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Skin aging is the result of superimposed intrinsic (individual) and extrinsic (e.g., UV exposure or nutrition) aging. Previous works
have reported a relationship between UV irradiation and glycation in the aging process, leading, for example, to modified radical
species production and the appearance of AGEs (advanced glycosylation end products) in increasing quantities, particularly
glycoxidation products like pentosidine. In addition, the colocalization of AGEs and elastosis has also been observed. We first
investigated the combination of the glycation reaction and UVA effects on a reconstructed skin model to explain their cumulative
biological effect. We found that UVA exposure combined with glycation had the ability to intensify the response for specific
markers: for example, MMP1 or MMP3 mRNA, proteases involved in extracellular matrix degradation, or proinflammatory
cytokine, IL1a, protein expression. Moreover, the association of glycation and UVA irradiation is believed to promote an
environment that favors the onset of an elastotic-like phenomenon: mRNA coding for elastin, elastase, and tropoelastin ex-
pression is increased. Secondly, because the damaging effects of UV radiation in vivo might be more detrimental in aged skin than
in young skin due to increased accumulation of pentosidine and the exacerbation of alterations related to chronological aging, we
studied the biological effect of soluble pentosidine in fibroblasts grown in monolayers. We found that pentosidine induced
upregulation of CXCL2, IL8, and MMP12 mRNA expression (inflammatory and elastotic markers, respectively). Tropoelastin
protein expression (elastin precursor) was also increased. In conclusion, fibroblasts in monolayers cultured with soluble pen-
tosidine and tridimensional in vitro skin constructs exposed to the combination of AGEs and UVA promote an inflammatory state
and an alteration of the dermal compartment in relation to an elastosis-like environment.

1. Introduction

Chronological or intrinsic aging constitutes the individual
and genetic mechanism of aging. A well-known reaction
which appears during chronological aging is the glycation
reaction. Glycation is a posttranslational modification of
proteins, appearing during chronological aging, that results
from the reaction between reducing sugar and the amine
free function of an amino acid (lysine and arginine) to form
AGEs via oxidative or nonoxidative pathways [1]. The
presence of these products in the skin changes the physical,
biomechanical (stiffening and loss of elasticity), and bio-
logical properties (modulation of synthesis and degrada-
tion of the matrix by cells) [2]. Another cause of the skin

aging process is extrinsic aging, caused by different external
factors like UVR (UV radiation and photoaging). This
process contributes to the aging mechanism and leads to
the elastosis zone in the dermis and also to the formation of
wrinkles. Elastosis is observed in the upper reticular zone of
the dermis which contains fibers accumulated into
amorphous masses mainly composed of elastin [3]. This
accumulation is accompanied by degeneration and loss of
the surrounding collagen network [4]. It has been reported
that the relative amount of elastic tissue in the facial skin
increases after the age of 40, and simultaneously, the
quantities of type I and III collagen decrease [5]. After UV
irradiation, the stimulation of collagen breakdown and
inhibition of procollagen synthesis causing loss of collagen
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content was described to be mediated by matrix metal-
loproteinase (MMP) expression (e.g., MMP1 and MMP3)
[6-8]. Another MMP, MMP12 (human macrophage
metalloelastase), which contributes to elastin degeneration,
was detected in the superficial dermis in the area of elastotic
material and contributes to remodeling in sun-damaged
skin [9,10]. These phenomena, chronological and photo-
aging, can be considered as the two major processes that
lead to the global aging of the skin [11, 12]. It has been
reported that UV irradiation, particularly UVA irradiation,
increases oxidative stress in the dermal matrix and con-
tributes to collagen cross-links [13]. Oxidative stress after
UV exposure leads to the generation of reactive oxygen
species (ROS) including hydrogen peroxide (H,O,) [14].
Several damaging effects of ROS have been reported in
relation to the photoaging process such as enhanced tro-
poelastin mRNA levels [15] or induction of MMP1 and
MMP3 mRNA and proteins [16, 17]. H,0, levels increased
after AGEs (e.g., pentosidine) irradiation by UVA and
altered the membrane permeability and viability of fibro-
blasts [18, 19]. In addition, previous studies showed a
colocalization between the elastin modifications observed
in the photoaging process (actinic elastosis) and AGEs
accumulation in this area [20, 21]. Recently, we have shown
that photoexposure enhanced AGEs (like pentosidine)
preferentially in aged skin, suggesting that a level of AGEs
could be required to increase oxidative stress, to potentiate
glycoxidation products in photoexposed areas and provoke
a negative spiral [22]. The present work reflects the results
of several different experiments. First, using our recon-
structed skin model modified by collagen glycation [23],
the combination of the glycation reaction (chronological
and intrinsic aging component) and UV A effects (extrinsic
aging component) to mimic the biological effects of these
skin aging processes was analyzed. Secondly, because AGEs
have been found to be increased in photoexposed skin, the
effect of pentosidine on human dermal fibroblasts was
investigated.

