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Aims

 

To assess the feasibility of administering at the same time low doses of five probe
drugs, metoprolol (25 mg), chlorzoxazone (250 mg), tolbutamide (250 mg), dap-
sone (100 mg) and caffeine (100 mg) to determine simultaneously the activities of
CYP2D6, CYP2E1, CYP2C9, CYP3A4, CYP1A2, N-acetyltransferase-2 and xanthine
oxidase.

 

Methods

 

Ten healthy young non-smoking males received the following drugs or combinations
of drugs over a 5-week period: week 1) metoprolol; 2) tolbutamide; 3) caffeine,
chlorzoxazone and dapsone; 4) caffeine, chlorzoxazone, dapsone and metoprolol; 5)
caffeine, chlorzoxazone, dapsone, metoprolol and tolbutamide. The drugs were self-
administered at bedtime and urine was collected for the following 8 h.

 

Results

 

Mean molar phenotypic ratios obtained after administering metoprolol (mean change
of 

 

-

 

11%) or tolbutamide (mean change of 

 

-

 

0.3%) alone, were not significantly
different from those obtained when other drugs were co-administered (

 

P

 

 

 

>

 

 0.05).
The mean within-subject coefficients of variation were 33%, 18%, 22%, 13%, 16%,
13% and 5% for CYP3A4, CYP2D6, CYP2C9, CYP2E1, CYP1A2, N-acetyltransferase
2 and xanthine oxidase metabolic ratios, respectively. No significant interactions
(

 

P

 

 

 

>

 

 0.5) were observed during the simultaneous administration of various combina-
tions of the five probe drugs.

 

Conclusions

 

We propose that this cocktail, composed of five widely available drugs, constitutes a
promising means of simultaneously determining the activities of the major CYP
enzymes in large populations.

 

Introduction

 

Cytochrome P450 (CYP) enzymes are a superfamily of
haemoproteins that are the terminal oxidases of the
mono-oxygenase system. They are involved in the oxi-
dative, reductive and peroxidative metabolism of numer-
ous endogenous compounds as well as xenobiotics [1].
CYP enzymes have individual characteristics that are
related to the size, lipophilicity, spatial configuration or
ionization of the substrate at physiological pH [2]. How-

ever, a high degree of overlap exists and most substrates
are metabolized by multiple CYP enzymes [3].

The six major human CYP enzymes involved in the
metabolism of drugs are in order of importance
CYP3A4, CYP2D6, CYP2C9, CYP2C19, CYP2E1 and
CYP1A2 [1, 4]. CYP2D6, CYP2C9, CYP2C19 and
CYP1A2 are polymorphically expressed leading to high
interindividual variation in CYP enzyme activities [5].
Absence of functional CYP enzymes can result in an
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increased systemic exposure of their respective sub-
strates, leading to a pharmacodynamic effect of
increased intensity and/or duration in affected individu-
als (called poor metabolizers, PMs). An extreme exam-
ple of the effect of the PM genotype on drug effect is a
reported fluoxetine-related death in a CYP2D6-deficient
child [6]. Similarly, an African-American woman with
substantial toxic effects to phenytoin was found to elim-
inate phenytoin at a rate 17% of those of normal
individuals resulting in a phenytoin elimination half-life
of 13 days [7]. This woman was found to carry a

 

CYP2C9*6

 

 mutation. At the other end of the spectrum,
over-expression of the CYP enzyme CYP2D6 in so-
called ultrarapid metabolizers (UMs) can potentially
result in therapeutic failure due to decreased systemic
exposure following administration of normal therapeu-
tic doses [8].

Optimal therapeutic effect can be achieved by individ-
ualising drug therapy to a patient’s genotype/phenotype
[9]. Extensive efforts have been directed towards devel-
oping genotyping methods for detecting specific DNA
mutations that determine individual drug metabolizing
capacity [9, 10]. However, the occurrence of rare, unrec-
ognized or functionally uncharacterized mutations in the
drug metabolizing enzyme gene(s) of an individual and
the cost of screening could be limiting factors in geno-
typing large populations [11]. Additionally, not all muta-
tions result in a substantial effect on phenotype [12].

