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Abstract With aging, epidermal homeostasis and barrier

function are disrupted. In a previous study, we analyzed the

transcriptomic response of young skin epidermis after stra-

tum corneum removal, and obtained a global kinetic view of

the molecular processes involved in barrier function recov-

ery. In the present study, the same analysis was performed in

aged skin in order to better understand the defects which

occur with aging. Thirty healthy male volunteers

(67 ± 4 years old) were involved. Tape-strippings were

carried out on the inner face of one forearm, the other un-

stripped forearm serving as control. At 2, 6, 18, 30 and 72 h

after stripping, TEWL measurements were taken, and epi-

dermis samples were collected. Total RNA was extracted

and analyzed using DermArray� cDNA microarrays. The

results highlighted that barrier function recovery and overall

kinetics of gene expressionwere delayed following stripping

in aged skin. Indeed, the TEWL measurements showed that

barrier recovery in the young group appeared to be dra-

matically significant during the overall kinetics, while there

were no significant evolution in the aged group until 30 h.

Moreover, gene expression analysis revealed that the num-

ber of modulated genes following tape stripping increased as

a function of time and reached a peak at 6 h after tape

stripping in young skin, while it was at 30 h in aged skin,

showing that cellular activity linked to the repair process

may be engaged earlier in young epidermis than in aged

epidermis. A total of 370 genes were modulated in the young

group. In the aged group, 382 genes were modulated, whose

184 were also modulated in the young group. Only eight

genes that were modulated in both groups were significantly

differently modulated. The characterization of these genes

into 15 functional families helped to draw a scenario for the

aging process affecting epidermal repair capacity.

Keywords Epidermis � Repair � Gene expression �
Aging � Microarray

Introduction

Besides the obvious consequences of aging on skin appear-

ance (wrinkles, sagging, loss of elasticity, dyschromia), some

discomforts have been reported, including increased suscep-

tibility to irritants, contact dermatitis and severe xerosis,which

are likely linked to altered epidermal barrier permeability and

epidermal homeostasis. Indeed, despite normal thickness of

the stratumcorneum(SC) [12] andminordifferences inbarrier

function [10], a higher prevalence of chronic xerosis is fre-

quently observed in aged subjects, with increased trans-epi-

dermal water loss (TEWL). In fact, intercellular lipid

composition in aging SC is decreased or altered, especially

during winter time [20, 22]. These changes in SC composition

alter its physical–chemical properties with respect to barrier

function. SC becomes notably more sensitive to physical or

chemical aggressions like tape-stripping (TS) or acetone,

while the permeation of hydrophilic drugs is decreased [21].

Furthermore, although an age-dependent decline of overall
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positive patch tests is observed, the seriousness of contact

allergies is increased, whichmay be due to a slower epidermal

turn-over [17]. Lastly, barrier function recovery after SC re-

moval slows down with age, which is most likely to be at-

tributable to epidermal functional abnormalities [5, 10, 11].

Until now, most of the reported clinical studies used

TEWL measurements to ascertain the effect of drug treat-

ments on skin barrier function or epidermal homeostasis

recovery after aggression. In previous studies, we high-

lighted the interest of performing transcriptional analysis to

further characterize the effects of different physiological

aggressions or cosmetic treatments on human epidermal

barrier function [13], and we investigated the dynamics of

epidermal repair after SC removal in young subjects using

TEWLmeasurements and cDNAmicroarray analysis at five

time points [23]. TEWL measurements gave a macroscopic

view of the kinetics of barrier recovery whilst microarray

analysis chronologically identified the main molecular pro-

cesses that take place during epidermal recovery.

In the present study, we applied this approach to char-

acterize barrier function recovery in aged subjects, with the

aim of identifying pertinent, reproducible and significant

markers, which would reflect an age-related impairment of

barrier function.

