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ABSTRACT

Introduction: Photoaging is the process by
which ultraviolet rays gradually induce clinical
and histological changes in the skin through
the production and organization of biological
molecules, such as elastin, which is critical to
skin strength and elasticity. After exposure to
radiation, elastin may undergo alternative
mRNA splicing, resulting in modified proteins
that contribute to the formation of aging char-
acteristics, such as solar elastosis. The present
work aimed to study two different forms of
elastin under these conditions: normal elastin
and elastin that had been altered in exon 26A.

Methods: These different forms of elastin were
characterized for gene expression by quantita-
tive real-time polymerase chain reaction (qPCR)
and for protein expression by immunohisto-
chemistry of ex vivo skins (from photoexposed
and non-photoexposed areas) and in vitro
reconstituted skin. In addition, up- and down-
stream molecules in the elastin signaling cas-
cade were evaluated.
Results: As a result, a significant increase in the
gene expression of elastin 26A was observed in
both ex vivo photoexposed skin tissues and the
in vitro photoexposed reconstituted skins.
Additionally, significant increases in the gene
expression levels of matrix metalloproteinase-
12 (MMP12) and lysyl oxidase (LOX) were
observed in the ex vivo skin model. The evalu-
ation of protein expression levels of some pho-
toaging markers on the reconstituted skin
revealed increased tropoelastin and fibrillin-1
expression after photoexposure.
Conclusion: This work contributes to a better
understanding of the biological mechanisms
involved in photoaging, making it possible to
obtain new strategies for the development of
dermocosmetic active ingredients to prevent
and treat skin aging.
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Key Summary Points

Photoaging is the process by which
ultraviolet rays gradually induce clinical
and histological changes in the skin
through the production and organization
of biological molecules, such as elastin,
which is critical to skin strength and
elasticity.

After exposure to radiation, elastin may
undergo alternative mRNA splicing,
resulting in modified proteins that
contribute to the formation of aging
characteristics, such as solar elastosis.

We verified that a significant increase in
the gene expression of a different form of
elastin (elastin 26A) was observed in
ex vivo photoexposed skin tissues and in
in vitro photoexposed reconstituted skins.

This work contributes to a better
understanding of the biological
mechanisms involved in photoaging,
making it possible to obtain new strategies
for the development of dermocosmetic
active ingredients to prevent and treat
skin aging.

INTRODUCTION

The skin represents the interface of the human
body with the environment and is exposed to
several factors such as physical impacts,
microorganism invasion, xenobiotic agents,
pollution, radiation, and dehydration. This
implies that diverse structural and physiological
transformations can occur with aging, which
can be associated with pathological processes.
Therefore, maintenance of cutaneous integrity
is extremely important so that the body can
defend itself against various aggressions and
even prevent skin aging [1].

Cutaneous aging is a complex and cumula-
tive process that can be subdivided into two

different types: intrinsic and extrinsic. Intrinsic
aging is caused by genetic and chronological
factors and is similar to the aging of other
organs. On the other hand, extrinsic aging is
the result of exposure to environmental factors,
predominantly the ultraviolet radiation emitted
by solar rays [2–4]. Extrinsic aging of the skin,
also called photoaging, is characterized by a
series of physiological and structural changes
that impact on the appearance of the skin. Solar
elastosis is one of the processes induced by
ultraviolet radiation and involves degeneration
of elastin and collagen fibers with accumulation
of elastotic material in the dermal layer, indi-
cating cutaneous involvement [5, 6]. This pro-
cess impacts skin elasticity, firmness, and
resilience [7].

Elastin is one of the major components of
the skin but is also present in a variety of ver-
tebrate tissues and organs, such as blood vessels,
cartilage, lungs, and heart [8, 9]. Together with
collagen and proteoglycans, elastin makes up
the extracellular matrix (ECM) that is produced
by dermal fibroblasts. Elastic fibers are insoluble
components essential to the ECM [10]. Numer-
ous molecules are associated with elastic fibers,
some of which are studied in this article. Fib-
rillins are the main structural components of
microfibrillins, with fibrillin 1 being particularly
important for the formation of elastic fibers [8].
Microfibril-associated glycoprotein 2 (MAPG2)
is essential for cell signaling during microfibril
formation and elastogenesis [11]. Lysyl oxidases
(LOXs) are part of the class of molecules asso-
ciated with the production of elastic fibers in
which the formation of covalent bonds stabi-
lizes the insoluble polymerized elastin product
[12].