Phenotyping itself involves the administration of an
appropriate substrate that is selectively metabolized to
a single metabolite by a given CYP enzyme. A meta-
bolic ratio, i.e. the ratio of the concentration of the
substrate to that of a metabolite(s) in urine, plasma or
saliva is used as the index of CYP activity [13].
Although many CYP enzymes exhibit overlapping sub-
strate specificity [13], for some substrates a single
enzyme is exclusively or at least principally involved in
a particular pathway of their metabolism [14]. For
instance, metoprolol 

 

a

 

-hydroxylation is carried out by
CYP2D6 [15] and tolbutamide tolylmethylhydroxyla-
tion by CYP2C9 [16]. Phenotyping provides a measure
of the activity of a given drug-metabolizing enzyme, and
takes account of not only genetic but also environmental
and physiological factors [17].

Through the administration of a cocktail of drugs, it
is possible to determine the activity of more than one
enzyme at a time. Two-drug, three-drug, four-drug, as
well as five-drug cocktails have been reported in the
literature [14, 18–21]. However, drugs like debrisoquine
[14], sparteine [21], and mephenytoin [14, 20, 21],
which were included in many of the previously
described cocktails, are neither approved by the FDA

for clinical use nor are they available in Canada and
some other countries [17]. Both midazolam and
mephenytoin, established probes for determining
CYP3A4 [22] and CYP2C19 [23] activities, respec-
tively, can cause significant sedation, need clinical mon-
itoring and require multiple blood sampling [24]. This
makes the procedure expensive and impractical for
large-scale genotyping. In addition, following pro-
longed storage, mephenytoin (a CYP2C19 substrate)
enantiomers are unstable in urine samples.  This  may
lead  to  significant  increases  in  S/R-mephenytoin
ratios in EMs and potential mis-assignment of pheno-
type [25]. Thus, the aim of this pilot study was to study
the feasibility of administering a drug cocktail for CYP
phenotyping (a) that consists of drugs which are avail-
able in Canada, (b) that assesses the activities of five of
the most important human CYPs and (c) that can be self-
administered at bedtime allowing for an overnight urine
collection without the need for close medical supervi-
sion or blood sampling.

 

Methods

 

The Ethics Committee of Laval Hospital approved this
study and all subjects provided written informed consent
prior to entry.

 

Subjects

 

Ten healthy, young (mean age 

 

±

 

 SD: 26 

 

±

 

 4.83 years,
range: 22–35 years; mean body weight 

 

±

 

 SD: 73.06

 

±

 

 10.75 kg, range: 63.5–97.5 kg) male volunteers (nine
Caucasians and one East Indian) were recruited from the
research and hospital personnel. The good health of the
participants was confirmed by the results of a question-
naire as well as by a physical and clinical examination
(12 lead ECG, heart rate, blood pressure and blood bio-
chemistry). Blood samples were also taken for the deter-
mination of glucose-6-phosphate dehydrogenase
activity using the diagnostic kit provided by Sigma diag-
nostics

 

®

 

 (St Louis, MO, USA). In all subjects, activities
ranged from 7 to 13 U g

 

-

 

1

 

 Hb at 30 

 

∞

 

C. Subjects
abstained from consuming alcohol, caffeinated bever-
ages, charbroiled foods, grapefruit juice, and any pre-
scription or over-the-counter medication including
vitamins and herbal products for at least 48 h prior to
each study period.

 

Administration of the drug cocktail

 

Each subject participated in five consecutive randomly
assigned study arms consisting of the administration of
various combinations of single oral subtherapeutic doses
of metoprolol tartrate (Lopressor

 

®

 

, Novartis Pharma,
ON), tolbutamide (Apo-tolbutamide

 

®

 

, Apotex Pharma,
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ON), caffeine (Wake-ups

 

®

 

, Adrem, ON), dapsone (Avlo-
sulphon

 

®

 

, Wyeth-Ayerst, ON), and chlorzoxazone
(Paraflex

 

®

 

