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a b s t r a c t

The objective of this study was to explore, for the first time, the changes in the pangenomic profile induced
in human skin in women treated with dehydroepiandrosterone (DHEA) applied locally.

Sixty postmenopausal women participated in this phase II prospective, randomized, double-blind and
placebo-controlled study. Women were randomized to the twice daily local application of 0% (placebo),
0.3%, 1% or 2% DHEA cream. Changes in the pangenomic expression profile were studied using Affymetrix
Genechips.

Significant changes (p < 0.05) in sixty-six DHEA-responsive probe sets corresponding to 52 well-
characterized genes and 9 unknown gene sequences were identified. A dose-dependent increase in the
expression of several members of the collagen family was observed, namely COL1, COL3 and COL5 as

well as the concomitant modulation of SPARC, a gene required for the normal deposition and maturation
of collagen fibrils in the dermis. Several genes involved in the proliferation and differentiation of ker-
atinocytes were also modulated. In addition, topical DHEA reduced the expression of genes associated
with the terminal differentiation and cornification of keratinocytes.

Our results strongly suggest the possibility that DHEA could exert an anti-aging effect in the skin through
stimulation of collagen biosynthesis, improved structural organization of the dermis while modulating
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keratinocyte metabolism.

. Introduction

The overall changes observed in the skin during aging, including
hinning of the dermis, are likely related to a combination of intrin-
ic factors, especially changes in the hormonal status due to aging
s well as extrinsic factors, especially photodamage by ultraviolet
nd infrared radiation from the sun and the influence of cigarette
moking [1].

Humans, along with the other primates, are unique among ani-
al species in having adrenals that secrete large amounts of the
nactive precursor steroids dehydroepiandrosterone (DHEA) and
specially DHEA-sulfate (DHEA-S), which are converted into potent
ndrogens and/or estrogens in peripheral tissues [2–4]. It is impor-
ant to mention that recent data have shown that women have
t least 50% as much androgens as men, the main source being

∗ Corresponding author at: Laboratory of Molecular Endocrinology and Oncology,
aval University Hospital Research Center (CRCHUL) and Laval University, Québec
ity, Québec, G1V 4G2 Canada. Tel.: +1 418 654 2704; fax: +1 418 654 2735.
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HEA of adrenal origin [5]. However, serum DHEA as well as total
ndrogens start to decline by the age of 30 years and they have
lready decreased by 60% at time of menopause [5], thus poten-
ially providing an explanation for part of the mechanisms of skin
ging. Tissue-specific treatment with DHEA appears a valuable
eplacement for traditional systemic hormonal replacement ther-
py (HRT) or estrogen replacement therapy (ERT) and thus avoid the
eported side-effects, especially the increased risk of breast cancer
6,7].

All the steroidogenic enzymes that transform DHEA into dihy-
rotestosterone (DHT) or 17�-estradiol (E2) are present in human
kin, thus providing the enzymatic machinery necessary for the
ocal synthesis of sex steroids from the inactive adrenal steroid
recursor DHEA [8–10]. In fact, after cessation of estrogen secre-
ion by the ovaries at menopause, practically all sex steroids acting
n the skin are synthesized locally from DHEA [11]. DHEA has
lready been shown to have beneficial effects on the skin of post-

enopausal women, especially correction of the hyposeborrheic

ondition of the aged skin [12], increase of skin hydration and
hickness, and reduction of skin pigmentation [13]. Some data have
lready reported an effect of DHEA on collagen synthesis and degra-
ation [14–16].

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:fernand.labrie@crchul.ulaval.ca
dx.doi.org/10.1016/j.jsbmb.2008.10.008
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Little is known, however, about the gene expression changes
nduced by DHEA in the skin. This is the first global analysis
f the DHEA-induced changes of the skin transcriptome. This
tudy defines the effect of DHEA in postmenopausal women using
ffymetrix microarrays to scan the whole human genome [17,18].

. Materials and methods

.1. Patients and sample preparation

Sixty healthy postmenopausal Caucasian women aged 60–65
ears participated in this study after IRB approval and having
iven written informed consent. No subject had taken hormone
eplacement therapy during the previous 6 months. No subject
as suffering from an endocrine disorder, and none was under

reatment with lipid- or glucose-lowering agents. There was no
igraine and no diabetes mellitus not controlled by conventional

herapy. There was no corticosteroid treatment within 6 weeks of
tudy entry as well as treatment with �-carotenoid, retinoic acid,
ydroquinone, �-hydroxyacid (including inhaled, topical or oral).

