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bstract

The skin is a well-recognized site of steroid formation and metabolism. EpiskinTM is a cultured human epidermis. In this report, we
nvestigate whether EpiskinTM possesses a steroidogenic machinery able to metabolize adrenal steroid precursors into active steroids. EpiskinTM

as incubated with [14C]-dehydroepiandrosterone (DHEA) and 4-androstenedione (4-dione) and their metabolites were analyzed by liquid
hromatography/mass spectrometry (LC/MS/MS). The results show that the major product of DHEA metabolism in EpiskinTM is DHEA
ulfate (DHEAS) (88% of the metabolites) while the other metabolites are 7�-OH-DHEA (8.2%), 4-dione (1.3%), 5-androstenediol (1.3%),
ihydrotestosterone (DHT) (1.4%) and androsterone (ADT) (2.3%). When 4-dione is used as substrate, much higher levels of C19-steroids
re produced with ADT representing 77% of the metabolites. These data indicate that 5�-reductase, 17�-hydroxysteroid dehydrogenase
17�-HSD) and 3�-hydroxysteroid dehdyrogenase (3�-HSD) activities are present at moderate levels in EpiskinTM, while 3�-HSD activity
s low and represents a rate-limiting step in the conversion of DHEA into C19-steroids. Using realtime PCR, we have measured the level of

RNAs encoding the steroidogenic enzymes in EpiskinTM. A good agreement is found between the mRNAs expression in EpiskinTM and

he metabolic profile. High expression levels of steroid sulfotransferase SULT2B1B and type 3 3�-HSD (AKR1C2) correspond to the high
evels of DHEA sulfate (DHEAS) and ADT formed from DHEA and 4-dione, respectively. 3�-HSD is almost undetectable while the other
nzymes such as type 1 5�-reductase, types 2, 4, 5, 7, 8, and 10 17�-HSD and 20�-hydroxysteroid dehydrogenase (20�-HSD) (AKR1C1)
re highly expressed. Except for UGT-glucuronosyl transferase, similar mRNA expression profiles between EpiskinTM and human epidermis
re observed.

h
l
l
l
s
m
3

2007 Elsevier Ltd. All rights reserved.

. Introduction

Steroid metabolism plays a crucial role in skin physiol-
gy, its malfunctioning leading to diseases such as X-linked
chthyosis due to a defect of the steroid sulfatase gene
1,2] while hyperandrogenism leads to acne, hirsutism and
lopecia [3–5]. Although it is well recognized that steroid
etabolism is particularly active in the pilosebaceous unit
6–9], it is also known that keratinocytes metabolize steroids
t a high level [10–13].

∗ Corresponding authors. Tel.: +1 418 654 2296; fax: +1 418 654 2761.
E-mail address: van.luu-the@crchul.ulaval.ca (V. Luu-The).
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EpiskinTM is an in vitro epidermis model which consists of
uman keratinocytes deposited on a support of collagen, and
et to differentiate in the air-exposed culture into a mitotic
ayer, a mucous Malphigian layer and a functional horny
ayer [14]. This model is of particular interest for studies of
teroidogenic gene function in the epidermis. The activity of
any steroid-metabolizing enzymes, such as 5�-reductase,

�-hydroxysteroid dehydrogenase (3�-HSD) and 17�-HSD,
as been reported in normal human keratinocytes in primary
ulture and in the immortalized human keratinocyte cell line

aCat [15].
EpiskinTM has been shown to be a very good replicate

f the architecture of human epidermis and is being used for
rritation assays of new cosmetic and chemical compounds as

mailto:van.luu-the@crchul.ulaval.ca
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eplacement of in vivo testing [16]. In this report, we inves-
igate how EpiskinTM produces and metabolizes active sex
teroids. We have thus incubated EpiskinTM with radiola-
eled steroid precursors, namely DHEA and 4-dione and
nalyzed the metabolites by LC/MS/MS. In addition, we
ave quantified the mRNA expression levels of 47 steroid-
etabolizing enzymes in Epikin using realtime PCR, and

ompared the steroidogenic gene expression profile with that
f human epidermis.