, Ortho-McNeil, NJ): metoprolol 25 mg only;
tolbutamide 250 mg only; a cocktail of caffeine
(100 mg), dapsone (100 mg) and chlorzoxazone
(250 mg); a cocktail of caffeine (100 mg), dapsone
(100 mg), chlorzoxazone (250 mg) and metoprolol
(25 mg); and a 5-drug cocktail consisting of caffeine
(100 mg), dapsone (100 mg), chlorzoxazone (250 mg),
metoprolol (25 mg), and tolbutamide (250 mg). Caf-
feine, chlorzoxazone and dapsone were given together,
without testing individually,  since the absence of a
significant interaction between these three drugs has been
previously reported [14]. In contrast, metoprolol and
tolbutamide have not been co-administered previously
with this drug combination and hence were studied indi-
vidually before introduction into the cocktail. There was
a washout period of at least 1 week between each study
period. Each drug or cocktail was self-administered at
bedtime. All subjects were questioned about any overt
adverse effects potentially related to the administered
drugs after each study period. Control urine was obtained
immediately before the administration of the drugs and
a complete overnight urine collection was done for 8 h
following drug administration. Urine was collected into
containers containing 1 g of ascorbic acid in order to
stabilize the N-hydroxylamine metabolite of dapsone
[26, 27]. The caffeine metabolite 5-acetylamino-6-
formylamino-3-methyluracil (AFMU) can  undergo
spontaneous  nonenzymatic  degradation  to 5-acety-
lamino-6-amino-3-methyluracil (AAMU) in urine [28].
Thus urinary pH was raised during sample analysis to
promote this conversion [29] and hence, any spontaneous
degradation of AFMU to AAMU that might have
occurred during the storage phase was accounted for.
The volume and pH of urine samples were measured
and aliquots were stored at 

 

-

 

20 

 

∞

 

C until analysis.

 

Drug and metabolite analysis

 

All test compounds and their respective metabolites
were determined by modified HPLC/UV methods.
Analysis was performed at ambient temperature using a
Shimadzu HPLC system consisting of an automatic
sample injector (model SIL-9 A), a programmable
pump (model LC-600), a variable UV detector (model
SPD-6 A), and an integrator (model Chromatopac C-
R5A). Metoprolol was detected by a fluorescence detec-
tion (model Shimadzu RF-10Ax1).

 

Dapsone and metabolites

 

Dapsone  and  dapsone  hydroxylamine  were  analyzed
in  urine  using  the  method  of  May  

 

et al.

 

 [27]  with

minor modifications. Analysis was performed on a 5 

 

m

 

Beckman

 

®

 

 ultrasphere ODS column (4.6 

 

¥

 

 250 mm)
with  UV  detection  (254 nm).  The  mobile  phase
was water : acetonitrile : glacial acetic acid : TEA (77 :
14 : 9 : 0.5% v/v) and was delivered at a flow rate of
1 ml min

 

-

 

1

 

. Sulfamethoxazole (20 

 

m

 

l of a 1 mg ml

 

-

 

1

 

solution; internal standard) was added to urine samples
(500 

 

m

 

l) prior to incubation for 1 h at 37 

 

∞

 

C in the pres-
ence of 42 

 

m

 

l of 6 

 

N

 

 HCl. Following neutralization with
42 

 

m

 

l of 6 

 

N

 

 NaOH, samples were centrifuged and 45 

 

m

 

l
of the supernatant was injected directly onto the HPLC
system. The intraday variability was 3.1 and 2.3% after
assessing 10 urine samples spiked with 4 n

 

M

 

 of dapsone
and dapsone hydroxylamine, respectively. Interday vari-
ability was 0.01% at 8 n

 

M

 

, 3.5% at 4 n

 

M

 

 and 5.7% at
0.4 n

 

M

 

 for dapsone, and 0.01% at 8 n

 

M

 

, 0.01% at 4 n

 

M

 

and 8.5% at 1 n

 

M

 

 for dapsone hydroxylamine, respec-
tively. Accuracy ranged from 98 to 104%.

