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Aims

 

Cytochrome P450 2E1 (CYP2E1) is thought to activate a number of pro-
toxins, and has been implicated in the development of liver disease. Increased hepatic
expression of CYP2E1 occurs in rat models of diabetes but it is unclear whether
human diabetics display a similar up-regulation. This study was designed to test the
hypothesis that human diabetics experience enhanced CYP2E1 expression.

 

Methods

 

The pharmacokinetics of a single dose of chlorzoxazone (500 mg), used
as an index of hepatic CYP2E1 activity, was determined in healthy subjects (

 

n

 

 

 

=

 

 10),
volunteers with Type I (

 

n

 

 

 

=

 

 13), and Type II (

 

n

 

 

 

=

 

 8) diabetes mellitus. Chlorzoxazone
and 6-hydroxychlorzoxazone in serum and urine were analysed by high-
performance liquid chromatography. The expression of 

 

CYP2E1

 

 mRNA in periph-
eral blood mononuclear cells was quantified by reverse transcriptase-polymerase
chain reaction.

 

Results

 

The mean 

 

±

 

 s.d. (90% confidence interval of the difference) chlorzoxazone
area under the plasma concentration-time curve was significantly (

 

P 

 

£

 

 0.05) reduced
in obese Type II diabetics (15.7 

 

±

 

 11.3 

 

m

 

g h ml

 

-

 

1

 

; 9, 22) compared with healthy
subjects (43.5 

 

±

 

 16.9 

 

m

 

g h ml

 

-

 

1

 

; 16, 40) and Type I diabetics (32.8 

 

±

 

 9.2 

 

m

 

g h ml

 

-

 

1

 

;
9, 25). There was a significant two-fold increase in the oral clearance of chlorzox-
azone in obese Type II diabetics compared with healthy volunteers and Type I
diabetics. The protein binding of chlorzoxazone was not significantly different
between the three groups. In contrast, Type 1 diabetics and healthy volunteers
demonstrated no difference in the oral clearance of chlorzoxazone. The urinary
recovery of 6-hydroxychlorzoxazone as a percentage of the administered dose was
not different between healthy, Type I and obese Type II diabetics. The elimination
half-life of chlorzoxazone did not differ between the three groups. 

 

CYP2E1

 

 mRNA
was significantly elevated in Type I and obese Type II diabetics compared with
healthy volunteers. The oral clearance of chlorzoxazone, elimination half-life, 

 

T

 

max

 

,
and 

 

C

 

max

 

 were not significantly influenced by weight, body mass index, serum
glucose, serum cholesterol, or glycosylated haemoglobin.

 

Conclusions

 

There was a marked increase in hepatic CYP2E1 activity in obese Type
II diabetics as assessed by chlorzoxazone disposition. Increased expression of

 

CYP2E1

 

 mRNA in peripheral blood mononuclear cells was found in both types
of diabetes mellitus. Adverse hepatic events associated with Type II diabetes may be
in part a result of enhanced CYP2E1 expression and activity.
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Introduction

 

The cytochromes P450 (CYP) are a superfamily of hae-
moproteins that mediate the biotransformation of endog-
enous and exogenous compounds [1]. In humans, three
cytochrome P450 subfamilies composed of 11 genes are
responsible for the metabolism of most drugs [2].
CYP2E1 is the classical ethanol-inducible CYP, and this
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is highly significant because it has been shown to catalyse
the bioactivation of several procarcinogens and protoxins
including N-nitrosodimethylamine, benzene and N-
alkylformamides [3, 4]. In addition to oxidizing ethanol,
human CYP2E1 has also been shown to metabolize
drugs such as chlorzoxazone, acetaminophen, and the
volatile anaesthetics (enflurane, sevoflurane, methoxyflu-
rane and isoflurane) [5, 6].

In addition to its role as a xenobiotic-metabolizing
enzyme, CYP2E1 expression has been linked to the gen-
eration of specific pathological conditions, including
alcoholic and nonalcoholic liver disease [7, 8]. This link
stems from the unusually high capacity of CYP2E1 to
generate free radicals due to a low degree of coupling
between enzyme turnover and substrate binding. The free
radicals produced by CYP2E1 are thought to result in
lipid peroxidation and thus contribute to liver disease.
Diabetes is commonly associated with the development
of fatty liver disease such as nonalcoholic steatohepatitis
(NASH). In this regard it is important to note that
CYP2E1 is highly inducible by transcriptional, post-
translational, and substrate stabilization mechanisms.
Therefore, it has been hypothesized that events leading
to increased expression of CYP2E1 will predispose indi-
viduals to liver disease.

