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ABSTRACT 

Cytochrome P450 (CYP) enzymes metabolize endogenous compounds such as steroid hormones, fatty acids, and xeno- 
biotics, including drugs and carcinogens. The skeletal muscle is highly exposed to circulating xenobiotics; nevertheless 
the knowledge on the expression of these enzymes not only in adult skeletal muscle but also in younger individuals has 
been very little. Therefore, the aim of the present study was to investigate the expression of CYP enzymes in healthy 
skeletal muscles of children and adolescents. This was investigated in a total of 18 biopsies taken from the quadriceps 
skeletal muscle of younger patients: 9 boys and 9 girls (≤18 years) by using specific antibodies in immunoblots and by 
RT-PCR mRNA analysis. The mRNA transcripts for CYP1B1 and CYP2E1 were consistently detected in all samples, 
but in the immunoblot only was identified CYP1B1 protein in four samples. Regarding CYP1A1, CYP3A4 and 
CYP3A5 enzymes in skeletal muscle, there were found in some samples in both techniques, although with significant 
inter-individual variations. Finally CYP2W1 only was detected in one sample belonging to the youngest patient. These 
data show that a range of CYP enzymes are expressed in the skeletal muscle of children and adolescents, suggesting 
that the metabolism of several xenobiotic chemicals to which humans are exposed takes place in muscle cells. Moreover, 
since the potential participation of muscles is a fact in pharmacokinetics of many therapeutic drugs, expression of CYPs 
in skeletal muscle may play an important role in drug-dependent toxicity. 
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1. Introduction 

The role of skeletal muscle as a site of extrahepatic 
xenobiotic metabolism has not been sufficiently addressed, 
despite accounting for around 45% of total body weight 
and it is characterized by high metabolic rate and blood 
flow. This later characteristic makes it highly exposed to 
circulating drugs with 13% - 98% binding ability [1]. In 
addition, it is known that skeletal muscle may sequester 
some therapeutic drugs [2]. Reports have shown that 
drugs could easily enter and leave the tissues, and that 
muscle and fat constitute an important drug storage sites 
particularly following multiple dosing [3]. It has been 

recognized that numerous drugs have been reported to 
possess myotoxic effects [4] such as weakness, tender-
ness, and rhabdomyolysis. These therapeutics drugs in-
clude neuromuscular-blocking agents, antihistamines, 
diuretics, antibiotics, chemotherapy drugs, and high-dose 
steroids [5]. Consequently, the expression profile of me- 
tabolizing enzymes in the muscle tissue may play a major 
role in drug myotoxicity. 

It has been estimated that approximately 75% (three- 
quarter) of drugs that are primarily cleared via metabo- 
lism are biotransformed by cytochrome P450 (CYP) en- 
zymes. Thus is a multigene family of constitutively ex- 
pressed and inducible enzymes involved in the oxidative 
metabolic activation and detoxification the many com-  *Corresponding author. 
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pounds [6]. Majority of CYP enzymes are mainly ex- 
pressed in the liver. However, several CYPs contribute to 
drug metabolism in extrahepatic tissues as small intestine, 
colon, respiratory tract, or skin, which are organs directly 
in contact with xenobiotics [7,8]. Since the expression of 
the majority of the isoforms appears to be very low in 
extrahepatic tissues in comparison with the predominant 
expression in adult liver, the role of these enzymes in 
overall biotransformation and total body clearance is mi- 
nor. Nevertheless, basal expression and up-regulation of 
extrahepatic CYP enzymes can significantly affect local 
disposition of xenobiotics or endogenous compounds in 
peripheral tissues and thus modify their pharmacologi- 
cal/toxicological effects or affect absorption of xenobiot- 
ics in the systemic circulation [9]. Until now, three main 
CYP families (1, 2, and 3), containing 23 isoforms, have 
been identified as being involved in xenobiotic metabo- 
lism. It is known that expression of these enzymes have 
to be regulated by physiological, pathological, genetic, 
and environmental factors [10]. Xenobiotics themselves 
play an important role as CYP inducers; enhancing CYP 
expression is indeed a common cellular mechanism 
leading to increased metabolism of foreign compounds. 
Thus, their induction mechanism is mostly transcriptional, 
resulting in elevated mRNA levels [11]. Indeed, typical 
CYP inducers, such as Phenobarbital, rifampicin, and 
2,3,7,8-tetrachlorodibenzo-p-dioxin, activate nuclear re- 
ceptors as constitutive androstane receptor (CAR), preg- 
nane X receptor (PXR), and aryl hydrocarbon receptor 
(AhR) correspondingly, which bind to specific respon- 
sive elements in CYP2B, CYP3A, or CYP1 gene se- 
quences, respectively. Extrahepatic CYP can contribute 
significantly to endogenous tissue function, drug bio- 
transformation, and systemic exposure to foreign com- 
pounds [12]. Moreover there is a growing interest in the 
regulation of CYP enzymes in extrahepatic tissues for 
their importance in bio-activation of several inert com- 
pounds to reactive intermediates to form carcinogens or 
toxicants. These bioactive metabolites are often unstable 
and therefore are unlikely to be transported from the liver 
to other tissues. Therefore, the chemical toxicity found in 
extrahepatic tissues results from cellular metabolic active- 
ties in situ in the tissues [13]. CYP-mediated drug me- 
tabolism can also lead to altered drug efficacies through 
the inactivation of an active drug or activation of a prod- 
rug. Because most drugs have their targets in extrahe- 
patic tissues, the extent and characteristics of target tissue 
drug metabolism may have a significant impact on effec- 
tiveness of treatment [14]. 