Our different results lead to the same hypothesis: in the
skin, UVA combined with AGEs promotes an environment
propitious to the onset of solar elastosis by an inflammatory
process and a loss of collagen and elastic network
homeostasis.

2. Materials and Methods

2.1. Skin Samples. Human skin samples biopsied from
young (20 yo) and old (75 yo) healthy women were used
for the elastin and pentosidine immunostainings. The
subjects did not smoke and had Fitzpatrick phototypes II
to IV. The skin biopsies (3 mm in diameter) were collected
from the ventral and dorsal forearms (considered unex-
posed and exposed sites, respectively) of each subject. The
current revision of the Declaration of Helsinki is accepted
as the ethical basis for clinical studies. The study is carried
out after approval by an ethics committee (Committee for
the Protection of Persons participating in Biomedical
Research: CPP) and informed written consent of each
participant.

Journal of Aging Research

2.2. Preglycation of Collagen. Type I bovine collagen
(Symatese, France) was preglycated by incubating it at room
temperature with D-ribose 10 mM for one month. At the
same time, a collagen control was prepared without D-ri-
bose. After this incubation step, the collagen samples were
dialyzed twice against 0.5 N acetic acid solution for 5 days (to
remove sugar excess) and three times for 24 hours against
0.017 N acetic acid solution (or 1:1000 v/v). Fluorescence
was measured at A, 370 nm/A., 440 nm and A, 335 nm/Agp,
385nm after dialysis to verify the increasing quantity of
AGE:s in the collagen solution incubated in the presence of
ribose.

2.3. Cell Culture Isolation and Amplification. Normal human
skin was obtained from surgical residues after receiving
written informed consent from the donors according to the
principles expressed in the Declaration of Helsinki and in
article L.1243-4 of the French Public Health Code. Papillary
fibroblasts were obtained from breast skin reduction (n=4;
age range 19 to 60 yo). The procedure to isolate populations
of fibroblasts has been described previously [24]. In brief,
using a dermatome, the papillary dermis (superficial layer)
was separated from the skin. This dermal section was used to
prepare explants that were placed and cultivated in Petri
dishes to isolate the corresponding spreading papillary
fibroblasts.

Papillary fibroblasts (early passage) were plated onto
150 cm? flasks (Falcon) at the density of 1x 10* cells/cm?
with modified Eagle’s medium (MEM, Gibco, Invitrogen)
supplemented with nonessential amino acids, L-glutamine,
sodium pyruvate (Gibco, Invitrogen), penicillin-strepto-
mycin (20U/ml) (Biochrom, Cambridge Ltd., UK), and 10%
fetal calf serum (FCS, Pan Biotech, Dutcher). Cultures were
maintained at 37°C in a 95% humidified atmosphere and 5%
CO,. The medium was renewed three times per week. Fi-
broblasts were cultivated until subconfluence was reached.

The keratinocytes used in this study were obtained from
a single donor (plastic mammary reduction in a 30 yo
donor). After extraction from skin [25] and amplification in
primary culture [26], the corresponding keratinocytes were
frozen in liquid nitrogen until used for 3D skin recon-
struction experiments.

2.4. Cell Treatment with Pentosidine. Papillary fibroblasts
isolated from young (22 yo) or old (60 yo) skin were cul-
tivated in Petri dishes (10,000 cells/cm?) with MEM 10%
FCS. After 24 h, cells were treated with soluble pentosidine
(from PolyPeptide Laboratories, Strasbourg, France) at 1 or
10 uM. The medium was changed every 2 days, and the cells
were kept in culture for 1 week.