Elastosis and ECM degradation occur
through enzymes capable of cleaving these
molecules, including cysteine proteases, serine
proteases, and matrix metalloproteinases,
which contribute to the aging process [8, 12].

Elastin has a mass between 60 and 72 kDa
and a polymeric structure formed from mono-
mers of its soluble precursor, tropoelastin.
Important alternative splicing occurs in the
tropoelastin primary transcripts, and variations
in the mRNA sequences result in the production
of multiple isoforms [13]. One isoform that
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includes exon 26A contains a highly unusual
hydrophilic domain that has not been identi-
fied in other species. This isoform is not tran-
scribed into normal elastic cutaneous tissue and
may occasionally be present in some conditions
such as exposure to UV rays or extreme tem-
perature treatments [14–16]. Thus, it appears
that some forms of tropoelastin protein are
associated with healthy elastic tissue, whereas
others are associated with damage or disease
[17].

When exon 26A is in the elastin transcript,
99 base pairs encoding an additional 33 amino
acids (GADEGVRRSL-
SPELREGDPSSSQHLPSTPSSPR), compared with
common tropoelastin, are added. Thus, the
inclusion of exon 26A can probably alter the
structural and biological properties of elastin
because it includes a hydrophilic domain
[14, 18, 19].

Due to the importance of elastin and elastic
fibers in the composition of the dermis and its
involvement in skin aging, it is necessary to
better understand the biological mechanisms
that result from the presence of exon 26A after
photoexposure. This understanding contributes
to the search for new methods to prevent and
treat skin aging because reversal of the aesthetic
effects of aging is being increasingly desired.
Thus, the main objective of this study was to
evaluate the expression of exon 26A under
photoexposed conditions (acute and chronic
irradiation) as well as to evaluate molecular and
protein differences between elastin and other
markers related to elastogenesis among differ-
ent in vitro study models.

METHODS

Ex Vivo Skin

Ex vivo skin from three different areas, two
areas exposed to the sun (preauricular region
and eyelids) and an unexposed area (breast),
were obtained from a total of 73 female volun-
teers who were scheduled to undergo cosmetic
surgery and who were healthy and showed
phototypes II or III. Thirty samples from the
region of the breast (control, not

photoexposed), 19 from the region anterior to
the ear (rhytidoplasty, photoexposed), and 24
from the region around the eyes (blepharo-
plasty, photoexposed) were collected. Skin
samples were cut and stored in a freezer at
-80 �C (Sanyo, Moriguchi, Japan) in RNA later
solution (Ambion, Carlsbad, CA) until RNA
extraction and subsequent analysis by qPCR. All
procedures were conducted in accordance with
the Declaration of Helsinki and were previously
approved by the Ethics and Research Commit-
tee on Humans, under protocol no. 297.371
dated 06/07/2013. All volunteers signed the
Informed Consent Form. The ages of the sam-
ples ranged from 20 to 69 years; the mean age of
the control group was 46.1 ± 12.4 years, the
rhytidoplasty group 54.6 ± 9.8 years and the
blepharoplasty group 51.9 ± 10.4 years.

Cellular Coculture and Reconstituted Skin
(3D Skin or Equivalent Skin)

A pretest was performed on cell cocultures to
determine the optimal irradiation dose before
conducting the reconstituted skin evaluations.
Neonatal human dermal fibroblasts (HDFn)
(Invitrogen, Carlsbad, CA), maintained in
DMEM medium (Gibco, Carlsbad, CA) con-
taining 10% fetal bovine serum (FBS) (Gibco,
Carlsbad, CA), were used. The fibroblasts were
plated in coculture with neonatal human epi-
dermal keratinocytes (Invitrogen, Carlsbad, CA)
and maintained in EpiLife medium (Gibco,
Carlsbad, CA) containing human keratinocyte
growth supplement (HKGS) (Invitrogen, Carls-
bad, CA) and cultured at 37 �C with 6% CO2.

An irradiation dose curve (control without
irradiation—1 kJ/m2—25 kJ/m2—50 kJ/m2—
100 kJ/m2—200 kJ/m2—300 kJ/m2—400 kJ/
m2—500 kJ/m2) was administered with a Suntest
Atlas CPS ? (Atlas, Mount Prospect, Illinois)
solar radiation simulator. After the treatment, a
viability assay using thiazolyl blue tetrazolium
bromide (MTT) (Sigma-Aldrich Co., St. Louis,
MO) tetrazolium salt was conducted to deter-
mine the concentration at which 80% of the
cells remained alive (inhibitory concentration—
IC20). Gene expression analysis of normal
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synthesized elastin (26–27) and altered elastin
(26A) was also performed.

