
E
s
f

V
J
a

2
b

a

A
R
R
A

K
E
P
P
C
M
H
R
E

1

p
t
d
i
n
T
m
c
a
w

0
d

Journal of Steroid Biochemistry & Molecular Biology 116 (2009) 178–186

Contents lists available at ScienceDirect

Journal of Steroid Biochemistry and Molecular Biology

journa l homepage: www.e lsev ier .com/ locate / j sbmb

xpression profiles of phases 1 and 2 metabolizing enzymes in human
kin and the reconstructed skin models EpiskinTM and
ull thickness model from EpiskinTM

an Luu-Thea,∗, Daniel Ducheb, Corinne Ferrarisb, Jean-Roch Meunierb,
acques Leclaireb, Fernand Labriea

Oncology, Molecular Endocrinology and Genomic Research Center, Quebec University Hospital Research Center (CRCHUQ) and Laval University,
705 Laurier Boulevard, Quebec G1 V 4G2, Canada
L’Oréal Recherche, Life Sciences Department, 92585 Clichy, Cedex, France

r t i c l e i n f o

rticle history:
eceived 17 December 2008
eceived in revised form 18 May 2009
ccepted 22 May 2009

eywords:
piskin
hase 1 enzymes
hase 2 enzymes
ytochrome P450
etabolizing enzymes
uman skin
econstructed skin

a b s t r a c t

Background: EpiskinTM and full thickness model from EpiskinTM (FTM) are human skin models obtained
from in vitro growth of keratinocytes into the five typical layers of the epidermis. FTM is a full thickness
reconstructed skin model that also contains fibroblasts seeded in a collagen matrix.
Objectives: To assess whether enzymes involved in chemical detoxification are expressed in EpiskinTM and
FTM and how their levels compare with the human epidermis, dermis and total skin.
Methods: Quantification of the mRNA expression levels of phases 1 and 2 metabolizing enzymes in
cultured EpiskinTM and FTM and human epidermis, dermis and total skin using Realtime PCR.
Results: The data show that the expression profiles of 61 phases 1 and 2 metabolizing enzymes in
EpiskinTM, FTM and epidermis are generally similar, with some exceptions. Cytochrome P450-dependent
enzymes and flavin monooxygenases are expressed at low levels, while phase 2 metabolizing enzymes
are expressed at much higher levels, especially, glutathione-S-transferase P1 (GSTP1) catechol-O-methyl
transferase (COMT), steroid sulfotransferase (SULT2B1b), and N-acetyl transferase (NAT5). The present
xpression profile study also identifies the presence of many enzymes involved in cholesterol, arachidonic acid, leukotriene,
prostaglandin, eicosatrienoic acids, and vitamin D3 metabolisms.
Conclusion: The present data strongly suggest that EpiskinTM and FTM represent reliable and valuable in
vitro human skin models for studying the function of phases 1 and 2 metabolizing enzymes in xenobiotic

be us
metabolisms. They could

. Introduction

Human skin, the largest organ of the body, plays an important
rotective role against injury, excess water loss as well as detoxifica-
ion and metabolism of chemicals from environmental pollutants,
rugs or cosmetics [1]. A proper understanding of the mechanisms

nvolved in the biotransformation of endogenous as well as exoge-
ous chemical compounds in the skin is thus of major importance.
o develop alternative methods to animal, artificial human skin

odels have been developped to study, in vitro, metabolism, effi-

iency or safety of chemicals. These models, including EpiskinTM

nd FTM, are valuable tools for cosmetic industry. The major path-
ays of phases 1 and 2 metabolism represents approximately

∗ Corresponding author. Tel.: +1 418 654 2296; fax: +1 418 654 2761.
E-mail address: Van.Luu-The@crchul.ulaval.ca (V. Luu-The).

960-0760/$ – see front matter © 2009 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jsbmb.2009.05.011
ed to replace invasive methods or laboratory animals for skin experiments.

© 2009 Elsevier Ltd. All rights reserved.

1/50th of the liver biotransformation and therefore the phases 1
and 2 metabolism markers are produced at much lower level and
thus more difficult to detect.

Phase 1 metabolism is catalyzed by cytochrome P450 and
other oxido-reductases (esterases, epoxide hydrolases, alcohol
and aldehyde dehydrogenases etc. . .) which transform hydropho-
bic chemicals into more polar hydrophilic compounds. Phase
2 metabolism is catalyzed by numerous transferases, namely
UDP-glucuronosyl transferases, glutathione-S-transferases
and sulfotransferases which add conjugated-groups (UDP-
glucuronosyl, thiol and sulfate) to hydroxylate compounds to
increase hydrophilicity and excretability, thus avoiding bioaccu-
mulation and potential intracellular toxicity. Many cytochrome

P-450-dependent enzymes are reported to be present in human
skin [2,3] as well as some of the phase 2 enzymes. Knowledge
of the enzymes that are specifically expressed in the skin should
be of a great help for a better understanding of the mechanisms
underlying chemical biotransformations in the skin.