 

Metoprolol and 

 

a

 

–hydroxymetoprolol

 

Racemic metoprolol and its metabolite 

 

a

 

–hydroxyme-
toprolol were analyzed using a HPLC method that was
established and validated in our laboratory [30].

 

Tolbutamide and metabolites

 

Tolbutamide was analyzed by a modification of the
method reported by Veronese and colleagues [31]. Anal-
ysis was performed on a Phenomenex

 

®

 

 Luna 5

 

m

 

 phenyl-
hexyl column (150 

 

¥

 

 4.60 mm) and a Zorbax

 

®

 

 phenyl
column (250 

 

¥ 

 

4.60 mm) fitted in series and UV detec-
tion (230 nm). The mobile phase was 0.01 

 

M

 

 sodium
acetate buffer (pH 3) and acetonitrile (68 : 32% v/v) and
was delivered at a flow rate of 1 ml min

 

-

 

1

 

. Tolbutamide
was extracted from 3 ml urine following the addition of
30 

 

m

 

l of 3 

 

N

 

 HCl and 30 

 

m

 

g of chlorpropamide (internal
standard) with two times 4 ml diethyl ether. The ether
phases were combined, dried under a gentle stream of
nitrogen and reconstituted in 100 

 

m

 

l mobile phase and
an aliquot (50 

 

m

 

l) was injected onto the HPLC system.
The method had an intraday CV of 2.5% at 1.23 n

 

M

 

tolbutamide. The CV for the interday variability was
7.7% at 0.06 n

 

M

 

, 5.7% at 0.6 n

 

M

 

 and 4% at 1.23 n

 

M

 

.
Accuracy ranged from 95% to 106%.

The hydroxymethyl- (CH

 

2

 

OH-) and carboxy-
(COOH-tolbutamide) metabolites of tolbutamide were
analyzed as reported previously with minor modifica-
tions [32]. The separation was performed on a 5 

 

m

 

 Beck-
man

 

®

 

 ultrasphere ODS column (250 

 

¥

 

 4.60 mm) with
UV detection (254 nm). The mobile phase consisted of

 

A

 

:  Sorensen  phosphate  buffer : acetonitrile  (95 : 5%
v/v; pH 7) containing 0.3% pic A (Waters

 

®

 

, Milford,
MA), and 

 

B

 

: Sorensen phosphate buffer : acetonitrile
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(60 : 40% v/v; pH 7) containing 0.3% pic A. The mobile
phase was delivered at 1 ml min

 

-

 

1

 

 and the following
gradient was applied: 100% 

 

A

 

 for 14.9 min, 50%

 

A

 

/
50%

 

B

 

 at 15 min and transition to 100% 

 

B

 

 up to 35 min,
100% 

 

A

 

 at 36 min and re-equilibration for 10 min. Tolb-
utamide metabolites were extracted from 250 

 

m

 

l urine
following the addition of chlorpropamide (internal stan-
dard) and 200 

 

m

 

l of 3 

 

N

 

 HCl by mixing with two times
5 ml of diethyl ether : n-hexane (80 : 20 v/v). The com-
bined organic layers were dried under a gentle steam of
nitrogen and reconstituted in 200 

 

m

 

l mobile phase prior
to injection of 50 

 

m

 

l. Ten urine samples spiked with
0.13 

 

m

 

M

 

 COOH-tolbutamide and 0.68 

 

mM CH2OH-
tolbutamide were analyzed to assess the intraday repro-
ducibility. The CV was 5.6% for COOH- and 1.7% for
CH2OH-tolbutamide, respectively. The CV for interday
variability was 10.3% at 0.02 mM, 3.0% at 0.1 mM, 6.4%
at 0.5 mM, 1.0% at 1.27 mM of COOH-tolbutamide.
Accuracy ranged from 97 to 107%. Similarly, the CV of
interday variability was 9.1% at 0.03 mM, 5.1% at
0.14 mM, 1.6% at 0.66 mM of CH2OH-tolbutamide.
Accuracy ranged from 99 to 103%.