A total of 30 reconstituted skins were pre-
pared, and half were subjected to the irradiation
dose of 200 kJ/m2, which was previously detec-
ted in the MTT viability test, whereas the others
were used as a non-photoexposed control
(adapted from Fernandez et al. [46]). In vitro
skin expression analysis and immunohisto-
chemical analysis of normal elastin (Abcam,
Cambridge, UK), tropoelastin (Abcam, Cam-
bridge, UK), fibrillin 1 (FBN1) (Abcam, Cam-
bridge, UK), LOX (Abcam, Cambridge, UK),
MMP12 (Abcam, Cambridge, UK), and MAGP2
(Abcam, Cambridge, UK) were carried out on
skins stored in 4% formaldehyde (Sigma-Aldrich
Co., St. Louis, MO).

The reconstituted skins were prepared
according to methods described by Brohem
et al. [47]. Fibroblasts and keratinocytes cul-
tured under the same conditions as the cocul-
ture cells were used. The fibroblasts were
distributed on an acellular collagen matrix of
the reconstituted skin at a density of 6 9 104

cells per insert and maintained in culture under
the same conditions described above for 6 h
until polymerization. After this period, the
keratinocytes were plated on the layer contain-
ing fibroblasts at a density of 1.2 9 105 cells per
well. The skins were nourished by means of
reconstituted skin differentiation and main-
tained at the air–liquid interface for 10–13 days
to promote keratinocyte differentiation and
development of stratified layers, thus resulting
in the formation of an epidermal layer that is
histologically similar to human skin.

Histology and Immunohistochemistry

For analysis of the immunohistochemical
assays, mean values of the experiments were
calculated after the images were evaluated for
the intensity of labeling of each antibody used.
The methodology was based on the tests
described by Koria et al. [48]. The morphology
of the reconstituted skins was evaluated by
hematoxylin and eosin staining of paraffin-
embedded samples. For immunohistochem-
istry, the skins were fixed in 4% formaldehyde

embedded in paraffin, and the blocks were
subsequently deparaffinized and rehydrated by
reverse ethanol/xylene washes (Sigma-Aldrich
Co., St. Louis, MO). For detection of antibodies,
the sections were washed with phosphate-buf-
fered saline (PBS) (Sigma-Aldrich Co., St. Louis,
MO) and incubated for 1 h at room temperature
with the following primary antibodies: anti-
elastin, mouse monoclonal antibody (1:200
dilution); anti-tropoelastin, rabbit polyclonal
antibody (1:200 dilution); anti-fibrillin 1 (Bi-
otin), mouse monoclonal antibody (1:25 dilu-
tion); anti-LOX, rabbit monoclonal antibody
(1:75 dilution); rabbit anti-MMP12 antibody
(1:50 dilution); and anti-MAGP2, rabbit mono-
clonal antibody (1:100 dilution). The slides
were then incubated with complement reagent
(Abcam, Cambridge, UK) for 10 min, followed
by a biotinylated secondary antibody (Abcam,
Cambridge, UK) for 15 min at room tempera-
ture. The chromogen DAB (diaminobenzidine
3,30) (Abcam, Cambridge, UK) was added to the
slides for 5 min at room temperature. The slides
were then washed with PBS buffer (Sigma-
Aldrich Co., St. Louis, MO). After washing, the
slides were hematoxylin-countercoated and
washed seven to eight times under running
water before subsequent dehydration and
mounting with permanent mounting medium
(Abcam, Cambridge, UK).

Analysis of Gene Expression of Ex Vivo,
Cocultured and Reconstituted Skins

For the extraction of RNA from ex vivo skins
and reconstituted skins, the materials were
previously lysed in TissueLyser (Qiagen, Venlo,
Germany), and the coculture cells were
detached from the plates using a
trypsin–ethylenediaminetetraacetic acid (EDTA)
solution (Sigma-Aldrich Co., St. Louis, MO) and
then pelleted for freezing at -80 �C until
extraction. The other steps were performed in
the same manner for the three conditions
(ex vivo skin, reconstituted skin, and cell
coculture). RNA was isolated using cell lysis
buffer and purified on a glass fiber column with
reagents from the RNeasy Mini extraction kit
(Qiagen, Venlo, Germany). The cDNA was
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generated from a reverse transcription reaction
using a High Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems, Carlsbad,
CA), following the manufacturer’s recom-
mended protocol and using a Veriti Thermal
Cycler thermocycler (Applied Biosystems,
Carlsbad, CA).