Ketones and other small organic molecules are both
substrates and inducers of CYP2E1 [9, 10]. It has also
been hypothesized that the production of ketones by
diabetics would result in increased expression and cata-
lytic activity of CYP2E1 [11]. Numerous studies in ani-
mal models have confirmed the induction of CYP2E1
in diabetes, but this was reversed by insulin treatment.
However, human data are lacking. Song and coworkers
demonstrated that CYP2E1 mRNA was elevated in lym-
phocytes cultured from the blood of Type I diabetics [11].
However, Lucas and coworkers suggested that the chlo-
rzoxazone metabolic ratio, a marker of CYP2E1 activity,
was increased only in a subset of diabetics with a body
mass index (BMI) 

 

≥

 

 30 kg m

 

-

 

2

 

 [12]. It remains unclear
whether diabetes 

 

per se

 

 induces hepatic CYP2E1 in
humans. Therefore, this study was designed to investigate
the expression and activity of CYP2E1 in Type I
and obese Type II diabetics compared with healthy
volunteers.

 

Materials and methods

 

Materials

 

Chlorzoxazone, 6-hydroxychlorazoxazone and phenace-
tin were purchased from Sigma-Aldrich Chemical Co.
(St Louis, MO, USA). All enzymes and cofactors used
for the synthesis of internal standard RNA by reverse
transcription and PCR amplification were purchased

from Promega (Madison, WI, USA), and Integrated
DNA Technologies (Coralville, WI, USA) synthesized all
primers. The TRI Reagent for RNA isolation was
obtained from Molecular Research Center, Inc. (Cincin-
nati, OH, USA). All other consumables were of the
highest grades available and obtained from standard com-
mercial sources.

 

Study design

 

After approval by the institutional review board of
Indiana University Purdue University at Indianapolis,
10 healthy volunteers, 14 Type I diabetics (insulin-
dependent diabetes mellitus), and 8 obese Type II diabetics
(noninsulin-dependent diabetes mellitus) provided writ-
ten informed consent to participate in the study. Volun-
teers were characterized by: (i) no significant medical
conditions as assessed by medical history, physical exam-
ination and blood and urine chemistry screens; (ii) no
long-term use of medications; and (iii) no known aller-
gies to chlorzoxazone. In the case of the diabetics, none
had significant end-organ damage, and none was taking
a known inhibitor, inducer or substrate of CYP2E1.

Demographic information for all volunteers including
coadministered drugs for the Type I and obese Type II
diabetics is provided in Table 1. The participants were
between 18 and 65 years of age and were nonsmokers.
Individuals were asked to refrain from alcohol for at least
a week prior to the study. Participants were excluded for
the following reasons: allergy to chlorzoxazone, a history
of alcohol abuse or drug abuse. Women were excluded
if they had a positive pregnancy test or if they were
lactating. In addition, glycosylated haemoglobin was
determined in all diabetic volunteers.

Volunteers were admitted to the General Clinical
Research Center at Indiana University Hospital, where
they remained for the duration of the study (approxi-
mately 24 h). An intravenous catheter was placed in one
forearm of each individual for the withdrawal of blood
samples. Volunteers consumed a light breakfast containing
no concentrated sweets. Two hours later, the participants
were given a single dose of chlorzoxazone (500 mg), then
serial blood samples (7 ml) were collected predose and
0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, and 24 h after dosing.
Urine was collected over the following intervals: predose
and 0–2, 2–4, 4–6, 6–10, and 10–24 h following drug
administration. Serum was harvested and stored at 

 

-

 

20

 

∞

 

C
until analysis. Likewise, urine samples were stored at

 

-

 

20

 

∞

 

C until analysis.