. Materials and methods

.1. EpiskinTM

EpiskinTM was obtained from EPISKINTM SNC (Lyon,
rance) and cultured to day 16 in a 12-well plate in medium
rovided by the manufacturer. It consists of normal human
eratinocytes that are left dividing for 3 days following
eposition on a collagen support in medium containing Dul-
ecco’s Modified Eagle’s Medium/Nutrient Mixture F-12
am’s (DHEM/HAMF12) (3:1) (HyClone, Logan, Utah),
0% fetal calf serum, 10 ng/ml EGF, 400 ng/ml hydro-
ortisone, 10−6 M isoproterenol and then differentiate in
he air-exposed culture to form a well-stratified epider-

is having the five typical layers, namely, the stratum
asale, stratum spinosum, stratumdum and stratum corneum
14].

.2. Analysis of steroid metabolism in EpiskinTM

Steroid metabolism was analysed in EpiskinTM in culture
ssentially as previously described for intact cells in culture
17]. [14C] DHEA and [14C]4-dione (Dupont Inc., Missis-
auga, Ont., Canada) were added to freshly changed culture
edium to a final concentration of 0.1 �M. After incubation

or various time intervals, cell-free cultured medium (3.2 ml))
as acidified with formic acid and applied to a precondi-

ioned Strata-X, 200 mg, column (Phenomenex, Torrance,
A, USA). The column was washed with 1 ml of formic
cid 0.1% and 2 ml of a solution of methanol/water (10/90)
ontaining 0.1% formic acid, and then eluted with 7 ml of
(10/90) methanolic solution containing 0.01% ammonium
ydroxide. The eluted solution was evaporated under a nitro-
en stream. Then, the samples were dissolved in a 150 �l
olution of methanol/water (50/50) containing 0.3% acetic
cid.

The sample prepared as described above was analyzed
y high performance liquid chromatography (HPLC) using
n Alliance 2695 HPLC system (Waters, MA, USA). The
PLC column was a Luna C18(2), 3 �m, 150 mm × 3.00 mm

Phenomenex, Torrance, CA, USA) operated at 0.3 ml/min.

he following elution gradient was used: 45% A for 2 min,
5–55% A from 2 to 30 min, 55–65% A from 30 to 92 min,
5–95% A from 92 to 95 min and, finally, 95–100% A from 95
o 100 min with A, a methanol/acetic acid (99.7/0.3) solution
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s
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ontaining 1 mM ammonium formate and B, a water/acetic
cid (99.7/0.3) solution containing 1 mM ammonium for-
ate.
The detection and quantification of the steroid metabo-

ites were carried out using an atmospheric pressure
hemical ionization/ion trap mass spectrometer (Finnigan
CQ, ThermoQuest, SJ, USA). Both positive and nega-

ive ionization modes were used. The discharge current
as set to 4 �A. The heated capillary was maintained at
70 ◦C. In parallel, a flow scintillation analyzer (Radiomatic
00TR series, Packard, CT, USA) was used. A 3/1
plit for mass spectrometer/flow scintillation analyzer was
pplied.

.3. Preparation of human epidermis

Ten samples of human epidermis were prepared by
reatment of the corresponding total breast skin sam-
le with dispase for overnight. Briefly, skin samples of
.5 cm × 0.5 cm was incubated in 10 ml of Dulbecco’s Modi-
ed Eagle’s Medium (DMEM) medium containing 3% (v/v)
entamycin and 3.7% (v/v) antibiotic/antimycotic. Medium
as changed three times at 15 min interval. After the last

hange, 20 ml of a medium containing 1.8 U/ml of dis-
ase and 0.6% trypsine was added. After an overnight
ncubation in dispase, derm and epiderm were separated
sing a forceps, washed twice in PBS then incubated in
NAlater®, a RNA stabilization solution commercialized
y Ambion Inc. (Austin, TX) that help to store tissue
nd cells for extended periods without RNA degrada-
ion.

