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Abstract

The goal of our work has been to investigate the mechanisms of gender-independent human skin ageing and examine the
hypothesis of skin being an adequate model of global ageing. For this purpose, whole genome gene profiling was
employed in sun-protected skin obtained from European Caucasian young and elderly females (mean age 26.764 years
[n1 = 7] and 70.7563.3 years [n2 = 4], respectively) and males (mean age 25.865.2 years [n3 = 6] and 7663.8 years [n4 = 7],
respectively) using the Illumina array platform. Confirmation of gene regulation was performed by real-time RT-PCR and
immunohistochemistry. 523 genes were significantly regulated in female skin and 401 genes in male skin for the chosen
criteria. Of these, 183 genes exhibited increased and 340 decreased expression in females whereas 210 genes showed
increased and 191 decreased expression in males with age. In total, 39 genes were common in the target lists of significant
regulated genes in males and females. 35 of these genes showed increased (16) or decreased (19) expression independent
of gender. Only 4 overlapping genes (OR52N2, F6FR1OP2, TUBAL3 and STK40) showed differential regulation with age.
Interestingly, Wnt signalling pathway showed to be significantly downregulated in aged skin with decreased gene and
protein expression for males and females, accordingly. In addition, several genes involved in central nervous system (CNS)
ageing (f.i. APP, TAU) showed to be expressed in human skin and were significanlty regulated with age. In conclusion, our
study provides biomarkers of endogenous human skin ageing in both genders and highlight the role of Wnt signalling in
this process. Furthermore, our data give evidence that skin could be used as a good alternative to understand ageing of
different tissues such as CNS.
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Introduction

Ageing is a complex process and underlies multiple influences

with the probable involvement of heritable and various environ-

mental factors. Several theories have been conducted regarding

the pathomechanisms of ageing including cellular senescence and

decreased proliferative ability [1], reduction of cellular DNA

repair capacity, loss of telomeres with advancing age [2], point

mutations of extranuclear mtDNA [3] which may be associated to

increased oxidative stress [4] and increased frequency of

chromosomal abnormalities [5]. Complementary, the importance

of hormones and their metabolism on the ageing process has been

proposed by recent studies performed on animal and in vitro

models [6,7,8].

Despite these advances our knowledge on human ageing still

remains limited. This may be causally related to the fact that the

collection of human specimens from internal organs throughout

life for experimental research purposes is associated with major

practical and ethical obstacles. Alternatively, the use of skin as a

common research tool may offer a promising approach. With age

skin undergoes major morphological and physiological changes

[9]. In sun-protected nonexposed skin areas ageing is mainly

attributed to intrinsic factors such as genetics and changes in the

endocrine environment and reflects degradation processes of the

entire organism [10,11]. In particular, recent data obtained from

human epithelial skin cells indicated the use of skin as a model of

investigating ageing of tissues derived of the same embryologic

origin such as central nervous system (CNS) [10].

In current years, microarray technology has become a valuable

tool for screening genetic material of several model organisms

ranging from yeast and nematodes to mice in order to map genes

and pathways which are involved in the pathogenesis of ageing

and extension of lifespan. In the mouse, a database, that

PLOS ONE | www.plosone.org 1 November 2012 | Volume 7 | Issue 11 | e50393



catalogues changes in gene expression as a function of age has

been recently established [12]. Studies to investigate changes in

gene expression during human ageing have been performed on

naturally aged human foreskin obtained from children and elderly

males. Some of the mechanisms proposed to be involved in the

induction of skin ageing comprise disturbed lipid metabolism,

altered insulin and STAT3 signalling, upregulation of apoptotic

genes partly due to the deregulation of FOXO1, downregulation

of members of the jun and fos family, differential expression of

cytoskeletal proteins (e.g. keratin 2A, 6A, and 16A), extracellular

matrix components (e.g. PI3, S100A2, A7, A9, SPRR2B), and

proteins involved in cell-cycle control (e.g. CDKs, GOS2) [13].

Additionally, recent data obtained by studies of progeroid

syndromes (e.g. Hutchinson-Gilford progeria, Werner syndrome,

Rothmund-Thomson syndrome, Cockayne syndrome, ataxia

teleangiectasia, and Down syndrome) illustrate that among the

most important biological processes involved in skin ageing are

alterations in DNA repair and stability, mitochondrial function,

cell cycle and apoptosis, ubiquitin-induced proteolysis, and cellular

metabolism reviewed in Capell et al [14]. Array technology has

been also used for the analysis of complex DNA methylation

patterns in skin samples obtained from healthy and elderly donors

showing a statistically significant trend towards DNA hypermethy-

lation in aged samples [15].

However, no study has so far documented the gender-

independent differences in the expression profiling of aged skin

between young and elderly European Caucasian adults. There-

fore, we investigated the profile of genes expressed in sun-

protected skin of young and elderly females (mean age 26.764

years [n1 = 7] and 70.7563.3 years [n2 = 4], respectively) and

males (mean age 25.865.2 years [n3 = 6] and 7663.8 years

[n4 = 7], respectively) when circulating hormones reach their

maximum levels in blood and after the onset of hormone decline,

accordingly. In addition, the expression of genes involved in the

pathogenesis of neurodegenerative diseases such as Morbus

Alzheimer and Morbus Parkinson have been further investigated

in order to examine the hypothesis that skin is an adequate model

of CNS ageing.

Results

Morphology of skin biopsies in young and old male and
female donors

A comparison between male and female sun-protected skin

derived from the inner side of the upper arm revealed that the

male dermis is much thicker than the female one (1.8-fold,

p,0.05). In contrast, epidermis and subcutaneous tissue is thicker

in the female (3.5-fold, p,0.05 and 10-fold, respectively)

[Figure 1].