Materials and methods

SC removal

30 healthy male caucasian volunteers aged 67 ± 4 years

with phototype II or III were included in the study. They

had no history of dermatological disorders, skin allergies,

nor hormonal or vitamin treatments. The study was con-

ducted according to the Helsinki declaration. All volunteers

gave informed consent. The study was approved by the bio-

ethics committees of Saint-Louis and Boucicaut Hospitals,

Paris, France. The present study follows a previous similar

study in which a set of 30 young volunteers whose mean

age was 27 ± 4 years had been included [21].

In both populations, SC removal was performed using

sequential adhesive tape strips of the inner forearm skin on

the test area until skin glistened [18, 23]. On average,

48 ± 7 strips were performed in the aged group and

45 ± 8 strips in the young group to obtain the expected

total stratum corneum removal [18, 23]. The skin of the

other inner forearm was used as a control.

Tissue collection

Epidermis samples (1.5 9 1.5 cm) of stripped and control

skin were removed under local anesthesia, using a der-

matome GA630 (AESCULAP, Melsungen, Germany).

Five sub-groups of six volunteers were randomly set in

both populations. Tissue samples were collected from both

forearms at same time points following stripping per sub-

group (2, 6, 18, 30 or 72 h, respectively). RNA were ex-

tracted and stored as described by Sextius et al. [23].

Kinetics of barrier recovery

TEWL was measured using an EP1 evaporimeter (Servomed,

Kinna, Sweden) before, immediately after stripping, and before

tissue collection on both stripped and control forearms. The

measurements were done in a dedicated room with controlled

temperature (21 ± 2 �C) and hygrometry (45 ± 5 %). The

kinetics of barrier function recovery was assessed by calculat-

ing the rate of barrier recovery (%BR) at each time point.

%BR = 100 9 [1 - (c - a)/(b - a)] where a, b, c denote

TEWL before stripping, TEWL immediately after stripping,

and TEWL at each time point after stripping, respectively. The

evolution of TEWL recovery over time has been tested in

each age group using the non-parametric Jonckeere–Terpstra

trend test. This test allows to test the hypothesis of a monotonic

evolution over time. The difference was considered as sig-

nificant when the p values were under 0.05.

Differential hybridization

Differential hybridization on cDNA microarrays was per-

formed as described by Sextius et al. [23]. Briefly, 2.5 lg
of total RNA were used for reverse transcription using 33P

(Amersham) radiolabed dCTP nucleotides and AMV re-

verse transcriptase (Invitrogen SARL, Cergy Pontoise,

France). DermArray� cDNA microarrays (IntegriDerm,

Birmingham, AL, USA) including 4405 unique cDNAs

were used for hybridization.

Image quantification and signal correction were done as

previously described [23].A threshold value of signal intensity

was determinedusingan iterativealgorithm [2, 7]. The average

A and the standard deviation SD of background signal was

calculated and the threshold value was set at A ? 3SD. Genes

forwhich both control and stripped signalswere lower than the

threshold were not taken into account. If one of either signal

was lower while the second was higher than the threshold, the

threshold value of the weaker signal was used instead.

Identification of modulated genes

The fold change after stripping was calculated for each

gene, by dividing the corrected signals of the stripped

samples by those of the control samples. A mean fold

change was calculated including the 6 volunteers per time

point, at each time point. A gene was considered as

modulated at one time point when: (a) the mean ratio at log

2 scale was significantly different from 1 (Student’s t test,

p\ 0.05) and (b) within a time point, at least 50 % of the
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ratios were higher than two while none were under 0.5 for

induced genes, or inversely for repressed genes.

Data analysis

– If a gene was expressed and modulated in both groups,

its modulation profile was compared as a function of

age by means of a two factors Anova test (p\ 0.05).

The genes that were markedly different according to

age or interaction age/time were selected.

– Some specific genes were significantly expressed and

modulated in one age group but not in the other one.

These genes were not included in the previous

comparison. To select the core of them, we selected

those whose modulation was the most relevant. For that

purpose, we reduced the comparison to 6 and 30 h,

because these two time points comprised the highest

number of modulated genes in the young and aged

group, respectively. A distance was calculated between

the two age groups taking into consideration the

differences found at 6 and 30 h.

