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Aims

 

Chlorzoxazone is metabolized by cytochrome P450 2E1 (CYP2E1) to a single oxidized
metabolite, 6-hydroxychlorzoxazone. The aim of the study was to test the robustness
of chlorzoxazone as an 

 

in vivo

 

 probe of CYP2E1 activity in humans, with emphasis
on investigating short-term and long-term intra-individual variabilities and effects of
different doses of the drug. In addition, the influences of body build, drug metabolizing
enzyme genotype, blood sampling time, and moderate recent ethanol intake were
investigated.

 

Methods

 

The 6-hydroxychlorzoxazone : chlorzoxazone (metabolic) ratio in plasma was mea-
sured at 2 h in 28 male and nine female volunteers following a single oral dose of
500 mg chlorzoxazone. Similarly, the metabolic ratios at 4 h and 6 h were measured
in 20 of the males. The metabolic ratio at 2 h was also determined 1.5 and 2.5 years
later in 13 and seven males, respectively, and weekly for 3 weeks in seven males,
after a dose of 500 mg, once at higher (750 mg) and lower (250 mg) doses, and
once (500 mg) following moderate ethanol intake (0.5 g kg

 

-

 

1

 

 body weight) the
preceding evening. Genotypes were determined for CYP2E1 as well as for N-
acetyltransferase 2 and glutathione transferase M1.

 

Results

 

Excluding an outlier (ratio = 1.6) the metabolic ratio at 2 h ranged from 0.12 to 0.61
(

 

n

 

 = 36). A positive correlation with body weight (

 

r =

 

 0.61, 

 

P

 

 

 

<

 

 0.001) suggested
dose-dependent metabolism of chlorzoxazone. The metabolic ratio decreased with
increasing chlorzoxazone dose (

 

P =

 

 0.01), again suggesting dose-dependent metab-
olism. Long-term (yearly intervals) and short-term (weekly intervals) intra- and inter-
individual variabilities in metabolic ratio were similar (30% and 63% 

 

vs

 

 28% and
54%, respectively). Both inter- and intra-individual variabilities tended to decrease
with increasing dose of chlorzoxazone. There was no significant influence of moderate
ethanol intake the preceding evening, or of 

 

CYP2E1

 

 genotype on the metabolic ratio.

 

Conclusions

 

The relatively low intra-individual variability in the metabolism of chlorzoxazone
suggests that a single-sample procedure may suffice to assess CYP2E1 activity 

 

in vivo.

 

However, chlorzoxazone metabolism is dose-dependent at commonly used doses
and it is therefore advisable to adjust the dose for body weight. Moderate intake of
ethanol the preceding evening did not significantly affect the chlorzoxazone metabolic
ratio.
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Introduction

 

Cytochrome P450 2E1 (CYP2E1) belongs to a family
of enzymes that play an important role in the metabo-
lism of endogenous substrates (steroids, bile acids,
fatty acids, etc.) as well as many exogenous com-
pounds [1]. CYP2E1 catalyzes the bioactivition of
numerous industrial chemicals in the low molecular
weight range (toluene, xylene, styrene, etc.) [2, 3]. It is
found primarily in the liver, but it is also expressed in
several extrahepatic tissues, such as kidney, lung and
lymphocytes [4].

Considerable interindividual variability in human
CYP2E1 activity has been observed both 

 

in vitro

 

 using
liver microsomes [5, 6] and 

 

in vivo

 

 based on the 6-
hydroxylation of chlorzoxazone, a probe substrate of the
enzyme [7, 8]. Many factors such as fasting [9], obesity
[9], liver dysfunction [10], ethanol consumption [8], and
drug intake [11] have been shown to influence the
CYP2E1 activity and may thus contribute to interindi-
vidual variability. Moreover, genetic factors may also be
involved, as several variants of 

 

CYP2E1

 

 have been
described, some of which may be associated with
altered enzyme expression or activity [12–14].

Probes for the determination of enzyme activity in
population studies should ideally display low intra-
individual variability. In addition, the time needed to
complete the test (i.e. time from dosing to sampling)
should be short and pre test restrictions (e.g. ethanol
intake and diet) should be kept to a minimum. Intra-
individual variability in CYP2E1 activity has not yet
been assessed, at least not over longer time periods.

Chlorzoxazone is used therapeutically for the relief
of painful musculoskeletal conditions. Up to 90% of the
dose of chlorzoxazone is oxidized by CYP2E1 to 6-
hydroxychlorzoxazone, which is subsequently glucu-
ronidated and eliminated [15, 16], suggesting minimal
influence of other elimination pathways. This substrate
selectivity as well as a good safety record make chlor-
zoxazone a suitable 

 

in vivo

 

 probe for CYP2E1 activity
in humans.