There was no administration of any investigational drug within
0 days of screening visit or previous treatment with androgens
r anabolic steroids within 6 months prior to the screening visit.
here was no exposure to or use of antidepressants, antipsychotics,
r analgesics, within 30 days prior to enrollment.

The body weight ranged between 18.5 and 29.9 of ideal body
eight according to Body Mass Index (BMI). There was no hepatic

r renal impairment or condition known to affect drug or steroid
etabolism. All subjects had a medical history, complete physical

xamination, serum biochemistry as well as complete blood and
rine analysis.

Each subject was randomly assigned to one of the four treat-
ent groups, namely placebo, 0.3% DHEA, 1% DHEA and 2.0% DHEA.
aily, before breakfast, and after supper, for 13 weeks, subjects

eceived 6.0 ml of one of the four emulsions (i.e. Water-in-oil cream

ontaining 50% propylene glycol and 5% ethyl alcohol plus emol-
ient, emulsifying and antioxidant agents for the placebo group
nd with the addition of the respective concentrations of DHEA for
he treated groups). All subjects were instructed to apply the study
reatment twice daily during 13 weeks, as previously described [5].

h
S
b
c
c

able 1
T-PCR primers.

ene symbol GenBank Region Forward primer (5′

IRBP NM 001280 430–592 GAGGAGGGGACCG
LDN8 NM 199328 571–759 TACTTAGGATGGAC
OL1A1 NM 000088 4698–4876 AACCGAACATGACC
OL5A2 NM 000393 4630–4890 AGCGGAATGGAAAT
NASE1L3 NM 004944 950–1158 CACCACCCCAGAGA
EF2KL NMJ13302 2792–3020 TGCACACCACCACAC
FNA1 NM 004428 1100–1343 GAGAGAGCCAGGAT
RBP NM 014597 1848–2093 CTGCAGAAAGCCGT
BA/GBAP NM 000157 1953–2199 AAAAGATCAGTAAG

AG1 AK023793 3339–3510 AGGTTGGGGTGCTG
NTC2L NM 006101 1549–1760 TGGAGGATACTTTAG
RT1B BC033366 864–1096 CCTAAGCTCTGCATC
EP7 AF005081 26–305 TCCTTGCCAGAGCTA
T1X NM 005952 12–232 GCGTGTTTTCCTCTT
OL3 NM 003946 753–1001 GGATAGGACCTGGG
LLP NM 015993 928–1152 ACGGGGGATCTGAG
ORCL NM 005060 2771–3031 GTGGAGAAGGAAGC
RM2 NM 001034 1435–1678 TTACCAACTAGCCAC
100A8/MRP8 NM 002964 82–335 GAACTCTATCATCGA
100A9/MRP14 NM 002965 56–334 AAATGTCGCAGCTG
ERPIN B3 BC005224 1036–1154 GCGGTCTCGTGCTA
PARC NM 003118 1804–2056 AGGGACTGCCAGGC
PRR2G NM 001014291 278–511 TGAAACAACAAGAT
NF677 AK026366 233–463 GCCCACACAATATGA
Molecular Biology 112 (2008) 186–193 187

Two biopsies were obtained from the thigh of each patient, one
efore and the second one after treatment. The biopsies were done
n the external face of the thighs 8 cm below the trochanter on a
ertical line using the right or left side for pretreatment sample and
he opposite side following 13 weeks of treatment. To collect the
unch biopsies, local anesthesia was used, and a 2-mm diameter
ylindrical core of skin was removed. Biopsies were immediately
ubmerged and stored in liquid nitrogen until RNA extraction.

With 15 subjects in each group on day 1, there were 15, 15, 10
nd 3 subjects per group at week 13 for the placebo, 0.3%, 1% and
% DHEA creams, respectively. In the 1% and 2% DHEA groups, 5 and
0 women, respectively, were excluded at week 8 of treatment for
erum levels of DHEA above 11 ng/ml. From the remaining women
t the end of the study, samples from 13, 14 and 7 subjects, from
lacebo, 0.3% and 1% DHEA, respectively were analyzed. Since the
omen having the highest serum DHEA values were those stopped

t week 8, the samples obtained at week 13 for the remaining
omen were not retained for the microarray study. In addition, 4

f the 10 women stopped after week 8 of 2% DHEA treatment were
lso analyzed.