Distance young=aged ¼ Abs
h
Log2 RY�6 h

� �

�Log2 RA�6 h
� �

þ Log2 RY�30 h
� �

� Log2 RA�30 h
� ��

:

with RY - 6 h = mean ratio expression in young people at

6 h,RA - 6 h = mean ratio expression in aged people at 6 h,

RY - 30 h = mean ratio expression in young people at 30 h,

RA - 30 h = mean ratio expression in aged people at 30 h

The mean distance (D) and standard error of mean

(semD) were calculated. The specifically modulated genes

in either aged or young group with a distance of at least

D ? 2semD were selected as those that showed the greatest

difference between the age groups post TS. A Mann–

Whitney statistical test was then performed in order to

compare the results that were obtained for each selected

gene between young and aged group.

Bibliographic study

A bibliographic study was performed for all of the genes of

interest selected using NCI’s Cancer Genome Anatomy

Project website (http://cgap.nci.nih.gov). All genes of in-

terest were characterized and dispatched into 15 functional

families which we defined.

Results

Kinetics of barrier function recovery

SC removal provoked instantly a dramatic increase in TEWL.

Then, water loss progressively normalized with time. The

percentage of barrier recovery was calculated at each time

point followingTS, inboth age groups, and has beendisplayed

using a boxplot representation (Fig. 1). Its evolution over time

has been tested using the non-parametric Jonckeere–Terpstra

trend test. Results showed that the recovery in the young

group appeared to be dramatically significant (p = 0.0011)

during the overall kinetics, while there were no significant

evolution (p = 0.32) in the aged group until 30 h. This result

showed that barrier recovery although similar at 72 h, was

faster in young than in aged epidermis.

Identification of modulated genes in young and aged

epidermis

382 genes for which expression varied significantly at least

once over time following TS were identified in aged epi-

dermis versus 370 in young epidermis [23]. Only 184 genes

were modulated in both groups (Table 1). These 184 genes

constitute a common transcriptomic signature of the re-

sponse of epidermis to TS. Besides, 198 genes and 186

genes (Table 1) were only modulated in the aged or in

young epidermis, respectively. These two later sets of ge-

nes constitute the specific signature of aged and young

epidermis in response to TS.

Kinetics of gene expression during epidermal repair

of young and aged epidermis

Six volunteers were included per time point and 5 time

points were studied. This gave 30 subsets of 370 and

Fig. 1 Kinetics of barrier function recovery as assessed by TEWL

measurements before, immediately after and 02, 06, 18, 30 and 72 h

after TS. A percentage of barrier recovery was calculated at each time

after TS. The mean TEWL value that was obtained immediately after

SC removal was set to 0 %, and the mean initial TEWL value

obtained before aggression was set to 100 %. The evolution of barrier

recovery has been displayed using a boxplot representation. The line

and the circle inside the boxes represent the median and the mean of

barrier function recovery, respectively
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382 modulated genes in the young and aged group, re-

spectively. The whole fold change values corresponding

to these modulated genes were gathered and classified

using a non-supervised hierarchical clustering aiming to

analyze the data without a priori. This classification

method gathered the data as a function of the time group

the volunteers belonged to (Fig. 2a, b). One objective of

the study was to follow gene expression as a function of

time in a young and an aged group of volunteers. If

several factors could influence the data (interindividual

variability, technical variability, etc.), this clustering

showed that time is the major contributing factor that

influenced the gene expression data in this study, despite

the limited number of volunteers per time points. Indi-

vidual variability in such dynamics response seemed to

be very low in comparison with time influence on gene

expression following TS.