The aim of the present study was to investigate the
robustness of chlorzoxazone as an 

 

in vivo

 

 measure of
CYP2E1 activity. Long and short-term intra- and inter-
individual variabilities in activity were studied. In addi-
tion, the influence of dose, sampling time, recent
moderate alcohol intake and drug metabolizing enzyme
genotypes was evaluated.

 

Methods

 

Subjects

 

The subjects were Caucasian, all of whom were consid-
ered healthy by physical examination and had no med-

ical history of allergy or other chronic diseases. All
except subject 9 (Table 2) were nonsmokers. The sub-
jects were instructed to refrain from taking any medica-
tion or alcohol 48 h prior to the administration of
chlorzoxazone. The subjects were informed orally and
in writing about the design of the study, its possible
hazards, and their freedom to discontinue participation
at any time. The study was approved by the regional
Ethics Committee at Karolinska Institutet.

 

Design

 

The study designs are described in Table 1. Chlorzox-
azone, in the form of 250 mg tablets, was taken together
with approximately 100 ml tap water. Food was with-
held from the preceding evening until at least 1 h after
chlorzoxazone intake. All blood samples were collected
into heparinized tubes (Venoject VT-100H). Pre-dose
venous blood samples were used to confirm the absence
of chlorzoxazone and to prepare analytical calibration
standards. Following centrifugation, plasma was har-
vested and stored at 

 

-

 

20

 

∞

 

C until analysis. Prior to the
first dose of chlorzoxazone, venous blood was also col-
lected in a tube containing sodium citrate (Venoject VP-
050SBCS), for the preparation of DNA and subsequent
genotyping.

Population variability, sex differences, and influence
of body build and genotype were assessed in experiment
1. In this experiment, 28 males (age 20–53 years, body
weight (bw) 50–110 kg, height (ht) 1.68–1.93 m, body
fat 7–28%) and nine females (age 20–50 years, bw 46–
83 kg, ht 1.60–1.71 m, body fat 19–40%) received a
single dose of 500 mg chlorzoxazone. Body mass index
was calculated from the expression bw/ht

 

2

 

. Lean body
mass and total body fat were calculated from body
weight and height according to equations described by
Droz 

 

et al.

 

 [17].
The urinary recovery and the influence of sampling

time on the metabolic ratio were studied in experiment
2. Blood samples were collected at 2, 4 and 6 h and urine
samples at 2, 4, 6 and 8 h after the intake of chlorzox-
azone in 20 males. The total volume of each urine sam-
ple was recorded and aliquots were stored at 

 

-

 

20

 

∞

 

C until
analysis. The experiment was repeated approximately
1.5 years later in 13 of the 20 males (experiment 3). The
metabolic ratio at 2 h was determined a third time after
2.5 years in seven males (experiment 4), for assessment
of long-term intra-individual variability. In experiments
4, 5 and 6 dosing was repeated at weekly intervals in
these seven males, for assessment of short-term intra-
individual variability.

In experiment 7, the same seven males received 40%
ethanol in water corresponding to 0.5 g ethanol kg

 

-

 

1

 

 bw
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the evening before administration of chlorzoxazone.
Before the drug was administered a breath test (alcom-
eter, Palmenco AB, Sweden) was performed to confirm
that there was no alcohol in the body.

In experiments 6, 8 and 9, the same seven males
received 250, 500, and 750 mg (six males) of chlorzox-
azone, with at least 1 week between each dose.

 

Chemicals

 

Chlorzoxazone in tablets (Paraflex

 

®

 

, 250 mg) was
obtained from Astra AB, Södertälje, Sweden. Authentic
standards of chlorzoxazone (98% pure) and 6-hydroxy-
chlorzoxazone (100%) were purchased from Aldrich
(Steinheim, Germany) and from Ultrafine Chemicals
(Manchester, UK), respectively. Acetofenetidin and 

 

b

 

-
glucuronidase/sulphatase (prepared from 

 

Helix poma-
tia

 

) were from Sigma (St Louis, Montana). Methanol
(HPLC certi) was from Fischer (UK) and acetonitrile
(HPLC ultra) from J.T. Baker (Deventer, the Nether-
lands). Tetrahydrofuran (extra pure), ammonium acetate
(pro analysis) and sodium acetate (pro analysis) were
purchased from Merck (Darmstadt, Germany).