Gene expression was assessed by qPCR using
Taqman Universal PCR Master Mix (Applied
Biosystems, Carlsbad, CA) in a ViiA 7 Real-Time
PCR System (Applied Biosystems, Carlsbad, CA)
thermocycler, and the plates were prepared
according to the procedure recommended by
the manufacturer.

Custom probes corresponding to the junc-
tion of exons 26 and 27 (Applied Biosystems,
Carlsbad, CA), which was characterized as the
region common to normal elastin, were used to
detect the absence of exon 26A between exons
26 and 27. Probes were also synthesized for the
region subjected to alternative splicing, in
which the design was performed at junction
26A and 27 (Applied Biosystems, Carlsbad, CA).
The designs were performed with the help of
the File Builder 3.1 PC Version Software (Ap-
plied Biosystems, Carlsbad, CA). GAPDH and
ACTB genes were used as constitutive expres-
sion controls. The expression was analyzed with
primers for the following markers: ELN INVENT
1–2 (normal elastin probe offered by the man-
ufacturer and validated for use), fibrillin 1
(FBN1), lysyl oxidase (LOX), the major metallo-
proteinase that degrades elastin (MMP12), and
microfibril-associated glycoprotein 2 (MAGP2)
(all from Applied Biosystems, Carlsbad, CA).

qPCR Data Analysis

PCR data interpretation and analysis were per-
formed with viiA 7 Software V 1.1 (Applied
Biosystems, Carlsbad, CA). The analysis was
performed using the previously described DDCT
method [49, 50].

The Ct values of each sample and each first
test were used. The DCT was calculated from the
Ct values (the Ct values of the samples were
subtracted from the mean Ct of the GAPDH and
the ACTB genes) and averaged for each of the
following conditions: breast, preauricular

region, and eyelid. From this, each exposed
condition was normalized in relation to the
control (breast), resulting in DDCT. With DDCT,
the fold-change value was calculated by calcu-
lating 2-DDCT for the evaluation of genes dif-
ferentially expressed in relation to the control.

Only modulations characterized by fold-
changes C 1.5 or B 0.5 (representing the genes
whose expression changed significantly after
sun exposure) and that presented p value B 0.05
and a minimum reliability of 95% were con-
sidered significant modulations of gene expres-
sion. Statistical analyses were performed using
JMP Statistics Software and one-way ANOVA by
multiple comparisons and Dunnett’s post-test
of the exposed conditions in relation to the
non-exposed controls.

RESULTS

Effect of Irradiation on the Expression
of Elastin Exon 26A during Fibroblast
and Keratinocyte Coculture

The expression of normal and altered elastin
isoforms was evaluated in an in vitro test system
involving the coculture of fibroblasts and ker-
atinocytes that were exposed to a radiation dose
curve. According to the results of this coculture,
the gene expression of normal elastin decreased
at all doses tested, when compared with the
unexposed control (Fig. 1A). The expression
profile of the altered isoform containing elastin
26A increased from the dose of 200 kJ/m2

(Fig. 1B). Thus, the dose of 200 kJ/m2 was cho-
sen for further testing on the reconstituted
skins.

Gene and Protein Expression
in Reconstituted Skin

The gene expression levels of markers related to
elastogenesis were determined in a reconsti-
tuted skin model. According to Fig. 2, altered
elastin (ELN 26A) presented a 4.59-fold higher
expression in the irradiated skins when com-
pared with the non-irradiated samples. The
MMP12 gene showed a tendency towards
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increased expression in irradiated skin (1.94-
fold increase), but this difference was not sta-
tistically significant. Expression levels of the
other markers were not significantly changed.

The protein expression levels of markers
related to elastogenesis were also evaluated in
reconstituted skin with and without photoex-
posure. The figure below shows representative
images of one experiment for each condition.

Histopathological changes were observed
between the two conditions. The epidermis was
thinner and atrophied with vacuolization in the

cellular cytoplasm. In the dermis, the appear-
ance of vacuolization and a decrease in the
amount of fibroblasts are also visible (Fig. 3A
and B).