Figure 2 also shows that the kinetics of gene expres-

sion is different between aged and young groups. The

more intense variations in gene expression were clearly

found at 6 h in the young group and at 30 h in the aged

group. Indeed, in young epidermis the number of

modulated genes increased dramatically from 52 at 2 h to

266 at 6 h and decreased progressively to 122 at 18 h, 104

at 30 h and 8 at 72 h (Fig. 2c). In aged epidermis, 32

genes were modulated at 2 h and 145 and 112 at 6 and

18 h, respectively. The number of modulated genes in

aged epidermis dramatically increased to 286 at 30 h and

27 genes were still modulated at 72 h.

Functional analysis of modulated genes

Modulated genes were gathered together into 15 functional

families [23], and classified as a function of the time when

they were modulated (Table 2).

The functional analysis showed no obvious differences

in the molecular functions of the modulated genes between

aged or young groups. The number of modulated genes in

each functional family was also similar. The main differ-

ence was related to the time when each biological function

was involved during barrier recovery that appeared to be

overall delayed in aged group. Genes involved in cell cy-

cle, cell growth and proliferation, or in DNA, RNA and

protein processing family were two representative exam-

ples (Table 2). The distribution of these genes as a function

of time followed a bell-shaped curve which peaked at 6 h

in young epidermis and 30 h in aged epidermis.

Overall comparison of modulated genes between young

and aged epidermis

184 genes whose expression varied at least once over time

in both age groups were selected. Their profiles were

compared by performing a two way Anova test. This al-

lowed determining the genes whose expression varied

significantly as a function of time, as a function of the age

of the volunteer and also those for whom the age of the

donor influenced the time when the modulation occurred.

The two last subgroups (age and interaction age/time) were

particularly interesting since they tell about the differences

in gene modulation as a function of age.

Interestingly eight genes whose expression was sig-

nificantly different according to the age or the interaction

age/time were identified (Table 3), respectively, either be-

cause of different intensity of modulation as a function of the

age of the donor (see SPPR1B in Fig. 3) or because of a

different kinetics ofmodulation (seeKRT6B in Fig. 3). They

were mainly involved in keratinocyte differentiation.

Furthermore, there were 186 genes which were

modulated in the young population whereas they were not

in the aged population, and inversely 198 genes were

modulated in the aged population only. These two sets of

genes should tell about the age-related specificities which

are set up during epidermal repair. However, in order to

eliminate the cases of genes considered as modulated in

one group and not in the other one but whose fold change

value in both populations is closed, we selected the core of

these age specific modulated genes. We reduced the com-

parison to 6 and 30 h, because these two time points are

those when most of the genes are modulated in the young

and aged group, respectively (see Fig. 3). The mean dis-

tance D between two age groups was calculated for each

gene as described in the methods. Genes with an inter

group distance of at least D ? 2sem were selected as those

that showed the greatest difference between the age groups

post TS. These genes were the most reliable and repre-

sentative of the age-related specificities during epidermal

repair. This second selection gave Table 4, composed of 23

genes that were specifically modulated in the young group

and Table 5 composed of 40 genes that were specifically

modulated in the aged group. Table 4 appeared to be en-

riched with genes involved in DNA, RNA management and

protein processing while Table 5 appeared to be enriched

with genes involved in cell communication, detoxification

and oxidative stress management.

Discussion

The skin, especially the SC, is the human body’s first line

of defense against external aggressions. Understanding the

cFig. 2 Characterization of gene expression during epidermal repair

in young and aged epidermis. The 370 modulated genes in young

epidermis and 382 modulated genes in aged epidermis were classified

by using (1) the hierarchical clustering method (a young epidermis,

b aged epidermis); (2) a kinetic distribution graphic (c)
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mechanisms implemented by normal epidermis to maintain

epidermal integrity is crucial and may help discover new

treatments intended for improving epidermal repair and

homeostasis.

Our study aimed at comparing the kinetics of barrier

function recovery after SC removal in young and aged

volunteers. The purpose was to identify relevant, repro-

ducible and significant biomarkers reflecting a possible

age-related imbalance of barrier function. Most of the

clinical trials described to date are based on TEWL mea-

surements to analyze epidermal barrier function or measure

the return of the epidermis to a normal homeostatic state

after aggression. However, TEWL is measured using an

evaporimeter including both a humidity and a temperature

detector, which are submitted to numerous variation factors

such as room temperature and hygrometry, air turbulence

and even the state of mind of the volunteers [1, 24].