2.5. Reconstructed Skin. Dermal equivalents (collagen-fi-
broblast contracted lattices) were prepared using human
papillary fibroblasts (4 different batches were used inde-
pendently at 1 x 10° fibroblasts per lattice) embedded into a
bovine type I collagen gel (native or collagen modified by
glycation). The final volume was 7ml (with the medium)
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including 2.1 ml of collagen (concentration 3.5 mg/ml). The
lattices were allowed to contract for 5 days at 37°C and 5%
CO..

The epidermis was reconstructed by seeding human
epidermal keratinocytes on top of the dermal equivalents
using stainless rings. The cultures were kept submerged for
one week and then raised at the air-liquid interface on grids
for one more week to produce a stratified and differentiated
epidermis [27]. To cultivate keratinocytes on the lattice and
to allow them to form epidermis, the medium used was
composed of minimum Eagle’s essential medium (MEM)
(Gibco, France) supplemented with 10% fetal bovine serum
(FBS) (Sigma, France), 10 ng/ml epidermal growth factor
(EGF) (Beckton Dickinson, USA), 8.4 ng/ml cholera toxin
(Sigma, France), and 0.4pug/ml hydrocortisone (Sigma,
France). The medium was renewed three times per week.
Reconstructed skins were irradiated (UVA) with 10 J/cm?
using a 1000-Watt xenon arc solar simulator (LOT-Oriel,
Palaiseau, France) equipped with a dichroic mirror and a
WG-3353 mm filter (Schott, Clichy, France). After irradi-
ation, samples were cultivated in MEM with 1% FCS (to
minimize the quantity of endogenous proteins present in the
medium). Samples were collected 6h postirradiation for
mRNA analysis or 48h postirradiation for supernatant
analysis and immunostaining of reconstructed skin.

2.6. Histology. Samples were fixed in neutral formalin and
treated for histology. Paraffin sections (5pm) were stained
with hematoxylin-eosin-saffron (HES) under standard
procedures.

2.7. Immunohistochemistry. For samples of human skin,
double pentosidine/elastin immunolabeling was performed
on the 5um paraffin sections using mouse monoclonal
antibody against pentosidine (KHO012, clone PEN-12 from
Transgenic, Fukuoka, Japan), developed in VIP (kit Vector
SK4600) and rabbit polyclonal antibody against elastin
(25011, Novotec, Bron, France), developed in SG (kit Vector
SK-4700).

Samples of reconstructed skin were embedded in Tissue-
Tek (Miles Inc., Elkhart, IN, USA), frozen in liquid nitrogen,
and cut into 5 ym thick sections (cryostat, CM3050 S, Leica,
Microsystems, Wetzlar, Germany). Mouse monoclonal
antibodies were directed against human fibrillin-1 (1405-01,
Southern Biotech, Birmingham, AL, USA) and AGEs
(KHO001-01, Transgenic, Fukuoka, Japan). Rabbit polyclonal
antibodies were directed against human tropoelastin (Pro-
tein Resources LLC, Saint Louis, MO, USA). Alexa-conju-
gated goat antimouse immunoglobulins (Alexa Fluor 488,
Invitrogen, Waltham, MA, USA) or fluorescein iso-
thiocyanate (FITC) conjugated swine antirabbit immuno-
globulins (F0205, Dako, Glostrup, Denmark) were used as
secondary antibodies. Nuclei were stained using propidium
iodide (Sigma-Aldrich, Saint Quentin Fallavier, France).
Stained tissue sections were observed and imaged under a
fluorescence microscope (DMR, Leica, Microsystems,
Wetzlar, Germany).

2.8. ELISA ILla Assay. The interleukin 1 alpha (ILla)
(Quantikine Elisa Kit DLA50, R&D Systems, Minneapolis,
MN, USA) content of the tissue culture medium was de-
termined using ELISA assays according to the manufac-
turer’s instructions.

