . . .. in in man: Pharmacokinetic interaction with a co-regulated substrate, mephobathital.
single-dose and chronic disulfiram effects on extent and selectivity ofha,maco, TheB9:646—653.

inhibition likely result from the relative selectivity of disulfiram andJohnson DJ, Graham DG, Amarnath V, Amarnath K and Vanentine WM (1996) The measure-
. P . ment of 2-thiothiazolidine-4-carboxylic acid as an index of thevivo release of Cgby

dleth){ldlthlo_carban_]ate' tovyard C_YFTZE; (Guengerlch et a!., _1991)unhiocarbamateschem Res Toxicd) 910916,

combined with rapid disulfiram elimination, which reduces inhibitosones DR, Gorski JC, Haehner BD, O'Mara EM and Hall SD (1996) Determination of cyto-

concentrations at the time of study (10 h after disulfiram dosing)ﬁ]gng(e)g;lfgsgms activity in vivo with dextromethorpHsidemethylationClin Pharmacol

(Petersen, 1992), thereby maximizing mechanism-based and mininkigsai A, Toth G, Eichelbaum M and Klotz U (1988) No evidence of a genetic polymorphism
ing competitive components of P-450 inhibition. Consistent with thi in the oxidative metabolism of midazolar@lin Pharmacokinett5:319-325.

.. . . . L. GELaSCh ED, Armstrong AS, Gunn K, Artru A and Cox K (1995) Clinical sevoflurane
hypothesis is the observation that antipyrine clearance was diminish@getanolism and disposition: 1. The role of cytochrome P450 2E1 in fluoride and hexaflu-

10, 16, and 32% after 1, 3, and 5 days of disulfiram (Loft et al., 1986l2_0r0i50pr0pan0l formatiomnesthesiolog2:1379-1388. i o
. . . . . . L harasch ED, Hankins DC, Baxter PJ and Thummel KE (1998) Single-dose disulfiram does not
Thus, single-dose disulfiram has unique, isoform-selective inhibitory hinic cyp2a6 activity. Clin Pharmacol Thei64:39—45.

characteristics. These conclusions pertain only to mechanism-basetkasch EP'fHankin D, I\;I]artth and Th,;'Tme' KE I(1996) Idfemification of tf;ehelnzxr/]me
PRI " . . . . responsible for oxidative halothane metabolism: Implications for prevention of halothane
inhibition, as competitive components of disulfiram interactions werey sz viis | ancet347:1367-1371.
not evaluated. Kharasch ED, Russell M, Mautz D, Thummel KE, Kunze KL, Bowdle TA and Cox K (1997) The

; : : ; : role of cytochrome P450 3A4 in alfentanil clearance: Implications for interindividual vari-

Results of the current |nv_estlgatlon, _together, Wl,th prewou_s (_)b_serability in disposition and perioperative drug interactioAsesthesiologB7:36-50.

vations that single-dose disulfiram did not significantly diminishnarasch ED, Thummel KE, Mautz D and Bosse S (1994) Clinical enflurane metabolism by
CYP2A6 activity (coumarin hydroxylation) (Kharasch et al., 1998), cytochrome P450 2EClin Pharmacol Thei55:434440.

A . . harasch ED, Thummel K, Mhyre J and Lillibridge J (1993) Single-dose disulfiram inhibition of
while profoundly inhibiting chlorzoxazone 6-hydroxylation (Khara- chiorzoxazone metabolism: A clinical probe for P450 2€lin Pharmacol The63:643—650.
sch et al., 1993), demonstrate that single-dose disulfiram is a higﬁgbota T, Chiba K and Ishizaki T (1996) Genotyping®Mmephenytoin 4hydroxylation in an

. . L L . extended Japanese populati@iin Pharmacol The60:661—-666.
effective and selective inhibitor of humgn CYP2E1 act|V|ty n VIVOKL_prer A and Preisig R (1984) Pharmacogenetics of mephenytoin: A new drug hydroxylation
These results also support the selectivity of chlorzoxazone as an _|mg>lym0rphism in manﬁurJ Clin Pharmac0l26:5_3—|759- | and bathological Rblesio
vivo human CYP2EL1 probe. There are two implications of the singlé'%fjélcféﬁ@ Cytochrome P-4502E1: Its physiological and pathologicalRbigsiol Rev
dose disulfiram attribute of CYP2EL1 selectivity with respect to clinwoft S, Sonne J, Pilsgaard H, Dossing M and Poulsen E (1986) Inhibition of antipyrine
i _ i i i i i i _elimination by disulfiram and cimetidine: The effect of concomitant administraBor. Clin
ical P 4_50 |_soforrr_1 ty_pmg and therapeutlc mterve_ntlong.. First, singleq, o ioi7s 77
dose disulfiram inhibition of candidate drug disposition suggestsi c-M, Day JD, Jue SG, Bush ED, Costello P, Dewey LV and Vestal RE (1989) Dose-
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