 

Analysis of chlorzoxazone and 6-hydroxychlorzoxazone in 
plasma and urine

 

The analyses of chlorzoxazone and 6-hydroxychlorzox-
azone were performed according to the method of Stiff
& colleagues [18] with minor modifications. Acetofen-
itidin was used as an internal standard

 

.

 

 Plasma and urine
samples (diluted 1 : 500) were treated with 

 

b

 

-
glucuronidase/sulphatase before analysis. The HPLC
instrument (Hewlett Packard model 1050) was equipped

with an autosampler, a diode array detector, and an
integrator (HP Chemstation v. 5.02). A reversed-phase
5 

 

m

 

m (4.6 mm I.D 

 

¥

 

 150 mm) Nucleosil C18 column
was used for the separation. Peaks were identified by
comparison of retention times and UV-VIS spectra (190–
600 nm) with authentic samples. The mobile phase was
a mixture of acetonitrile-tetrahydrofuran-0.1 

 

M

 

 ammo-
nium acetate (pH 7.0) (22.5 : 5.5 : 72), and was deliv-
ered at a flow rate of 0.95 ml min

 

-

 

1

 

. The coefficients of
variation for both the plasma and urine assays were less
than 5%. The limit of quantification for both chlorzox-
azone and 6-hydroxychlorzoxazone was about 0.5 

 

m

 

M

 

.

 

Genotyping

 

DNA was prepared from white blood cells. After lysis
and proteinase digestion the samples were subjected to
a modified salting out procedure [19]. Thereafter DNA
was isolated by precipitation with ethanol.

The 

 

Rsa

 

I polymorphism in the 5

 

¢

 

-flanking region
(

 

CYP2E1

 

*

 

5

 

) of the gene for 

 

CYP2E1

 

 was analyzed by
PCR/RFLP as described previously [20]. The insertion
(96 bp) polymorphism in a repeat region of the promoter
was determined by PCR, using 5

 

¢

 

-TGG TAC ATT GTG
AGA CAG TG-3

 

¢

 

 as the forward primer and 5

 

¢

 

-ATA
CGG GAA CAC CTC GTT TG-3

 

¢

 

 as the reverse
primer [21], yielding fragments of 633 bp (6 repeats;

 

CYP2E1

 

*

 

1C

 

) and 729 bp (8 repeats; 

 

CYP2E1

 

*

 

1D

 

) [22].
The G

 

-

 

35

 

T (5

 

¢

 

-flanking region, 

 

CYP2E1

 

*

 

7B

 

) polymor-
phism was determined by PCR/RFLP as described by
Fairbrother & coworkers [23]. The 

 

Taq

 

I polymorphism
(

 

CYP2E1

 

*

 

1B

 

) was determined by PCR/RFLP as
described by Haufroid & collegues [24].

 

Table 1

 

Study design

 

Experiment
Time from previous
administration

Chlorzoxazone
dose

Plasma sampling
time

Number of subjects
per sex Objective

 

1 – 500 mg 2 h 28 M, 9 F Population variability, sex differences,

influence of body build and genotypes
2 – 500 mg 2, 4, 6 h 20 M

 

1

 

3 1.5 years 500 mg 2, 4, 6 h 13 M

 

1

 

Long-term variability (experiments 2, 3, 4)
4 1 year 500 mg 2 h 7 M

 

1

 

5 1 week 500 mg 2 h 7 M

 

1

 

Short-term variability (experiments 4, 5, 6)
6 1 week 500 mg 2 h 7 M

 

1

 

7 1 day 500 mg 2 h 7 M

 

1

 

Influence of ethanol (experiments 6, 7)
8 1 week 250 mg 2 h 7 M

 

1

 

Influence of dose (experiments 6, 8, 9)
9 1 week 750 mg 2 h 6 M

 

1

1

 

Same individuals as in previous experiment.
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Glutathione transferase M1 (GSTM1) null individu-
als were identified by PCR essentially according to
Brockmöller & coworkers [25]. Genotyping of three
functional polymorphisms (341 T 

 

> 

 

C, 590 G 

 

>

 

 A, 857
G 

 

> 

 

A) in N-acetyltransferase 2 (NAT2) was performed
as described previously [26]. NAT2 phenotype (R 

 

=

 

rapid or S 

 

=

 

 slow) was deduced from the genotype.
Samples controlling for contamination (water instead

of DNA), and negative and positive controls (samples
from known genotypes) were included in all PCR
assays.