The expression profile of some CYPs has previously 
been investigated in human skeletal muscle of adults, but 
generally by analyzing a pooled from several normal 
muscles. However, little is known about the metabolic 
potential in skeletal muscle of younger individuals. The  

presence and activity of CYP enzymes in skeletal muscle 
in pediatric period may significantly affect the efficacy 
and safety of several drugs. Therefore, the aim of this 
study was to analyze expression patterns of CYP en- 
zymes in skeletal muscle of children and adolescents. 

2. Materials and Methods 

2.1. Samples Human Skeletal Muscle 

The study was performed with appropriate ethical ap- 
proval according to the Declaration of Helsinki [15]. Par- 
ents and legal guardians of patients gave informed writ- 
ten consent and in adolescents also of the same patient. 
Eighteen biopsies from human quadriceps skeletal mus- 
cle were obtained from children and adolescents (9 boys 
and 9 girls) aged 0 - 17 years participated undergoing 
orthopedic surgery or diagnostic procedures at National 
Institute of Pediatrics, Mexico City, Mexico. None of the 
subjects had known metabolic or malignant diseases nor 
were they taking medications that could significantly 
alter metabolism. In all cases, the tissues used for the 
purposes of this study were histologically benign based 
on examination of H&E sections of tissues taken parallel. 

2.2. Tissues and Isolation of Total RNA and  
Protein 

All skeletal muscle specimens were immediately placed 
in RNAlater™ (Ambion, Austin, TX, USA) in the 
operating room and frozen in liquid nitrogen. The samples 
were subsequently stored at −80˚C until used. Total RNA 
and protein was isolated using Trizol reagent (Invitrogene, 
Gaithersburg, MD, USA). 

2.3. Immunoblot Analysis 

Primary antibody used for the detection of CYP1B1 was 
purchased from Millipore, Inc. (Bedford, MA). Poly- 
clonal antibodies raised CYP1A1, CYP1A2, CYP2B6, 
CYP2E1, CYP2W1, CYP3A4 and CYP3A5 were pur- 
chased from Santa Cruz Biotechnology (Santa Cruz, CA). 
Supersomes were from cell lines/clones over-expressing 
human CYP1A1, CYP1A2, CYP2B6, CYP2E1, CYP3A4 
and CYP3A5 were purchased from BD Biosciences 
(New Jersey, USA) while Supersomes for CYP1B1 were 
obtained from BD Gentest (Woburn, MA). These were 
used as internal standards for testing cross reactivity of 
antibodies. The proteins extracted from the Trizol frac- 
tions were quantified by Lowry method [16], using bo- 
vine serum albumin as a standard. Forty micrograms of 
protein were separated on a 10% polyacrylamide gel and 
electrophoretically transferred onto a polyvinylidene di- 
fluoride membrane. To ensure equal loading of samples, 
membranes were stained with Ponceau Red. In addition, 
some blots were probed for β-actin (Sigma, Munich,  
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Germany) to ascertain identical protein loading of sam- 
ples. Membranes were blocked in 5% non-fat milk in 
Tris-buffered saline-Tween 20 (TBST, 0.01% v/v Tween 
20) and probed with optimized dilutions of primary anti- 
bodies in TBS. Membranes were washed and treated with 
a secondary antibody (horseradish peroxidase conjugate). 
Protein bands were detected by enhanced chemilumines- 
cent substrate using Immuno-Star HRP substrate kit (Bio- 
Rad). 