Global gene expression profiling of skin ageing via cDNA
microarrays

We provide experimental data at the molecular level based on a

genomics approach to investigate changes in gene expression

during human skin ageing. To identify and further analyse

common and gender-specific genes, pathways and biological

processes altered with age in human skin, RNA was isolated from

skin biopsies of young and old male and female healthy volunteers.

Whole-genome gene expression analysis employing the Illumina

Bead Chip technology was then used to profile the transcriptome

of these biopsies. We used the rank invariant method for

normalisation and the t-test error model.

Data reproducibility is demonstrated by sample correlation and

clustering (Figure S1). As expected the clustering of the samples

shows a good correlation for most of the replicates (.0.9). The

correlation coefficients for replicates of the 6 young and 7 old

males and the 7 young females show in most cases high

correlations. Additionally, the transcriptional difference between

young and old males is minor and even the correlation of all males

to the young females is high. However, f.i. 3 of the 4 old females

exhibit a little lower correlation to each other as well as to young

females and all males. Old female number 1 shows the worse

correlation to the rest (ranging from 0.67–0.87). These differences

could either reflect biological heterogeneity between samples or

technical variations during the whole process of sample collection,

RNA isolation and hybridisation.

Normalised data were analysed for significant (detection .0.99

for at least one group and p-value,0.05) changes in gene

expression between young and old females and males with ratios

of 1.3 and above (full data provided in Table S1 and S2,

accordingly). For the chosen criteria, we found more regulated

genes in females (523) than in males (401). Of these, 183 genes

exhibited increased and 340 decreased expression in females,

whereas 210 genes showed increased and 191 decreased expres-

sion in males with age. For further analysis, these two target gene

lists were divided in genes with increased and decreased expression

with age. The total numbers are shown in Figure S1. Figure 2A

shows the hierarchical clustering of top 50 regulated genes

Figure 1. A comparison between male (A, C) and female (B, D)
endogenous aged skin. Staining via hematoxylin eosin (A, B) and
elastica staining (C, D), respectively, revealed that the dermis in the
male is significantly thicker than in the female. In contrast, epidermis
and subcutaneous tissue are significantly thicker in the female. Skin
derived by a young donor after hematoxylin (E) and elastica (F) staining.
doi:10.1371/journal.pone.0050393.g001

Skin Ageing in Both Genders
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showing a sex independent expression profile in young subjects for

genes regulated with age.

Functional annotation of expressed genes
The age-related gene lists (corresponding Gene accession as

input) were analysed using the Gene Annotation Tools – DAVID

(http://niaid.abcc.ncifcrf.gov/) and FatiGO+ (http://babelomics.

bioinfo.cipf.es/fatigoplus/cgibin/fatigoplus.cgi) to identify altered

pathways and Gene Ontologies (GOs). The complete list of

significant age-regulated GOs (Biological Process, Cellular Com-

partment, Molecular Function) in both genders, respectively, are

presented in Tables S3 and S4.

Up-regulated expression in female skin biopsies correlated with

increases for example in translation (11), tRNA aminoacylation (4)

and RNA processing (11), with increased expression of genes

related to cellular compartments f.i. mitochondrion (24), micro-

tubule associated complex (5), cytosol (21) and ribosome (6) and to

molecular functions f.i. cytoskeletal protein binding (12), ATP

binding (23), ribonucleotide binding (27) and nucleotide binding

(31) (Table S3). Significantly down-regulated biological processes

in female skin were f.i. translational elongation (34), extracellular

matrix (19) and structure organisation (21), cell adhesion (31),

ribosome biogenesis (10), neuron differentiation (17), neuron

projection development (11), protein ubuiqitination (7), regulation

of cell proliferation (24), positive regulation of immune system

process (10) and regulation of transcription (63). Furthermore,

downregulated expression of genes involved in cellular compart-

ments such as cytosolic ribosome (31), ribosomal subunit (31),

extracellular matrix (31) and extracellular region (67) was

observed. Molecular functions f.i. structural constituent of

ribosome (31), structural molecule activity (43), RNA binding

(31) and transcription factor activity (34) were also downregulated.

In male skin biopsies we observed an increase in the number of

genes involved in biological processes such as protein (14) and lipid

(6) catabolic process, macromolecule catabolic process (16),

organophosphate metabolic process (7) and vitamin transport (3).

Figure 2. Hierarchical clustering of genes that overlap in aged samples, irrespective of sex (A); Age dependent changes in WNT
signalling of males and females (B); Hierachical clustering showing a similar expression profile in young subjects for genes
regulated by age in WNT-signalling (C). (A) All relevant genes are listed according to their average expression values. Each column corresponds
to one gene, each row to 4 replicates for each group sample. Green indicates a low expression value and red a high expression value. Black
corresponds to a median expression value in relation to all shown values. Euclidean Distance was used to calculate average linkage clustering of the
sample and gene tree. (B) The KEGG-pathway shows genes which are negative regulated with age in green colour. (C) All relevant genes are listed
according to their expression values shown as log2. Each row corresponds to one gene, each column to 4 different microarray experiments. Green
indicates a low expression value and red a high expression values. Black corresponds to a median expression value in relation to all shown values.
doi:10.1371/journal.pone.0050393.g002

Skin Ageing in Both Genders

PLOS ONE | www.plosone.org 3 November 2012 | Volume 7 | Issue 11 | e50393



Genes influencing the cellular compartments were upregulated

such as cell (22) and membrane (16) fraction, nuclear telomeric

heterochromatin (2), synapse part (7), synaptic vesicle (4) and

soluble fraction (8). Molecular functions such as protein/serine

threonine kinase activity (10), oxidoreductase activity (4) and

identical protein binding (13) were upregulated. On the other

hand, biological processes f.i. regulation of transcription (39),

melanin metabolic process (3) and pigmentation (5), regulation of

transcription, DNA-dependent (28) and regulation of RNA

metabolic process (28) were downregulated. Genes involved in

cellular compartments such as extracellular region part (15) and

external side of plasma membrane (6) showed a downregulation.