 

Analytical methods

Serum

 

Chlorzoxazone and 6-hydroxychlorzoxazone serum con-
centrations were analysed by h.p.l.c. as described previ-
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ously [13]. Following the addition of internal standard,
phenacetin (50 

 

m

 

l of a 50-

 

m

 

g ml

 

-

 

1

 

 solution), 1 ml of a 1-

 

M

 

 potassium phosphate:citric acid buffer pH 7, and 3 ml
of ethylacetate to the serum sample, the resultant mixture
was mixed vigorously for 15-30 s using a platform mixer.
The sample was centrifuged at 1600 

 

g

 

 for 10 min (Sorvall
RT6000D; Kendro Laboratory Products, Newton, CT,
USA), the organic layer transferred to a clean test-tube
and evaporated to dryness under a vacuum (Savant Roto-
vap; Thermo Savant, Holbrook, NY, USA). The residue
was reconstituted with 150-300 

 

m

 

l of mobile phase
[50 m

 

M

 

 potassium phosphate containing 100 m

 

M

 

 sodium
acetate pH 3.5 and acetonitrile (72 : 28 v/v)] of which
an aliquot was injected onto an h.p.l.c. column. Separa-
tion was accomplished with a Beckman Ultrasphere™
C-8 column (5 

 

m

 

m 

 

¥ 

 

4.6 mm i.d. 

 

¥

 

250 mm) equipped
with a Brownlee RP-8 guard column. The mobile phase
was delivered isocratically at a flow rate of 1.5 ml min

 

-

 

1

 

to a photodiode array detector (Beckman 168 photo-
diode array detector; Beckman Coultor, Inc., Fullerton,
CA, USA) interfaced with a Beckman 125 binary pump
equipped with a Beckman 508 autosampler. Chlorzox-
azone, 6-hydroxychlorzoxazone, and phenacetin were
monitored at 272 nm. The lower limit of quantification

was 0.025 

 

m

 

g ml

 

-

 

1

 

 for both 6-hydroxychlorzoxazone and
chlorzoxazone. The interday coefficient of variation for
chlorzoxazone and 6-hydroxychlorzoxazone at 0.14, 1.4,
and 8.0 

 

m

 

g ml

 

-

 

1

 

 was 

 

<

 

7%. Quality control samples with
nominal values of 0.14, 1.4, and 8 

 

m

 

g ml

 

-

 

1

 

 were within
10% of the expected value for both the parent drug and
metabolite.

 

Urine

 

Briefly, 0.5 ml of urine was combined with 0.2 ml of
0.2 

 

M

 

 sodium acetate pH 5.0, 10 

 

m

 

l of 0.6 

 

M

 

 sodium
azide, and 2000 U of 

 

b

 

-glucuronidase and incubated at
37

 

∞

 

C for 1 h. The samples were processed as described
above following deconjugation with 

 

b

 

-glucuronidase.
The interday coefficient of variation for 6-
hydroxychlorzoxazone at 1.4, 14.0, and 40.0 

 

m

 

g ml

 

-

 

1

 

 was

 

<

 

5%. Quality control samples at the same concentrations
were within 8% of the expected value.

 

Isolation of blood mononuclear fraction

 

Lymphocytes were isolated from 25 ml of heparinized
blood using 10 ml of Isolymph (Gallard-Schlesinger
Industries, Carle Place, NY, USA) as directed by the

 

Table 1

 

Clinical details and concurrent medications of the Type I and obese Type II diabetics (mean 

 

±

 

 s.d.).

 

 

Healthy Type I Obese Type II

n

 

10 14 8
Sex (M/F) 6/4 8/6 5/3
Race 6 Caucasian 11 Caucasian 4 Caucasian

2 Hispanic, 2 Asian 3 African-American 4 African-American
Age (years) 32 

 

± 

 

4 33 

 

± 

 

8 46 

 

± 

 

9

 

*

 

Weight (kg) 74.1 

 

± 

 

10.5 77.2 

 

± 

 

12.3 106.6 

 

± 

 

17.6

 

*

 

BMI 26.6 

 

± 

 

3.5 25.9 

 

± 

 

3.9 37.5 

 

± 

 

6.4

 

*

 

Fasting glucose (mg dL

 

-

 

1

 

) 83 

 

± 

 

10 173 

 

± 114 199 ± 143
Cholesterol (mg dL-1) 160 ± 31 182 ± 39 219 ± 57*
HbA1c††† nd† 9.3 ± 2.8 7.6 ± 3.5

Concurrent medication
Drug category Healthy Type I Obese Type II
Antidiabetic agents

Insulin n.a.‡ 14 4
Other§ n.a. 3

Renin angiotensin antagonists¶ n.a. 4 3
Antihyperlipidaemic** n.a. 1 1
Diuretic†† n.a. 2
Hormones‡‡ n.a. 1 2
Antihypertensive§§ n.a. 2
Antidepressant¶¶ n.a. 1 1
Miscellaneous*** n.a. 2 1