2.4. Reverse Transcription and Quantitative  
Polymerase Chain Reaction (qPCR) 

The integrity of total RNA isolated using Trizol reagent 
was evaluated by formaldehyde-agarose gel electropho- 
resis and confirmed by visualization of 18 S and 28 S 
rRNA bands. RNA concentrations were quantified using 
a NanoDrop Spectrophotometer (NanoDrop Technolo- 
gies, Walmington, DE) at a wavelength of 260 nm. The 
synthesis of complementary DNA (cDNA) was per- 
formed using 2 mg of total RNA and TaqMan® reverse 
transcription reagents (Applied Biosystems): 1× TaqMan 
RT buffer, MgCl2 (5.5 mM), random hexamer (2.5 µM), 
dNTP mix (dGTP, dCTP, dATP and dTTP, each one at a 
concentration of 500 µM), RNase inhibitor (0.4 U/µL), 
reverse transcriptase (MultiScribe, 1.25 U/µL) and RNase- 
free water, in a final volume of 100 µL. The mixture was 
then incubated in thermal cycler at 25˚C for 10 min, at 
48˚C for 30 min and at 95˚C for 5 min. Each reaction 
was performed in triplicate and “no template” controls 
were included in each experiment. The concentration was 
determined by spectrophotometric analysis. cDNA sam- 
ples were stored at −20˚C prior to use. Q-PCR for human 
messenger RNA (mRNA) levels was performed on ABI 
7700 Sequence Detector (Applied Biosystems, CA). The 
primer and probe sets for each specific gene (Applied 
Biosystems, CA) were as follows: Hs00153120 (CYP1A1), 
Hs01070374 (CYP1A2), Hs00164383 (CYP1B1),  
Hs01020676 (CYP2B6), Hs01682803 (CYP2C9),  
Hs00559370 (CYP2E1), Hs00908623 (CYP2W1),  
Hs00430021 (CYP3A4), Hs01070905 (CYP3A5) and  
4333762F (β-actin) as internal control. 

2.5. Analysis of Gene Expression 

The threshold was set at 0.3 for all genes. The threshold 
cycle (Ct) value was determined using RQ1.2 software 
(Applied Biosystems). Ct values for target genes were 
normalized to Ct value of reference gene, creating ∆Ct 
values (Cttarget gene − Ctβ-actin). Inter-individual variations in 
gene expression were calculated using comparative 
threshold cycle method [17]. After ∆Ct computation, 
alterations in gene expression were by comparing the 
samples with the sample used as a calibrator (patient No. 
7), with a result of ∆∆Ct values. Finally, relative gene 

expression was calculated using the formula 2−∆∆CT. 

3. Results 

3.1. Patient Details for Study Participation 

Samples of quadriceps skeletal muscle (n = 18) were 
obtained from children and adolescents aged 0 - 17 years, 
with age range of 0.5 to 17 years (mean age 6.36) from 
male and female individuals (ratio 9:9) (Table 1). All 
skeletal muscle samples used for the expression analyses 
were deemed benign based on histopathological exami- 
nation of H&E sections of tissues taken parallel (Dates 
not shown). 

3.2. mRNA Expression of CYP Enzymes in 
Skeletal Muscle 

We initially investigated the expression of some CYP 
enzymes in human skeletal muscle using qPCR gene 
expression analyses of metabolizing enzymes (CYP1A1, 
CYP1A2, CYP1B1, CYP2E1, CYP2W1, CYP3A4, 
CYP3A5). Ranges of averaged threshold cycle (CT) val-
ues of amplified cDNA were examined in order to iden-
tify whether mRNA transcript levels for the genes exam-
ined were readily quantifiable. Levels of approximately 
30 or below are readily detectable and quantifiable 
whereas levels > 35, increasingly give rise to less robust 
analyses (Table 2). 

 
Table 1. Details of study participants. 