Finally, molecular functions including zinc ion binding (44),

transition metal ion binding (48), cation (62), ion (62), GTP (9) and

purine nucleotide binding (29) were downregulated.

Signalling and metabolic pathways
For down-regulated genes in female skin, Kegg pathways such

as ribosome (32), cell adhesion molecules (CAMS) (9), ECM-

receptor interaction (8), focal adhesion (12) melanogenesis (8),

basal cell carcinoma (6) and WNT signalling pathway (10) were

found to be significantly regulated at the ,0.1 level (Table 1). In

male skin biopsies significantly up-regulated Kegg pathways were

f.e. the arginine and proline metabolism (4), insulin signalling (5)

and acute myeloid leucemia (5), whereas downregulated were

melanogenesis (6), gap junction (4), ubiquitin-mediated proteolysis

(4), basal cell carcinoma (3) and WNT signalling pathway (5)

(Table 1). The full lists of pathways of all regulated genes (up-and

downregulated) in both genders are shown in Tables S5 and S6,

accordingly.

Common patterns of ageing in male and female skin
tissues

The only significant regulated overlapping pathways in both

genders were the WNT signalling pathway (Figure 2B, 2C), the

basal cell carcinoma pathway and the melanogenesis pathway. In

total, 39 genes were common in the target lists of significant

regulated genes in males and females (Figure S1, Table 2). 35 of

these genes showed increased (16) or decreased (19) expression

independent of gender. Only 4 genes showed different regulation

in both genders. OR52N2, FGFR1OP2 and STK40 showed

increased expression in male and decreased expression in female

aged skin, whereas TUBAL3 decreased expression in male and

increased expression in females with age.

Confirmation of microarray data via real time RT-PCR
The genes selected to be further investigated in the current

study, were selected according to their proved role in ageing in

other tissues or species, their effect on proliferation and

differentiation of skin cells as well as influence on tumour

physiology, chronic inflammation and age related diseases such

as atherosclerosis, Alzheimer’s and Parkinson’s disease

[9,16,17,18,19,20]. Examination of expression levels of TGFb,

AXIN2, WIF1, SIRT6, MIB1, B3GALT3, APP, TAU, PSEN1,

PARK2, ATXN1, and NLGN2 (Figure 3) was performed. messenger

RNA gene expression of the young female and male donors,

respectively, was set as control at 100%, and mRNA gene

expression in elderly donors was calculated as the percentage of

the change from control. Expression of TGFb was significantly

downregulated in female and male aged skin (45%; p,0.001 and

75%; p,0.05, accordingly). WIF1 expression was significantly

downregulated in female and male aged skin (36%; p,0.01 and

69%; p,0.01, respectively), whereas SIRT6 expression was

significanlty upregulated in aged skin in both sexes (143%;

p,0.05 and 194%; p,0.01, respectively), correlating to the array

data. MIB1, AXIN2, NLGN2 and APP were significantly downreg-

ulated only in female aged skin (69%; p,0.05, 29%; p,0.01,

47%; p,0.01; 32%, p,0.01, respectively). TAU was significantly

upregulated only in male aged skin (177%; p,0.05). B3GALT3,

PSEN1, PARK2, and ATXN1 showed to be expressed in human

skin, however no significant changes were observed with age

(Figure 3).

Expression of genes associated with ageing at protein
level via immunohistochemistry

Following antigens were examined at protein level: FZD7, WIF-

1 and PPAR-d. The tested antigens were expressed in almost all

skin structures but showed a differential expression according to

age (Figure 4). The expression of FZD7 and WIF1 was negative in

skin biopsies obtained from elderly subjects. On the other hand,

the young group showed a significant higher expression of both

proteins (p = 0.0019 and p = 0.013, respectively) only in the basal

cell layer of the epidermis. No significant gender differences were

observed (Figure 4A, B, C, D). Sebaceous glands showed the

highest PPARd expression amongst other skin structures, followed

by sweat glands (Figure 4E, F). The staining was differentiation-

dependent. Epidermis also showed positive PPARd expression in

Table 1. Results of the analysis of statistically significant
pathways at P-value,0.1 in skin biopsies of males and
females with age.

Female Male

Pathway Description down up down up

hsa05221:Acute myeloid leukemia - - - 5

hsa00330:Arginine and proline
metabolism

- - - 4

hsa04910:Insulin signalling pathway - - - 5

hsa04916:Melanogenesis 8 - 6 -

hsa04310:Wnt signalling pathway 10 - 5 -

hsa04514:Gap junction - - 4 -

hsa05217:Basal cell carcinoma 6 - 3 -

hsa05130:Pathogenic Escherichia coli
infection

- - 3 -

hsa04120:Ubiquitin mediated proteolysis- - 4 -

hsa03010:Ribosome 32 - - -

hsa04512:ECM-receptor interaction 8 - - -

hsa04510:Focal adhesion 12 - - -

hsa04514:Cell adhesion molecules
(CAMs)

9 - - -

hsa05210:Colorectal cancer 6 - - -

hsa04640:Hematopoietic cell lineage 6 - - -

hsa04670:Leukocyte transendothelial
migration

7 - - -

Pathways were taken from the KEGG database (human pathways). Genes that
were judged as non-detectable by the BG value criterion were excluded from
analysis (up: number of genes that were taken into account for computing the
statistical test showing upregulated expression with age; down: number of
genes that were taken into account for computing the statistical test showing
downregulated expression with age in females and males, respectively). The full
lists of pathways of all regulated genes (up-and downregulated) in both
genders are shown in Table S5 and S6, accordingly.
doi:10.1371/journal.pone.0050393.t001
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Table 2. Thirty-nine age-related genes which are significantly up- (16) or downregulated (19) with age in our data in both genders
(P-value#0.05; detection ratio 1.3).