*Significantly (P £ 0.05) different to healthy volunteers by ANOVA with Tukey’s correction. †Not determined. ‡Not applicable. §Metformin (2),
glimepiride (2), and one obese type II diabetic volunteer was successfully controlling their diabetes with diet modification. ¶Drugs taken include
(no. of people) benazepril, captopril, enalapril, lisinopril, ramipril, irbesartan, losartan. **Gemfibrozil, atorvastatin. ††Furosemide, hydrochlorthi-
azide/triamterene. ‡‡Oestrogen, levothyroxine, methimazole. §§Clonidine, verapamil. Nefazadone, sertraline. ***Aspirin, coumarin, oxycodone
and montelukast. †††HbA1c (glycosylated hemoglobin) normal range is 4.8–8.0%.
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manufacturer. Mononuclear cells containing mainly lym-
phocytes (> 75%) and 12-25% monocytes were counted,
and the remaining portion of the pellet was dissolved in
TRI Reagent and stored at -80∞C until RNA isolation.

RNA isolation and cDNA synthesis

Total RNA was prepared from the peripheral mononu-
clear cells as described previously [14] Total RNA was
isolated by a single-step procedure, and cDNA was syn-
thesized by reverse transcriptase. The gene-specific prim-
ers were designed to amplify a specific region of
CYP2E1 (Table 2), and the competitor DNA was pro-
duced by using competitive DNA primers (Table 2).
Subsequently competitor DNA was transcribed to com-
petitive reference standard RNA by T7 RNA polymerase
according to the manufacturer’s instructions. The con-
centration of competitive reference standard RNA was
determined by a spectrophotometer (A260 nm). Com-
petitive RT-PCR was performed as previously described.
Briefly, in an initial experiment, logarithmic dilutions
(109-103 molecules ml-1) of competitive reference stan-
dard RNA were used with a constant amount of target
RNA to find a range where competitive product was
formed in an approximately equal amount to that of the
target mRNA. Using avian myeloid leukaemia virus
reverse-transcriptase, the reverse-transcription reaction
was then carried out. After terminating the reverse tran-
scription reaction by heating to 95∞C, 15 ml of PCR
master mixture containing 1 mM dNTP, 10 pmol primer
(Table 2), and 1 U Taq DNA polymerase were added.
The reaction was terminated after 32 cycles, and PCR
products were separated with a 2% agarose gel containing
ethidium bromide. The gel digital image was generated
using Doc 1000 u.v. Fluorescent System (BioRad Labs,
Hercules, CA, USA), where molecular analysis software
(BioRad) was used to quantify the band intensity. The
standard curve was prepared by plotting the log ratio of
target band intensity to competitive standard reference
RNA against log competitive standard reference RNA,
and the amount of target mRNA was determined using

this standard curve. The procedure was repeated in
triplicate for each sample and mean values were taken.
The coefficient of variation for the quantification of
CYP2E1 mRNA was 15% at 8750 CYP2E1 mRNA
molecules.

Pharmacokinetic and statistical analysis

Standard model independent methods were used to
determine the pharmacokinetic parameters of interest
(WinNonlin, version 3.2; Pharsight, Mountain View, CA,
USA). The area under the serum concentration vs time
curve from zero to infinity (AUC•

0) was calculated using
a combination of trapezoidal and log trapezoidal methods
up to the last data point, followed by extrapolation to
infinity using the terminal elimination rate constant. The
latter was calculated using the slope of the terminal log-
linear decline in blood concentrations with time. Termi-
nal half-life was calculated from 0.693 divided by the
terminal elimination rate constant.

Statistical analysis

Data are reported as mean ± s.d. The effects of insulin-
dependent and noninsulin-dependent diabetes mellitus
on the various pharmacokinetic parameters were assessed
by one-way ANOVA, and the groups responsible for an
effect were identified by Tukey’s multiple-comparison test
(JMP® Statistics, Version 4.02; SAS Institute, Cary, NC,
USA) at the significance level of 5%. For continuous
variables, we used univariate linear regression analysis.