Chlorzoxazone and metabolites
The analysis of 6-hydroxychlorzoxazone was by a pre-
viously reported method [33]. Separation was performed
on a 5 m Beckman® ultrasphere ODS column (4.6 ¥
250 mm) with UV detection (287 nm). The mobile phase
was water : acetonitrile : glacial acetic acid (75 : 25 :
0.5% v/v) and was delivered at a flow rate of 1 ml
min-1. Twenty ml of b-glucuronidase/arylsulphatase
obtained from the juice of Helix pomatia (Roche Diag-
nostics®) and 500 ml 0.1 M acetate buffer (pH 5) were
added to 50 ml urine and incubated at 37 ∞C for 18 h.
Following incubation, phenacetin (internal standard),
300 ml modified tris/HCL buffer (0.28 M tris and 0.26 M

HCl; pH 8.3) and 1020 ml water were added and the
mixture was extracted twice with 4 ml of diethyl ether.
The combined ether layers were dried under a gentle
stream of nitrogen, reconstituted in 200 ml mobile phase
and 30 ml of this solution was injected onto the HPLC.
Raising the pH of the final solution before extraction
with the modified tris/HCl buffer was found to decrease
considerably interference on the chromatograms. Intra-
day variability was determined at 2.2 mM of 6-hydroxy-
chlorzoxazone and the CV was 4.2%. The CV of interday
variability was 12.4% at 0.44 mM, 3.5% at 1.3 mM and
0.8% at 2.16 mM. Accuracy ranged from 97 to 105%.

This method lacked sensitivity for the analysis of
chlorzoxazone. Other groups have also expressed an
inability to detect chlorzoxazone in urine samples fol-
lowing HPLC analysis [34, 35] and hence the samples

were assayed for the amount of chlorzoxazone using
ESI/LC/MS/MS as previously described [36]. The
method used for the extraction of chlorzoxazone from
urine was the same as that for its metabolite except that
a 10-fold greater urine volume was used. The LC/MS/
MS analysis was performed using a TSQ 7000 triple
quad mass spectrometer (Thermo Finnigan, San Jose,
CA). The inter- and intraday coefficients of variation
were less than or equal to 5%.

Caffeine and metabolites
Caffeine and its metabolites, namely 1-methylxanthine
(1X), 1-methylurate (1 U), 1,7-dimethylxanthine (17X),
1,7-dimethylurate (17 U), 5-acetylamino-6-amino-3-
methyluracil (AAMU) were analyzed according to a
previously reported HPLC method [29].

Data analysis
Molar metabolic/phenotypic ratios were calculated
(Table 1). Data were expressed as mean ± SD (95% con-
fidence intervals). A two-way ANOVA design was used
to analyse two experimental factors, one associated with
the subjects (factor subject), and a second one associated
with the different study weeks, which were assigned
within each subject. This second factor was analyzed as
a repeated-measures factor. Different statistical models
with different covariance structures were tested to obtain
the one with the best fit as determined by the adjusted
Akaike’s information criterion (AICC). A variance com-
ponent covariance structured model was selected. The
univariate normality assumptions were verified with the
Shapiro-Wilk tests and multivariate normality was ver-
ified with Mardia tests. All assumptions were fulfilled.
The results were considered significant with P
values < 0.05. All analyses were conducted using the
statistical package SAS (SAS Institute Inc, Cary, NC,
U.S.A).

Results
All 10 participants completed the study. None of the
subjects reported undesirable effects during any of the
study periods. There were no statistically significant
differences (P > 0.05) in the average urine output
between the 5 study weeks: (week 1: 662 ± 377 ml,
week 2: 619 ± 402 ml, week 3: 637 ± 337 ml, week 4:
597 ± 298 ml, week 5: 609 ± 377 ml). Urinary pH did
not change between treatments (week 1: 6.29 ± 0.37,
week 2: 6.17 ± 0.38, week 3: 6.28 ± 0.36, week 4:
6.35 ± 0.43, week 5: 6.48 ± 0.41; P > 0.05) and there
were no interfering peaks during the analysis of the
samples by HPLC or LC-MS/MS following the admin-
istration of the drug cocktails. The average molar
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metabolic/phenotypic ratios for metoprolol (changed by
-11.3%) and tolbutamide (changed by -0.3%) did not
change significantly from administration of the drugs
alone compared with when they were administered as
part of the five-drug cocktail (Tables 2, P > 0.05). Fur-
thermore, there were no significant differences for any
metabolic ratio between the different study periods as
illustrated in Figures 1–5 and Table 2.