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:Van.Luu-The@crchul.ulaval.ca
dx.doi.org/10.1016/j.jsbmb.2009.05.011
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EpiskinTM has been shown to be a highly valuable artificial
pidermis model [4] that is being used for irritation assays [5].
ecently, an improved skin model derived from EpiskinTM that
ontains fibroblasts in addition of keratinocytes, named FTM, has
vailable become. It is thus important to characterize the full
etabolic capacity of these models to assess whether they are suit-

ble for studying the metabolism of new cosmetic and chemical
ompounds as replacement of the in vivo and ex vivo models. In
his report, using our improved method of RealTime PCR quan-
ification based upon detection of the log-linear phase by second
erivative calculation coupled with double correction of errors
6], it is possible to obtain absolute mRNA expression levels with
igh sensitivity and accuracy. We have thus quantified and com-
ared the mRNA expression levels of phases 1 and 2 metabolizing
nzymes between human total skin, dermis, epidermis, EpiskinTM

nd FTM. The availability of absolute mRNA expression levels of
hese enzymes permits to obtain a quantitative appreciation of their
ole in the epidermis and a more precise comparison with the in
itro EpiskinTM and FTM models.

. Material and methods

.1. Reconstructed human skin models

EpiskinTM and FTM are reconstructed human epidermis and
ull thickness reconstructed human skin models, respectively.
he material was obtained from EPISKINTM SNC (Lyon, France)
nd cultured to day 16 in a 12-well plates in medium pro-
ided by the manufacturer. The adult keratinocytes were isolated
rom female skin samples obtained from mammoplastic surgery
ultivated on 12-well micro plates, each containing 1.1 cm2 of
econstructed tissue [4] in medium containing Dulbecco’s Modified
agle’s Medium/Nutrient Mixture F-12 Ham’s (DHEM/HAMF12)
3:1) (HyClone, Logan, Utah), 10% fetal calf serum, 10 ng/ml EGF,
00 ng/ml Hydrocortisone, 10−6 M isoproterenol and then left to
ifferentiate in the air-exposed culture to form a well-stratified
pidermis [4].

.2. Preparation of human epidermis

Ten human skin samples obtained from mammoplastic surgery
f adult females aged from 18 to 47 years were used to prepare
he epidermis. Total skin samples were treated overnight with dis-
ase (1.8 U/ml) and trypsin (0.6%) in 10 ml of Dulbecco’s Modified
agle’s Medium (DMEM) medium containing 3% (v/v) gentamycin
nd 3.7% (v/v) antibiotic/antimycotic. Medium was changed three
imes at 15 min intervals. After the last change, 20 ml of a medium
ontaining 1.8 U/ml of dispase and 0.6% trypsin were added. After
vernight incubation in dispase, dermis and epidermis were sepa-
ated using forceps, washed twice in PBS and then incubated in RNA
ater®, a RNA stabilization solution commercialized by Ambion Inc.
Austin, TX) that helps to store tissue and cells for extended periods
f time with limited RNA degradation.

.3. RNA extraction and quantification

Total RNAs were extracted from EpiskinTM, FTM, epidermis and
otal skin samples using the RNA extraction kit from Qiagen Inc.
Mississauga, Ontario, Canada), and reverse transcribed into cDNA
sing Superscript II reverse transcriptase (Invitrogen, Burlington,

nt. Canada). Quantification of mRNA was performed on the Light-
ycler Realtime PCR system (Hoffman-La Roche Inc. Nutley, NJ)
sing SYBR Green detection and the second derivative calculation
ethod as described [6]. In brief, 30 ng of total RNA were used to

erform fluorescent-based Realtime PCR quantification. Reagents
& Molecular Biology 116 (2009) 178–186 179

obtained from the same supplier were used as described by the
manufacturer. The conditions for the PCR reactions were: denatu-
ration at 94 ◦C for 15 s, annealing at 55 ◦C for 10 s and elongation at
72 ◦C for 35 s. The data were normalized using the mRNA expres-
sion levels of a housekeeping gene, namely ATP5o (subunit O of
ATPase) as internal standard. ATP5o has been shown to have stable
expression levels from embryonic life through adulthood in various
tissues [7]. The mRNA expression levels are expressed as numbers of
copies/�g total RNA using a standard curve of Cp versus logarithm of
the quantity ATP5o. The standard curve is established using known
cDNA amounts of 0, 102, 103, 104, 105 and 106 copies of ATP5o and a
LightCycler 3.5 program provided by the manufacturer (Roche Inc.,
Nutley, NJ).