2.9. RT-qPCR. Human dermal fibroblasts or reconstructed
skin samples were rinsed in Dulbecco’s phosphate-buffered
saline without calcium and magnesium (Gibco BRL, Cergy
Pontoise, France). As for reconstructed skin in vitro, the
epidermis and dermal equivalents were separated using fine
forceps and directly frozen. The different steps for mo-
lecular biology analysis (RNA extraction, reverse tran-
scription, and quantitative reverse transcriptase-PCR) were
performed by BioAlternatives (Gencay, France). Expres-
sion markers were as follows: matrix metalloproteinase 1
(MMP1) (NM_002421), matrix metalloproteinase 3
(MMP3) (NM_002422), macrophage elastase (MMP12)
(NM_002426), elastase neutrophil expressed (ELANE)
(NM_001972), chemokine (C-X-C motif) ligand 2
(CXCL2) (NM_002089), and interleukin 8 (IL8)
(NM_000584) which were analyzed by RT-qPCR from
mRNA isolated from the samples. Gene expression was
analyzed using the gene PCR array method (specific genes
for the dermis or epidermis and 3 housekeeping genes:
GAPDH  (glyceraldehyde-3-phosphate-dehydrogenase),
ACTB (beta-actin), and RPL13 A (ribosomal protein
LI3A).

2.10. Reverse Transcription. Total cellular RNA was isolated
using TRIzol Reagent (Sigma-Aldrich)/chloroform mixture
by isopropanol precipitation and extensively treated with
DNase I (Kit DNase-free, Ambion). RNA quantity and
quality were analyzed using the Bioanalyzer (Agilent
Technologies). mRNA was reverse transcribed using the
primer oligo(dT) and SuperScript I enzyme (Gibco). cDNA
was quantified using the Nanovue (GE Healthcare), and
cDNA was adjusted.

2.11. Quantitative PCR. cDNAs were subsequently analyzed
in duplicate by quantitative real-time PCR using the
LightCycler system (Roche Diagnostics, Meylan, France)
according to the manufacturer’s instructions. For each
sample, 2.5ul of cDNA was mixed with primers and an
enzymatic kit (Roche) containing Taq DNA polymerase
enzyme, SYBR Green I marker, and MgCL,.

Housekeeping mRNAs were quantified in each sample
and used for normalization using the REST software.

2.12. Statistical Analysis. Results were expressed as the
mean + standard error of the mean or in a box plot repre-
sentation. An analysis of variance (ANOVA) was performed
to assess whether there were differences between the con-
ditions. When significant, ANOV A was followed by adjusted
post hoc Tukey-Kramer tests for pairwise comparisons. The
two-sided significance level was set at 5%. Data with p values
<0.05 were considered as significant.



3. Results

3.1. Specific Fluorescence Measurement Iinduced by AGEs
Iincreases in Collagen Samples Modified by Glycation. The
collagen modified by glycation used in glycated in vitro skin
was prepared before reconstruction as described in Section
2. To estimate the presence of the glycation products in the
collagen solution, fluorescence is measured at the end of
incubation with the sugar. The fluorescence measurment in
the sample containing collagen modified by glycation was
higher (x12 andx4 at A 335nm/Ae, 385nm and A
370 nm/Aepy, 440 nm, respectively) than in the control sample
incubated without ribose (Figures 1(a) and 1(b)). This
procedure allows to reveal the presence of AGEs in the
collagen modified by glycation.

3.2. Histology of Reconstructed Skin Seems Not to Be Aaffected
after Low-Dose UVA Irradiation. The morphology of native
and glycated reconstructed skin was determined by histo-
logical coloration. No change was observed in the mor-
phology between the different native or glycated conditions
with or without irradiation (Figure 1(c); A-D). Postexposure
(after 48 hours), the viability of fibroblasts seems to be
slightly decreased, as shown by the vimentin immuno-
staining (Figure 1(c); E-H). The presence of AGEs in
reconstructed skin was observed by positive immuno-
staining in the dermal part of the sample containing collagen
modified by glycation (Figure 1(c); K, L) when compared to
that of the control sample (Figure 1(c); I, J). Overall, this
suggests that the morphology and homeostasis of the
reconstructed skin does not seem to be altered by these
treatments.