Patient Age (years) Age group Gender 

1 0.5 Children  

2 2 Children  

3 3 Children  

4 4 Children  

5 6 Children Girls 

6 9 Children  

7 10 Children  

8 11 Children  

9 17 Adolescent  

10 2 Children  

11 6 Children  

12 7 Children  

13 8 Children Boys 

14 9 Children  

15 12 Adolescent  

16 14 Adolescent  

17 15 Adolescent  

18 16 Adolescent  

Age group: Children ≤12, Adolescents 13 - 18. 
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Table 2. CT values for mRNA transcripts in the examined skeletal muscle tissues [Mean CT value (mean β-actin CT value)]. 

GIRLS        

Patient CYP1A1 CYP1A2 CYP1B1 CYP2E1 CYP2W1 CYP3A4 CYP3A5 

1 35.5 (27.22) ND (28.82) 28.84 (26.89) 33.76 (25.24) 36.43 (26.3) ND (30.87) 37.28 (26.99) 

2 37.26 (24.33) ND (23.44) 29.50 (23.44) 29.24 (23.44) ND (26.7) 34.74 (23.44) 34.4 (23.49) 

3 ND (28.97) ND (29.46) 32.38 (29.46) 35.23 (29.46) ND (29.46) ND (29.46) ND (29.46) 

4 37.42 (26.14) ND (28.93) 34.13 (26.01) 31.95 (28.93) ND (28.93) ND (28.93) 37.33 (26.24) 

5 ND (29.46) ND (22.78) 30.4 (22.78) 32.90 (22.78) ND (22.78) 37.49 (22.78) 36.63 (22.78) 

6 ND (35.86) ND (28.21) 34.13 (26.01) 32.97 (28.85) ND (30.9) ND (28.15) ND (29.03) 

7 34.57 (19.43) 38.6 (29.02) 29.49 (28.16) 31.63 (34.54) ND (31.69) 36.47 (28.16) 36.98 (32.47) 

8 37.96 (29.57) 37.52 (27.79) 31.41 (27.79) 32.64 (31.53) ND (27.38) 35.69 (33.33) 37.26 (26.28) 

9 ND (25.7) 37.90 (23.21) 28.43 (23.21) 31.52 (23.21) ND (23.21) 37.39 (23.21) 38.33 (23.21) 

BOYS        

1 ND (27.76) 37.3 (26.14) 32.92 (25.56) 36.06 (27.76) ND (23.15) 37.73 (26.14) 37.18 (26.14) 

2 36.28 (24.67) ND (25.75) 32.75 (25.59) 34.26 (25.53) ND (23.56) ND (25.65) ND (25.59) 

3 36.56 (23.09) 32.41 (22.58) 30.65 (21.82) 25.95 (24.12) ND (23.15) 36.33 (24.35) 27.77 (23.27) 

4 ND (25.7) ND (26.68) 33.23 (25.21) 36.55 (25.7) ND (26.59) 36.9 (26.08) 35.46 (26.59) 

5 36.55 (27.86) ND (27.98) 32.66 (27.95) 33.68 (27.95) ND (27.9) 37.51 (27.71) 37.38 (27.5) 

6 39.15 (24.33) ND (24.33) 30.09 (24.33) 30.83 (24.33) ND (21.07) ND (24.33) ND (24.33) 

7 38.96 (23.92) ND (24.19) 35.67 (31.25) 33.55 (24.05) ND (24.05) 37.7 (23.9) 35.15 (28.51) 

8 ND (31.14) ND (35.19) 34.38 (28.98) 35.13 (31.11) ND (31.11) 36.61 (33.04) 36.99 (31.92) 

9 ND (31.96) ND (27.97) 29.51 (27.97) 31.75 (27.97) ND (23.15) 37.73 (26.14) ND (27.97) 

ND: not detectable. This table presents the raw data required for the relative gene expression analysis shown in Table 3. The mean CT values of each gene 
investigated and the mean CT value of β-actin (in brackets), is given for each patient. Gene expression analysis is performed by comparing β-actin values with 
those of the gene of interest, relative to one “control” patient known as the calibrator in order to determinate relative inter-patient differences. In this case pa-
tient 7 (girl of 10 years) was chosen as the control and is consequently assigned a gene expression value of 1 in subsequent analyses (see Table 3). 

 
Quantifiable mRNA transcripts to CYP1A1 were de- 

tectable in 10 of the 18 samples while CYP1A2 was only 
only detectable in 5 of them. Also, CYP2E1 mRNA 
transcripts were detectable in all samples but levels be- 
low 35 of CT were observed in only 14 of the 18 samples. 
In contrast, the unique specimen where CYP2W1 mRNA 
transcripts were quantifiable belongs to a six-month old 
girl (patient 1). RNAm transcripts to CYP3A4 and 
CYP3A5 were detected in 12 samples but were below the 
limit of quantification (CT levels > 35) (Table 2). 