.2. High density oligonucleotide array hybridization

Total RNA was isolated by Trizol (Invitrogen) from individual
iopsies. The samples were processed following the Small Sam-
le Labeling Protocol version II from Affymetrix. This protocol was
ased on the principle of performing two cycles of cDNA synthesis
nd in vitro transcription (IVT) reactions for target amplification.
abelled cRNA was isolated using the RNeasy Mini Kit column
QIAGEN). Purified cRNA was fragmented to 200–30 mer using

fragmentation buffer. The quality of total RNA, cDNA synthe-
is, cRNA amplification and cRNA fragmentation was monitored
y capillary electrophoresis (Bioanalizer 2100, Agilent Technolo-
ies). Fifteen micrograms of fragmented cRNA was hybridized
n duplicate for 16 h at 45 ◦C with constant rotation, using a

uman oligonucleotide array U133 Plus 2.0 (Genechip, Affymetrix,
anta Clara, CA). After hybridization, chips were processed
y using the Affymetrix GeneChip Fluidic Station 450 (proto-
ol EukGE-WS2v5 450). Staining was made with streptavidin-
onjugated phycoerythrin (SAPE) (Molecular Probes), followed by

→ 3′) Reverse primer (5′ → 3′) Size (bp)

AGGCTATG TTGTGTGTAGCGTAACTGTCGTAACTG 163
CACGGCA ACACAACTACACATACTGACTTCTGGA 189
AAAAACCAAAA GGGCAGCATTGGGGTTTCATAA 173
GTGGGCA TGCAGGATCAGCCATTACTTCAAGAG 261

CATCCGTTA CCGTGGTGTCCTCTTGGTCCC 209
TCAGCJAAT AGGGTACACACTGAACTTTGGAACTAA 229
GCCCAGAT GCTACACTCTAAGAACAGGTTGGCACA 244
CATTACACCT GGGGAAGCCATCTCTATCATTTTT 246
CCCCAGTGT CCTGATGCTGACACTGCTGCT 247
ATTTAGTG AATAAACACCTCGAGCTCAAGCA 172
AACAATTGAATG TTCACTGAGCCCCTGGTTAACA 212
ATAACCACTCT CACAGCTACAGAGAACAGAAGGCA 233
TTATGTTCA AATTCCCAAACAGCAGCACCC 280
GATCGGG GCTGCACTTGTCTGACGTCCCT 221
ATGCTGCT GGGTGCAGCCTGGACTCCTAA 249
GCTGTGT ACGGTGTTTAAAGGAAGGAGAGTGGTT 225
AGATGTGAT GTTGGGGTTTATGTTTACTCAGATGAA 261
ACCATGAAT TGGCTGTGCTGGTTAAAGGACT 244
CGTCTACCACAA ACTCTTTGTGGCTTTCTTCATGGCT 254

GAACGCA CCTCGTGCATCTTCTCGTGGGA 279
TCTGGA ATTAGTTGAAGTAGGTGATGATCCGAA 119
TGTTTCA TGAAATGCTTGGAGGTGAACGAGT 253
CCAGTGGCT AACACACTTGCTCTCAGGATAGGA 234
CCTCGG TCCCTGTACAAGGCCCTCTGG 231
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Table 2
Genes up or down-regulated by 1% or 2% DHEA (p < 0.05) in human skin of postmenopausal women.

Gene title Gene symbol Up or down Molecular function

DHEA 1% DHEA 2%

Dermis ECM
Collagen, type V, alpha 2 COL5A2 � � Extracellular matrix structural constituent /// protein binding
Collagen, type V, alpha 1 COL5A1 n.s. � Extracellular matrix structural constituent /// protein binding
Collagen, type I, alpha 1 COL1A1 � � Extracellular matrix structural constituent /// protein binding
Collagen, type I, alpha 2 COL1A2 � � Extracellular matrix structural constituent /// protein binding
Collagen, type III, alpha 1 COL3A1 � � Extracellular matrix structural constituent /// protein binding
Secreted protein, acidic, cysteine-rich (osteonectin) SPARC n.s. � Collagen binding /// metal ion binding
Actin, alpha 1, skeletal muscle ACTA1 � � Structural constituent of cytoskeleton /// protein binding ///