2.4. Determination of phases 1 and 2 steroid metabolism in FTM
and EpiskinTM

Twenty four hour after receiving from the manufacturer, FTM
and EpiskinTM samples were punched to obtain discs of 1 cm which
contains approximately the same amount of keratinocytes (infor-
mation given by the manufacturer). Discs were transferred into
12 wells falcon plate containing 1 ml of fresh culture medium.
0.1 �M [14C] labeled DHEA and DHT (Dupont Inc., Mississauga, Ont.,
Canada) were added and further incubated for 24 h at 37 ◦C in the
cell culture incubator. After incubation, the culture medium was
transferred into glass tubes and 2 ml ether was added for extrac-
tion of non conjugated metabolites (twice) as described [8]. The
remaining aqueous phase was evaporated to dryness under vacuum
in a speed-vac centrifuge, resuspended in 50 ul of a methanol:water
(80:20) solution and separated on thin layer chromatography
(TLC) Silica gel 60 plates (Merck, Darmstad, Germany), using the
toluene:acetone (4:1) solvent system. Non-migrated metabolite
was identified as conjugated-steroid and quantified by a Phospho-
Imager Storm 860 system.

3. Results

Although protein expression levels and activity are more accu-
rate methods to assess gene function, mRNA analysis is a more
accessible, sensitive and convenient method experimentally. More-
over, it is generally observed that mRNA expression levels are in
good agreement with physiological functions of the corresponding
genes. Indeed, we could observe a good correlation between mRNA
expression levels of genes encoding enzymes of the steroidogenic
pathway with their physiological activities [9]. Using an improved
method of RealTime PCR quantification [6] that allows to obtain
absolute mRNA expression levels with high sensitivity and accu-
racy, we have compared the expression levels of phases 1 and 2
metabolizing enzymes in normal human skin, dermis, epidermis
and in EpiskinTM and FTM models.

3.1. mRNA expression levels of members of the CYP family

Among the phase 1 metabolizing enzymes, the cytochrome
P450 enzymes (CYP) are involved in dealkylation or hydroxylation
reactions of endogenous compounds such as steroids, retinoids,
bile acids, vitamin D and xenobiotics. We have quantified 26 CYP
members that are not involved in the steroidogenic pathways
(Fig. 1A, B, C), while those of the steroidogenic pathways are well
characterized in the literature [9,10]. The two highest expression
levels are observed with CYP4B1 and CYP26B1 (Fig. 1A). CYP4B1

has been shown to be involved in arylamine N-hydroxylation
and activation of carcinogenic aromatic amines [11–14] as well as
�-hydroxylation of lauric acid [15,16], while CYP26B1 is involved
in retinoic acid metabolism [17,18]. It is worth noting that these
two enzymes are almost equally expressed in the total skin,
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Fig. 1. mRNA expression levels of cytochrome P450-dependent phase 1
metabolizing-enzyme (CYP) in human skin, dermis, epidermis and reconstructed-
skins. 30 ng of total RNA extracted from human skin biopsies, dermis epidermis and
Episkin were used to quantify members of CYP family using RealTime PCR. Total
RNA preparation and Realtime PCR quantification using second derivative calcula-
tions and the double correction method [6] with SYBR green fluorescence detection
w
n
c

d
i
i
e
l
e
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tial role in the mitochondrial �-oxidation of short chain fatty acids
as performed as described in Section 2. Absolute expression levels are indicated as
umber of copies/ug of total RNA. The data are expressed as means ± SEM of dupli-
ate measurements of n samples. Data in A is higher than B which is higher than C.

ermis and epidermis (Fig. 1). However, while CYP4B1 is found
n EpiskinTM at levels similar to the epidermis (Fig. 1A), CYP26B1
s expressed in EpiskinTM at a much lower level than in the
pidermis (Fig. 1A). It is noteworthy that in FTM the expression

evel of this enzyme is increased to the level closer to that found in
pidermis.

All of the remaining P450-dependent enzymes are expressed at
ow range levels. Among those, CYP39A1 is the enzyme that cat-
& Molecular Biology 116 (2009) 178–186

alyzes the 7�-hydroxylation of 24-hydroxycholesterol [19] while
CYP2J2 [20,21] has been found to metabolize arachidonic acid into
cis-epoxyeicosatrienoic acids (EETs) and CYP4F8 catalyzes the 19-
hydroxylation of prostaglandin H1 and H2 in vitro [22] on the other
hand, CYP4F12 possesses 78% amino acid sequence identity with
CYP4F8, and catalyzes the oxidation of arachidonic acid into 18-
hydroxyarachidonic acid [23] while CYP27A1 is the enzyme that
catalyzes the 27-hydroxylation of cholesterol [24]. Mutations of
this gene cause cerebrotendinous xanthomatosis (CTX), the dis-
ease that is characterized by high plasma and tissue cholestanol
concentrations, normal-to-low plasma cholesterol concentrations,
decreased chenodeoxycholic acid increased concentrations of bile
alcohols and their glyconjugates and increased concentrations
of cholestanol and apolipoprotein B in the cerebrospinal fluid
[25].