3.3. AGEs and UVA Irradiation Promote an Environment for
Extracellular Matrix Degradation and Inflammation in
Reconstructed Skin. The aging process is well known to be
associated with skin homeostasis modifications and par-
ticularly its inflammation and its degradation, explaining
why the expression of different markers involved in these
processes was given privilege in this study. MMP1 and
MMP3 mRNA expression was measured 6 hours after UVA
irradiation in fibroblasts from the dermal part of recon-
structed skin. In the glycated sample without irradiation,
MMP1 and MMP3 mRNA expression was upregulated (x2
and 1.5, respectively, n.s.) compared to the native condition
without glycation (NO vs. G0). UVA irradiation increased
MMP1 and MMP3 mRNA expression in the native samples
(trend, n.s.) and glycated samples (p < 0.05) compared with
the nonirradiated conditions (NO vs. N10 and GO vs. G10,
respectively). If we observed an increase in this expression in
the sample containing native collagen in the dermal part
after UVA irradiation, this effect was stronger and amplified
by the presence of AGEs (p<0.05). Indeed, in glycated
samples, MMP1-3 mRNA expression increased by 4.7
(p=0.0036) and 2.7 (p =0.0097) after exposure, respectively
(Figures 2(b) and 2(d)), compared to that in the nonirra-
diated glycated samples (GO vs. G10). These mRNA protease
expression modifications were observed with 4 batches of
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fibroblasts extracted from 4 different donors (Figures 2(a)
and 2(¢)).

In the culture medium of reconstructed skin after
48 hours post-UVA exposure, a 1.5-fold increase in ILla
secretion (an inflammatory marker) was observed in the
culture medium of native in vitro skin (ns) induced by ir-
radiation (NO vs. N10) and strongly amplified by glycation
products (GO vs. G10) (3-fold, p =0.0003) (Figure 2(f)). This
effect was observed with the 4 batches of fibroblasts used
(Figure 2(e)).

Overall, these results suggested the involvement of AGEs
in the promotion of inflammatory and degradation pro-
cesses in the skin but also in alteration of the ECM with age.
These effects were strongly exacerbated when combined with
UVA irradiation.

3.4. AGEs and UVA Irradiation Promote an Elastosis-Like
Environment. In reconstructed skin, AGEs associated with
UVA irradiation lead to upregulation of mRNA expression by
MMPI12 (+400%, p<0.05) and elastase mRNA (ELANE)
(+500%, p < 0.0001) 48 hours after exposure (Figures 3(a) and
3(b), respectively). In the same samples, upregulation of
tropoelastin mRNA was also observed (+500%, p <0.0001)
(Figure 3(c)). This result in reconstructed skin was observed
with the combination of three parameters: papillary fibro-
blasts, AGEs, and UVA. In addition, immunostaining for
fibrillin-1 (FBN1) (Figure 3(d); A, B) and tropoelastin (t-ELN)
(Figure 3(d); C, D) was only increased in reconstructed skin
with the sample containing papillary fibroblasts and glycated
collagen after UVA irradiation (Figure 3(d); B, D) compared
to that of the control sample (Figure 3(d); A, C). Overall, these
results indicated the involvement of AGEs in promoting an
elastosis-like environment after exposure to UVA.

3.5. AGEs like Pentosidine Stimulate Fibroblasts to Create an
Environment That Accentuates Postirradiation Changes.
Indeed, even if we have shown above, with our reconstructed
skin model modified by glycation combined with UVA ir-
radiation, that it promotes degradation, inflammation, and a
favorable path to the installation of elastosis, the treatment of
fibroblasts by pentosidine appears to induce similar changes.
In fibroblast monolayer, IL8 mRNA expression was upre-
gulated in fibroblasts from an old donor when compared to a
young donor (4.5 fold, p=0.0069). Treatment of both fi-
broblasts (young and old) with pentosidine induced higher
levels of IL8 mRNA (1.5-fold but nonsignificant (n.s.) and
2.9-fold with p <0.0001, respectively) (Figure 4(a)). In ad-
dition, CXCL2 mRNA expression increased with age (2.5-
fold, p=0.0014) and pentosidine treatment enhanced its
expression 1.5- and 2.4-fold for fibroblasts from young (n.s.)
and old (p <0.0001) donors, respectively (Figure 4(b)). In
aged fibroblasts, MMP12 mRNA expression was upregulated
(10-fold, p<0.0001) compared to young fibroblasts
(Figure 4(c)). Supplementing the medium with pentosidine
enhanced this expression in both fibroblast types by a factor
of 2 (p<0.0001) (Figure 4(c)). Tropoelastin protein ex-
pression was also enhanced in fibroblast monolayers after
treatment with 1 and 10 uM of pentosidine (Figure 4(d)).
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FIGURE 1: Demonstration of the presence of AGEs and morphology of the reconstructed skin. Fluorescence measurement of collagen
solution before reconstruction of the skin at Ao, 335 nm/A., 385 nm (a) and A, 370 nm/A.y, 440 nm (b). Control: native collagen solution;
ribose 10 mM: collagen solution modified by glycation using ribose 10 mM (AU + SD = arbitrary units + standard deviation). Reconstructed
skin (c): HES histological staining (A to D), vimentin (E to H), and AGEs (I to L) labelling of skin reconstructed in vitro using
untreated collagen (A, B, E, F, 1, ]) or preglycated collagen (C, D, G, H, K, L) after (B, F, ], D, H, L) or without (A, E, I, C, G, K) UVA