Name Accession Nr. Description Ratio/male P -value
Ratio/
female P-value

SIRT6 NM_016539.1 sirtuin (silent mating type information regulation 2 homolog) 6 S.cerevisiae 1.246 0.030 1.762 0.027

RDH16 NM_003708.2 Homo sapiens retinol dehydrogenase 16 (all-trans and 13-cis) (RDH16), mRNA. 1.016 0.014 1.186 0.048

CPT1B NM_152246.1 carnitine palmitoyltransferase 1B (muscle), transcript variant 3 1.000 0.013 1.021 0.007

MGC3101 NM_024043.2 Homo sapiens hypothetical protein MGC3101 (MGC3101), mRNA. 0.796 0.001 1.446 0.043

C9orf112 NM_138778.1 Homo sapiens chromosome 9 open reading frame 112 (C9orf112), mRNA. 0.690 0.000 0.479 0.050

STK40 NM_032017.1 Homo sapiens serine/threonine kinase 40 (STK40), mRNA. 0.621 0.011 20.419 0.023

TOM1L2 NM_001033551.1 Homo sapiens target of myb1-like 2 (chicken) (TOM1L2), transcript variant 1,
mRNA.

0.601 0.001 0.674 0.033

CINP NM_032630.2 cyclin-dependent kinase2-interacting protein 0.584 0.002 0.503 0.029

PGLS NM_012088.2 Phosphogluconolactonase 0.541 0.000 0.533 0.028

FLJ20920 NM_025149.3 hypothetical protein FLJ20920 0.519 0.009 0.604 0.009

CYHR1 NM_032687.2 cysteine/histidine-rich 1 0.511 0.016 0.708 0.002

TAF10 NM_006284.2 TAF10RNA polymerase II, TATA box binding protein (TBP)-associated factor,
30 kDa

0.503 0.024 0.385 0.014

GAMT NM_000156.4 Homo sapiens guanidinoacetate N-methyltransferase (GAMT),
transcript variant 1, mRNA.

0.496 0.003 0.738 0.042

NOL3 NM_003946.3 nucleolar protein 3 (apoptosis repressor with CARD domain) 0.487 0.016 0.476 0.050

PET112L NM_004564.1 PET112-like (yeast) 0.472 0.005 0.617 0.010

OR52N2 NM_001005174.1 Homo sapiens olfactory receptor, family 52, subfamily N, member 2
(OR52N2), mRNA.

0.458 0.001 20.403 0.018

MFSD3 NM_138431.1 Homo sapiens major facilitator superfamily domain containing
3 (MFSD3), mRNA.

0.452 0.028 0.595 0.034

C19orf24 NM_017914.2 Homo sapiens chromosome 19 open reading frame 24 (C19orf24), mRNA. 0.395 0.049 0.627 0.043

FGFR1OP2 NM_015633.1 Homo sapiens FGFR1 oncogene partner 2 (FGFR1OP2), mRNA. 0.384 0.013 20.590 0.001

TRIM33 NM_033020.2 Homo sapiens tripartite motif-containing 33 (TRIM33), transcript
variant b, mRNA.

20.396 0.002 20.515 0.048

SDCCAG33 NM_005786.3 serologically defined colon cancer antigen 33 20.397 0.017 20.699 0.003

LRIG3 NM_153377.3 Homo sapiens leucine-rich repeats and immunoglobulin-like domains
3 (LRIG3), mRNA.

20.398 0.002 20.650 0.029

DOCK9 NM_015296.1 Homo sapiens dedicator of cytokinesis 9 (DOCK9), mRNA. 20.415 0.014 20.815 0.009

ABCG1 NM_004915.3 ATP-binding cassette, subfamily G (WHITE),member 1, transcript variant 4 20.434 0.028 20.577 0.046

NLGN2 NM_020795.2 Homo sapiens neuroligin 2 (NLGN2), mRNA. 20.436 0.025 20.476 0.049

LGR4 NM_018490.1 leucine-rich repeat-containing G protein-coupled receptor 4 20.442 0.000 20.417 0.028

PTGFRN NM_020440.2 Homo sapiens prostaglandin F2 receptor negative regulator (PTGFRN),
mRNA.

20.457 0.003 20.681 0.035

MIB1 NM_020774.2 mindbomb homolog 1 (Drosophila) 20.539 0.002 20.935 0.019

B3GALT3 NM_003781.2 Homo sapiens UDP-Gal:betaGlcNAc beta 1,3-galactosyltransferase,
polypeptide 3 (B3GALT3), transcript variant 1, mRNA.