Tropoelastin (Fig. 3E, F) showed a significant
increase in the basal layer of the epidermis after
photoexposure, and fibrillin 1 (Fig. 3G and H)
was also significantly increased throughout the
dermis after photoexposure. There were no
changes in the protein expression levels of
elastin, LOX, MMP12, and MAGP2 (Fig. 3A–D,
I–N) according to this method of evaluation.

Effect of Irradiation on Gene Expression
in Ex Vivo Skin

The effect of photoexposure on the gene
expression of markers related to elastogenesis
was also evaluated using the ex vivo skin model.
According to Fig. 4, the results obtained by
qPCR demonstrated increased expression of the
altered elastin isoform (ELN26A) in the two
exposed regions evaluated. The skin of the
auricular region (rhytidoplasty) showed a 3.61-
fold increase, and the skin of the eyelid region
(blepharoplasty) showed a 2.58-fold increase
compared with the control (non-exposed skin
derived from mammoplasty). Expression of the
typical elastin isoform (ELN26-27) and the
elastin control (ELN INVENT 1–2) were not
significantly different when compared with the
expression in the non-photoexposed region.
The MMP12 gene presented increased expres-
sion in the two conditions exposed, when
compared with the control. The MMP12

Fig. 1 Gene expression analysis of normal and altered
elastin isoforms after exposure to different doses of
radiation. Fold-change values obtained from gene expres-
sion analysis of normal elastin A and altered elastin 26A B,

after different doses of irradiation in cocultured fibroblasts
and keratinocytes compared with non-irradiated cocultures

Fig. 2 Evaluation of the gene expression of markers
related to elastogenesis in reconstituted skin. Fold-change
values obtained after analysis of gene expression of the
major markers related to elastogenesis in reconstituted
skins. Comparative evaluation between irradiated skins
and control skins. The red line shows that values above 1
correspond to an increase in expression and those below 1
represent a decrease in expression of the analyzed genes.
Statistical analysis was performed by one-way ANOVA,
followed by Dunnett’s post-test *p\ 0.05, **p\ 0.01,
***p B 0.001
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expression by rhytidoplasty was 5.98-fold
greater, and that by blepharoplasty was 3.14-
fold greater compared with the control. The
LOX gene, which is related to elastin crosslink-
ing, showed increased expression of 1.64-fold
only in the exposed blepharoplasty region. The
FBN1 and MAGP2 genes did not show differen-
tial gene expression in the photoexposed tissues
when compared with the control.

DISCUSSION

Some researchers have reported that the pres-
ence of exon 26A may increase in aging or
damaged elastic fibers and may be a marker of
damage; however, the effect of this domain on
the physical properties of tropoelastin and
elastin is not yet known [20]. The consequences
of premature aging after UV exposure are
mostly related to alterations in the mechanical
properties of the tissue and are the result of
structural and compositional remodeling in the
dermis. These processes cause wrinkling that
characterizes chronically photoaged skin [21].

This study analyzed the differences in gene
expression that can occur in molecules related
to the production of elastic fibers in the skin
after photoexposure. The main objective was to
evaluate whether irradiation induces the pro-
duction of a structurally altered elastin mole-
cule (exon 26A) as well as to verify the
expression of other elastic fiber-related markers
due to the consequences on the skin and the
signs of aging.

The evaluation of the gene expression in
irradiated cells demonstrated that low doses
(\200 kJ/m2) of irradiation were insufficient to
impact the expression of the altered elastin
isoform (exon 26A) in a coculture model. How-
ever, at more intense radiation doses, expres-
sion of the altered elastin isoform was increased
and that of the typical isoform was decreased,
which indicated damage to the elastin fibers
caused by extrinsic aging. Mora Huertas et al. [8]
has demonstrated some molecular conse-
quences in elastin fibers following skin aging,
indicating differences in the morphological
pattern and more pronounced elastin decom-
position in the tissues of older patients.