Table 3 shows inter-individual variations in relative 
expression of the CYP genes tested. Marked differences 

in inter-individual expression of CYP genes were ob- 
served. CYP1A1 was highly expressed in skeletal muscle. 
Indeed, some individuals had high mRNA levels (10 of 
18), whereas in others CYP1A1 was undetectable. The 
variation in CYP1A1 expression in positive samples was 
107-fold difference between specimens. Only in five sam- 
ples was CYP1A2 mRNA detected at low levels. We 
detected that both CYP1B1 and CYP2E1 genes were 
constitutively expressed at low mRNA levels, and had 
less variation than other CYPs. Relative gene expression 
of CYP3A4 and CYP3A5 showed wide variation of 
0.011 to 61.82 and 0.001 to 1.0 mRNA amounts respec-  
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Table 3. Relative gene expression in skeletal muscle by RT-PCR. 

GIRLS        

Patient CYP1A1 CYP1A2 CYP1B1 CYP2E1 CYP2W1 CYP3A4 CYP3A5 

1 116.16 ND 0.65 0.0004 +++ ND 0.018 

2 4.62 ND 0.03 0.002 ND 0.12 0.012 

3 ND ND 0.33 0.002 ND ND ND 

4 14.52 ND 0.009 0.016 ND ND 0.01 

5 ND ND 0.01 0.0001 ND 0.01 0.002 

6 ND ND 0.009 0.007 ND ND ND 

7* 1 1 1 1 ND 1 1 

8 107.63 0.45 0.2 0.06 ND 61.82 0.011 

9 ND 0.01 0.06 0.0004 ND 0.017 0.001 

BOYS        

1 ND 0.16 0.01 0.0004 ND 0.1 0.01 

2 11.55 ND 0.01 0.0003 ND ND ND 

3 3.18 0.42 0.006 0.03 ND 0.07 1 

4 ND ND 0.01 0.0001 ND 0.17 0.04 

5 87.42 ND 0.09 0.002 ND 0.35 0.02 

6 1.24 ND 0.04 0.001 ND ND ND 

7 1.07 ND 0.11 0.0002 ND 0.02 0.22 

8 ND ND 0.06 0.008 ND 26.72 0.67 

9 ND ND 0.86 0.009 ND 23.1 ND 

ND: not detectable. For inter-individual variations between patients, the mRNA transcript levels derived from the patient number 7 was arbitrarily taken as the 
calibrator (*) as set to 1. Quantitative gene expression was carried out exactly as previously described (3). Within each experiment, reactions were performed is 
triplicate and “no-template” controls were included. Averaged threshold cycle (CT) values for each reaction were normalized to β-actin values thus giving ∆CT 
values. Alterations in gene expression were determined by comparison with the tissue value assigned as the calibrator, giving ∆∆CT values. Finally, relative 
gene expression was calculated using the formula 2−∆∆CT. 

 
tively between individual samples. 

3.3. Protein Expression Analysis 

Figure 1 shows representative inmunoblots of the seven 
enzymes that were studied. Levels of protein expression 
of the families 1, 2 and 3 of CYP enzymes showed very 
important inter-individual variations in skeletal muscle. 
CYP2W1 was only detected in the youngest patient (pa- 
tient No. 1). CYP1B1 levels were clearly expressed in 
four samples (number 2 and 3 in girls, and number 3 and 
6 in boys), reactivity with this protein coincides with 
gene expression shown. CYP1A1 and CYP1A2 were 
only detected in three female samples (number 2, 7 and 
8), whereas in male, protein CYP1A1 was detected only 
in sample number 5. CYP2E1 protein was not detected in 
muscle samples. Expression of protein by members of 
family 3, CYP3A4 and CYP3A5, was detected in 61% 
(11/18) and 22% (4/18) of the samples respectively. 
Marked differences were seen in the expression of 
CYP3A4, where most of the positive samples showed 
intensive protein expression. 