In a previous study that aimed to determine the effect of

various cosmetic treatments on barrier function we per-

formed a transcriptomic analysis of epidermis in addition

to TEWL measurements [13]. The use of microarrays re-

vealed reproducible transcriptomic markers that were

common to the various treatments as well as markers that

were specifically representative of each of the treatments,

while TEWL measurements could not reveal differences

between the treatments. Moreover, while TEWL is an

overall measurement of barrier function, transcriptomic

analysis gives insights into the understanding of the various

biological functions underlying epidermal recovery

process.

More recently, we went further in the use of transcrip-

tomic analysis to better understand epidermal recovery

process. A study which extended from 2 to 72 h following

SC removal allowed us to describe the various biological

functions involved in barrier recovery in a chronological

way and consequently to characterize the sequence of

cellular events taking place at each step of epidermal repair

in young epidermis. Some of these results were confirmed

later at the proteomic level [3]. These results formed a

basis to better address unbalance that could occur and lead

to disturbances in epidermal repair and homeostasis.

With aging some discomfort is likely to be linked to

altered epidermal barrier permeability and epidermal

homeostasis. To better understand the causes of these age-

related events, in the present study we compared epidermal

recovery in young and aged skin. Both TEWL measure-

ments and transcriptomic studies were carried out at 2, 6,

18, 30 and 72 h after TS.

Our results highlighted differences in the capacity of

young and aged epidermis to repair following SC

Table 2 Time distribution of modulated genes in young and aged skin as a function of the functional group they belong to

Functional group Total 2h 6h 18h 30h 72h Total 2h 6h 18h 30h 72h

1. Transport 15 1 11 5 1 1 11 0 6 1 8 0

2. Adhesion 17 2 12 6 2 0 16 1 4 4 13 1

3. Detoxification – Oxidative stress 14 1 8 5 7 0 20 0 4 6 17 2

4. Cellular matrix 19 0 16 9 5 1 15 3 6 7 12 0

5.Immune response 20 5 18 8 4 0 19 1 12 8 13 4

6. Communication 33 8 27 5 5 1 25 3 11 4 17 1

7.Cell cycle - Growth - Proliferation 37 10 21 12 9 0 32 6 9 8 24 1

8. DNA –RNA-Transcription-Translation 72 10 60 24 20 0 70 4 36 24 50 4

9. Proteolysis 20 1 11 10 10 1 25 0 12 10 19 0

10. Energy 23 2 14 12 12 0 26 2 9 10 22 2

11.Cell differentiation 20 5 11 12 12 2 22 4 9 11 19 8

12.Lipids (barrier function) 5 0 2 1 3 0 4 0 0 1 4 0

13. Apoptosis 6 2 4 1 1 0 11 1 6 3 6 0

14. Diverse (Weakly represented functional 
groups : contain less than 5 genes) 26 1 16 6 5 2 36 3 9 6 24 4

15. Unknown 43 4 35 6 8 0 50 4 12 9 38 0

370 modulated genes in young epidermis 382 modulated genes in aged epidermis

The shading darkens as the number of modulated genes increases

358 Arch Dermatol Res (2015) 307:351–364

123



removal. First, the assessment of barrier function recovery

via TEWL measurements in young and aged epidermis

showed a delay in the aged group (Fig. 1). Indeed,

although similar at 72 h, the results showed that the re-

covery in the young group appeared to be dramatically

significant during the overall kinetics, while there were no

significant evolution until 30 h in the aged group. While

basal TEWL is slightly decreased in elderly people

compared to young people [10], the delay in barrier re-

covery has already been observed both in humans and

mice [5, 6, 10, 11]. Indeed, Ghadially et al., studied

human barrier recovery after sequential tape strippings, in

young and aged human epidermis in vivo. Although ex-

perimental study designs were different therefore making

difficult the comparison of the results with ours, similar

conclusions were drawn. Barrier recovery was sig-

nificantly higher in young epidermis compared to aged

epidermis especially at time points 24, 48 and 72 h. One

hundred and forty-four hours were necessary in aged

group to reach the same barrier recovery level than in

young group. It has to be noted that, in mice, barrier

recovery after tape stripping was also delayed in aged vs.