.4. RNA extraction and quantification

Total RNA was extracted from EpiskinTM and epi-
erm using TRIzol® (Invitrogen, Burlinton, Ont., Canada),
nd reverse transcribed into cDNA using Superscript II
everse transcriptase (Invitrogen). Quantification of mRNA
as performed on the LightCycler realtime PCR apparatus

Hoffman-La Roche Inc., Nutley, NJ) using SYBR Green
etection and the second derivative calculation method as
escribed [18]. In brief, 30 ng of total RNA was used
o perform fluorescent-based realtime PCR quantification.
eagents obtained from the same supplier were used as
escribed by the manufacturer. The conditions for the PCR
eactions were: denaturation at 94 ◦C for 15 s, annealing at
5 ◦C for 10 s and elongation at 72 ◦C for 35 s. The data
ere normalized using the mRNA expression levels of a
ousekeeping gene, namely ATP5o (subunit O of ATPase)
s internal standard. Atp5o has been shown to have stable
xpression levels from embryonic life through adulthood
n various tissues [19]. The mRNA expression levels are

xpressed as numbers of copies/�g total RNA using a stan-
ard curve of Cp versus logarithm of the quantity. The
tandard curve is established using known cDNA amounts of
, 102, 103, 104, 105 and 106 copies of ATP5o and a LightCy-
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ler 3.5 program provided by the manufacturer (Roche Inc.,
utley, NJ).

. Results

.1. Analysis of DHEA metabolism

To facilitate the follow up of DHEA and 4-dione
etabolism in EpiskinTM, we have indicated in Fig. 1

he steroidogenic pathways illustrating the human enzymes
nvolved in the transformation of DHEA into active andro-
ens and their metabolites. To determine how EpiskinTM

etabolizes DHEA, the main precursor of sex steroids in
eripheral tissues in the human, we have incubated EpiskinTM

n culture with [14C] DHEA and identified the resulting
etabolites by LC/MS/MS analysis. As illustrated in Fig. 2A

nd B, the metabolite produced at the highest level is DHEA

ulfate (DHEA-S). At a much lower level, the presence of 4-
ione, 5-androstenediol (5-diol), DHT, androsterone (ADT),
�-OH-DHEA, 7�-OH-DHEA and four unknown metabo-
ites having a retention time of 26.05, 38.90, 53.85 and 70.95

p
t
6
o

ig. 1. Pathways of the human steroidogenic enzymes involved in DHEA metabolism
ase as enzyme that possesses reversible oxido/reductase activity, in the present figure
hey exert in intact transfected cells in culture [42] that is, most likely, closer to phys
ble to catalyze the transformation of androstanedione and dihydrotestosterone into
pimerase (3(�→�)-HSE) [43] and type 7 17�-HSD [44,45].
& Molecular Biology 107 (2007) 30–36

re observed. They are named according to their retention
ime, respectively.

.2. Analysis of 4-androstenedione metabolism

To determine whether the low conversion of DHEA to
-dione and their subsequent metabolites observed above is
ue to the low conversion of DHEA to 4-dione by 3�-HSD,
e then incubated EpiskinTM with [14C] 4-dione under the

ame conditions as done with [14C] DHEA. As illustrated in
ig. 3A and B, the main metabolite produced from incuba-

ion of 4-dione is ADT, thus confirming the presence of low
�-HSD activity and relatively high 5�-reductase and 3�-
SD activities that convert 4-dione to ADT. Small amounts
f testosterone (testo) and androstanedione (5�-dione) as
ell as many unidentified metabolites, namely 33.00, 59.95,
4.20, 65.15, 70.95, and 74.30 are observed.

To assess whether the incubation time of 48 h used in the

revious experiments corresponds to saturated conditions, we
hen performed a time course study using incubation times of
, 12, 24 and 48 h. As illustrated in Fig. 3C, a linear decrease
f the substrate 4-dione with a corresponding increase of

: unlike conventionnal steroidogenic pathway which describes dehydroge-
dehydrogenase is indicated as oxidase or reductase according to the activity
iologic conditions. The two enzymes that possess 3-keto reductase activity
epiandrosterone and androstane-3�, 17�-diol, are 3(�→�)-hydroxysteroid