The decrease in normal elastin gene expres-
sion evidenced in the studied models, ex vivo
skin derived from photoexposed tissues in the
reconstituted skin model and the co-culture,
complement what is described in the literature
because several studies have shown that the
expression of normal elastin decreases after
photoexposure and photoaging [14, 22–24].
Bernestein et al. [25] demonstrated that elastin
mRNA levels decrease in photoexposed skin and

bFig. 3 Evaluation of protein expression through immuno-
histochemistry of proteins related to elastogenesis in
reconstituted skin. Representative images of the samples
analyzed after hematoxylin and eosin (HE) labeling (A,
B) and labeling for the other markers investigated
(C–N) in photoexposed and non-photoexposed skin.
HE, 109 magnification. Elastin, tropoelastin, fibrillin 1,
LOX, MMP12, and MAGP2, 209 magnification

Fig. 4 Analysis of gene expression of markers related to
elastogenesis. Graph showing the fold-change values after
comparison between the photoexposed areas (rhytidoplasty
and blepharoplasty) in relation to the non-photoexposed
area (breast). The red line indicates that values above 1
correspond to an increase in expression and those below 1
correspond a decrease in the expression of the genes
analyzed in relation to the control. Rhytidoplasty includes
skin samples from the anterior region to the ear, and
blepharoplasty includes samples of skin around the eyes.
ELN elastin, FBN1 fibrillin 1, LOX lysyl oxidase, MMP12
metalloproteinase of matrix 12, MAGP2 glycoprotein
associated with microfibrils 2. Statistical analysis was
performed by one-way ANOVA, followed by Dunnett’s
post-test *p B 0.05, **p B 0.01, ***p B 0.001
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in fibroblasts derived from the same skins when
compared with the non-exposed areas and cells
of the same individuals. Additionally, Darvin
et al. [26] reported that high exposure to solar
radiation significantly reduced the concentra-
tion of elastic fibers and collagen when analyz-
ing skin material after UV exposure.

No studies in the literature have investigated
the gene expression of exon 26A in cocultures
of keratinocytes and fibroblasts, only in separate
cell cultures of fibroblast monolayers or ker-
atinocytes. The presence or absence of exon 26A
may generate a structurally or functionally
altered elastin molecule; however, the function
of elastin molecules containing the additional
sequence remains unknown [19]. Other studies
that have evaluated specific mutations in the
elastin gene have demonstrated that the charge
changes caused by amino acid substitution
modify the elastin structure [13, 16]. It has been
confirmed that elastin is expressed by ker-
atinocytes and that the primary elastin tran-
script typically contains exon 26A in the
terminal differentiation of keratinocytes,
demonstrating that exon 26A expression is
present in skin cells [27, 28].

In vitro tests of reconstituted skin and
fibroblasts were used because these are dermis
cells that produce and express the elastin gene
[29–31]. In addition, keratinocytes were used
because they are cells of the epidermis that
present tropoelastin expression as do fibroblasts
[27, 28]. The relationship between these two
cells and UV irradiation was also described by
Akhalaya et al. [22] in which dermal fibroblasts
were reported as the cells that were most sensi-
tive to UV radiation. Epidermal keratinocytes
were also likely involved in this process. The
gene expression results obtained by the in vitro
assays on reconstituted skins confirmed that
exon 26A expression is indeed increased in
photoexposed skins. These data correlated with
ex vivo skin data, as a significant increase in the
expression of the altered elastin (26A) was
observed in both photoexposed ex vivo skin
regions. These data also corroborated the results
described by Chen et al. [14] where exon 26A
mRNA expression was increased in the human
epidermis in vivo when irradiated with a fluo-
rescent lamp and after thermal shock. This work

has also demonstrated the relationship between
elastin 26A and solar elastosis and has assumed
that elastin 26A can alter the structural and
biological properties of elastin, thus affecting
normal elastic fiber formation and contributing
to the development of solar elastase in human
skin in vivo.

In relation to the gene expression analysis of
the other markers used, there was a correlation
between the two methodologies tested in the
in vitro and ex vivo models. Significant increa-
ses in MMP12 expression were detected in the
ex vivo skin tests in both photoexposed regions,
but in the irradiated reconstituted skins, this
increase was not significant. MMP12 is the pri-
mary metalloproteinase that degrades elastin
[32]. Chung et al. [32] have demonstrated that
UV irradiation induces MMP12 gene and pro-
tein expression in human skin in vivo and in
fibroblast cultures. Pandel et al. [33] demon-
strated that MMPs are produced in response to
UVB irradiation in vivo and are involved in
changes that occur through photoaging in
connective tissues. However, more recently,
Tewari et al. [34] observed that the upregulation
of MMP12 is more evident in UVA1 irradiation
than in UVB irradiation, and thus, MMP12
would be a good marker of UVA1 exposure.