Results

No volunteers failed to complete the study and no
adverse events were observed following chlorzoxazone
administration. Obese Type II diabetics were significantly
older (45 ± 9 years) and heavier (Table 1) than Type
I diabetics (33 ± 8 years) and healthy volunteers
(32 ± 4 years). Mean plasma concentration-time profiles
of chlorzoxazone are shown in Figure 1, and the corre-

Table 2 Sequences of cytochrome P450 2E1 and Multidrug Resistance-1 mRNA forward and reverse oligonucleotide primers and 
sequence of crs-primers for synthesizing internal competitive standard.

Gene Oligonucelotide sequence (5¢-3¢) Location

CYP2E1 Forward AGC ACA ACT CTG AGA TAT GG 925-944
Reverse ATA GCT ACT GTA CTT GAA CT 1271-1290

crs-CYP2E1 Forward CAT TTA ATA CGA CTC ACT ATA GGG ACC TAC ATG GAT GCT GTG GTG T7 polymerase sequence
Reverse TAT AGG GCT GAG GTC GAT ATC CTT CAC ACT CGT TTT CCT GTG GA 1432-1413 & 1409-1396

*NIDDM volunteer was successfully controlling their diabetes with dietary modification. †Female volunteer, African American volunteer.
‡Glycosylated haemoglobin normal range 4.8-8.0%.
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sponding pharmacokinetic parameters are presented in
Table 3. The AUC(0,•) of chlorzoxazone was reduced by
25% in Type I diabetics, and reduced significantly by 70%
in obese Type II diabetics compared with healthy volun-
teers. Similar changes in Cmax were observed in both
types of diabetes, but statistical difference was only
observed in obese Type II diabetes when compared with
healthy volunteers. The oral clearance of chlorzoxazone
was increased significantly by 250% in obese Type II
diabetics compared with healthy volunteers and 160%
compared with Type I diabetics (Figure 2). After normal-
ization for body weight, there was still a 140% increase
in the oral clearance of chlorzoxazone in obese Type II
diabetics compared with healthy participants. The protein
binding of chlorzoxazone was not different among the
three groups (Table 3). Neither the presence of Type I
nor of Type II diabetes resulted in significant changes in
the observed elimination half-life or the time to maxi-
mum serum concentration (Tmax) compared with healthy
volunteers (Table 3). Serum 6-hydroxychlorzoxazone
concentrations were not quantifiable in 9/10 healthy
volunteers, but were measurable in 2–4 samples in
individuals with Type 1 or Type II diabetes. The peak

Figure 1 The disposition of chlorzoxazone following an oral
500-mg dose in ten healthy volunteers, 14 volunteers with Type I 
diabetes mellitus and eight volunteers with Type II diabetes 
mellitus. Each point represents the mean (± s.d.). �, Values for 
healthy volunteers; �, values for patients with Type I diabetes 
mellitus; �, values for patients with Type II diabetes mellitus.
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Table 3 Mean (± s.d.) pharmacokinetic parameter estimates of chlorzoxazone (500 mg) after oral administration in 32 volunteers.

Healthy
Mean ± s.d.
(90% CI*)

Type I
Mean ± s.d.
(90% CI)

Obese Type II
Mean ± s.d.
(90% CI)

Healthy vs.
Type I

90% CI 
on the difference†

Healthy vs. Type II
Type I vs.
Type II

n 10 14 8
AUC•

0 (mg· h l-1) 43.5 ± 16.9 32.8 ± 9.2 15.7 ± 11.3‡ 1.50, 19.88 15.6, 39.99 9.45, 24.76
(36.0-50.8) (28.7-36.8) (9.1-22.2)

CL/F (l h-1) 13.0 ± 4.5 16.7 ± 5.7 43.8 ± 21.4‡ -7.47, 0.02 -38.28, -10.89 -32.47, -9.24
(11.0-15.0) (14.2-19.2) (31.4-56.2)

CL/F (l h-1 kg-1) 0.18 ± 0.06 0.23 ± 0.14 0.43 ± 0.26‡ -0.13, 0.02 -0.39, -0.11 -0.34, -0.06
(0.15-0.20) (0.17-0.29) (0.28-0.58)

Fraction unbound (%) 3.9 ± 2.1 4.0 ± 1.3 3.2 ± 2.6 -2.28, 0.67 -2.21, 2.20 -0.87, 2.47
(2.2-4.1) (3.4-4.5) (1.6-4.7)