ATP–ADP binding
Actin, alpha, cardiac muscle ACTC � � Nucleotide binding /// protein binding /// ATP binding ///

structural molecule activity
Myosin, heavy polypeptide 3 MYH3 � � Microfilament motor activity /// nucleotide binding /// actin

binding

Epidermal differentiation
Serine (or cysteine) proteinase inhibitor, clade B, member 3 SERPINB3 � � Serine-type endopeptidase inhibitor activity
Serine (or cysteine) proteinase inhibitor, clade B, member 4 SERPINB4 � � Serine-type endopeptidase inhibitor activity
S100 calcium binding protein A9 (calgranulin B) S100A9 � � Signal transducer activity /// calcium ion binding
S100 calcium binding protein A8 (calgranulin A) S100A8 n.s. � Calcium ion binding /// calcium ion binding
Corneodesmosin CDSN n.s. � Protein homodimerization activity
Claudin 8 CLDN8 n.s. � Structural molecule activity /// protein binding
WAP four-disulfide core domain 3 WFDC3 n.s. � Serine-type endopeptidase inhibitor activity /// endopeptidase

inhibitor activity
Small proline-rich protein 2G SPRR2G � n.s. Structural molecule activity
Keratin 1B KRT1B n.s. � Structural molecule activity
Keratin 7 KRT7 � � Structural molecule activity /// protein binding
Late envelope protein 7 LEP7 � � Molecular function unknown
AHNAK nucleoprotein (desmoyokin) AHNAK � � Protein binding

Proliferation
Nucleobindin 2 NUCB2 � � DNA binding /// calcium ion binding /// calcium ion binding
Sjogren syndrome antigen B (autoantigen La) SSB � � Nucleic acid binding /// RNA binding
Deoxyribonuclease l-like 3 DNASE1L3 n.s. � DNA binding /// endonuclease activity /// calcium ion binding
Topoisomerase (DNA) II alpha 170 kDa TOP2A � � DNA topoisomerase (ATP-hydrolyzing) activity /// protein

kinase C binding
Synaptotagmin binding, cytoplasmic RNA interacting protein SYNCRIP � n.s. Protein binding/// nucleic acid binding
Kinetochore associated 2 KNTC2 n.s. � Protein binding
Ribonucleotide reductase M2 polypeptide RRM2 n.s. � Ribonucleoside-diphosphate reductase activity /// iron ion

binding /// protein binding

Transcriptional machinery
Cold inducible RNA binding protein CIRBP n.s. � Nucleic acid binding
RAR-related orphan receptor C RORC n.s. � Transcription factor activity /// steroid hormone receptor

activity /// zinc ion binding
Transformer-2 alpha TRA2A n.s. � Nucleotide binding /// RNA binding /// nucleic acid binding
Eukaryotic elongation factor-2 kinase EEF2K n.s. � Calcium ion binding /// translation factor activity, nucleic acid

binding
Zinc finger protein 447 ZNF447 � n.s. Transcription factor activity /// metal ion binding /// nucleic acid

binding
Zinc finger protein 677 ZNF677 n.s. � DNA binding /// metal ion binding /// nucleic acid binding
Nucleolar protein 3 (apoptosis repressor with CARD domain) NOL3 � � RNA binding /// identical protein binding /// protein binding
Odd-skipped related 1 (Drosophila) OSR1 � � Nucleic acid binding /// zinc ion binding /// metal ion binding
MutS homolog S (E. coli) MSHS � � Nucleotide binding /// damaged DNA binding /// ATP binding
Estrogen receptor binding protein ERBP � � Receptor activity

Miscellaneous
Decay accelerating factor for complement (CD55) DAF n.s. � GPI anchor binding
Carcinoembryonic antigen-related cell adhesion molecule 6 CEACAM6 n.s. � GPI anchor binding
Ephrln-A1 EFNA1 n.s. � Ephrin receptor binding /// GPI anchor binding
Metallothionein 1X MT1X n.s. � Metal ion binding /// electron carrier activity
S100 calcium binding protein P S100P � � Metal ion binding /// calcium-dependent protein binding
Interleukin 1 family, member 7 (zeta) IL1F7 n.s. � lnterleukin-1 receptor antagonist activity /// cytokine activity
Interleukin 1 family, member 10 (theta) IL1F10 � � lnterleukin-1 receptor antagonist activity /// cytokine activity
Glucosidase, beta; acid GBA/GBAP n.s. � Glucosylceramidase activity /// hydrolase activity, acting on

glycosyl bonds
N-acetylgalactosaminyltransferase-like 2 GALNTL2 � � Transferase activity /// metal ion binding /// sugar binding
Betacellulin BTC n.s. � Growth factor activity
Jagged 1 (Alagille syndrome) JAG1 � � Notch binding /// structural molecule activity /// growth factor

activity
Plasma membrane proteolipid (plasmolipin) PLLP n.s. � Ion channel activity
Inositol 1,4,5-triphosphate receptor, type 2 ITPR2 � � Ion channel activity