4. Discussion 

Little is known about CYP expression in human skeletal 

muscle, both adults and children. Nevertheless, the fact 
remains that there are considerable differences between 
adults and younger individuals in ontogenic gene expres-
sion and exposure to inducing xenobiotics and these may 
contribute to variations in drug metabolism in both 
groups [18]. Therefore, we examined the expression levels 
of CYP1A1, CYP1A2, CYP1B1, CYP2E1, CYP2W1, 
CYP3A4 and CYP3A5 in skeletal muscle of children and 
adolescents using qPCR and Western blotting. Our re-
sults indicate that several CYPs were expressed in skele-
tal muscle with marked inter-individual variation (Table 
3). This variation in CYP expression can result from dif-
ferential exposure to inducing xenobiotics. 

In this study, members of CYP1 family: CYP1A1, 
CYP1A2, and CYP1B1, were detected in skeletal muscle 
with significant inter-individual variations in their ex- 
pression. In all the samples, the gene expression for 
CYP1B1 was low however, with detectable protein lev- 
els. Conversely, the gene expression for CYP1A1 and 
their protein levels detected in 10 of the eighteen samples 
were markedly elevated in comparison with other iso- 
forms evaluated. With respect to CYP1A2 that is consid- 
ered as a “liver-specific” enzyme, gene expression was 
detected in only four samples of the skeletal muscle 
samples. These results are consistent with the result of a 
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Figure 1. Expression of CYP proteins in human quadriceps skeletal muscle (40 μg) from 18 patients: 9 girls [G] and 9 boys 
[B]. (a) Representative Western blots of CYP 1 family members: CYP1A1, CYP1A2 and CYP1B1; (b) Representative West-
ern blots of CYP 2 family, members: CYP2E1 and CYP2W1; (c) Representative Western blots of CYP 3 family, members: 
CYP3A4 and CYP3A5. Patients were numbered by age (see Table 1). Supersomes are shown in lane “+” were used as positive 
controls for all blots. 

 
previous study made to examine CYPs expression in a 
pool of different human tissues, including skeletal mus- 
cle [8]. In the later study, high levels of CYP1A1 mRNA 
and CYP1B1 were detected, while the level of CYP1A2 
was slightly detectable. 

The three members of CYP1 family are upper-regu- 
lated by aryl hydrocarbon receptor (AHR) when acti- 
vated by ligands such as polycyclic aromatic hydrocar- 
bons (PAHs), dioxin, β-naphthoflavone, and several doz- 
ens possible endogenous ligands [19,20]. CYP1A1 and 
CYP1B1 are specifically implicated in the activation of 
PAHs and heterocyclic amines [21,22]. Also, both CYP1A1 
and CYP1B1 can metabolize estradiol to catecholestro- 
gens [23]. This coupled with those reported by Aizawa et 
al. [24], who showed that skeletal muscle of rats ex- 
presses steroidogenic enzymes, suggesting that muscle 
tissue is highly active in the synthesis of steroid hor- 
mones. In addition, the most studied CYP1A1 substrates 
include various halogenated and non-halogenated PAHs 
procarcinogens. CYP1A1 metabolizes few drugs as aceta- 
minophen to the toxic quinonaimine that could cause 
rhabdomyolysis [25,26]. 

The substrates of CYP1B1 include endogenous com- 
pounds such as steroids, retinoic acids, and melatonin. 
With respect to CYP1A2, our earlier observation cor- 

roborates with other reports where mRNA CYP1A2 was 
expressed in a number of tissues and cell lines [27]. 

In terms of CYP2E1 and CYP2W1 members of human 
CYP2 family, CYP2E1 mRNA was detected in all sam- 
ples with less variation while mRNA CYP2W1 was found 
only in one of them. Bieche et al. [8] examined the ex- 
pression of mRNA of several CYPs by adult skeletal 
muscle and found that CYP2E1 was expressed but 
CYP2W1 mRNA was not detectable. CYP2W1 is ex- 
pressed in fetal stages of colon and over-expressed in a 
variety of human tumor cells such as lung, breast, liver, 
gastrointestinal tract, and ovarian cancer, but not in nor- 
mal adult tissues [28]. The fact that CYP2W1 was de- 
tected only in the skeletal muscle of the youngest patient 
(patient No. 1) points to the possibility that such CYP 
could have been expressed in this tissue during prenatal 
stage and remained for the first few months after birth. 
However, we suggest that further studies be carried out 
to ascertain or not the expression of such CYP in prenatal 
period. Moreover, CYP2E1 enzyme has been studied 
extensively in adults due to its role in the metabolism of 
ethanol, and also as an activator of chemical carcinogens 
[29]. Most of the over 70 substrates demonstrated are 
small hydrophobic compounds, including a few drugs, 
such as paracetamol, chlorzoxazone, enflurane, and halo- 
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thane [30,31]. It is also important to note that CYP2E1 
induction in liver and skeletal muscle is associated with 
myotoxicity when acetaminophen is used, because CYP2E1 
metabolizes acetaminophen to the toxic quinone imine 
[25]. In this study we detected CYP2E1 mRNAs in all 
skeletal muscle samples. However the very low amount 
of CYP2E1 mRNA may explain the lackage of its sig- 
nificance. Also the absence of CYPE1 protein in 17 sam- 
ples evaluated, despite the detection of mRNA, may in- 
dicate posttranscriptional regulation of this isoform. 