CYP27A1 is expressed specifically in the dermis (Fig. 1A)
and is also responsible for the 25-hydroxylation of vitamin D3
[26]. It is of particular interest to observe that CYP27B1, the
enzyme that catalyzes 1�-hydroxylation of 25-hydroxy vitamin
D3 to produce the active form of vitamin D (1�,25-dihydroxy
vitamin D3) is more specifically expressed in EpiskinTM and
FTM models than in total skin (Fig. 1B). We could also observe
that CYP7B1, the enzyme that catalyzes 7�-hydroxylation of
27-hydroxycholesterol and DHEA [27], CYP2B6 that catalyzes
the O-deethylation of 7-ethoxy-4-trifluoromethylcoumarin and
many other P450-dependent enzymes involved in xenobiotic
metabolism, namely CYP2D6, CYP2E1, CYP1A1, CYP1B1, CYP2C8,
CYP2C18, CYP2F1 and CYP3A5, are expressed at low levels (Fig. 1A
and B). CYP2C9, CYP1A2 and CYP3A7 are expressed at a very low
level in total skin, human epidermis as well as in the EpiskinTM and
FTM models (Fig. 1B and C).

3.2. Expression levels of non-cytochrome P450 phase I
metabolizing enzymes

As illustrated in Fig. 2A, non-cytochrome P450 phase 1 metab-
olizing enzymes are expressed at much higher levels than
cytochrome P450-containing phase 1 enzymes. Among those,
ADH1B, a zinc-containing alcohol dehydrogenase suggested to be
involved in the oxidation of alcohol to aldehyde [28] shows the
highest expression level reaching ∼3 millions copies/�g total RNA.
This enzyme is also known to possess the ability to oxidize retinol
into retinal [29]. The present data (Fig. 2A) indicate that ADH1B is
specifically expressed in the dermis.

In the range of 90,000–880,000 copies/�g total RNA we can
find DHRS8, the enzyme also known as type 11 17�-hydroxysteroid
dehydrogenase. This enzyme is shown to catalyze the transfor-
mation of 5�-androstane-3�,17�-diol (3�-diol) into androsterone
(ADT) [30] and it is also identified as a cutaneous T-cell lymphoma
associated antigen [31]. As shown in Fig. 2A, this enzyme is selec-
tively expressed in the dermis.

Other non cytochrome P450 phase 1 metabolizing enzymes
expressed at high levels in the skin are the epoxide hydrolases
EPHX1 [32,33] and EPHX2 [34,35]. These enzymes are microso-
mal and cytoplasmic epoxide hydrolases, respectively. Their activity
consists in the hydrolysis of arene and aliphatic epoxide to less
reactive and more water soluble dihydrodiol by the Trans addi-
tion of water. As shown in Fig. 2A, EPHX1 is selectively and highly
expressed in the dermis while EPHX2 is more selectively expressed
in the epidermis, but at a much lower level. HADH2 is another
enzyme that is expressed at high levels in the skin. It plays an essen-
[36,37] with the highest activity toward 3-hydroxybutyryl-CoA. As
illustrated in Fig. 2A, HADH2 is expressed highly in all skin compo-
nents studied, namely total skin, dermis, epidermis, EpiskinTM and
FTM.
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ing that glutathione conjugation is the major elimination process
ig. 2. mRNA expression levels of non-cytochrome P450-dependent phase 1
etabolizing-enzymes in human skin, dermis, epidermis and reconstructed-skins.

xperimental procedures are as described under Fig. 1.

The enzymes type 3 3�-hydroxysteroid dehydrogenase
AKR1C2) [38,39] and 20�-HSD (AKR1C1) [40] that catalyze
he transformation of dihydrotestosterone (DHT) into 3�-diol and
rogesterone into 20�-hydroxyprogesterone, respectively, are also
ighly expressed in the skin, dermis, epidermis EpiskinTM and
TM, the most higher expression level being found in EpiskinTM

Fig. 2A). The five members of the flavin monooxygenase (FMO1-5)
amily that catalyze the N-oxygenation of secondary and tertiary
mines [41,42] are expressed at low levels with some selectivity
n the skin (Fig. 2B). These enzymes are involved in the oxidative

etabolism of a variety of xenobiotics such as drugs and pesticides
nd their expression levels are similar to those of cytochrome
450s. FMO1 is expressed more selectively in the epidermis while
MO2 and FMO3 are more selectively expressed in the dermis
nd FMO4 and FMO5 are expressed almost equally in the total
kin, dermis and epidermis. Their expression profile in EpiskinTM

nd FTM is quite different from that of the epidermis: FMO1,
MO3 and FMO5 are almost absent in EpiskinTM while FMO2 is
xpressed at a relatively high level and FMO4 at a low level. The
ifference of expression level between epidermis and Episkin
FMO2 is more highly expressed in Episkin while FMO5 is more
ighly expressed in epidermis) could be due to a stimulating
ffect found in culture media or an inhibiting factor secreted by

broblasts.