V. Luu-The et al. / Journal of Steroid Biochemistry & Molecular Biology 107 (2007) 30–36 33

Fig. 2. Quantification of [14C] metabolites of [14C] DHEA by EpiskinTM in
culture: (A) HPLC/MS metabolic profile of 0.1 �M [14C] DHEA incubated
for 48 h with EpiskinTM cultured in 12-well plates as described under Section
2 and (B) graph showing the main metabolite obtained in (A). Unidentified
m
t
a
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c
c

3

A
s
m

Fig. 3. Quantification of [14C] metabolites of [14C] 4-androstenedione pro-
duced by EpiskinTM in culture: (A) HPLC/MS metabolic profile of 0.1 �M
[14C] 4-dione incubated for 48 h with EpiskinTM cultured in 12-well plates;
(
m
m

i
o

etabolites are named according to their retention time while the retention
ime of the two most important peaks that correspond to DHEA and DHEA-S,
re 57.55 and 63.20, respectively.

DT and other minor metabolites are observed, thus indi-
ating that the enzymatic reactions are under nonsaturated
onditions.

.3. Effect of 5α-reductase inhibition
To determine whether the transformation of 4-dione to
DT in EpiskinTM is going through a classical 5�-reductase

tep or through transformation by a yet unidentified enzy-
atic route, we have added to the reaction a well known

l
1
i
n

B) graph showing the main metabolites obtained in (A); (C) graph showing
etabolic profile of 4-dione at different incubation time intervals. Experi-
ental procedures were as described under Section 2.

nhibitor of 5�-reductase, namely finasteride synthesized in
ur laboratory under the name EM-351. As expected, the

evel of ADT formed is markedly reduced in the presence of
0−6 or 10−7 M EM-351 (Fig. 4). This observation clearly
ndicates that the step of conversion of 4-dione to 5�-dione is
ecessary. Since the latter compound is almost not detected
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Fig. 4. Effect of 5�-reductase inhibition on 4-androstenedione metabolism:
experimental procedures were as described under Fig. 3, except that the
5�-reductase inhibitor EM-351 was added at the indicated concentrations
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Fig. 5. Comparison of steroidogenic gene expression profiles in EpiskinTM

and epidermis: 30 ng of total RNA of EpiskinTM and microdissected epider-
mis was used for quantification using realtime PCR. Total RNA preparation
and realtime PCR quantification using second derivative calculations and the
double correction method [18] with SYBR green fluorescence detection was
performed as described in Section 2. RDH5, HADH2 and DHRS8 represent
new names for types 9, 10 and 11 17�-HSD, respectively. The expression
level is indicated as the number of copies/�g of total RNA. The data are
e
e
m

o
s
D
f
t

t the same time as the substrate. Data are expressed as means ± S.E.M.
f duplicate measurements. Black and white bars represent absence and
resence of inhibitor, respectively.

nder basal enzymatic conditions, it is likely that a high
evel of 3�-HSD activity rapidly converts 5�-dione into
DT.
Identification and quantification of the mRNAs encod-

ng the steroidogenic and steroid-inactivating enzymes in the
piskinTM and epidermis.

Since there are many isoforms for each steroidogenic
nzyme, we have performed realtime PCR to identify and
uantify the isoenzymes expressed in the EpiskinTM and
uman epidermis. As illustrated in Fig. 5, the isoforms of
teroidogenic and steroid-inactivating enzymes expressed in
piskinTM are usually expressed in the epidermis, although at
ifferent levels. Type 1 5�-reductase and type 3 3�-HSD are
he enzymes responsible for the conversion of 4-dione into
DT, while the high expression levels of SULT2B1b corre-

ponds to the high conversion of DHEA into DHEAS. The
resence of many other steroidogenic and steroid-inactivating
nzymes, such as types 1, 2, 4, 5, 7, 8 and 12 17�-HSD
s well as 20�-HSD [20] that catalyzes the transformation
f progesterone to 20�-hydroxyprogesterone, types 1 and 2
1�-HSD that catalyze the conversion of cortisone to cortisol
nd vice-versa, respectively, sulfatase [2], sulfotransferase
ult1A1 [21–23], and the enzymes of the UGT1A family
24–26] are also observed. It can be seen from the data
btained that, although the types of isoenzymes expressed
n EpiskinTM and epidermis show a good correlation, the
evel of expression varies between the EpiskinTM and human
pidermis.