Half-life (h) 1.1 ± 0.2 1.2 ± 0.4 1.4 ± 0.9 -0.38, 0.13 -0.79, 0.24 -0.64, 0.34
(1.0-1.2) (1.1-1.5) (0.9-2.0)

Tmax (h) 2.1 ± 1.0 2.7 ± 1.0 2.3 ± 1.1 -1.26, 0.10 -1.05, 0.63 -0.39, 1.13
(1.7-2.5) (2.3-3.1) (1.7-2.9)

Cmax (mg ml-1) 15.0 ± 3.7 12.2 ± 4.4 5.2 ± 2.2‡ -0.33, 5.81 7.21, 12.35 4.01, 10.07
(13.4-16.6) (10.2-14.1) (3.9-6.5)

Vd/F (l kg-1) 0.28 ± 0.08 0.40 ± 0.16 0.70 ± 0.26‡ -0.21, 0.02 -0.57, -0.27 -0.45, -0.17
(0.25-0.32) (0.33-0.47) (0.55-0.85)

Peak 6-OHCHZ/CHZ serum conc. ratio 0.029§ 0.010 ± 0.007 0.028 ± 0.012¶ n.a. n.a. -0.03, -0.01
(0.007-0.013) (0.022-0.033)

Urinary recovery (% of dose) 69.7 ± 7.9 61.4 ± 12.0 64.8 ± 13.5 -0.83, 15.83 -4.44, 14.21 -13.98, 7.09
(66.2-73.2) (56.1-66.7) (58.9-70.7)

*CI, Confidence interval; 6-OHCHZ, 6-hydroxychlorzoxazone; CHZ, chlorzoxazone; conc., concentration; n.a., not applicable. †The 90%
confidence intervals are based on t-test with equal variance. ‡Values significantly different (P £ 0.05) from healthy and Type I values. §Value for
one volunteer only, 6-hydroxychlorzoxazone not detectable in 9/10 healthy individuals. ¶Value significantly different from Type I value.
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6-hydroxychlorzoxazone to chlorzoxazone serum con-
centration ratio was significantly greater in obese Type II
diabetics compared with Type I diabetics (Table 3). The
percentage of the dose excreted into the urine as 6-
hydroxychlorzoxazone was not significantly different
between the three groups (Table 3). These observations
are consistent with an increased oral clearance of chlor-
zoxazone rather than diminished chlorzoxazone absorp-
tion in diabetic subjects.

The mRNA of CYP2E1 was significantly (P £ 0.05)
elevated in the lymphocytes from patients with Type 1
(9587 ± 6729 copies mg-1 mRNA) and obese Type II
diabetes (15997 ± 2321 copies mg-1 mRNA) compared
with healthy volunteers (1962 ± 1942). However, there
was no relationship between lymphocyte CYP2E1
mRNA content and oral chlorzoxazone clearance (data
not shown).

We examined the effect of the covariates weight,
height, BMI, serum glucose, serum cholesterol, and gly-
cosylated haemoglobin on the estimated pharmacokinetic
parameters of chlorzoxazone. The oral clearance of chlo-
rzoxazone was not significantly influenced by body-
weight, BMI, or any of the other covariates tested.
Likewise, there was no relationship between oral chlor-
zoxazone clearance (l h-1 or l h-1 kg-1) and baseline blood
glucose concentrations or glycosylated haemoglobin
A1c in diabetic individuals (data not shown). The AUC•

0

demonstrated a significant inverse relationship with
serum glucose concentration in all individuals (r = 0.41,
n = 32, P £ 0.05). In obese Type II diabetics increasing
BMI was associated with an increasing Cmax. However,
in Type I diabetics and healthy controls the opposite
relationship was observed. No significant relationships
were observed between Tmax and half-life and BMI,

weight, height, serum cholesterol, serum glucose con-
centration, or glycosylated haemoglobin.

Discussion

Chlorzoxazone is a potent skeletal muscle relaxant that is
effective in the treatment of skeletal muscle spasms. Onset
of therapeutic activity is observed within 1 h, with a
duration of action of approximately 6 h [15]. CYP2E1 is
the principal catalyst of the 6-hydroxylation of chlorzox-
azone and therefore has been advocated as an in vivo
CYP2E1 probe [5]. Although other enzymes such as
CYP1A2 and CYP3A have been implicated in the in vitro
metabolism of chlorzoxazone, these observations have
not been confirmed in vivo [13, 16]. For example, the
coadministration of caffeine and chlorzoxazone resulted
in a 16% change in the caffeine to paraxanthine meta-
bolic ratio (an index of CYP1A2 activity), but no change
in chlorzoxazone kinetics [17]. Likewise, chlorzoxazone
has been shown to minimally influence the disposition
of midazolam (a CYP3A substrate) in vivo, although this
is controversial [18, 19].