Unknown
Purkinje cell protein 4 PCP4 � � Molecular function unknown
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ig. 1. DHEA stimulation of the expression profile of collagen and SPARC genes aft
epresent fold-change values (pre- and post-treatment) expressed as log2 (Delta). D
ots correspond to a statistically significant difference (p < 0.05).

mplification with a biotinylated anti-streptavidin antibody (Vec-
or Laboratories), and by a second round of SAPE. Chips were
canned using a GeneChip Scanner 3000 G7 (Affymetrix) enabled
or High-Resolution Scanning.

The arrays included 1,300,000 unique oligonucleotide features
overing over 47,000 transcripts and variants, which, in turn, rep-
esent approximately 38,500 of the best characterized human
enes.

Chip images were extracted with the GeneChip Operating

oftware and analyzed with Limma package. Quality control of
icroarray chips was performed using the AffyQCReport software

19]. A comparable quality between microarrays was required for
ll microarrays within each experiment.

o
t
d

ig. 2. DHEA modulation of keratinocyte-related genes. Data are expressed as raw signa
ost-treatment) are expressed as log2 (Delta). Filled dots correspond to a statistically sign
ice daily placebo (0% DHEA), 0.3% DHEA, 1% DHEA or 2% DHEA treatment. Curves
e expressed as raw signal intensity after normalization by the RMA method. Filled

The background subtraction and normalization of probe set
ntensities was performed using the method of Robust Multiar-
ay Analysis (RMA) described by Irizarry et al. [20]. The analysis
as performed using the affylmGUI Graphical User Interface for

he Limma microarray package [21], and GeneSpring v7.2 software
Agilent).

.3. Real-time PCR (RT-PCR)
The cDNA was reverse-transcribed from total RNA using 30 ng
f Oligo(d)T primers, 300 U of Superscript III Rnase H-reverse
ranscriptase (Invitrogen Life Technologies, Carlsbad, CA), 500 �M
NTPs, 5 mM dithiothreitol, and 34 U of human Rnase inhibitor

l intensity after normalization by the RMA method. Fold-change values (pre- and
ificant difference (p < 0.05).
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Table 3
Validation by RT-PCR or genes modulates by 1% or 2% DHEA.

Gene title Gene symbol DHEA 1% DHEA 2%

Arrays RT-PC Arrays RT-PCR

Fold-changea p-Value Fold-changea p-Value

S100 calcium binding protein A8 (calgranulin A) S100A8 n.s. 20.21 <0.0001 � 44.97 <0.0001
S100 calcium binding protein A9 (calgranulin B) S100A9 � 10.74 <0.0001 � 44.95 <0.0001
Serine (or cysteine) proteinase inhibitor B3 SERPINB3 � 6.77 <0.0001 � 8.39 <0.0001
Kinetochore associated 2 KNTC2L n.s. 2.38 <0.3 � 6.44 <0.2000
Estrogen receptor binding protein ERBP n.s. 4.69 <0.0001 � 4.69 <0.0001
Collagen, type I, alpha 1 COL1A1 � 3.69 <0.0001: � 3.72 <0.0001
Secreted protein, acidic, cysteine-rich (osteonectin) SPARC n.s. 2.68 <0.0001 � 2.55 <0.0001
Ribonucleotide reductase M2 polypeptide RRM2 � 2.03 <0.0009 � 2.5 <0.0001
Deoxyribonuclease l-like 3 DNASE1L3 n.s. 1.86 <0.0001 � 1.57 <0.0002
Collagen, type V, alpha 2 COL5A2 � 1.51 <0.002 � 1.44 <0.0004
Jagged 1 (Alagille syndrome) JAG1 � −0.79 <0.0024 � −0.69 <0.0001
Claudin8 CLDN8 n.s. −1.44 <0.0001 � −1.00 <0.92
RAR-related orphan receptor C RORC n.s. −0.87 <0.7 � −1.09 <0.64
Cold inducible RNA binding protein CIRBP n.s. −1.73 <0.005 � −1.27 <0.045
Zinc finger protein 677 ZNF677 n.s. −1.06 <0.05 � −1.43 <0.0001
Eukaryotic elongation factor-2 kinase EEF2K n.s −4.94 <0.0002 � −1.72 <0.02
Nucleolar protein 3 (apoptosis repressor with CARD domain) NOL3 � −3.31 <0.0001 � −1.90 <0.0001
Metallothionein 1X MT1X � −1.44 <0.0001 � −1.98 <0.0001
Glucosidase, beta; acid GBA/GBAP n.s. −3.03 <0.0001 � −2.1 <0.0002
Ephrin-A1 EFNA1 n.s. −2.09 <0.0004 � −2.74 <0.0001
Late envelope protein 7 LEP7 � −4.00 <0.0001 � −3.37 <0.0001
Plasma membrane proteolipid (plasmolipin) PLLP � −1.43 <0.0001 � −3.42 <0.0001
Keratin 1B KRT1B n.s. −3.00 <0.0001 � −3.69 <0.0001
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mall proline-rich protein 2G SPRR2G