. Discussion

The metabolites obtained from DHEA and 4-dione in cul-

ured EpiskinTM clearly indicate that EpiskinTM possesses the
nzymatic machinery necessary to convert the adrenal steroid
recursor DHEA into active androgens followed by their
onversion into the inactive product ADT. The difference

D
t
t
[

xpressed as means ± S.E.M. of duplicate measurements of three differ-
nt wells in two separate preparations of Episkin (open bar), and duplicate
easurements of 10 human epidermis (black bar).

bserved between the profile of DHEA and 4-dione clearly
uggests that the step responsible for the transformation of
HEA into 4-dione metabolism by 3�-HSD is limiting. In

act, this is confirmed by the low mRNA expression level of
ype 1 3�-HSD (Fig. 5A). However, the low conversion of

HEA into 4-dione could also be due, at least partially, to

he presence of a high level of sulfotransferase SULT2B1b
hat competes with 3�-HSD for the same substrate DHEA
27]. In fact, although 3�-HSD possesses higher affinity for
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HEA than SULT2B1b (Luu-The, unpublished data [27]),
he very high amount of SULT2B1b compared to 3�-HSD
>600-fold) could dramatically reduce the amount of DHEA
vailable for 3�-HSD. It is noteworthy that SULT2B1b
atalyzes also the transformation of pregnenolone and
holesterol into pregnenolone sulfate and cholesterol sulfate
28].

It can be seen in Fig. 5B that SULT2B1b is highly
xpressed in EpiskinTM and human epidermis, while
ULT2B1a is expressed at a much lower level. SULT2B1a is

he isoform issued from the same gene as SULT2B1b by the
se of alternative promoters, thus leading to a different exon
[29] with an activity that prevents SULT2B1a from metab-
lizing cholesterol in addition to DHEA. Such data strongly
uggest, however, that the target substrate for SULT2B1b in
he epidermis is cholesterol and not DHEA. Type 1 3�-HSD
ould thus be a key enzyme controlling the conversion of
HEA into active steroids. Since type 1 3�-HSD is highly

egulated by IL-4 and IL-13 [30,31] through Stat5 mech-
nisms [30–32], the cross-talk between androgens and the
mmune system in the epidermis could be an important issue
o be considered in the future. It is noteworthy that type 5
7�-HSD, the enzyme that converts 4-dione into DHT in
eripheral tissues [18,33] is also expressed at a high level.
ulfatase, the enzyme that converts DHEA-S into DHEA has
een found to be stimulated in lesioned skin [8].

It is well recognized that active steroids generally exist
n a reduced form while inactive steroids are in an oxi-
ized form, each form being finely and timely regulated
y specific enzymes. This general observation agrees with
he detection, in the present study, of the main metabolites
resent under the oxidized form. The presence of the enzymes
ble to reduce 17-ketosteroids into the corresponding active
7-hydroxysteroids such as types 1, 5 and 12 17�-HSDs
ndicates that these enzymes produce active steroids for cell
unctioning at the level of the epidermis, thus making the epi-
ermis an intracrine component of the skin [13,26,34–36].
ince types 1 and 12 are involved in the formation of
stradiol [37] while type 5 17�-HSD catalyzes the forma-
ion of testosterone [33,38], subcellular localisation of these
nzymes could allow to identify cell type that is influenced
y estrogen and androgen, respectively. The highly simi-
ar profiles of steroidogenic gene expression and activity
etween EpiskinTM and human epidermis strongly suggest
hat EpiskinTM could potentially be an interesting alterna-
ive model for studying steroid metabolism as well as steroid
egulation and action related to keratinocyte differentiation
nd proliferation. Since EpiskinTM is constructed using breast
kin keratinocytes, the use of this skin model should take into
ccount heterogeneity of biological features in the skin. It is
orth noting that mitotically active keratinocytes appear to
e morphologically and biochemically similar irrespective of

issue origin with high expression levels of keratins K5 and
14 [39]. As keratinocytes differentiate, they down-regulate

his pair of keratins and switch on expression of other pairs
epending upon tissue origin [40,41].

[
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