MMPs are associated with a variety of normal
and pathological conditions involving matrix
degradation and remodeling. Chen et al. [35]
commented that solar irradiation induces the
expression of MMP12 and this increased
expression in photoexposed skin is colocalized
with solar elastosis products. Chung et al. [32]
also claimed that the protein expression of
MMP12 is increased in regions of solar elastosis,
suggesting that this is partly responsible for the
elastic fiber damage that is universally observed
in photoexposed human skins.

Fibrillin 1, a protein that is involved in the
formation of elastic fibers, demonstrated
diminished expression in the exposed region
anterior to the ear of ex vivo skin. However, in
the region around the eyes, the expression was
increased when compared with the control.
These differences were not significant in any of
these cases. On analysis of gene expression
levels in reconstituted skins, fibrillin 1 was also
decreased, but these differences were not
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significant. In this case, only the results from
the ex vivo skin of the region around the eyes
corroborated the results described in the litera-
ture, i.e., Bernstein et al. [25] reported increased
expression and deposition of fibrillin 1 in the
reticular dermis of photodamaged skin.

The MAGP2 protein makes up the microfib-
rils of the extracellular matrix. It is the protein
product of the MFAP5 gene and is also known as
MP-25 [36]. MAGP2 colocalizes with elastin-as-
sociated microfibrils and also elastin-free
microfibrils in various tissues. Lemaire et al. [37]
conducted in vitro studies that suggested that
the expression of MAGP2 is necessary for the
production of normal elastic fibers. MAGP2
gene expression was also decreased in both
in vitro and ex vivo tested conditions, but these
reductions were not significant. There are still
no data in the literature regarding changes in
MAGP2 gene expression after photoexposure.

LOX gene expression showed a minimal
decrease in the reconstituted skin and the
region anterior to the ear in the ex vivo skin. On
the other hand, in the region around the eyes,
LOX expression was significantly increased
when compared with that of the control. LOX is
responsible for elastin cross-linking during
elastogenesis. It has been reported that LOX
expression decreases during photoaging and
that this enzyme is essential for elastic fiber
homeostasis and maintenance of elastogenesis
[38]. Pain et al. [39] complemented that too
much elastin and insufficient lysyl oxidase
enzyme (LOXL1) to form functional elastic
fibers may be caused by an imbalance of the
elastin fibers in response to ultraviolet light. For
this marker, a significant increase in gene
expression was observed in the periocular
region, which was not confirmed in the recon-
stituted skin model.

On evaluation of protein expression by
immunohistochemistry method in reconsti-
tuted skins, no elastin was detected in the
control and in the photoexposed conditions,
and consequently, there was no modulation
after photoexposure. Mewes et al. [40] studied
the expression of elastin by immunohisto-
chemistry in reconstituted skins that remained
in differentiation for 50 days, but detected
elastin in these skins only after 7 days of culture

in an air–liquid interface. The reconstituted
skins used in this study remained in differenti-
ation for 13 days. Although the preparation of
skin samples was different when compared with
the Mewes methodology, this work also
demonstrated that elastin labeling by
immunohistochemistry does not occur in the
first days after preparation of the skin samples.

On immunohistochemistry analysis of
reconstituted skins, tropoelastin and fibrillin 1
protein expression levels were increased after
photoexposure. LOX, MMP12, and MAGP2
showed no significant differences in expression
after photoexposure. One hypothesis that may
be suggested is that the method used to expose
the skins to solar radiation was not effective in
stimulating effects on the expression levels of the
markers investigated (elastin, LOX, MMP12, and
MAGP2).

Another consideration is the reconstituted
skin model. This is an in vitro method that
serves as a versatile and reproducible research
tool with numerous applications, and is recog-
nized and validated by the international scien-
tific community, in addition to being indicated
for substitution in animal tests on various topics
such as dermal irritation. However, there are
some technical limitations with respect to
human skin regarding the complexity of the
dermis, reduction of barrier function, absence
of blood vessels, cells of the immune system,
hair follicles, and glands and appendages, a fact
that could justify the absence of protein label-
ing. Currently, due to the legal and ethical
requirements regarding tests for cosmetic
industries, in vitro reconstituted skin models
are validated and correlated with in vivo data
owing to their complexity and thus enable the
construction of a predictive and robust model
that can replace animal models [41].