a Fold-change above or below control: value of fold-change between the start an
he indicated DHEA group.

Amersham Pharmacia, Piscataway, NJ) in 50 �l final volume as
escribed [22]. Gene-specific primers were designed by GeneTools
oftware (Biotools Inc.). The sequences of primers used are shown
n Table 1.

The RT reaction was performed at 50 ◦C for 2 h, followed by a
0 min at 37 ◦C incubation with RNAseA and a final purification by
olumn (QIAGEN, Valencia, CA).

RT-PCR quantitative assays was run in triplicates using the
ightCycler FastStart DNA Master Plus SYBRGreen I kit (Roche Diag-
ostics) following the manufacturer’s recommendations. PCR was
erformed using LightCycler (Roche Applied Science, Mannheim,
ermany) for 50 cycles of 95 ◦C for 10 s (denaturation), 59–65 ◦C

or 5 s (annealing), 72 ◦C for 10–12 s (elongation), and at 78◦C for
s (lecture). The housekeeping gene Atp5o was used as a refer-
nce gene. Amplification specificity was checked using a melting
urve following the manufacturer’s instructions. Quantification
as obtained using the second derivative calculation and double

orrection [22], and the results were analyzed with LightCycler
oftware v.3.5 (Roche).

. Results

.1. Microarray data analysis of DHEA effect on human skin
ranscriptome

Sixty-six probe sets corresponding to 52 well-characterized
enes (represented by one or more probe sets) (Table 2) and 9
nknown sequences (EST) (data not shown) were significantly
odulated (p < 0.05) by DHEA. Global analysis of the increased

ene expression levels under the influence of DHEA showed a clear
ver-representation of genes associated with transcription regula-

ion, cell proliferation and keratinocyte differentiation. Of note, the
xpression of extracellular matrix structural molecules, including
everal members of the collagen family, was stimulated by DHEA.
learly, DHEA treatment affected both compartments of human
kin present in the biopsies, i.e. epidermis and dermis.

o
s
a
e

−4.68 <0.0001 n.s. −5.05 <0.0001

of treatment with placebo vs. fold-change between the start-end of treatment in

.2. DHEA increases the expression of several members of the
ollagen gene family

Among the genes up-regulated by DHEA, a dose-dependent
ncrease in the expression of probe sets corresponding to several

embers of the collagen family was observed (Fig. 1). The highest
evel of modulation was observed for COL1A1 and A2, COL3A1 as

ell as the COL5A1 and A2 genes after 2% DHEA treatment (Fig. 1).
nterestingly, an up-regulation of a key gene involved in the syn-
hesis of the extracellular matrix (ECM), namely secreted protein
cidic and rich in cysteine (SPARC) was also observed (Fig. 1).

.3. DHEA modulates the expression of several genes involved in
eratinocyte proliferation and differentiation

Among the genes up-regulated by DHEA, we found several genes
ncoding proteins involved in host defense and generally detected
n the upper layers of the epidermis, including Serpins B3 (SCCA-
) and B4 (SCCA-2), S100A8 and A9 (Table 2 and Fig. 2). A whole
et of genes linked to DNA remodeling and cell proliferation was
lso up-regulated (Table 2). On the other hand, the Small Proline-
ich Protein 2G (SPRR2G) and S100 calcium binding protein P
S100P) (Fig. 2) and Keratin 1B genes (Table 2) were down-regulated
y DHEA. Additionally, desmosome-associated corneodesmosin
Cdsn), a late marker of terminal differentiation of keratinocytes
23,24] as well as Claudin-8 (Tables 2 and 3) were also down-
egulated in the group of DHEA 2% measured after 8 weeks of
reatment. Finally, the expression of two other genes involved in
erminal differentiation of keratinocytes, namely the Late envelope
rotein 7 (LEP7) and the Jagged 1 (JAG1) genes, were also down-
egulated by DHEA (Fig. 3).
Due to the small amount of RNA obtained from 2 mm biopsies,
nly 24 genes were selected for RT-PCR validation. The RT-PCR data
how that the level of stimulation/repression of the selected genes
grees with the microarray data for at least one of the two high-
st concentrations of DHEA tested (1% or 2% DHEA) (Table 3). For
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xample, we have indeed found a progressive increase of SPARC
RNA, starting at 0.3% DHEA (Fig. 1), and confirmed by RT-PCR, for