Steroid sulfatase (STS) [43] that converts the inactive choles-
erol sulfate (CHOLS), DHEA sulfate (DHEAS) and estrone sulfate
E1S) into their metabolizable forms, CHOL, DHEA and E1, respec-
Fig. 3. mRNA expression levels phase 2 metabolizing-enzymes in human skin, der-
mis, epidermis and reconstructed-skins. Experimental procedures are as described
under Fig. 1.

tively, is expressed almost equally in total skin, dermis, epidermis,
EpiskinTM and FTM at relatively low levels (Fig. 2B). Patients that
have a mutated STS gene are found to have X-linked ichthyosis
[44].

The nitric oxide synthase form 1 (NOS1) is expressed selectively
in the epidermis (Fig. 2B) at a level similar to STS. Other isoforms of
alcohol dehydrogenase, nitric oxide synthase and type 1 3�-HSD,
namely ADH7, NOS2A and AKR1C4, respectively, are almost absent
in the skin and reconstructed human skin models (Fig. 2B). It is note-
worthy that the enzyme 11�-HSD1 is not significantly expressed in
EpiskinTM but it is highly expressed in sebocytes (data not shown).

3.3. Phase 2 metabolizing -enzymes

Among phase 2 metabolizing enzymes, GSTP1, a Pi form of
glutathione transferase family that catalyzes the conjugation of
reduced glutathione to a wide number of exogenous and endoge-
nous hydrophobic electrophiles [45] is expressed at the highest
level in the skin and reconstructed human skin models (Fig. 3A)
with more than 2 millions copies/ug total RNA, thus suggest-
in the skin and reconstructed human skin models, EpiskinTM

and FTM.
The enzyme that exhibits the second highest expression level is

SULT2B1b, a cholesterol and DHEA sulfonation enzyme [46,47]. It
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Fig. 4. Example of phases 1 and 2 steroid metabolizing enzymes in FTM and
EpiskinTM. Discs of 1 cm diameter of FTM and EpiskinTM were incubated in the
presence of 0.1 �M of [14C]DHEA and [14C]DHT. Their ability to convert DHEA
into conjugated-DHEA (DHEA-conj) and DHT into 3�-diol (3a-diol) which mainly
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epresent the activity of SULT2B1b and AKR1C2, respectively, was illustrated. Exper-
mental procedures were as described under Section 2. Data are expressed as

ean ± SD from three wells.

s expressed specifically in the epidermis, EpiskinTM and FTM and
t much lower level in the dermis (Fig. 3A).

The high expression level of the enzyme catechol-O-methyl
ransferase (COMT) [48] in the skin is somehow surprising. In fact,
his enzyme is well recognized to catalyze the inactivation of cate-
holamine neurotransmitters as well as catechol hormones, drugs
nd xenobiotics. It is expressed at relatively high levels in all skin
ractions, total skin, dermis, epidermis, Episkin TM and FTM, and
ppears to be stimulated in EpiskinTM and FTM.

Two additional glutathione transferases (GSTT1 [49] and GSTM5
50]) and a phenol sulfotransferase SULT1A1 [51,52] that catalyze
he sulfate conjugation of catecholamines, phenolic drugs and neu-
otransmitters are also expressed at relatively high levels with
ULT1A1 and GSTM5 selectively expressed in the dermis. NAT5
N-acetyltransferase protein 5) [53] possesses the highest expres-
ion level among N-acetyltransferase enzymes in all the studied
reparations, namely, total skin, dermis, epidermis EpiskinTM and
TM (Fig. 3A). It is also known as ARD1 (arrest-defective protein
), and is part of the major N(alpha)-acetyltransferase complex in
ukaryotes where it is responsible for alpha-acetylation of pro-
eins and peptides [54]. Protein acetylation has been implicated
n gene expression regulation and protein–protein interactions
55,56].

Estrogen sulfotransferase SULT1E1 as well as N-acetyl trans-
erase 1 (NAT1) and uridine glucuronosyl transferases (UGT2B28
nd UGT2B4) are expressed at low levels. Many other UGT isoen-
ymes (UGT1A1, UGT2B17 and UGT2B15) are found expressed at a
ery low level of less than 5000 copies/�g total mRNA, the limit of
etection in our assay. Other isoforms of sulfotransferase (SULT1B1
nd SULT2A1) and N-acetyl transferase 2 (NAT2) are not detected
n total human skin, human epidermis, and EpiskinTM and FTM

odels.