irradiation (10 J/cm?) (bar =100 pym).

Opverall, these results show that inflammatory and degrading
elastin markers are particularly increased with the age of
fibroblasts. Treatment with pentosidine exacerbated the
expression of these markers and also tropoelastin
expression.

4, Discussion

Recently, we have demonstrated ex vivo that sun exposure
promoted the accumulation of pentosidine in the papillary
and reticular superior dermis parts of the skin of old donors

compared to the nonexposed sites of the same donors and
also young donors [22]. Pentosidine accumulation is colo-
calized with elastin deposition in the elastosis zone, par-
ticularly with mature skin. This is in agreement with
previous observations that described colocalization between
solar elastosis and AGEs [20, 21]. Even if previous obser-
vations have shown colocalization between elastosis and
glycation, on the other hand, there are few or no studies
showing why this process is likely to appear. As a result, the
combination of the glycation reaction and UVA effects on
the reconstructed skin model to mimic two causes involved
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FIGURE 2: AGEs and UVA irradiation promote an environment for extracellular matrix degradation and inflammation. nRNA MMP1 (a, b)
and mRNA MMP3 (c, d) expression measured in dermal layers and interleukin 1 alpha (IL1«) detection in the medium (e, f) of reconstructed
skin made with fibroblasts isolated from 4 donors separately (a, ¢, e) or in box plots considering all donors in the same condition group,
percentage of control NO is reported (b, d, f). mRNA levels were quantified from dermal fibroblasts using quantitative reverse transcriptase-
polymerase chain reaction (QPCR) 6 hours after UVA irradiation. Each point represents the mean value of normalized mRNA quantity (n = 3).
Data are expressed in arbitrary units (UA). IL1« detection was quantified by the ELISA assay in the medium of reconstructed skin 48 hours after
UVA irradiation (in pg IL1a per 200 ul of medium) (mean 7 = 3/donors) + SEM). NO: native collagen without irradiation; N10: native collagen
with irradiation (UVA 10 J/cm?); GO: glycated collagen without irradiation; and G10: glycated collagen with irradiation (UVA 10J/cm?).
Statistics: analysis of variance (ANOVA) adjusted post hoc Tukey-Kramer tests for pairwise comparisons (*P<0.05; **P < 0.001).
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in the global aging process (intrinsic and extrinsic aging) and
also the impact of pentosidine on fibroblasts in monolayers
were investigated. The present study aimed to analyze the
biological effects of these skin aging processes together to
create a more realistic context and determine whether AGEs
could affect the major component of the elastic network.
With our reconstructed skin model modified by global
glycation (incubation of collagen with sugar to generate
several AGE structures), in normal conditions without ir-
radiation, upregulation of MMP protein expression has
previously been reported [23]. The literature has reported
alterations in gene expression by fibroblasts after irradiation
by UVA in reconstructed skin. For example, increasing
modulation of MMP1 and MMP3 mRNA expression by
fibroblasts in reconstructed skin 6 hours post-UVA exposure
has been reported [28,29]. Here, we demonstrated that,

although the presence of AGEs or UVA irradiation alone
upregulated the expression of the same MMP mRNA, the
combination of both emphasized this effect and suggested
that extracellular matrix degradation could be more efficient
in the photoexposed skin area during extracellular matrix
aging. In a similar way, the increasing level of ILla (a
proinflammatory cytokine) in the medium of reconstructed
skin resulting for both combinations could suggest an im-
portant role in the chronic inflammatory process during skin
photoaging and could contribute to the inflammaging
process [30]. In addition, IL1« was reported to stimulate the
secretion of CXCL family molecules, playing a role in
regulating neutrophil recruitment [31] or in inducing col-
lagenase (MMP1) [17].