 

Statistical analyses

 

The Shapiro-Wilk test for normality suggested that the
metabolic ratios were normally distributed (Shapiro-
Wilk 

 

W

 

-test = 0.904). Metabolic dose ratios from three
dose levels and their variation over time were analyzed
by repeated measures analysis of variance (

 

ANOVA

 

).
Simple 

 

ANOVA

 

 was used to determine associations
between metabolic ratios and genotypes or phenotypes.
Dose linearity was tested by fitting the chlorzoxazone
dose (

 

D

 

) to the plasma concentration (

 

C

 

p) of chlorzox-
azone or 6-hydroxychorzoxazone using the power
function 

 

C

 

p = a 

 

¥

 

 

 

D

 

b

 

, where a and b are constants. The
two-tailed Student’s paired 

 

t

 

-test was used to compare
the effect of ethanol on the metabolic ratio. Linear
regression was used for correlation analyses. The Wil-
coxon test was used to determine associations between
recovery and genotypes or phenotypes. Shapiro-Wilk,
Wilcoxon and linear regression tests were performed
using the JMP

 

®

 

 software (version 3.02, SAS Institute
Inc). All other tests were carried out in StatView (v.5,
SAS Institute Inc). The significance level was set at 0.05.

 

Results

 

Chlorzoxazone was generally well tolerated, but one of
the males (50 kg bw) complained of dizziness when
given a dose of 500 mg. Therefore he was excluded from
the 750 mg study.

The plasma metabolic ratios in 36 subjects at 2 h
ranged from 0.12 to 0.61 (Table 2) and the relative stan-
dard deviation was 40% after intake of 500 mg chlor-
zoxazone. One male subject with an extremely high
metabolic ratio at 2 h of 1.6 (subject 28, Table 2) was
excluded from all further calculations. There were sta-
tistically significant positive correlations between the
metabolic ratio at 2 h and body weight, lean body mass,
body fat, and body mass index in men and in both sexes
combined. However, the corresponding correlations
among women were weaker and not statistically signif-
icant (Figure 1). No correlation between metabolic ratio
and age was detected (Table 2).

Considering CYP2E1 genotypes, the RsaI polymor-
phism in the 5¢-flanking region (CYP2E1*5 allele) was
found in three of the volunteers. Three subjects had the
insertion polymorphism (CYP2E1*1D), and three other
subjects had the CYP2E1*7B variant allele. The
CYP2E1*1B allele was found in 12 volunteers (Table 2).
There were no significant associations between these
CYP2E1 genotypes and the metabolic ratio (n = 36).
The GSTM1 polymorphism, 21 of the 36 subjects being
of the null phenotype, also did not influence the meta-
bolic ratio. However, a significant (P = 0.02) effect of
NAT2 phenotype on the metabolic ratio was found in
that the 22 slow acetylators had a lower average meta-
bolic ratio than the 14 subjects with the rapid NAT2
phenotype.

The urinary recovery of 6-hydroxychlorzoxazone
over 8 h accounted for approximately 55% (range 37–
84%) of the administered dose (500 mg) (Table 2).
There were no significant associations between urinary
recovery and metabolic ratio, NAT2 phenotype or any
of the genotypes studied (n = 20).

The interindividual variabilities in the metabolic ratio
were similar (42%, 36% and 48%, respectively) at the
three blood sampling times (n = 20, Figure 2). The cor-
relation between the metabolic ratio at 2 h and that at
4 h was high (r = 0.90, P < 0.001) whereas the correla-
tion between the 2 h and 6 h ratios was lower, but still
significant (r = 0.56, P = 0.01) (data not shown). The
metabolic ratios at 4 and 6 h were approximately two
and four times higher than at 2 h (Figure 2, Table 3).
When repeating the study in 13 subjects, interindividual
variabilities were still similar at the three sampling times
(expressed as relative standard deviations, obtained
from repeated measures ANOVA). The intra-individual
variability was slightly higher at 6 h than at 2 h and 4 h
(Table 3).

In the experiments performed with 1.5 years interval
(Tables 3 and 4), the interindividual variability in meta-
bolic ratio at 2 h was 63% and the intra-individual vari-
ability 30% (n = 13). Similar inter- and intra-individual
variabilities were obtained in the seven males studied
three times at yearly intervals and three times at weekly
intervals (Figure 3, Table 4). Thus there was no differ-
ence between the long-term (yearly) and the short-term
(weekly) intra-individual variabilities. However, the
intra-individual variability in the metabolic ratio tended
to be smaller in individuals with lower metabolic ratios
(Figure 3). Furthermore, there was a decrease in intra-
individual variability (expressed as relative standard
deviation) with increasing dose (measured as mg
chlorzoxazone kg-1 body weight) (r = -0.68, P = 0.07).