he groups 1% and 2% DHEA (Table 3). In addition, down-regulation
f keratinocyte differentiation was also confirmed as LEP-7 in the
% DHEA group as well as SPRR2G, in the 2% DHEA group measured
fter 8 weeks of treatment. On the whole, only 2 out of 25 gene
hanges were not validated by RT-PCR (i.e. KNTCL2 and RORc).

Altogether, these results show that, in response to DHEA
reatment, the balance between epidermal proliferation and dif-
erentiation is modified in favor of proliferation, while structural
ermal genes are activated.

. Discussion

The present study is the first comprehensive analysis and char-
cterization of the changes induced by DHEA in the transcription
rofile of the whole genome in human skin. Such an approach is

ikely to provide significant insights into the potential role of DHEA
n skin aging.

The thinning and wrinkling of the skin [25] and the loss of skin
lasticity and firmness [26] are believed to be caused by decreased
ollagen synthesis and increased collagen degradation [27]. Con-
idering that the dermis predominantly contains type I and III
ollagens (85–90% and 10–15% of total proteins, respectively), the
lterations of collagen are thus believed to be the causes of clinical
hanges during aging, especially skin wrinkles and loss of elasticity
28,29].

With increasing age, a decrease in collagen biosynthesis is
bserved, concomitant with increased collagen degradation by
atrix metalloproteinases (MMP) [30]. In fact, collagen content has

een shown to decrease 2% per postmenopausal year [31]. In agree-
ent with these observations, collagen types I and III are believed to

ave decreased by as much as 30% 5 years after menopause [32,33].
n addition, a reduction in the type III/type I ratio is observed in the
ermis at menopause [33].

Some effects of DHEA on collagen gene expression and pro-
ein synthesis have already been described. For example, DHEA
ncreased human �1 (s) procollagen and reduced collagenase
MMP-2) gene expression in cultured skin fibroblasts [34], while in
uman skin, DHEA treatment up-regulated procollagen type 1 and
IMP-1 expression and down-regulated MMP-1 [16]. Here we show
hat in whole human skin, DHEA indeed stimulates the expression
f not only COL1A1, COL1A2 but also other members of the fam-
ly of collagen genes, namely COL3A1 and COL5A2. Interestingly,
he co-stimulation of both COL1A1 and COL1A2 genes suggest that

ommon cis-acting elements are present on both genes [35] and
odulated in parallel in human skin by DHEA.
In fact, in most tissues, type III collagen is co-expressed with

ype I collagen and, under physiological conditions, the amount of
ollagen III regulates the diameter of type I collagen fibrils, thus

J
s
t
m
r

raw signal intensity after normalization by the RMA method. Fold-change values
ically significant difference (p < 0.05).

ontrolling the mechanical characteristics of the tissue [36,37]. In
ddition, collagen V is a quantitatively minor component of most
onnective tissues that are rich in collagen I fibrils. On the other
and, both collagens I and V co-polymerize to form heterotypic fib-
ils. In analogy with collagen III, it has been suggested that collagen

could serve as a negative regulator of collagen I fibril diameter
reviewed by Fichard et al. [38]). Finally, together with COL1A1 and
2, COL3A1, COL5A1 and A2, SPARC expression was also stimu-

ated by DHEA treatment. Accordingly, a remarkable parallelism
see Fig. 1) was observed between the expression of SPARC and
lmost all mRNAs encoding collagens which bind this glycoprotein,
amely COL1A1, COL1A2, COL3A1, COL5A1 and COL5A2.