Discussion
The phenotyping probes used in this pilot study were
selected based on a number of criteria, including (a)
safety (at the doses administered); (b) drugs approved
and/or easily available in Canada; (c) possibility of
assessing the activities of the most common CYP
enzymes; (d) feasibility of self-administration and prac-
ticality of large population phenotyping; (e) no or min-
imal interactions between co-administered drugs. The
proposed cocktail was comprised of subtherapeutic
doses of five drugs, namely dapsone, metoprolol, tolb-
utamide, chlorzoxazone and caffeine, which are all
readily available in Canada. The results from this pilot
study were encouraging as the cocktail was self-
administered, well tolerated by the volunteers with no
reported adverse effects, clinical surveillance was not
necessary, and significant drug/drug interactions were
absent.

This and previous cocktails may be questioned as to
the specificity of some of the probe drugs used. In par-
ticular, although dapsone has been employed as a probe
drug for CYP3A4 in previous investigations [14, 26], its
use has recently been criticised. First, the contribution
of the fractional metabolic clearance of dapsone to dap-
sone hydroxylamine accounted for only 23% (range:
11–36%) of the oral clearance of the drug [27], although

differences in the rate of N-hydroxylation accounted for
94% of the interindividual variation in this parameter.
Second, it has been argued that the involvement of sev-
eral CYP enzymes in the N-hydroxylation of dapsone
may make this drug less useful as a probe for CYP3A4.
Furthermore a series of in vitro studies using human
liver microsomes have shown discrepant data. At a con-
centration of 100 mM, Fleming and coworkers [37] illus-
trated the importance of CYP3A4 in the metabolism of
dapsone. However, Gill and coworkers [38] showed that
both CYP3A4 and CYP2C9 catalyzed this reaction at
that same substrate concentration. In contrast, others
have reported, that CYP2C9 was the major and CYP2C8
a minor contributor to the dapsone N-hydroxylation at
a concentration of 4 mM in vitro, whereas both CYP3A4
and CYP2E1 were found not to be involved [39]. The
kinetics of dapsone hydroxylamine formation were
biphasic (Vmax/Km values of 9.3 and 32.5 ml min-1 mg-1

protein) in three human liver microsomal preparations
[40] supporting the evidence that at least two enzymes
catalyze the reaction.

Clinically, dapsone peak plasma concentrations range
from 8 to 13 mM [41]. However, liver concentrations of
lipophilic amine drugs have been reported to be several
fold (10–130 times) higher than the plasma concentra-
tions [6, 42–44]. Animal data suggest that this is also
the case for dapsone [44, 45]. Therefore, there is evi-
dence that liver concentrations of dapsone could be
much greater than the plasma concentrations, leading to
significant involvement of CYP3A4 in its metabolism.

In light of this evidence, we and others [14, 26] have
used dapsone as a probe for CYP3A4. The dapsone
metabolic ratios obtained for the 10 subjects in our study
were in the range of the values previously reported
for extensive metabolisers [26] and did not vary

Table 1
List of probe substrates and urinary metabolic ratios used to measure CYP activities

Isoform Substrate Metabolic ratio (MR) Reference

CYP3A4 Dapsone Dapsone hydroxylamine/(dapsone+dapsone hydroxylamine) May et al. [26], Frye et al. [14]
CYP2D6 Metoprolol Metoprolol/a-hydroxymetoprolol Labbé et al. [46]
CYP2C9 Tolbutamide (COOH-tolbutamide+CH2OH-tolbutamide)/tolbutamide Veronese et al. [31]
CYP2E1 (MR 2E1.1) Chlorzoxazone 6-hydroxychlorzoxazone/chlorzoxazone
CYP2E1 (MR 2E1.2) Chlorzoxazone Oral dose/8 h 6-hydroxychlorzoxazone urinary excretion Dreisbach et al. [34]
NAT2 Caffeine AAMU/(AAMU+1X+1U) Hamelin et al. [29]
CYP1A2 Caffeine (AAMU+1X+1U)/17U Hamelin et al. [29]
XO Caffeine 1U/(1U+1X) Hamelin et al. [29]

NAT2 = N-acetyltransferase 2, XO = xanthine oxidase.
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significantly by administering dapsone in various com-
binations (Figure 1 and Table 2).