Table 3 Eight genes that were significantly differentially modulated in young and aged skin

Functional group n Gene symbol Gene Name Young Aged pValues

6h 30h 6h 30h a i

Cell differentiation
5

S100A7 S100 calcium-binding protein A7 (psoriasin 1) 3.53 4.26 4.35 5.73 0.03* 0.53

KRT6B keratin_6B 3.79 3.54 0.04 1.7 0.00*** 0.18

KRT16 keratin_16_ 2 1.13 2.31 5.2 0.00** 0.00**

SPRR1B small_proline-rich_protein_1B_(cornifin) 4.62 5.87 3.04 4.9 0.02* 0,53

KRT15 keratin_15 -2.06 -0.49 -0.64 0.3 0,03* 0,59

Communication 1 S100A2 S100 calcium-binding protein A2 3.93 3.72 4.53 4.94 0.01* 0.33

Immune response 2 S100A8 S100 calcium-binding protein A8 4.54 5.18 5.25 6.92 0.02* 0.28

S100A9 S100_calcium-binding_protein_A9 2.43 3.84 4.23 4.37 0.00** 0.06

The mean fold change values at 6 and 30 h are reported at log 2 scale. Those with bold characters correspond to those that were considered as

significantly modulated as defined in the methods. If there were[0.9 = up-regulation, or if\-0.6 = down regulation. A two-way Anova test

was performed to compare aged and young groups. The significances of the age factor (a) and of the interaction of age on time (i) are reported

The shading darkens as the intensity of gene modulation increases

* Significant (Anova test, p value\0.05)

** Highly significant (Anova test, p value\0.01)

Fig. 3 Example of four genes whose expression profiles after TS were significantly different between young and aged epidermis. The curves

represent modulations of gene expression at log2 scale as a function of time. (a SPRR1B, b KRT6B, c ICAM1, d COX7B)
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young epidermis, with a similar pattern to human epi-

dermis but over a shorter time period [5, 10, 11].

Such a result confirmed a slower epidermal turn over

and a less effective repair process in aged skin. This as-

sumption is reinforced by the analysis of modulated genes

distribution as a function of time. The highest rate of

modulated genes was clearly found at 6 h in young group,

whereas it was delayed to 30 h in aged group (Fig. 2). Thus

cellular activity linked to the repair process may be en-

gaged earlier in young epidermis than in aged epidermis.

Secondly, we observed striking differences in modulated

genes according to age. Whereas about 400 genes were

modulated in each age group only 184 were common to

both groups and 198 and 186 genes were modulated only in

the aged or in young group, respectively. Nevertheless, the

overall biological functions supported by these genes were

similar. For example, about 70 genes involved in DNA and

RNA processing, synthesis and repair were modulated in

each group (Table 2). However, in the young group most of

them were modulated at 6 h, whereas in the aged group

they were mostly modulated at 30 h. In fact, the molecular

functions that were previously identified as early

modulated after tape stripping in young epidermis [23] are

mostly delayed in aged epidermis. It is mostly the case for

those functions related to cell adhesion, oxidative stress

management and cellular matrix constitution, processes

Table 4 23 genes that were specifically modulated in young skin: The mean fold change values at 6 and 30 h are reported at log2 scale

Functional group Total Gene

symbol

Gene name Young Aged p values

6 h 30 h 6 h 30 h 6 h 30 h

Adhesion 3 ADAM15 A disintegrin and metalloproteinase domain

15 (metargidin)