Since SPARC is known to be required for collagen deposition and
ollagen fiber maturation in the dermal ECM, the synthesis of the
CM particularly during matrix remodeling [39] and the mainte-
ance of skin mechanical strength [40], the co-stimulatory effect of
HEA on COL1, COL3, COL5 and SPARC expression could result into
remodeling of dermis architecture and increased firmness of the

kin. Interestingly, these up-regulated genes are also detected dur-
ng the repair process of wound healing [41]. Their DHEA-induced
p-regulation thus suggests that DHEA-treated skin could share
ome features with wound healing skin, linked to keratinocyte pro-
iferation and delayed differentiation.

For example, S100A8 and S100A9, also known as calgranulin A or
RP8 and calgranulin B or MRP14, respectively, are two additional

enes that are up-regulated by topical treatment with DHEA. These
omponents are the most abundant naturally occurring homo- and
eterodimers of the S100 family [42]. Interestingly, their expression

s increased during epidermal repair [43] and the hyperprolifera-
ive phase of wound healing [44]. In line with this, DHEA treatment
lso decreases significantly the levels of Keratin 1, a well known
arker of early differentiation of keratinocytes [45,46], as well as

PRR2G, a member of the SPRRs family preferentially expressed in
he suprabasal cells of keratinized epithelia, and localized essen-
ially in the spinous cells [47,48].

In addition to the above-mentioned early differentiation mark-
rs, we have found that desmosome-associated corneodesmosin
Cdsn), another late marker of terminal differentiation of ker-
tinocytes [23,24], is also down-regulated in the group of 2% DHEA
xamined after 8 weeks of treatment. Claudins, like Cdsn, are
ocated in the cells of the granular layer of the epidermis, and
olocalize into tight junctions (TJs) with TJs plaque proteins and
ccludines [49]. The present study shows that claudin-8 expression
s also down-regulated by DHEA treatment, together with two other
enes involved in keratinocyte terminal differentiation, namely

agged 1 (JAG1) and LEP7. JAG1 is one of the mediators of the Notch
ignaling pathway [50], sufficient to trigger terminal differentia-
ion and corneogenesis in a living human epidermal equivalent

odel system [51]. LEP7, also identified as Chromosome 1 open-
eading frame 68 (C1orf68), or Human skin-specific protein (xp32
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ene) [52] is induced during keratinocyte terminal differentiation
nd relocates to the envelope very late in terminal differentiation.
he concomitant down-regulation of JAG1, LEP7, Claudin-8, Cdsn,
PRR2G, all genes associated with the late keratinocyte differentia-
ion and cornification process, may indicate that the effect of DHEA
n epidermis could be mediated by a delay in keratinocyte differ-
ntiation, reducing the transition rate from spinous to granular cell
nd ultimately the production of the cornified component of the
kin.

Interestingly, several genes modulated by DHEA like S100A8,
100A9, SPRR2G and LEP7 are co-localized in the Epidermal Differ-
ntiation Cluster (EDC) on human chromosome 1q21 [53], which
nites a remarkable number of functionally related genes that play
n important role in terminal differentiation of the human epider-
is [54]. Further studies will however be necessary to assess the

eal impact of DHEA in keratinocyte differentiation, and ultimately,
n skin barrier properties.

Finally, almost all genes modulated by 1% DHEA after 12 weeks
ere also modulated in the same way by 2% DHEA after 8 weeks of

reatment. Additionally, all the genes significantly modulated only
y 2% DHEA but non-significantly changed by 1% DHEA, were found
ignificantly modulated when a more sensitive method, namely RT-
CR, was used with the same samples (Tables 2 and 3). Moreover,
ertain genes, especially the collagen genes and members of the
ERPIN family appear very sensitive at the lowest dose of DHEA
sed (Figs. 1 and 2, respectively). These observations could suggest
hat topical DHEA may trigger genomic changes in the skin even at
ow doses (0.3% DHEA) and that the effect of high doses (2% DHEA)

ay be reached by lower doses after longer exposure time.
Taken together, the present data suggest that DHEA could

ounteract the effect of aging by acting simultaneously on both
kin compartments namely the dermis, by stimulating collagen
iosynthesis and deposition, and in the epidermis by modulating
eratinocyte proliferation and differentiation. Some of the effects
bserved are reminiscent of wound healing, thus suggesting that
HEA treatment could potentially lead to apparent skin rejuvena-

ion. It is recognized that the skin undergoes regressive changes
fter menopause and that these changes are mainly related to a loss
f skin collagen content. The present data suggest that DHEA could
xert anti-aging effects in the skin, secondary to DHEA-induced
hanges in the structural organization of the dermis.
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