Metoprolol has been extensively employed as a probe
drug for CYP2D6 [30, 46]. Its hydroxylation is exclu-
sively mediated by CYP2D6 and the partial metabolic
clearance of metoprolol to a-hydroxymetoprolol is
about 200-fold smaller in poor metabolizers than in
extensive  metabolizers  [47].  The  molar  metabolic

ratio of metoprolol/a-hydroxymetoprolol was bimod-
ally distributed with an antimode of 1.02 [15]. The
metoprolol : a-hydroxymetoprolol ratios obtained in the
current  study  were  in  the  range  of  those  reported  in
the literature [46]. Two subjects were found to be poor
metabolizers of metoprolol (Figure 2 and Table 2).

In humans, the elimination of tolbutamide occurs
mainly (85%) along a single pathway, with the initial

Figure 1
CYP3A4 phenotyping ratios (dapsone hydroxylamine/(dapsone + dapsone 

hydroxylamine)) obtained following the administration of dapsone in 

various drug combinations (3 drug: caffeine, dapsone and chlorzoxazone; 

4 drug: caffeine, dapsone, chlorzoxazone and metoprolol; 5 drug: caffeine, 

dapsone, chlorzoxazone, metoprolol and tolbutamide). Individual values 

(�), Mean ± SD ( )
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Figure 3
CYP2C9 phenotyping ratios ((COOH-tolbutamide + CH2OH-tolbutamide)/

tolbutamide) obtained following the administration of tolbutamide in 

various drug combinations (alone: tolbutamide only, 5 drug: caffeine, 

chlorzoxazone, dapsone, metoprolol and tolbutamide). EM subjects (�), 

PM subject (�), Mean ± SD ( )
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Figure 2
CYP2D6 metabolic ratios (metoprolol/a-hydroxy-metoprolol) obtained 

following the administration of metoprolol in various drug combinations 

(alone: metoprolol only 4 drug: metoprolol, caffeine, chlorzoxazone and 

dapsone; 5 drug: metoprolol, caffeine,chlorzoxazone, dapsone and 

tolbutamide). EMs – Individual values (�), PMs – Individual values (�), 

EMs (Mean ± SD) ( ), PMs (Mean ± SD) ( )
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Figure 4
CYP2E1 urinary phenotyping ratios (oral dose/6-hydroxychlorzoxazone 

excreted in urine) obtained following the administration of chlorzoxazone 

in various drug combinations (3 drug: caffeine, chlorzoxazone and 

dapsone; 4 drug: caffeine, chlorzoxazone, dapsone and metoprolol; 5 

drug: caffeine, chlorzoxazone, dapsone, metoprolol and tolbutamide). 

Individual values (�), mean ± SD ( )
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and rate-limiting step being tolylmethylhydroxylation to
form CH2OH-tolbutamide [48], catalyzed by CYP2C9
[10, 49]. CH 2OH-tolbutamide is further oxidized by
alcohol and aldehyde dehydrogenases to form COOH-
tolbutamide. Veronese and coworkers [31] proposed a
molar phenotypic ratio of (CH2OH-tolbutamide +
COOH-tolbutamide) : tolbutamide as an index of
CYP2C9 activity (Tables 1 and 2; MR 2C9.1). The ratio
following the administration of 500 mg tolbutamide to
106 healthy subjects ranged from 324 to 3033 with one
poor metabolizer subject having a value of 159 [50].
Values for the tolbutamide metabolic ratio found in the
current study were similar, and we identified one poor
metabolizer (Figure 3 and Table 2).