Another result emerged from this study, which was the
possible involvement of glycation in the extracellular matrix
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F1GURE 4: Specific effect of pentosidine on fibroblast monolayers. Determination of IL8 (a), CXCL2 (b), and MMP12 (c) gene expression in
fibroblast monolayers (2D culture) from young or old donors after stimulation by pentosidine (young (T) or old (T) during 48 h). mRNA
levels were quantified in fibroblasts using qPCR. Each point represents the mean value of normalized mRNA quantity (n=3). qQPCR was
performed in duplicate on three different samples. Data are expressed in arbitrary units (AU + SD = arbitrary units + standard deviation).
Tropoelastin immunostaining (d) was observed in fibroblasts monolayers after pentosidine stimulation at 0, 1, and 10 yM. Note that
pentosidine stimulates tropoelastin expression by fibroblasts. Statistics: analysis of variance (ANOVA) adjusted post hoc Tukey-Kramer
tests for pairwise comparisons (*p < 0.05; ***p<0.0001).

environment in the promotion of the elastosis-like phe-  associated with degradation of the collagen network [6, 7].
nomenon. Indeed, elastosis is usually defined as an accu-  The elastic material can be modified by glycation [33], and
mulation of more or less altered elastic material [32, 33]  protective molecules like lysozyme which protect elastin
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from degradation by elastase enzymes can also be modified
by glycation (data not shown) and consequently could re-
duce its protective activity. Indeed, Seité et al. reported that
lysozyme deposition on elastotic material was increased [32]
and led to resistance from elastase degradation [34]. Here,
we showed that the combination of glycation and UVA
exposure could induce this process. Glycation and UVA,
together with the papillary fibroblast subpopulation in the
dermal compartment of reconstructed skin, could promote
an environment favoring the onset of an elastosis-like
phenomenon. Indeed, mRNA coding for tropoelastin,
elastase (ELANE), and MMP12 expression (known to de-
grade extracellular matrix components such as elastin) was
increased compared to the control. Tropoelastin mRNA
expression in the fibroblasts of human skin after UV irra-
diation has been described previously. This may contribute
to increased elastin production and contribute to the ac-
cumulation of elastotic material [35]. Elastases such as
MMP12 were described to increase in photoaged skin and
colocalized with solar elastosis material, suggesting a role in
the development of this process [36]. Elastin and fibrillin
were reported to be substrates for neutrophil elastase
(ELANE) [37]. In addition, fibrillin 1 and tropoelastin
protein expression were more induced in the conditions
containing AGEs and UVA irradiation. Abnormal pro-
duction of tropoelastin and fibrillin in human skin and their
degradation by MMP12 may contribute to the accumulation
of elastotic material in photoaged skin [38, 39]. Further-
more, in response to fibrillin fragmentation, upregulation of
MMP expression was observed [40] and degradation of
decorin by ELANE renders collagen fibrils more susceptible
to MMP1 cleavage [41]. The combination of these three
parameters (AGEs, UVA, and papillary fibroblasts) seems to
be mandatory to promote production and degradation of
several elastin network markers at the same time.

In addition, we also demonstrated that pentosidine alone
can maintain the fibroblasts in a state of stimulation in favor
of alteration of dermal homeostasis. Indeed, some products
like pentosidine stimulate fibroblasts to express MMP12
mRNA and tropoelastin protein. It has been previously
reported that only some AGEs could provoke tropoelastin
synthesis like MGHI1 (imidazolone) but not CML (car-
boxymethyl-lysine) [42]. Therefore, pentosidine accumula-
tion in mature skin, with or without photoexposure, goes on
to favor the loss of homeostasis in the elastin network.
Pentosidine is a well-known glycoxidation product which is
generated by oxidative pathways such as CML, another
glycoxidation product. Oxidative stress induced by UVA
irradiation [13] could explain in part the increase in pen-
tosidine in the photoexposed site of mature skin [22]. In
addition, the present study suggests that pentosidine pro-
motes an environment that favors an inflammatory process.
Indeed, after treatment by pentosidine, fibroblasts from
young or old donors expressed higher levels of CXCL2 and
IL8 mRNA than fibroblasts without treatment. CXCL2 or