.4. Determination of phases 1 and 2 steroid metabolism in FTM
nd EpiskinTM

Previously, we have shown that the use [14C]labeled steroid is
very convenient manner to assess steroid metabolism [10]. Since
ata from mRNA analysis described above show high expression

evels of AKR1C2, a phase 1 steroid metabolism, that transforms
HT into 3�-diol, and SULT2B1b, a phase 2 steroid metabolizing
nzymes that transforms DHEA into DHEA-S, taking the advan-
age of the availabibility of commercial [14C]DHEA and DHT,

e would like to assess how these mRNA expression levels are

ranslated into activities. As illustrated in Fig. 4, there is a high
roduction of conjugated-DHEA and 3�-diol. The data is in good
greement with a high expression level of SULT2B1b and AKR1C2,
espectively.
& Molecular Biology 116 (2009) 178–186

4. Discussion

In the present report, we show that many of the phases 1
and 2 metabolizing enzymes are expressed in normal and recon-
structed human skins. As summarized in Tables 1–3, some are
more selectively expressed in the dermis, such as CYP4F8, CYP27A1,
CYP46A1, CYP21A2, ADH1B, EXPH1, FMO3, SULT1A1, and GSTM5.
Others are more selectively expressed in the normal human epi-
dermis, such as CYP39A1, CYP1A1, CYP2C18, CYP3A5, EPHX2, NOS1
and SUL2B1b. With regards to the reconstructed epidermis, some
genes are more selectively expressed in EpiskinTM as compared
with the epidermis, such as CYP39A1, CYP4F12, CYP2E1, CYP1B1,
CYP46A1, CYP2C18, CYP27B1, CYP3A7, AKR1C1, AKR1C2, GSTP1,
and FMO2.

It is noteworthy that many of the enzymes that are differentially
expressed in Episkin and in the epidermis, such as CYP26B1, CYP2J2,
CYP4F12, CYP2E1, CYP1B1, CYP2C18, CYP3A5, EPHX2, AKR1C1, FMO
and GSTT1, possess in FTM an expression level closer to that of
the epidermis than that of EpiskinTM. These enzymes are most
probably modulated by signalling factors secreted by fibroblasts
that are present in FTM and absent in EpiskinTM. The present
data also suggest that FTM is a skin model that is closer to the
intact epidermis than EpiskinTM. FTM thus represents an inter-
esting model for studying phases 1 and 2 drug metabolizing
enzymes.

Taking the advantage of the sensibility and availability of
[14C]DHEA and [14C]DHT that permits to assess the activity of a
phase 1 (AKR1C2) and phase 2 (SULT2B1b) metabolizing enzymes,
we have shown that there is a good agreement between mRNA
expression levels and enzymatic activities (Fig. 4).

Previously, Nohynek et al. [57] have shown that EpiskinTM

possesses N-acetyltransferase activity able to transform p-
aminophenol and p-phenylenediamine into their N-acetylated
derivatives. Our data suggest that this activity could be catalyzed
by CYP4B1 that has been shown to possess N-acetyltransferase
activity [11–14], and is highly expressed in the EpiskinTM and epi-
dermis (Fig. 1A) or by the conventional N-acetyltransferase NAT1 or
NAT5 enzymes. NAT5 is highly expressed in the dermis, epidermis,
EpiskinTM and FTM (Fig. 3A) and is known to be involved in gene
expression regulation and protein–protein interactions [55,56]. Its
activity, however, toward simple chemical compounds such as p-
aminophenol and p-phenylenediamine could not be ruled out. On
the other hand, CYP4B1 is also reported to possess the ability to cat-
alyze �-hydroxylation of lauric acid and activate 2-aminofluorene
(2-AF) and 4-ipomeanol that are a procarcinogen and a pulmonary
toxin, respectively [16,58,59].

Enzymes that are differentially expressed between the epider-
mis and skin models EpiskinTM and FTM, such as CYP27B1 (Fig. 1B)
and FMO2 (Fig. 2B) are most probably modulated by factors found
in culture medium. Indeed, GSTP1 and some cytochrome P450-
dependent enzymes have been found to be modulated by retinoic
acid [60] that is added to the EpiskinTM and FTM culture medium.
Many of these enzymes are shown to possess the ability to oxidize
xenobiotics as well as endogenous compounds.

The present data are classified according to three expression lev-
els, namely high (0.5–5 millions copies/�g total mRNA and more),
intermediate (50,000–500,000 copies/�g total mRNA) and low
(5000–50,000 copies/�g total mRNA), respectively. The majority of
cytochrome P450-dependent enzymes are expressed at low levels.
This could be due to the fact that they are generally induced by their
substrates and their expression levels remain low in the absence of

these substrates or inducing agents. This could also suggest that
the step of hydroxylation is the limiting step, while the step of con-
jugation by phase 2 metabolizing-enzymes is not a limiting step
which requires the presence of high levels of phase 2 metabolizing
enzymes to insure rapid elimination.
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Table 1
Expression levels of P450 phase 1 metabolizing enzymes.

Gene codes Total human skin Human dermis Human epidermis EpiskinTM FTM Physiological functions Ref.