Chlorzoxazone has been used as a probe drug for
assessing CYP2E1 activity in the past [34, 35], CYP2E1
is predominantly responsible for its metabolism to 6-
hydroxychlorzoxazone [51]. In previous studies, HPLC
analysis was not sufficiently sensitive to detect chlor-
zoxazone in urine samples [34, 35]. Dreisbach and
coworkers [34] measured the 8 h urinary excretion of
6-hydroxychlorzoxazone following an oral dose of
500 mg and used a 0–8 h urinary molar ratio of chlor-
zoxazone dose : 6-hydroxychlorzoxazone, which ranged
from 1.43 to 2.24. Frye and coworkers [35] demonstrated
that a plasma ratio of 6-hydroxychlorzoxazone : chlor-
zoxazone 2 and 4 h after dosing is a better index of
CYP2E1 activity. However, given that the aim of our
study was to evaluate the feasibility of a cocktail that
could be self-administered by subjects followed by an
overnight urine collection, thus avoiding blood sam-

pling, we employed the urinary dose ratio. The values
obtained were similar to those reported by Dreisbach
and coworkers [34] (Figure 4 and Table 2). We detected
chlorzoxazone in all but two samples from two individ-
uals using ESI/LC/MS/MS and hence, we also used the
8 h urinary 6-hydroxychlorzoxazone : chlorzoxazone
molar ratio (Table 2). Neither ratio varied significantly
between the different study phases.

Caffeine has been extensively employed as a probe
drug for N-acetyltransferase-2, CYP1A2 and xanthine
oxidase activities [19, 29]. The results obtained in the
current study by using various ratios were in agreement
with previously reported results (Figure 5 and Table 2).

The between-subject coefficients of variation were
51, 211, 53, 42, 33, 23, and 9% for CYP3A4, CYP2D6,
CYP2C9, CYP2E1, CYP1A2, N-acetyltransferase 2 and
xanthine oxidase activities, respectively. The variation
in CYP2D6 activity was particularly high due to the
presence of two poor metabolizers among the 10 sub-
jects. The within-subject coefficients of variation were
33, 18, 22, 13, 16, 13 and 5% for CYP3A4, CYP2D6,
CYP2C9, CYP2E1, CYP1A2, N-acetyltransferase 2 and
xanthine oxidase activities, respectively. Hence, the
between-subject variation was around 2–12 times higher
than that within-subjects. Both types of variation were
similar to those reported previously [14, 20, 52].

CYP2C19 is another important polymorphic CYP
enzyme. When we started this project, the simultaneous
assessment of CYP2C19 and CYP2C9 in the same cock-
tail did not appear feasible due to substrate overlap.
Hence, we did not include a probe substrate to measure
CYP2C19 activity in our cocktail. However, this has
been recently attempted with warfarin as a probe for
CYP2C9 and omeprazole as a probe drug for CYP2C19
[53]. Thus, we feel that our cocktail could benefit from
incorporation of an appropriate CYP2C19 probe.

Only 10 subjects were studied in the present investi-
gation and a larger number are needed to validate
unequivocally the absence of clinically meaningful
interactions between the substrates used. However, the
current report reflects a successful pilot study of the
feasibility of giving a cocktail of drugs that can be self-
administered and therefore convenient for population
studies, that is devoid of significant adverse drug effects
and drug/drug interactions, that contains easily obtain-
able drugs and that allows activities of the major CYP
enzymes involved in drug metabolism to be determined.

This study was supported by a grant from the Canadian
Institutes of Health Research and the Quebec Heart
Institute. A. Sharma was the recipient of a joint PhD
scholarship from the Canada’s Research Based Phar-

Figure 5
CYP1A2 phenotyping ratios ((AAMU +1X +1 U)/17 U) obtained following 

the administration of caffeine in various drug combinations (3 drug: 

caffeine, chlorzoxazone and dapsone; 4 drug: caffeine, chlorzoxazone, 

dapsone and metoprolol; 5 drug: caffeine,chlorzoxazone, dapsone, 

metoprolol and tolbutamide). Individual values (�), Mean ± SD ( )
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