Ethanol intake (0.5 g ethanol kg-1 body weight) on
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the preceding evening did not influence the metabolic
ratio. Thus the average increase in metabolic ratio on
the day after ethanol intake was 0.7% (range -6.2% to
13.0%, n = 7), compared with the preceding day (Figure
4).

The metabolism of chlorzoxazone was found to be
dose-dependent. There was a sublinear increase of the
concentration of the drug in plasma (Figure 5a) and a

supralinear increase in metabolite concentration (Figure
5b), suggesting some saturation of metabolism at the
two higher doses. Accordingly, the metabolic ratio
decreased with increasing dose (Figure 5c,d).

Discussion
To our knowledge, this is the first study that investigates
the long and short term intra-individual variability in the

Table 2
Metabolic ratio, urinary recovery, geno- and phenotyping of the 28 males and nine females in experiment 1. For enzyme 
abbreviations, see method section

Subject Sex
Age
(years)

Metabolic
ratioa

Urinary
recovery (%) CYP2E1*5 CYP2E1*7B CYP2E1*1C/*1D CYP2E1*1B GSTM1 NAT2

1 M 46 0.37 54.2 c1/c1 GG 66 CG – R
2 M 42 0.41 54.3 c1/c1 GT 66 CC + R
3 M 44 0.14 59.4 c1/c1 GG 66 CC – R
4 M 32 0.23 46.5 c1/c1 GG 66 CC + S
5 M 53 0.16 55.4 c1/c1 GG 66 CG + S
6 M 27 0.12 42.5 c1/c1 GG 68 CG + S
7 M 46 0.18 51.0 c1/c1 GG 66 CG + S
8 M 29 0.28 27.0 c1/c1 GG 66 CC + S
9 M 47 0.20 56.2 c1/c1 GG 66 CC + R

10 M 51 0.33 54.8 c1/c1 GG 66 CC + R
11 M 49 0.61 57.6 c1/c1 GG 66 CC – R
12 M 49 0.28 53.1 c1/c2 GG 66 CC + R
13 M 39 0.39 43.6 c1/c1 GG 66 CC – R
14 M 35 0.23 35.6 c1/c1 GG 66 CG – S
15 M 37 0.29 62.9 c1/c2 GG 68 CC – S
16 M 27 0.24 50.9 c1/c1 GG 66 CC – S
17 M 43 0.37 24.2 c1/c1 GG 66 CC – S
18 M 39 0.17 55.0 c1/c2 GG 66 CC – S
19 M 37 0.21 52.2 c1/c1 GT 66 CC + S
20 M 32 0.25 39.8 c1/c1 GG 68 CG – R
21 M 36 0.18 n.a c1/c1 GG 66 CC – S
22 M 46 0.20 n.a c1/c1 GG 66 CC – S
23 M 34 0.26 n.a c1/c1 GG 66 CC – R
24 M 29 0.29 n.a c1/c1 GG 66 CC + S
25 M 24 0.21 n.a c1/c1 GG 66 CG – S
26 M 46 0.52 n.a c1/c1 GG 66 CC + R
27 M 47 0.43 n.a c1/c1 GG 66 CG + S
28b M 35 1.60 n.a c1/c1 GG 66 CG + S
29 F 40 0.36 n.a c1/c1 GG 66 CC – R
30 F 35 0.38 n.a c1/c1 GG 66 CG + S
31 F 27 0.22 n.a c1/c1 GG 66 CC – S
32 F 43 0.25 n.a c1/c1 GG 66 CC – R
33 F 43 0.12 n.a c1/c1 GT 66 CG + R
34 F 40 0.27 n.a c1/c1 GG 66 CC – S
35 F 48 0.20 n.a c1/c1 GG 66 CG – S
36 F 35 0.39 n.a c1/c1 GG 66 CC – R
37 F 34 0.20 n.a c1/c1 GG 66 CC – S

n.a, not analyzed. aMeasured in plasma at 2 h, ratio from first experiment is given. bExcluded from further calculations.
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6-hydroxychlorzoxazone/chlorzoxazone ratio. The
influence of dose, body build and recent moderate eth-
anol intake was also addressed.