CYP4B1 + (+) + + (+) Arylamine N-hydroxylation, [10–13]
Lauric acid �-hydroxylation [14,15]

CYP26B1 + + + (+/−) (+) Retinoic acid metabolism [16,17]
CYP39A1 + (+) + (+) (+) 24-Hydroxy cholesterol

7�-hydroxylation
[18]

CYP2J2 + (+) + (+) + Arachidonic acid metabolism,
cis-epoxy-eicosatrienoic acid

[19,20]

CYP4F8 + + (+/−) (+) (+/−) Prostaglandin H1&2
19-hydroxylation

[21]

CYP4F12 + (+) + (+) + Arachidonic acid oxidation to
18-hydroxy arachidonic acid

[22]

CYP27A1 + + (+) (+/−) (+/−) Cholesterol 27-hydroxylation [23]
Vitamin D3 25-hydroxylation [25]

CYP27B1 (+/−) (+/−) (+/−) (+) + 25-Hydroxy vitamin D3
1�-hydroxylation

CYP7B1 (+) (+) (+) (+) (+) 27-Hydroxy cholesterol & DHEA
7�-hydroxylation

[26]

CYP2B6/2D/2E1/1A1/1B1/
2C8/2C18/2F1/3A5

(+) (+) (+) (+) (+) 7-Ethoxy-4-trifluoromethyl
coumarin-O-deethylation

CYP2C9/1A2/3A7 (+/−) (+/−) (+/−) (+/−) (+/−)

++++ > 1 million copies/�g total RNA.
+++ > 500,000 copies/�g total RNA.
+
+
(
(

e
s
T
h
[
i
l
i

m
T

T
E

G

A

D

E
E
H

A
A

F

F
F
F
F
S

N
N

+
+
+
+
(
(

+ > 200,000 copies/�g total RNA.
> 50,000 copies/�g total RNA.

+) > 10,000 copies/�g total RNA.
+/−) > 5000 copies/�g total RNA.

Interestingly, it has been shown that treatment with dexam-
thasone induced expression of CYP1A, 2B, 2E and 3A in murine
kin [61]. In addition, CYP1A1 has been shown to be induced by
CDD [62] via a signal transduction pathway involving the aromatic
ydrocarbon (Ah) receptor. Furthermore, Sadek and Allen-Hoffman
63] have showed that CYP1A1 mRNA and enzyme activity are
nduced in cultured human keratinocytes, but not in dermal fibrob-

asts. This is in good agreement with our data that show that CYP1A1
s more selectively expressed in the epidermis (Fig. 1A).

Retinol and retinoic acid play a key role in the develop-
ent of epithelial tissues and in certain epidermal disorders [64].

heir rapid metabolism allows to have limited biological effect

able 2
xpression levels of non P450 phase 1 metabolizing enzymes.

ene codes Total human skin Human dermis Human epidermis

DH1B ++++ ++++ –

RHS8 or 17b-HSD 11 + ++ (+)

PHX1 ++ +++ +
PHX2 ++ + ++
ADH2 ++ ++ ++

KR1C2 or 3a-HSD + + (+)
KR1C1or 20a-HSD + + (+)

MO1 (+) (+/−) (+)

MO2 (+) (+) (+/−)
MO3 (+) (+) (+/−)
MO4 (+) (+) (+)
MO5 (+) (+) (+)
TS (+) (+) (+)

OS1 (+/−) (+/−) (+)
OS2A/ADH7/AKR1C4 (+/−) (+/−) (+/−)

+++ > 1 million copies/�g total RNA.
++ > 500,000 copies/�g total RNA.
+ > 200,000 copies/�g total RNA.
> 50,000 copies/�g total RNA.

+) > 10,000 copies/�g total RNA.
+/−) > 5000 copies/�g total RNA.
[65]. The major metabolic pathway of retinoic acid consists of
the hydroxylation of C-4 position leading to the production of
inactive 4-hydroxyretinoic acid, which is further oxidized into
4-ketoretinoic acid and other more polar metabolites [66]. Inter-
estingly, CYP26B1, that shows the second highest CYP expression
level in the present study (Fig. 1A), is the enzyme that plays a key
role in retinoic acid metabolism [18]. It is involved in the specific

inactivation of all-trans-retinoic acid (RA), and is responsible for the
generation of several hydroxylated forms of RA, including 4-OH-
RA, 4-oxo-RA, and 18-OH-RA. The enzyme has a preferred activity
toward all-trans-RA >9-cis-RA > 13-cis-RA. It has been shown that
human skin transforms retinol into retinaldehyde and then into

EpiskinTM FTM Physiological functions Ref.

– – Alcohol oxidation into aldehyde [27]
Retinol oxidation into retinal [28]

(+) (+) 5a-androstane-3a, 17b-diol oxidation
into Androsterone

[29]

+ + Arene & aliphatic epoxide hydrolysis [31,32]
(+) + [33,34]
+++ +++ 3-Hydroxybutyryl-CoA mitochondrial

b-oxidation
[35,36]

+++ ++ DHT reduction into 3-diol [37,38]
+++ ++ Progesterone reduction into

20a-hydroxyprogesterone
[39]

– (+/−) N-oxidation of secondary & tertiary
amines

[40,41]

(+) +
– –
(+) (+)
(+/−) (+)
(+) (+) Cholesterol, DHEA & estrone sulfates

hydrolysis
[42,43]

(+/−) (+/−)
(+/−) (+/−)
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Table 3
Expression levels of phase 2 metabolizing enzymes.