CYP2E1 may be responsible, in part, for the liver
toxicity associated with paracetamol and ethanol intake
by forming reactive metabolites such as NAPQI [20–22].
CYP2E1 has been identified as a source of reactive oxy-
gen species, which are thought to cause lipid peroxida-
tion resulting in liver damage such as that found in
NASH and alcoholic liver disease. Although a causal
relationship between CYP2E1 and NASH has not been
confirmed, it has been shown that CYP2E1 protein con-
centrations and the rates of lipid peroxidation are elevated
in these individuals [7, 8, 23]. Finally, individuals with
NASH appear to be more susceptible to paracetamol
hepatotoxicity, presumably due to the up-regulation of
CYP2E1.

Clinically, diabetes mellitus is categorized into two
types, one arising from an insulin deficiency (Type I,
insulin-dependent diabetes mellitus), the other from
insulin resistance (Type II, noninsulin-dependent diabetes
mellitus). In animals, hepatic CYP2E1 expression and
activity can be modulated by genetically determined obe-
sity, diet (high fat intake, fasting), or by the administra-
tion of xenobiotics (isoniazid, ethanol) [24–28]. It is clear
that chemically (streptozotocin) induced diabetes mellitus
consistently results in an increased expression of hepatic
and lymphocytic CYP2E1 protein and mRNA, and
alterations in other drug-metabolizing enzymes in
rodents, which are partly a result of increased concentra-
tions of circulating ketones [9, 10, 26, 29, 30]. The
latter have been shown to be an important modulator of
CYP2E1, causing enhanced expression through mRNA
or protein stabilization [31]. These changes in the drug-

Figure 2 The effect of Type I and Type II diabetes on 
chlorzoxazone oral clearance, a marker of CYP2E1 activity in 
healthy volunteers (n = 10), Type I diabetics (n = 14) and Type II 
diabetics (n = 8).
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metabolizing enzymes of rodents are reversed by the
administration of insulin [32]. However, it is unclear if
these animal models of diabetes accurately reflect the
molecular mechanisms responsible for the development
of diabetes in humans.

In the present study, we did not observe a significant
difference in the oral clearance of chlorzoxazone between
healthy volunteers and Type I diabetics. This is somewhat
unexpected given the changes in circulating ketones and
CYP2E1 expression and activity observed in animal
models of Type I (chemically induced) diabetes. How-
ever, in these models of Type I diabetes the animals do
not receive insulin, which has been shown to correct the
changes in circulating ketones and return CYP2E1
expression to basal levels. In this study, the Type I dia-
betics received insulin supplementation as part of their
pharmacotherapy, and no one had substantial ketonuria
prior to the study, although three of 14 individuals had
trace amounts of ketones in their urine. Thus, our data
indicate that Type I diabetics under moderate control
(glycosylated haemoglobin A1c =8.4 ± 2.9) have similar
chlorzoxazone oral clearances compared with healthy
controls. No relationship was observed between glycosy-
lated haemoglobin and the oral clearance of chlorzox-
azone. However, we observed an inverse relationship
between chlorzoxazone area under the curve and fasting
blood glucose concentrations. The role of the latter in
CYP2E1 expression and activity has not been defined.
Our observation is consistent with the finding of
Leclercq and coworkers, who reported that dietary sugar
restriction decreased CYP2E1 activity, as assessed by
chlorzoxazone exposure [33]. Additionally, this observa-
tion may indirectly reflect the role of insulin in the
regulation of CYP2E1. Woodcroft and colleagues dem-
onstrated that expression and activity of CYP2E1 in
cultured rat hepatocytes exhibited a dose-response rela-
tionship with insulin [34].