20.590 0.043 20.575 0.043

AXIN2 NM_004655.2 axin 2 (conductin, axil) 20.617 0.008 21.039 0.006

FZD7 NM_003507.1 Homo sapiens frizzled homolog 7 (Drosophila) 20.915 0.045 20.910 0.026

TUBAL3 NM_024803.1 Homo sapiens tubulin, alpha-like 3 (TUBAL3), mRNA. 20.915 0.029 0.673 0.043

MMP27 NM_022122.2 matrix metalloprotease 27 20.982 0.048 21.579 0.001

COL1A1 NM_000088.2 collagen type 1, alpha 1 21.144 0.038 22.349 0.001

MATN4 NM_003833.2 matrilin 4, transcript variant 1 21.393 0.014 21.823 0.003

TMEM46 NM_001007538.1 transmembrane protein 46 21.436 0.026 21.626 0.038

CPZ NM_001014447.1 carboxypeptidase Z, transcript variant 1 21.674 0.008 21.945 0.014

WIF1 NM_007191.2 WNT inhibitory factor 1 21.929 0.026 22.247 0.019

CORIN NM_006587.2 Homo sapiens corin, serine peptidase (CORIN), mRNA. 21.935 0.035 23.216 0.014

The logarithmic ratios with base two (log2) and corresponding P-values, accordingly, are listed. Only 4 genes showed different regulation in both genders. The full lists
with all regulated genes in females and males, respectively are in Tables S1 and S2.
doi:10.1371/journal.pone.0050393.t002
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the form of focal or homogenous weak staining. PPARd expression

was in all cases confined to superficial and mid epidermal layers.

The intensity of staining in sebaceous ducts was positively

correlated to age (p,0.019).

Discussion

Androgens may play a substantial role in skin morphology. This

fact has been described in several animal and human studies,

which have documented gender-specific characteristics of the skin

structure [21,22]. Our findings correspond to previous studies

showing that in humans, dermis in intrinsically aged male skin is

significantly thicker than in female aged skin, while females have

thicker subcutaneous tissue [22]. These data provide evidence that

androgens and their decline with age may account for the

regulation of dermis.

The results of the analyses in human skin biopsies in males and

females revealed a higher degree of regulation in females

compared to males, especially for genes down-regulated with

age. Although there is no definitive explanation for this difference,

the influence of varying hormone levels in males and females, and

additionally the sex-specific decline with age, might account for

the observed variations. In this regard, it should be kept in mind

that the female volunteers did not exhibit synchronised period

upon sample collection but that the group of old females were

selected to be post-menopausal. In our data, analyses on the single

gene level revealed only 39 overlapping genes between male (401)

and female (523) skin ageing. However, these overlapping genes

exhibited high similarity in regulation and, as many of the other

target genes were close to the threshold of a 1.3 fold-change, it is

likely that many genes were missed out because of minor

differences. In addition, the analysis of regulations in biological

processes, cellular compartments, molecular functions and path-

ways showed that these were only in some cases overlapping or

belonging to a similar cluster. These results indicate that the

process of male ageing may differ from female ageing. However,

the discussion on human skin ageing will be focussed on conserved

mechanisms in both genders.

As expected, the overlapping genes were directly correlated with

the observed overlap of biological processes, cellular compart-

ments and Kegg pathways. Analysis of cellular compartments

showed f.i. that genes hat contribute to the extracellular region

and especially collagen-related genes such as COL1A1, MATN4,

TGFb and MMP27 were down-regulated with age corresponding

to previous findings (reviewed in [9]). Interestingly, dehydroepi-

androsterone (DHEA), the most abundant human adrenal steroid,

which exhibits significantly reduced levels with age, was shown to

directly increase procollagen synthesis, and to inhibit collagen

degradation [23]. Therefore, the decrease in extracellular struc-

ture especially through reduced collagen synthesis may be a direct

effect of decreased hormone levels with age [8].

ABCG1, a member of the ATP-binding cassette transporters,

responsible for macrophage cholesterol and phospholipid trans-

port and ultimately for cellular lipid homeostasis [24] was

downregulated with age. Analysis of biological processes revealed

increased expression of cellular lipid catabolic processes especially

in men. Furthermore, two lipid-related genes, CPT1B - a

mitochondrial carnitine palmitoyltransferase required to allow

net transport of long-chain fatty acyl-CoAs from the cytoplasm

into the mitochondria for beta-oxidation [25] - and FLJ20920 – an

acyl-CoA synthetase- [26] validated the increased expression of

lipid metabolism in males and females. As skin is getting dry with

age, these results correspond to macroscopic findings [9].

Another conserved gene, which showed increased expression

with age, is ALDH4A1. This gene has a p53-dependent protective

role against cellular stress and especially overexpression of the

Figure 3. Confirmation of microarray data via real time RT-PCR. Examination of expression levels of candidate genes: TGFb, AXIN2, WIF1,
SIRT6, MIB1, APP, TAU, PSEN1, PARK2, NLGN2, B3GALT3 and ATXN1 in female and male young and elderly donors. The figure shows the logarithmic
ratios aged vs. young with base two (log2) of the selected genes whose expression was deduced by microarray and real-time RT–PCR. A ratio of 1
represents a twofold change with age. Values greater than zero mean higher expression in aged and values less than zero, higher expression in
young donors. All experiments have been performed in triplicate. (p,0.05: *, p,0.01:**, p,0.001: ***).
doi:10.1371/journal.pone.0050393.g003
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gene showed significantly lower intracellular ROS levels after

treatment with hydrogen peroxide or UV compared to controls

[27]. Additionally, this gene is like the 2 above-mentioned up-

regulated genes CPT1B and FLJ2090 located in the mitochondria,

the cellular compartment, which showed significantly increased

regulation of related genes with age especially in females. These

findings indicate an expected increase of ROS in aged skin

compared to young.

Furthermore, in our data the sirtuin SIRT6 showed increased

expression in males and females with age. Sirtuins are the

mammalian homologues of the yeast histone deacetylase Sir2. In

recent years, emerging evidence indicates that these proteins

(SIRT1-7) play key functions in cellular stress resistance, genomic

stability, energy metabolism, ageing and tumourigenesis [28].

Among members of this family, SIRT6 appears to have particular

significance in regulating metabolism, DNA repair and lifespan.