Intra-individual variability in the chlorzoxazone met-
abolic ratio was about the same following long-term
(yearly) and short-term (weekly) assessments, suggest-
ing that the CYP2E1 activity remains fairly constant
with time and that the observed intra-individual variabil-
ity of about 30% may to a large extent reflect the
‘method error’. There are several sources that may con-
tribute to this ‘method error’, including variations in
absorption, distribution, and excretion kinetics, as well
as analytical errors. No other studies have, to our knowl-
edge, investigated the intra-individual variation in
CYP2E1 activity for such a long period of time (six
times over 2.5 years). Bachmann & Sarver [27] admin-
istered chlorzoxazone to six healthy male subjects on 2
consecutive weeks and found no significant difference
in clearance between the two occasions. Taken together,
these results suggest that determining CYP2E1 activity
in humans using chlorzoxazone only requires a single-
dose, single-sample procedure.

The metabolic ratio correlated significantly with body

weight, lean body mass, body fat and body mass index
in men and in both sexes combined. This is in agreement
with previously reported studies showing that body
weight is a major contributor to the interindividual vari-
ability in the oral clearance of chlorzoxazone [14, 28].
The lack of significant correlations among women may
be due to the small number of females (nine) in our
study.

Experiments with different doses (250, 500, and
750 mg chlorzoxazone) given to the same individuals
revealed clear signs of metabolic saturation, with sub-
linear (parent substance) and supralinear (hydroxy
metabolite) relations with dose. As a result the meta-
bolic ratio decreased with increasing doses. The average
decreases in metabolic ratio at 2 h were 32% after
500 mg and 58% after 750 mg, compared to 250 mg.
This is in close agreement with previous studies report-
ing that the metabolic ratio at 4 h decreased by 48%
after 750 mg compared to 250 mg [29] and that the
chlorzoxazone plasma clearance decreased by 50%,
from approximately 0.4 l/min at 250 mg [9, 30] to
approximately 0.2 l/min at 750 mg [11, 31]. It is inter-
esting to note that also the inter-individual variability

Figure 1
Relationship between body weight (a), lean body mass (b), body fat mass (c), body mass index (BMI) (d) and the plasma 6-

hydroxychlorzoxazone : chlorzoxazone metabolic ratio at 2 h after intake of 500 mg chlorzoxazone (27 males and nine females, experiment 1). 

The r and P values are from linear regression analysis. One subject (number 28, Table 2) was excluded
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Figure 2
Plasma 6-hydroxychlorzoxazone : chlorzoxazone metabolic ratios at 

different sampling times after intake of 500 mg chlorzoxazone. The 

horizontal lines represent the 10th, 30th, 50th, 70th, and 90th percentiles 

(20 males, experiment 2)
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Table 3
Variability in the chlorzoxazone metabolic ratio, expressed as relative standard deviation, estimated by repeated measures ANOVA 
(experiments 2 and 3) (n = 13)

Plasma sampling time Average ratio Interindividual variability Intra-individual variability

2 h 0.27 63% 30%
4 h 0.64 37% 26%
6 h 1.09 52% 48%

Table 4
Inter- and intra-individual variability in metabolic ratio at 2 h, expressed as relative standard deviation, estimated by repeated 
measures ANOVA

Experiment n Interindividual variability Intra-individual variability

All subjects 1 36 40% –
Long-term variability 2, 3 13 63% 30%
Long-term variability 2, 3, 4 7 62% 30%
Short-term variability 4, 5, 6 7 54% 28%
All experiments 2, 3, 4, 5, 6, 7 7 67% 29%

(expressed as relative standard deviation) decreased
with dose. Furthermore, the repeated experiments with
500 mg indicated a tendency towards lower intra-
individual variability in subjects with lower body
weight, i.e. in those obtaining a higher dose of chlorzox-
azone per kg body weight.

The body weight of the adult population varies by
more than two-fold. This would be expected to result in
at least a two-fold variation in metabolic ratio even if
CYP2E1 activity were constant, provided that a fixed
dose of chlorzoxazone is used. Thus, it seems more
appropriate to adjust the dose by body weight. We sug-
gest that a dose of 10 mg chlorzoxazone kg-1 body
weight should be used for the determination of CYP2E1
activity. This corresponds to 750 mg in a 75 kg individ-
ual and is thus higher than the commonly used dose of
500 mg. However, 750 mg is still used therapeutically
and should not result in side-effects. At this higher dose
of 750 mg the biotransformation of chlorzoxazone is
closer to saturation and the metabolic ratio will tend to
reflect the maximum metabolic rate (Vmax). At lower
doses the metabolic ratio will reflect not only the intrin-
sic metabolic clearance (Vmax/Km) but also the blood flow
of the eliminating organ.