Journal of Aging Research

chemokine (C-X-C motif) ligand 2, also called macrophage
inflammatory protein 2-alpha (MIP2-alpha), is involved in
many immune responses and is a powerful neutrophil
chemoattractant involved in the inflammatory responses
[43]. IL8 (as IL6) has been reported to increase with elderly
fibroblasts [44] or after UVA exposure in the culture me-
dium of reconstructed skin [45]. This inflammatory effect of
pentosidine was previously shown in reconstructed skin
with the secretion of MCP1 [46], which is a chemoattractant
protein for monocyte lineage cells able to differentiate in
dendritic or macrophage cells in contact with AGEs, further
aggravating the inflammatory environment [47].

All these results show that these processes are closely
interconnected. AGEs (including pentosidine) accumulate
in the skin during aging and UVA irradiation increases ROS
in the dermis, which promotes the appearance of glyco-
xidation products such as pentosidine, and consequently
contributes to skin aging and elastosis. It is a vicious circle. It
is also important to consider the different arrangements of
the elastic network within the dermis (mainly composed of
elastin and fibrillin). Indeed, the papillary dermis is mostly
composed of fibrillin-rich microfibrillar bundles or oxytalan
fibers and a finer network of fibers or elaunin fibers, with
reduced elastin content running perpendicular to the der-
mal-epidermal junction (DEJ). While in the reticular dermis,
this network is composed of thick elastin-rich fibers running
parallel to the DEJ [48]. This distinctive composition of the
elastic network in the papillary dermis compared to the
reticular dermis means that the latter could facilitate the
appearance of the process of elastosis in this area first.

Our observations are summarized in the table (Figure 5),
showing the main changes which could be observed after
transposition to human skin in vivo.

Two points of interest should be considered for future
studies. The first would be to investigate the low UVA doses
but by a cumulative effect in order to mimic daily irradia-
tion. Indeed, it has been shown that low repeated doses of
UVA may lead to photoaging of the skin [49, 50]. The
second, because glycation inhibitors are present in food, it
would be interesting to investigate these inhibitors or the
diet [42] on the severity of the grade of elastosis to reinforce
this possible correlation. Indeed, several studies have sug-
gested an effect from diet, associated with lower grades of
skin elastosis [51, 52]. The use of sunscreen coupled with the
glycation inhibitor or antioxidant effect could prevent the
appearance of the elastosis zone. This combination would
maintain skin homeostasis for longer and prevent cosmetic
problems such as the appearance of wrinkles due to
photoexposure.

In conclusion, UVA exposure combined with glycation
could amplify the response for specific markers as compared
to glycation or UVA exposure alone. Combining glycation
and UVA exposure is a useful approach to studying skin
aging as shown by increased alteration of the dermal
compartment including an elastosis-like phenomenon.
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Inevi I Native Native Glycation Glycation
n-vitro results without UVA | with UVA | without UVA |  with UVA
Glycation
AGES - - ++ +++
Pentosidine - ++ +++
Inflammation
1L8 - + + ++
CXCL2 - -/+ + ++
ILla + + +++
Collagen network degradation
MMP1 ++ + ++++
MMP3 + + +++
Elastin network alteration
Tropoelastin -/+ -/+ +++
ELANE - - +++
MMP12 - - +++
Young Skin Young Skin Aged Skin Aged Skin
Non exposed Exposed Non exposed Exposed
In-vivo situation

FIGURE 5: In vitro and in vivo observations related with possible deleterious effect of glycation combined with the UVA irradiation. Elastin
(grey) and pentosidine (pink) immunostainings of different forearm human skin. Note that positive labelling for elastin and pentosidine (as
shown by the arrow) increased with age and photoexposure (bar = 100 ym). The main changes observed in human skin in function of age
and photoexposure that could partly be explained by transposition with our in vitro results.

Overall, these findings seem to offer a promising way of
creating in vitro skin models that come so much closer to
skin aging in vivo, in real life.
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