Mice deficient in SIRT6 exhibit shortened life span and a

premature ageing-like phenotype [29]. Recently, the gene was

proposed to contribute to the propagation of a specialised

chromatin state at mammalian telomeres, which in turn is

required for proper telomere metabolism and function [30]. Since

telomere shortening is one of the mechanisms previously related to

the ageing process, increased expression of this gene might be the

cellular answer to shortened telomeres in old human skin.

Further interesting genes which were downregulated in our data

with age were f.i. LGR4, a gene involved in the development of

male genitalia and fertility [31] as well as epithelial cell

proliferation [32,33,34] and CORIN (also known as atrial

natriuretic peptide-converting enzyme), which is a cardiac

protease that activates atrial natriuretic peptide (ANP), a cardiac

hormone that is important in regulating blood pressure and

promoting trophoblast invasion and spiral artery remodeling in

pregnancy [34,35].

In the first report describing the transcriptome of human

sebocytes [8], we showed that genes involved in the pathogenesis

of neurodegenerative diseases are expressed in this skin cell type

and these genes are affected by the hormone environment. In

order to justify the hypothesis, that skin may act as an adequate

model of global ageing and especially of the nervous system- as

both tissues are ectodermal derivatives [10] - we measured via RT-

PCR amongst others the expression of APP, TAU, PSEN1, PARK2-

which have been associated with Morbus Alzheimer and Morbus

Parkinson, accordingly [18,19,20]. All genes showed to be

expressed in human skin at mRNA level and particularly APP

showed to be significantly downregulated in female aged skin,

whereas TAU in males was significantly increased with age, in

accordance to our array data. In addition, biological processes

involved f.i. in neuron differentiation and development showed to

be regulated in our data.

One of the conserved Kegg pathways was the WNT signalling

pathway, which exhibited decreased regulation with age

(Figure 2B, C). In addition to this, the GO-annotated biological

processes WNT receptor signalling and the related frizzled

signalling pathways were part of the conserved findings. The list

of overlapping genes revealed 4 genes of WNT signalling pathway,

which were downregulated with age amongst them AXIN2, a gene

that modulates both amplitude and duration of active Wnt/b-

catenin signalling pathway – mutations or loss of AXIN2 have been

associated with cancer and disturbance in the development of

dentition [36], FZD7 which acts as receptor for Wnt proteins and

has been involved in carcinogenesis [37], CPZ – a metallocarbox-

ypeptidase [38] and WIF1, a secreted Wnt antagonist. WNTs

represent a large morphogenic family of secreted lipid-modified

glycoproteins that control multiple developmental processes

during embryogenesis [39] such as cell-fate specification, progen-

itor-cell proliferation [40] and the control of asymmetric cell

division [41]. In addition, they have been associated in adult

tissues and organs with tissue maintenance and remodelling and

cancer progression [42]. Recently however, WNT signalling

pathway has raised some interest in ageing research, although its

main contribution to the ageing process remains unknown and

controversially discussed [43,44]. Inhibition of Wnt signalling may

lead to a disruption of b-catenin signalling, thus leading b-catenin

to activation of FOXO proteins and upregulation of genes coding

for antioxidative enzymes. In addition, Wnt inhibition may lead to

disinhibition of GSK-3, which in turn promotes TAU protein

phosphorylation and may result in the formation of b-amyloid

plaques (reviewed in [45]). This could explain the significant

increase of TAU gene expression in the aged male donors

(Figure 3). Furthermore, inhibition of Wnt signalling may lead to

cytoskeletal changes, disturbances in adherence junction and cell

adhesion [46].

Skin becomes with time xerotic, loses its anti-inflammatory

properties and is prone to several infections and autoimmune

diseases [9]. The role of the PPAR system in skin physiology has

been thoroughly investigated in the last few years. This system is

involved in skin cell proliferation, differentiation, apoptosis,

inflammation and lipid synthesis- physiological processes which

are hallmarks of aging [47,48]. In contrast there is sparse data on

Wnt signalling and skin. Recent studies have documented a cross-

Figure 4. Protein expression of target genes via immunohisto-
chemistry. A comparison between young and aged sun-protected skin
provided by female and male healthy donors (n = 7, accordingly).
Localization of WIF1 (A,B) and FZD7 (C,D) in aged and young skin,
respectively [DAB staining, Dako]. The expression of both proteins was
negative in skin biopsies obtained from elderly subjects. On the other
hand, the young group showed a significant higher expression of both
proteins (p = 0.0019 and p = 0.013, respectively) only in the basal cell
layer of the epidermis. No significant gender differences were observed.
E, F: Localization of PPAR-d in aged and young skin, respectively [LSAB,
REAL Detection System, Dako]. Strong immune reaction of the
sebaceous glands in the skin of both groups and significantly stronger
reaction of the sebaceous duct in the skin of the aged group (p,0.019).
All experiments have been performed in triplicate.
doi:10.1371/journal.pone.0050393.g004
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talk between Wnt and PPAR-d signalling [49]. Our goal has been

to understand the effects of a disturbed Wnt signalling on skin by

investigating the consequences on the PPAR system. PPARs have

been documented to be expressed in all compartments of the skin

[50]. In consistence to our results, Nijsten et al 2005 proved that

PPARa was downregulated in malignant and premalignant skin

cancers, while PPARd was upregulated [51]. PPARd has been

further linked to mitochondrial biogenesis, oxidative capacity and

regulation of lipid oxidation. Overexpression of PPARd in human

cholangiocarcinoma cells has been shown to create a positive feed-

forward loop that potentiates the actions of Wnt/b catenin

signalling [52]. In our data overexpression of PPARd may act as a

counter weight to the downregulation of Wnt with age.