Frye et al. [29] have suggested the use of 250 mg
chlorzoxazone  to minimize saturation of metabolism.
However, our data indicate that saturation occurs to
some extent at the lowest dose. This finding is also
supported by the study of Lucas et al. [15], in which
Michaelis constants of 53 mM and 74 mM were obtained
in microsomes from two human livers. These values
correspond to concentrations measured 2 h after admin-
istration of the lowest chlorzoxazone dose.
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Our study was not originally designed to study sex
differences, therefore only a few women were included.
Nevertheless, it is interesting to note that the few women
in our study had a similar range of metabolic ratios as
the men, in spite of lower body weights. However, when
metabolic ratios were plotted against lean body mass the
effect of sex became obvious. This might seem surpris-
ing since if the metabolic ratio mainly depended on
absorption, distribution, or excretion phenomena or if
CYP2E1 activity was only related to lean body mass or

Figure 4
The plasma 6-hydroxychlorzoxazone : chlorzoxazone metabolic ratio at 2 h 

after intake of 500 mg chlorzoxazone before and after intake of 0.5 g 

ethanol kg-1 body weight the preceding evening (seven males, 

experiments 6 and 7)
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Figure 5
Dose-dependence of (a) plasma chlorzoxazone (CZX), (b) plasma 6-

hydroxychlorzoxazone (HCZX), and (c–d) the 6-

hydroxychlorzoxazone : chlorzoxazone metabolic ratio at 2 h after intake 

of 250, 500, and 750 mg chlorzoxazone (seven males, experiments 6, 8 

and 9, one subject (50 kg bw) was excluded from the experiment with 

750 mg chlorzoxazone). The dotted curves in (a) and (b) represent the 

best fit of the power function (Cp = a ¥ Db), with exponents of 1.3 and 

0.61, respectively. 250 mg (�), 500 mg ( ), 750 mg (�), curve fit ( )
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The plasma 6-hydroxychlorzoxazone : chlorzoxazone metabolic ratio at 2 h 

after intake of 500 mg chlorzoxazone at yearly and weekly intervals (seven 

males)
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liver size, one would expect no such sex difference. In
contrast, the sex difference disappeared when plotting
metabolic ratio against body fat mass or body mass
index (Figure 1C, 1D). This may indicate that the met-
abolic ratio is indeed mainly related to CYP2E1 activity
which, in turn, is related to the amount of body fat. In
a large population study, age-adjusted fasting insulin
levels were higher in men than in women. This sex
difference disappeared after adjusting for body mass
index [32]. Thus, one may speculate that a higher body
fat mass results in increased plasma insulin levels,
higher rates of fat catabolism, formation of acetone and
other ketone bodies and, ultimately, increased CYP2E1
activity and chlorzoxazone metabolic ratio. In future
studies it would be of interest to measure the chlorzox-
azone metabolic ratio and its relation with ketone levels
in women and men with similar lean body masses.

One male subject, who was excluded from the statis-
tical analyses, had a very high metabolic ratio of 1.6 at
2 h, for which we have no explanation. The subject was
not extreme in body composition (86 kg, 1.78 m, 18%
body fat), had no history of chronic diseases, was taking
no medication and had normal liver enzyme values. He
was a moderate social drinker and a nonsmoker.
Although CYP1A has been shown to metabolize chlor-
zoxazone, it is of minor importance compared with
CYP2E1 in vivo [15] and thus it is unlikely that induc-
tion of CYP1A2 could have explained the extremely
high ratio. Furthermore, this subject was normal with
respect to his metabolism of m-xylene and 2-propanol
[33, 34].

In our study about 55% of a 500 mg dose was
excreted in the urine over 8 h as 6-hydroxychlorzox-
azone, which is similar to values reported by others [8,
29–31]. No parent drug was detected in urine. One
explanation for the relatively low urinary recovery may
be incomplete absorption from the gastrointestinal tract,
due to slow dissolution of the tablets. In support of this
De Vries & colleagues [30] found that the uptake of
chlorzoxazone from tablets was 70% compared with
that from a suspension. Furthermore administration of
chlorzoxazone following breakfast resulted in a mark-
edly lower urinary recovery of 5–15% [35]. Alternative
explanations to the incomplete recovery are additional
elimination pathways such as biliary excretion and/or
additional metabolic pathways. Ring cleavage to 5-
chloro-2,4-dihydroxyacetanilide via N-acetylation and
dehalogenation to 6-hydroxybenzoxazolone have been
identified as probably minor pathways [16]. We found
no effect of NAT2 phenotype on urinary recovery further
suggesting that the ring cleavage pathway may be of
minor importance. However, a significant effect of

NAT2 phenotype on the metabolic ratio was observed,
but the reason for this was unclear.