Gene codes Total human skin Human dermis Human epidermis EpiskinTM FTM Physiological functions Ref.

GSTP1 ++++ ++++ ++++ ++++ ++++ Reduced glutathione conjugation to
hydropobic electrophiles

[44]

GSTT1 ++ ++ ++ + ++ [48]
GSTM5 + ++ (+) – – [49]
SULT2B1b +++ + ++++ ++++ ++++ Cholesterol & DHEA sulfation [45-46]
SULT1A1 ++ ++ (+) (+) + Phenol & catecholamine sulfations [50,51]
SULT1E1 (+) (+/−) (+) (+) (+) Other sulfotransferase isoforms
SULT1B1/2A1 – – – – –
COMT ++ ++ ++ +++ ++++ Catechol methylation [47]
NAT5 + + + + + Protein N-acetylation [52-55]
NAT1 (+) (+) (+) (+) (+) N-acetylation
NAT2 – – – – –
UGT2B28/2B4/1A1/2B17/2B15 (+/−) (+/−) (+/−) (+/−) (+/−) Glucuronosyl conjugation

++++ > 1 million copies/�g total RNA.
+++ > 500,000 copies/�g total RNA.
++ > 200,000 copies/�g total RNA.
+ > 50,000 copies/�g total RNA.
(
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+) > 10,000 copies/�g total RNA.
+/−) > 5000 copies/�g total RNA.

etinoic acid by two enzymatic steps [67]. The enzyme is, however,
lmost absent in EpiskinTM, but is expressed in FTM, suggesting that
t is modulated by factors secreted by fibroblasts.

In addition to enzymes that are involved in xenobiotic and drug
etabolisms, such as CYP1A1, CYP1B1, CYP2B6, CYP2E1, CYP3A5,

YP4B1, EPHX1, FMO1-5, and NAT1, the present study also identi-
es the presence of many enzymes involved in the metabolism of
holesterol and sterols (CYP39A1, CYP27A1, CYP7B1, and CYP46A1)
19,24,26,27], arachidonic acid (CYP2J2) [20], leukotrienes and
rostaglandins (CYP4F8 and CYP4F12) [22,23], eicosatrienoic acids
CYP2C8) [68] and vitamin D3 (CYP27A1 and CYP27B1) [26].

It is worth noting that the phase 2 metabolizing enzymes, except
or UGTs, are generally expressed at much higher levels than the
hase 1 metabolizing enzymes. This is in good agreement with the
ole of the skin as an important organ involved in detoxification and
limination of chemical compounds by sweat glands. Flamand et al.
69] have successfully developed genotoxicity test procedures using
he reconstructed human skin model EpiskinTM. Our data showing
he presence of many enzymes of phases 1 and 2 in EpiskinTM and
TM are in agreement with these findings. In addition, the high
imilarity profiles between mRNA expression in human epidermis
nd those of reconstructed human skin models, EpiskinTM and FTM,
trongly suggest that these two models represent interesting tools
or testing cytotoxicity and genotoxicity of chemical compounds as
ell as for studying the mechanisms of xenobiotic and drug detoxi-
cation and elimination. The high expression levels of NAT5 in these
econstructed human skin models also suggest their potential use
or studying gene expression regulation and protein–protein inter-
ctions through acetylation. Our data also permit to identify specific
hases 1 and 2 genes expressed in various skin compartments
nd provide valuable information about the potential metabolic
apabilities of human skin and the strong similarity observed for
he reconstructed skin models in the gene expression profiles of
hase 1 and phase 2 metabolizing enzymes. The present study is
he first step in the characterization of the chemical metabolism
apabilities of human skin and reconstructed human skin mod-
ls. Further studies at the protein expression and catalytic activity
evels are necessary to confirm the functionality of drug and xeno-
iotic metabolizing enzymes in the skin and skin models. Since the

xpression levels of these enzymes in the skin are much lower than
hose found in the liver, much lower activities are expected, and

ore sensitive experimental conditions and analytical methods are
equired for the detection of activities in the skin. The absence of
hase 1 and phase 2 metabolizing activities using conventional
method for the liver could thus not be used to conclude that these
activities are not present in the skin. Using reconstructed skin mod-
els that allow to have much higher cell number or tissue amount
and more concentrated metabolites will greatly improve sensitivity
of enzymatic assays.

The simple epidermis model EpiskinTM could be preferred for
mechanical investigations of the epidermal compartment in the
domains of absorption, irritancy or corrosion. On the other hand, the
FTM could be considered as a complete skin equivalent. It could thus
represent a useful tool for obtaining biological parameters about the
efficiency, toxicity, metabolism, mechanisms and molecular inter-
actions of chemicals with the human skin without using invasive
methods or using laboratory models that are prohibited by cosmetic
industry.
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