0.97 0.48 0.03 0.69 0.06* 0.25

CDH1 Cadherin 1, type 1, E-cadherin (epithelial) 1.52 0.40 0.56 0.32 0.01** 0.93

ITGAM Integrin, alpha M (complement component 3

receptor 3 subunit)

1.74 0.43 0.39 0.22 0.86

Cell cycle–growth–

proliferation

1 KHDRBS1 KH domain containing, RNA binding, signal

transduction associated 1

1.56 0.58 0.04 1.22 0.04** 0.4

Cellular matrix 1 TUBB4 Tubulin, beta 4 1.94 0.95 0.82 0.90 0.11 0.93

Communication 2 CAP1 CAP, adenylate cyclase-associated protein 1 1.3 0.31 0.18 0.7 0.02** 0.33

IFNAR2 Interferon (alpha, beta and omega) receptor 2 1.43 0.47 0.53 -0.1 0.39 0.06*

DNA–RNA–

transcription–

translation

6 XRCC1 X-ray repair complementing defective repair

in Chinese hamster cells 1

1.25 0.44 0.41 0.15 1

H2AFB2 H2A histone family, member B2 1.27 0.81 0.14 0.05** 0.07*

RNPS1 RNA binding protein S1, serine-rich domain 1.43 0.58 0.08 0.35 0.03** 0.76

SAP18 Sin3A-associated protein, 18 kDa 1.66 0.95 0.79 0.79 0.02** 0.73

EIF1 Eukaryotic translation initiation factor 1 1.24 0.45 -0.34 0.44 0.02** 1

ARL4D ADP-ribosylation factor-like 4D 1.96 0.24 0.29 0.1 0.06* 0.762

Immune response 3 IL3RA Interleukin 3 receptor, alpha (low affinity) 1.53 0.61 0.67 -0.0 0.247 0.06*

PTGES Prostaglandin E synthase 1.55 0.46 0.57 0.86 0.03** 0.09

ICAM1 Intercellular adhesion molecule 1 1.46 0.48 0.54 -0.2 0.22 0.03**

Transport 3 GLG1 Golgi apparatus protein 1 1.04 0.37 -0.29 0.15 0.03** 0.61

GOLGA4 Golgi autoantigen, golgin subfamily a, 4 1.18 0.29 0.36 1.03 0.11 0.69

SLC31A1 Solute carrier family 31 (copper transporters),

member 1

1.54 0.32 0.4 -0.1 0.04** 0.11

Diverse (extracellular

matrix)

1 MMP7 Matrix metalloproteinase 7 0.93 0.96 -0.03 0.07* 0.33

Diverse (lipid

metabolism)

1 PLCL1 Phospholipase C-like 1 1.58 0.49 0.77 0.33 0.86

Diverse (melanin

metabolism)
1 SILV Silver homolog (mouse) 1.41 0.25 -0.03 0.58 0.06* 1

Diverse (nucleus

envelope)

1 LMNA lamin A/C 1.77 1.06 0.88 0.71 0.24 0.17

Those with bold characters correspond to those that were considered as significantly modulated as defined in the methods. If there were

[0.9 = up-regulation, or if\-0.6 = down regulation. The young and aged data were compared at 6 and 30 h by mean of a Mann–Whitney test:

* p value\0.1, ** p value\0.05
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that mediate intra- or inter-cell signaling, cell growth and

proliferation and DNA or RNA processing, synthesis and

repair. This was less evident for the functions related to cell

differentiation which appear to be functions coming into

play at later stage.

Lastly, despite the fact that the overall biological func-

tions involved in barrier recovery in young and aged epi-

dermis are ultimately similar, the expression profiles of

three sets of genes clearly showed age-related differences

in the fine tuning of epidermal response. A first set of eight

genes was commonly modulated in both young and aged

epidermis (Table 3), a second set of 23 genes was specific

to young epidermis and a third set of 40 genes was specific

to aged epidermis (Tables 4, 5).