Conclusions

In summary, the data on human skin ageing in both genders

reveals some known age-related processes like the decrease in

collagens and also some new insights like the possible involvement

of WNT signalling. Furthermore, the potential regulation of

different mechanisms including the loss of structure in the

extracellular matrix, telomere shortening, and the involvement

of sirtuins, highlight the complexity of the ageing process.

Considering the increase in life expectancy, activities in the fields

of preventive medicine and health support are needed to enable a

longer time in good health. Understanding the mechanisms of

ageing in humans of different gender can form the basis for

comprehensive, knowledge-based prevention of age-related dis-

eases and extension of healthy lifespan through the development of

therapeutic products.

Experimental Procedures

Skin biopsies
Full-thickness skin biopsies were resected from the sun-protected

inner side of the upper arm of volunteers. The Charité University

Medicine Berlin ethics committee specifically approved this study.

Ethical agreements were preliminarily obtained from all partici-

pants including written informed consent. Skin samples were

provided by a total of 24 donors, all without any inflammatory or

endocrinological disorders. The skin samples were obtained from

European Caucasian young and elderly females (mean age 26.764

years [n1 = 7] and 70.7563.3 years [n2 = 4], respectively) and

males (mean age 25.865.2 years [n3 = 6] and 7663.8 years

[n4 = 7], respectively). One set of specimens was immediately

soaked in RNAlater RNA Stabilization Reagent (Qiagen, Hilden,

Germany) to prevent RNA degradation and was stored at 4uC for

24 h and then at -20uC until RNA isolation and microarray

analysis (see RNA isolation and labelling) and another set was

fixed in 10% formalin and embedded in paraffin.

RNA extraction and reverse transcription
Human skin biopsies were homogenised in ,400 ml of RLT

buffer (Qiagen) using the Polytron PT3000 with a Polytron-

AggregateH homogenizer (Kinematika, Littau, Switzerland). The

homogeniser was sequentially pre-treated with 3% H2O2 (Merck),

70% ethanol and dH2O to get rid of possible RNase contami-

nation. Each sample was homogenised for 1 min then cooled on

ice for 1 min and again homogenised for 1 min. After each sample

the homogeniser was washed by treatment with dH2O, 70%

ethanol and dH2O sequentially. RNA isolation from the

homogenates was performed using the RNeasyH Mini Kit

(Qiagen) including DNase I on column treatment following the

manufacturer’s protocol. The quantity of RNA and DNA was

determined using the NanoDrop (NanoDrop Technologies,

Wilmington, DE, USA). Agarose gel electrophoresis and ethidium

bromide staining enabled the visualising of RNA and DNA for

quality control. For reverse transcription Superscript II (Invitro-

gen, Life Technologies GmbH, Darmstadt, Germany) was used.

Illumina bead chip hybridisation
Biotin-labelled cRNA was produced by means of a linear

amplification kit (Ambion, Austin, TX, USA) using 300 ng of

quality-checked total RNA as input. Chip hybridisations, washing,

Cy3-streptavidin staining, and scanning were performed on an

Illumina BeadStation 500 platform (Illumina, San Diego, CA,

USA) using reagents and following protocols supplied by the

manufacturer. cRNA samples were hybridised on human-8

(human skin biopsies) BeadChips. The following samples were

hybridised in biological triplicate; synchronised young and aged

human skin biopsies. All basic expression data analysis was carried

out using the manufacturer’s software BeadStudio 1.0 (Illumina).

Raw data were background-subtracted and normalised using the

‘rank invariant’ algorithm, by which negative intensity values may

arise. Normalised data were then filtered for significant expression

on the basis of negative control beads. Selection for differentially

expressed genes was performed on the basis of arbitrary thresholds

for fold changes plus statistical significance according to an

Illumina custom model [53].

Pathway analysis
Differentially expressed genes were further filtered according to

Gene Ontology (GO) terms or mapped to KEGG pathways using

DAVID (http://david.abcc.ncifcrf.gov) [54].

For analysis GenBank accession numbers (Illumina data)

represented by the corresponding chip oligonucleotides were used

as input. Heatmaps were generated using ‘‘Multi Experiment

Viewer’’ TM4 (TMEV.bat) [55]. WNT pathway related genes

were obtained from the KEGG pathways analysis from the

DAVID tool.

Real-time polymerase chain reaction (Real-Time PCR) of
selected genes

Real-Time PCR was performed as previously described [8] for

following target genes: TGFb1 (f-ACCAAGAGAACGGAG-

CAGA, r-AGAGAC-TTTAGCCGCACCA), AXIN2 (f-

GCAATGGATTCAGGCAGAT, r-TCTTATGTAGG-TCT-

TG-GTGGC), MIB1 (f-GGTCAATCGCCA-CTTGATC, r-

ATAGAAGGAC-TCCGAGAACCC), NLGN2 (f-CTGAGAT-

CCTCATGCAGCA, r- GCCATACAGG-TTGTCCACA),

ATXN1 (f-AACAGGCCACTCATCGTGA, r-TGGTCTGAA-

TGACCGTGTG), WIF1 (Hs_WIF1_SG, QuantiTect Primer

Assay (200) (QT00032298), Qiagen, Hilden, Germany), SIRT6

(Hs_SIRT6_1_SG, QuantiTect Primer Assay (200)

(QT00056812), Qiagen, Hilden, Germany), B3GALT3

(Hs_B3GALNT1_1_SG QuantiTect Primer Assay, Qiagen,

Hilden, Germany), APP (Hs_APP_2_SG QuantiTect Primer

Assay (200) (QT01886815), Qiagen, Hilden, Germany), TAU

(Hs_MAPT_1_SG QuantiTect Primer Assay (200)

(QT00017199), Qiagen, Hilden, Germany), PARK2

(Hs_PARK2_1_SG QuantiTect Primer Assay (200)

(QT00023401), Qiagen, Hilden, Germany), PSEN1

(Hs_PSEN1_1_SG QuantiTect Primer Assay (200)

(QT00001862), Qiagen, Hilden, Germany). Triplicate amplifica-

tions were carried out per gene with three wells as negative

controls without template. PBGD was amplified along with the

target genes as endogenous controls for normalization. The PCR
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reaction was carried out on the ABI PRISM 7900HT Sequence

Detection System (Applied Biosystems, Darmstadt, Germany).