Therefore, future studies of the protein
expression levels of these markers by ex vivo skin
immunohistochemistry assay should be per-
formed, and the results should be compared with
data obtained via the in vitro reconstituted skin
model. For example, a study conducted by
Gambichler et al. [42] analyzed another skin
disease: mid-dermal elastolysis (MDE) which is a
rare, acquired skin disease histopathologically
characterized by selective loss of elastic fibers in
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the mid-dermis. In this review, they described
that, to better understand pathomechanisms
involved in MDE, immunohistochemistry of
skin biopsies was used, and these assays proved to
be a good technique for analyzed skin markers.

Complementarily, Widgerow et al. [43]
studied new approaches to skin photodamage
histology using a combination of stains that
provided a comprehensive range of stains for
identifying new elastin or regenerative events
within the skin layers.

With these last considerations, we recognize
that the present study has some limitations. In
addition to comparing in vitro with ex vivo skin
immunohistochemistry, the next step could be
to carry out other complementary evaluations,
for example as cited by Rathod et al. [44], who
achieved quantification of desmosine and iso-
desmosine (cross-linking amino acids in the
elastin biomolecule), using matrix-assisted laser
desorption ionization (MALDI)–tandem mass
spectrometry (MS2) and concluded that this
technique is suitable for quantifying
biomolecules.

Another alternative is Raman microscopy, as
described by Egawa [45], who, due to the limi-
tations with some conventional histological
methods, cited that the latest application of
coherent Raman scattering microscopy to visu-
alize 3D intracellular morphologies in the
human epidermis during differentiation is
being applied to evaluate skin components.
Thus, it is expected that valuable insights into
the biological mechanisms involved in extrinsic
skin aging (solar elastosis) could be identified
and better understood.

CONCLUSION

In conclusion, the data obtained through gene
expression analysis corroborated those reported
in the literature among different study models
(in vitro and ex vivo). It was observed that,
although the photoaging process may be com-
plex, it can be mitigated by avoiding skin
exposure to solar radiation. Some of the bio-
logical mechanisms that are involved in pho-
toaging can be understood with gene expression
analyses of exon 26A. Although few studies on

exon 26A expression are available in the litera-
ture, this study has shown that this change is
actually associated with photoexposure in dif-
ferent in vitro models. Further research should
be conducted to validate the mechanisms
involved in the expression of this exon because
the process by which the solar irradiation
induces this change and the exact function of
this altered elastin isoform remain unknown.
The knowledge that elastin alteration con-
tributes to solar elastosis, a very striking feature
of extrinsic aging, can contribute to the pre-
vention of extrinsic aging through the devel-
opment of active components and specific
treatment products for this purpose.
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Pinhais, Paraná, Brazil.
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Márcio Lorencini (in memory) and Carla Abdo
Brohem) have no conflicts of interest to declare.

Compliance with Ethics Guidelines. All
procedures were conducted in accordance with
the Declaration of Helsinki and were previously
approved by the Ethics and Research Commit-
tee on Humans, under Protocol No. 297.371
dated 06/07/2013. All volunteers signed the
Informed Consent Form.
This study protocol was reviewed and ap-

proved by Centro Universitário Positivo – UNI-
CENP, Plataforma Brasil, approval number
297.371.
All volunteers signed the Informed Consent

Form.

Data Availability. The datasets generated
during and/or analyzed during the current
study are available from the corresponding
author on reasonable request.

Open Access. This article is licensed under a
Creative Commons Attribution-NonCommer-
cial 4.0 International License, which permits any
non-commercial use, sharing, adaptation, dis-
tribution and reproduction in any medium or
format, as long as you give appropriate credit to
the original author(s) and the source, provide a
link to the Creative Commons licence, and
indicate if changes were made. The images or
other third party material in this article are
included in the article’s Creative Commons
licence, unless indicated otherwise in a credit
line to the material. If material is not included in
the article’s Creative Commons licence and your
intended use is not permitted by statutory regu-
lation or exceeds the permitted use, you will need
to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc/4.0/.

REFERENCES

1. Gragnani A, Cornick SM, Chominski V, et al.
Review of major theories of skin aging. Adv Aging
Res. 2014;3(4):265–84.

2. Debacq-Chainiaux F, Leduc C, Verbeke A, Toussaint
O. UV, stress and aging. Dermatoendocrinol.
2012;4:236–40.
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