The compilation of these results strongly suggests that

one of the reasons for the delayed barrier recovery process

in aged skin is the overall delay in gene response. Indeed,

this includes a delayed induction of genes that are re-

sponsible for cell signaling, DNA transcription, RNA

translation, but also genes that are important for barrier

function recovery such as those involved in epidermal

differentiation process.

As an interesting example, we noticed a significant delay

in the induction of KRT6B gene in aged skin. Keratins

constitute the intracellular intermediate filaments network

of keratinocytes, and have an important structural function

[9, 14, 19]. Keratinocytes express different types of keratin

in specific conditions related either to the cellular stage of

differentiation or to environmental challenges [8]. KRT6B

is known to be strongly induced in keratinocytes after hy-

perproliferative stimuli such as wound healing, psoriasis,

and other inflammatory disorders [15, 16, 25]. In 2003,

Wong and Coulombe [25] proposed a model in which the

KRT5/KRT14 pair of keratins that are expressed by ker-

atinocytes in basal layers would provide keratinocytes a

certain plasticity to facilitate cell migration and prolif-

eration, whereas the KRT1/KRT10 pair of keratins should

provide suprabasal keratinocytes a stronger mechanical

resilience [19]. According to this model, the induction of

the KRT6/KRT16 pair of keratins after injury would permit

keratinocytes to satisfy both these conflicting needs, i.e.,

having sufficient cell malleability for migration and pro-

liferation and sufficient resilience to survive the wound

environment. When applied to our study, this model sug-

gests that the induction of KRT6B and KRT16 would reflect

a transient change in keratinocyte cytoskeleton in order to

adapt to both the hyperproliferative stimulus triggered by

TS and the need for sufficiently resilient cells to replace

removed cells in suprabasal layers. The reported age-related

delay in the induction of KRT6B might then, cause a de-

layed capacity of aged keratinocyte to adapt to injuries.

Another example is the significant difference in the in-

duction of SPPR1B gene (cornifin) with an impressive up-

regulation in young skin while the phenomenon is of less

amplitude in aged skin with a delayed pic of induction (6 h

in young skin versus 30 h in aged skin). In young skin, we

had previously highlighted the surprising early and high

activation of several genes involved in cornification such as

cornifin, involucrin and small proline-rich protein 2C,

whereas others like envoplakin or filaggrin were repressed

[23]. We had hypothesized that the expression of some

cornified envelope proteins may contribute to provide the

epidermis with an emergency scaffold for barrier function

recovery, facilitating the structural organization of the al-

ready available extracellular lipid matrix [4, 23]. The lower

induction of cornifin in aged epidermis may reflect its

poorer capacity to recover its barrier function.

In addition, other genes belonging to the epidermal

differentiation complex (EDC), located on chromosome

1q21 were also differentially modulated such as S100A2,

S100A7, S100A8 and S100A9 and to a lesser extent

S100A10.

Some differences in the biological functions of

modulated genes also allow understanding the molecular

and cellular consequences of aging on epidermal repair. As

an example, we observed in aged group an over-represen-

tation of genes involved in mitochondrial electron transport

machinery (COX7B, COX7C, CYC1). This suggests that

skin repair in aged skin requires more energy, which cor-

relates with the high number of genes involved in the en-

ergy function that were modulated in aged skin (Table 2).

Altogether, the present study allowed us to identify

specific transcriptomic signatures of epidermal repair in

young and aged skin. These results provide a new way to

describe epidermal repair and homeostasis. Moreover,

transcriptomic analysis over time appeared to be more

sensitive and informative than TEWL measurements to

compare both young and aged epidermal repair. Indeed,

significant differences were observed at 6 h in gene ex-

pression between young and aged skin, whereas at that time

no differences were seen in barrier function recovery as

assessed with TEWL. It would be interesting to complete

these gene expression results at the protein level as already

partially done [3]. However, this kind of clinical study

requires a huge number of skin biopsies which may raise

ethical concerns. Nevertheless, these findings should con-

tribute to a finer efficacy assessment of a product or a

process likely to improve epidermal renewal or

homeostasis.
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