The output data generated by the Sequence Detection System 2

software were transferred to Excel (Microsoft, Redmond, WA,

USA) for analysis. The differential mRNA expression of each gene

was calculated with the comparative Ct (threshold cycle) method

recommended by the manufacturer.

Histology
Skin samples were fixed in 10% formalin and embedded in

paraffin. Then they were sectioned and stained with haematox-

ylin/eosin and elastica staining for light microscopic observation.

Morphometric analyses of images taken from light microscopy

have been also used to determine the thickness of various skin

layers in vitro. The epidermal thickness was measured from

stratum basale to stratum granulosum (excluding stratum corne-

um), whereas the dermal thickness was the distance between the

epidermis and the hypodermis.

Immunohistochemistry
Immunohistochemistry was performed as previously described

[56]. The preparations were incubated with the antibodies WIF-1

(sc-80453, mouse monoclonal), PPARd (H-74, rabbit antibody) [all

from Santa Cruz; Heidelberg, Germany] and FZD7 (ab-64636,

rabbit polyclonal, Abcam, Cambridge, UK) at concentration of

1:50, 1:100 and 1:700, respectively, at room temperature for

30 min, 24 hrs and 30 min, accordingly. All the antibodies were

diluted with a background reducing antibody diluent (Dako,

Hamburg, Germany). The secondary antibodies anti-mouse/anti-

rabbit immunoglobulins (Dako) were used depending on the origin

of the primary antibody. Diaminobenzidine (DAB) (Dako)

(Figure 4 A–D) and LSAB, REAL Detection System (Dako)

(Figure 4 E, F) visualization kits have been used. A semiquanti-

tative method of immunohistochemical evaluation was used.

Membrane or cytoplasmic staining of single cells was evaluated

as positive. The intensity of the colour was objectively evaluated

according to a 3 level scale: 0; not stained, 1; weak staining, 2;

moderate staining, 3; intense staining. In addition, each of the skin

structures was individually evaluated: epidermis, dermis, hair

follicles, sebaceous ducts, sweat glands and sebaceous glands. The

latter were further divided into basal, differentiating and mature

cells. All slides were examined randomly and evaluated using the

same scale. The procedure of staining was repeated twice for each

case, each time individually evaluated. The XLSTAT programme

was used. Statistical significance of the results of the immunohis-

tological studies was calculated by the two-tailed Mann–Whitney

test. Mean differences were considered to be significant at p,0.05.

Supporting Information

Figure S1 Global gene expression profiling of ageing in
human skin biopsies from male and female donors. Data

reproducibility is demonstrated by sample correlation and

clustering (A, B). Normalised data were analysed for significant

(detection .0.99 for at least one group and p-value,0.05) changes

in gene expression between young and old males and females with

ratios of 1.3 and above. Venn diagram of gene expression in

female and male aged vs. young skin- for the chosen criteria, there

are more regulated genes in females (523) than in males (401) with

age (C). In total, 39 genes are common in the target lists of

significant regulated genes in males and females. The complete list

of genes is given in Tables S1 and S2.

(TIF)

Table S1 Complete list of genes regulated in female
skin with age (P-value#0.05; detection ratio 1.3). Genes

that were judged as non-detectable by the BG value criterion were

excluded from analysis.

(XLS)

Table S2 Complete list of genes regulated in male skin
with age (P-value#0.05; detection ratio 1.3). Genes that

were judged as non-detectable by the BG value criterion were

excluded from analysis.

(XLS)

Table S3 List of significantly (P-value,0.05) regulated
GO Terms in female skin with age. The enriched biological

process (BP), cellular compartment (CC) and molecular function

(MF) obtained by ‘‘DAVID Functional Annotation’’ is listed on

the left side (Category; Term) and the corresponding number of

regulated genes that were taken into account for computing the

statistical test on the right (# genes) [% of the significantly

regulated genes with age in females, accordingly; P-value; female

up: upregulated processes with age, female down: downregulated

processes with age].

(DOC)

Table S4 List of significantly (P-value,0.05) regulated
GO Terms in male skin with age. The enriched biological

process (BP), cellular compartment (CC) and molecular function

(MF) obtained by ‘‘DAVID Functional Annotation’’ is listed on

the left side (Category; Term) and the corresponding number of

regulated genes that were taken into account for computing the

statistical test on the right (# genes) [% of the significantly

regulated genes with age in females, accordingly; P-value; male up:

upregulated processes with age, male down: downregulated

processes with age].

(DOC)

Table S5 Results of the analysis of statistically signif-
icant pathways at the ,0.1 level in skin biopsies of
females with age. Pathways were taken from the KEGG

database (human pathways). Genes that were judged as non-

detectable by the BG value criterion were excluded from analysis.

(DOC)

Table S6 Results of the analysis of statistically signif-
icant pathways at the ,0.1 level in skin biopsies of
males with age. Pathways were taken from the KEGG database

(human pathways). Genes that were judged as non-detectable by

the BG value criterion were excluded from analysis.

(DOC)
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