The human CYP3 family contains only one subfamily, 
the CYP3A, comprising of four genes: CYP3A4, CYP3A5, 
CYP3A7, and CYP3A43 [32]. This subfamily is espe- 
cially important because Wacher et al. [33] showed that 
CYP3A is the primary CYP subfamily responsible for 
Phase I metabolism of over 50% of therapeutic agents 
administered to humans. Moreover, CYP3A contributes 
to the metabolism of numerous and endogenous mole- 
cules. Substrates of CYP3A include benzodiazepines, 
hydroxymethyl glutaryl-CoA reductase inhibitors, dihy- 
dropyridine calcium channel blockers, human immuno- 
deficiency virus protease inhibitors, antiepileptics, chemot- 
herapeutics, and immunosuppressants [34]. Inter-indi- 
vidual differences in the oral bioavailability and systemic 
clearance of CYP3A substrates can be attributed in large 
part to variable expression of CYP3A in the liver [35]. In 
our samples, CYP3A4 and CYP3A5 mRNAs were de- 
tected in 12 specimens even though CYP3A4 mRNA 
levels were much higher than CYP3A5. These results are 
consistent with Bieche and cols [8], which reported that 
CYP3A4 gene has high level of expression in pooled 
skeletal muscles of adults. Interestingly in our study, 
three samples corresponding to three adolescent patients 
(11, 15 and 16 years old) showed high levels of CYP3A4 
with more than 20 times of gene expression and marked 
high protein levels. Similar results in inter-individual 
variation in hepatic CYP levels are known to occur [36]. 
Several endogenous parameters and environmental fac- 
tors modulate the constitutive expression and induction 
of these enzymes. For example, carbamazepine and ri- 
fampin are known to induce CYP3A. It is unknown 
whether these exposures also induce these enzymes in 
skeletal muscle. 

5. Conclusions 

We have established for the first time the expression pat- 
tern of xenobiotic metabolizing CYPs in human skeletal 
muscle in children and adolescents. Our results confirm 
that skeletal muscle expresses various CYP enzymes 
suggesting that several xenobiotic chemicals to which 
humans are exposed could be metabolized in muscle cells. 
Also, in pharmacokinetics of many therapeutic drugs,  
there is potential involvement of muscle cells, pointing to 
the fact that the expression of CYPs in skeletal muscle 

may be involved in drug-dependent toxicity. This study 
provides insight into inter-individual variability in ex- 
pression of CYP enzymes by muscle cells. The variations 
in mRNA and protein expression can be explained by 
differential exposure to inducing xenobiotics, which are 
specific of muscle tissues even when our cohort was 
drawn from younger patients that could be considered as 
a population less exposed to potent inducing agents such 
as cigarette smoke, alcohol, and drug consumption than 
adults. Alternatively, another possibility of this variabil- 
ity could be genetic polymorphisms in regulatory se- 
quences or in coding regions of the genes, with potential 
consequences on the expression levels in tissues other 
than the skeletal muscle. 

CYP1B1 and CYP2E1 genes are clearly expressed in 
skeletal muscle however, only the protein levels of 
CYP1B1 were detectable. CYP1A1 and CYP3A4 were 
the enzymes with major inter-individual differences in 
expression while CYP2W1 was not expressed in skeletal 
muscle samples with the exception of the 6-month old 
female patient.  

In conclusion, the expression of CYPs in muscle cells 
in younger individuals may be an important factor in 
detoxification/activation processes because of the poten- 
tial involvement of muscle in pharmacokinetics of many 
xenobiotics. In a broader sense, the involvement of CYP 
enzymes in pharmacological insults appears as a poten- 
tial target for future pharmacogenetic studies. 
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