We found no significant influence of genetic polymor-
phisms of CYP2E1 on the chlorzoxazone metabolic ratio
or urinary metabolite recovery, although all variant gen-
otypes tended to have slightly lower metabolic ratios.
One reason for the lack of an effect may be the limited
number of subjects in the study, since few individuals
had the rare genotypes. The CYP2E1*5 allele has been
shown to be associated with lower oral clearance of
chlorzoxazone in Hawaiian subjects [14] and to be of
importance in the induction of CYP2E1 by alcohol [36].
The presence of the insertion mutation (CYP2E1*1D)
appears to be associated with higher CYP2E1 metabolic
activity, but only among individuals who are either obese
or have recently consumed ethanol [28]. The rare
CYP2E1*1B allele (TaqI polymorphism) was recently
shown to be associated with increased metabolism of
styrene in workers from a plastics factory [37].

Isothiocyanates, to which humans are exposed via the
food, can inhibit CYP2E1 [38]. These compounds are
metabolized by glutathione transferases and the impor-
tance of genetic polymorphism of GSTM1 in their
chemoprotective effect has recently been shown [39].
Individuals with different glutathione transferase activ-
ity will eliminate isothiocyanates at differing rates.
Depending on the isothiocyanate intake, this could
result in variable degrees of CYP2E1 inhibition, and
thus indirectly affect chlorzoxazone metabolism. How-
ever, in the present study no influence of GSTM1 gen-
otype on the chlorzoxazone metabolic ratio or the
urinary metabolite recovery was observed.

It is unclear whether smoking affects CYP2E1 activ-
ity. No effect has been observed on the 2 h metabolic
ratio by smoking (0.33 versus 0.31) in 75 smokers and
39 non-smokers [40]. However, a within-subject study
performed on regular smokers showed a 24% higher
(range -10 to +71%) oral clearance of chlorzoxazone
when they were smoking 20 cigarettes/day compared
with non-smoking conditions [41]. The single smoker
in our study (subject 9, 20 cigarettes/day, Table 2) did
not differ from the other males with respect to metabolic
ratio or metabolite recovery in urine.

Overall, 2 h is considered to be the optimal sampling
time for the assessment of CYP2E1 activity using chlo-
rzoxazone. The high correlation between the metabolic
ratios at 2 h and 4 h suggests that the latter might also
be an appropriate sampling time. According to a study
by Frye & colleagues [29] metabolic ratios obtained
later than 4 h were not significantly related to the for-
mation clearance of the hydroxychlorzoxazone, whereas
the metabolic ratio at 2 h demonstrated the highest cor-
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relation. An additional disadvantage of late sampling
times is that both parent and metabolite concentrations
are lower resulting in increased analytical errors. At
around 6 h, the parent drug may even approach the ana-
lytical detection limit.

We saw no influence of recent moderate intake of
alcohol on CYP2E1 activity. This was somewhat unex-
pected, since ethanol is a well-known inducer of
CYP2E1 (see e.g. review by Lieber [4]). On average,
alcoholic patients metabolize chlorzoxazone five times
more rapidly than do healthy subjects [40]. Plee-Gautier
& colleagues [42] saw a mean increase of 77% in the
metabolic ratio at 2 h following consumption of
0.8 g kg-1 ethanol, a 1.6 times higher dose than in the
present study. In contrast, Oneta & colleagues [43]
reported a much smaller effect of ethanol. Thus the
median metabolic ratio in five males increased from
0.48 before ethanol intake to 0.63 after a week of daily
intake of 40 g ethanol. The amount given in our study
corresponds to a single dose of between 25 and 50 g
ethanol. Overall, these results suggest that moderate
intake of alcohol the preceding day does not signifi-
cantly induce CYP2E1. This is an important observation
since subjects are often recommended to avoid alcohol
intake for several days before a study.

In conclusion, the relatively low intra-individual
variability in the chlorzoxazone metabolic ratio
observed in our study suggests that a single-dose, sin-
gle-sample procedure is sufficient to assess CYP2E1
activity in vivo, which moderate recent intake of
alcohol does not appear to affect. The metabolic ratio
is clearly dose-dependent, indicating that dose should
be adjusted according to body weight. We suggest a
dose of 10 mg kg-1 body weight to achieve plasma
concentrations of chlorzoxazone well above the
reported Km for the 6-hydroxylation of chlorzoxazone.
However, further studies are needed to validate this
proposal.
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tions. The project was financially supported by the
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