It is well known that there is a relationship between
obesity and the incidence of Type II diabetes. O’Shea
et al. observed that obese individuals had a 50% increase
in the oral clearance of chlorzoxazone compared with
nonobese individuals [35]. Likewise, Lucas and colleagues
demonstrated a significant 40% increase in the 2-h 6-
hydroxychlorzoxazone to chlorzoxazone serum concen-
tration ratio in obese Type II diabetics compared with
healthy volunteers and Type I diabetics [12]. Further-
more, this CYP2E1 metabolic index demonstrated a pos-
itive relationship with BMI, serum triglycerides and
serum cholesterol in all subjects [12]. In agreement with
these observations we observed that the oral chlorzox-
azone clearance was increased by 3.4-fold in Type II
diabetics compared with healthy volunteers. In contrast
to the findings of Lucas and colleagues, we did not
observe significant relationships between the oral clear-

ance of chlorzoxazone and BMI, serum cholesterol, or
other covariates in the three groups.

Although there was a parallel decrease in the area
under the plasma concentration-time curve and Cmax of
chlorzoxazone in both types of diabetes mellitus, espe-
cially obese Type II diabetics, no change in the elimina-
tion half-life (Table 3) was observed between the three
groups. The lack of change in the elimination half-life
may reflect an increased first-pass metabolism or con-
comitant increases in the volume of distribution and
systemic clearance of chlorzoxazone. Assuming a well-
stirred model of elimination with the liver as the sole
organ of systemic elimination then:

CLPO =  CLH/FPO  =  fu·CLint

The oral clearance (CLPO) is equal to the product of the
fraction unbound (fu) and intrinsic clearance (CLint).
Oral availability (FPO) is the product of three determi-
nants, hepatic availability (FH), intestinal availability (FI)
and the fraction of the dose absorbed (FABS). A reduction
in the oral availability mediated by a decrease in the
fraction of the dose absorbed, or increases in the intrin-
sic clearance and fraction unbound, will result in an
increase in the oral clearance of a drug. In this study, the
fraction of the dose absorbed (FABS) does not appear to
be reduced in obese Type II diabetics, because the frac-
tion of the dose excreted into the urine was not differ-
ent between healthy and diabetic volunteers. Although
the intestine is capable of contributing to the first-pass
metabolism of a number of CYP3A substrates, such as
midazolam, it does not express CYP2E1 protein. Thus,
FI is unlikely to be altered (personal communication, K.
Thummel, University of Washington) [36]. Additionally,
the contribution of CYP3A to chlorzoxazone biotrans-
formation is small and neither diabetes nor obesity have
been linked to increased CYP3A expression. The frac-
tions unbound in healthy Type I diabetic, and obese
Type II diabetic volunteers were equivalent. Finally, the
lack of alteration in protein binding in obese Type II
diabetics suggests that increases in both the systemic
clearance and the volume of distribution of equivalent
magnitude are unlikely. Likewise, the greater peak 6-
hydroxychlorzoxazone to chlorzoxazone serum concen-
tration ratios observed in obese Type II diabetics
compared with Type I diabetics suggests that CYP2E1
expression and activity are increased. Thus, the study
findings indicate that changes in the oral clearance of
chlorzoxazone probably reflect enhanced hepatic
CYP2E1 expression and activity.

In addition, we observed an increase in CYP2E1
mRNA expression in peripheral mononuclear cells in
both types of diabetes mellitus. These results are consis-
tent with the observation that diabetes mellitus itself can
lead to changes in CYP2E1 expression and activity.
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Although, we observed changes in CYP2E1 mRNA
expression in peripheral mononuclear cells, this may not
be indicative of hepatic changes. Inconsistent with a
previous report, CYP2E1 mRNA in the peripheral
mononuclear cells is elevated as a result of diabetes mel-
litus, but there is no correlation between the apparent
oral clearance of chlorzoxazone and CYP2E1 mRNA
content [37]. This may be due to the different regulatory
mechanism of CYP2E1 gene expression in the mononu-
clear cells and hepatocytes, and additional translation and
post-translational regulation of CYP2E1 expression may
occur.

In conclusion, this study demonstrates that obese Type
II diabetics have enhanced CYP2E1 catalytic activity
compared with healthy volunteers and Type I diabetics as
assessed by chlorzoxazone oral clearance. In contrast,
Type I diabetics under moderate control exhibited
CYP2E1 activity comparable to healthy volunteers. We
observed no relationship between chlorzoxazone oral
clearance and BMI and serum cholesterol, but noted an
inverse relationship between serum glucose and CYP2E1
activity. The enhanced CYP2E1 activity observed in Type
II diabetics may contribute to the adverse hepatic events
associated with this disease.
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