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Abstract

Introduction. Skin aging is accompanied by the upregulation of the expression of various matrix metalloprotein-
ases (MMPs). It was shown that exposure to ultraviolet radiation (UVR) may induce skin expression of MMPs
and dysregulation of the transforming growth factor beta (TGF-£)/Smad pathway. The aim of our study was to
compare the effects of short holiday UVR exposure and lifetime UVR exposure, on the expression of MMP-§,
TGF-$1, and Smad2 in human skin biopsies.

Material and methods. Skin biopsies were taken from the outer upper arm of 15 elderly people with significant
photoaging (mean age 64.1 years) (Group 1) and from 15 healthy young adult volunteers (mean age 24.1y) who
participated in a six-day sun holiday. Biopsies were taken twice: 24 hours before leaving for holiday (Group 2a)
and 24 hours after returning (Group 2b). The expression of TGF-31, Smad2, and MMP-8 was examined by
immunochemistry and measured semiquantitatively by two independent pathologists.

Results. The mean expression of TGF-£1 in dermal fibroblasts and keratinocytes in Group 1 and Group 2b was
significantly lower than in Group 2a (0.54% = 0.44% and 0.48% =+ 0.51% vs. 1.48% = 0.72%, respectively). The
percentage of Smad2 (+) cells in Group 1 and Group 2b was lower than in Group 2a (2.13% = 1.39% and 1.81%
+ 1.16% vs. 4.13% = 1.58%, respectively). The MMP-8 expression in Group 2b was 1.36% = 0.68% and was signif-
icantly higher than in Group 1 (0.34% = 0.42%) and Group 2a in which the protein was not detected (p < 0.001).
Conclusions. We conclude that the decrease in the expression of TGF-81 and Smad?2 is a persistent biomarker
of skin photoaging, while the increased expression of MMP-8 in keratinocytes can be regarded as a marker of
acute sun exposure. (Folia Histochem Cytobiol. 2016, Vol. 54, No. 1, 42—48)

Key words: photoaging; TGF-81; Smad2; MMP-8; short and long UVR exposure; IHC

Introduction

The extracellular matrix (ECM) is mainly composed
of collagens type I and type 111, elastic fibers, prote-
oglycans, and fibronectin. In skin exposed to UVR,
the disorganization of collagen fibers, deposits of
elastin, and decreased amounts of collagen I and III
precursors are observed [1]. Matrix metalloproteinas-
es (MMPs) are proteolytic enzymes with the ability to
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degrade collagen, elastic fibers, and other proteins [2].
The overexpression of MMPs upon exposure of
the skin to UVR is one of the important causes of
photoaging and the development of skin cancers. In
our study, it was shown that UVR mainly induces
three metalloproteinases in the epidermis, namely,
collagenase (MMP-1), 92-kD gelatinase (MMP-9),
and stromelysin (MMP-3). These proteins are trans-
located through the basement membrane and may
cause total degradation of skin collagen and promote
skin aging [3]. Additionally, dysregulation of ECM
glycoproteins such as laminin and the impairment of
the proliferation of keratinocytes lead to disorganiza-
tion of the dermal-epidermal junction. It was shown
that even a single exposure to suberythemal UVR is
sufficient to induce MMP-1 and MMP-9 expression in
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dermal fibroblasts. These observations are the reason
why daily photoprotection in normal life should be
strongly recommended [4].

In vitro studies have shown the role of transform-
ing growth factor beta (TGF-f) in the synthesis of
collagen [5]. In aging skin, there is a decreased ex-
pression of the gene encoding TGF-3 which results
in lower collagen synthesis [6]. Skin exposure to UVR
enhances this process via impairment of the TGF-3/
/Smad signaling pathway and ultimately results in the
inhibition of the synthesis of procollagen I [7]. Most
available studies on the subject have been performed
in vitro or on animal models, and erythemal doses of
UVR were used. There are only scarce data on the
role of TGF-§ in naturally occurring photoaging in
humans [8]. Still, the role of suberythemal UVR doses
on molecular processes in skin and the development
of photoaging in daily life has not yet been fully elu-
cidated. The correlation between the type of solar
exposure (time, intensity) and the initiation of the
molecular mechanisms involved in photoaging has not
been clearly resolved. We are not aware of studies of
specific protein expression known to be biomarkers of
photoaging. Thus, the aim of our study was to assess
the influence of short holiday UVR exposure, as well
as of lifetime UVR exposure, on the expression of
metalloproteinase 8, TGF-#1 and Smad2 in human
skin in young adult and elderly subjects.

Material and methods

Subjects and material collection. The study involved 30
healthy Caucasian subjects. The study was approved by the
Ethics Committee of the Medical University of Lodz, Po-
land, and each participant gave written informed consent to
participate in the study. The material for the study consisted
of skin biopsies taken from subjects divided into two groups.
Group 1 included elderly people with clinically strongly pho-
todamaged skin (7 women, 8 men, aged 64.1 *+ 5.4y, mean
+ SD; phototype II, n = 7, phototype III, n = 8). Group 2
consisted of 15 healthy young adult volunteers (7 women,
8men, mean age 24.1 * 6.8y; phototype II, n = 6, phototype I11,
n = 9), who participated in a six day-long sun holiday on
Tenerife in the Canary Islands, Spain (28°N 16°W) in March
2011. Subjects were recruited by the Dermatology Depart-
ment of the Medical University of Lodz, Poland. The exclu-
sion criteria were a history of skin disease (including skin
cancer), the use of photosensitizing medication, and sunbed
or holiday sun exposure within the previous 4 months. The
volunteers were not given any instructions on sunscreen use,
which was not monitored, in order to avoid any influence on
their photoprotection habits. They were told to bring their
own sunscreens as they normally would for a holiday. Parti-
cipants had approximately 5 hours of sun exposure every day
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between 09:00 to 17:00 local time. Personal UVR exposure
was monitored using wrist-worn SunSavers. These are elec-
tronic devices that record time-stamped erythemal exposure
expressed as SED (standard erythema dose). Similar devices
were also placed on an un-shaded location on the roof of one
of the hotels to monitor ambient UVR exposure. Mean cu-
mulative UVR dose for each participant from group 2 was 45
SED. In all the volunteers, 4 mm skin biopsies were taken to
assess MMP-8, TGF-31, and Smad expression. In Group 1, the
skin specimens were taken once, while in Group 2, they were
taken twice: 24 hours before leaving for Tenerife (Group 2a)
and 24 hours after coming back (Group 2b). The skin biop-
sies were taken from outer part of arm in each participant
of the study.

Immunochemistry. The expression of MMP-8, TGF-41, and
Smad were examined by immunohistochemical technique.
Skin biopsies were fixed in 4% neutralized formaldehyde and
routinely processed into paraffin blocks. Paraffin sections
were mounted onto SuperFrost slides, deparaffinized, then
treated in a microwave oven in a solution of TRS (Target
Retrieval Solution, DakoCytomation, Glostrup, Danemark),
pH 6.0 for 30 min (360 W 2 X 6 min, 180 W 2 X 5 min, 90 W
2 X 4 min) and transferred to distilled water. Endogenous
peroxidase activity was blocked by 0.3% hydrogen peroxide
in distilled water for 30 min, and then sections were rinsed
with Tris-buffered saline (TBS, DakoCytomation) and incu-
bated for 1 h with rabbit polyclonal anti-human antibodies:
Smad?2 (1:200; ab63576, Abcam, Cambridge, UK), TGF-$1
(3 ug/mL, ab66043, Abcam) and MMP8 (1:200, ab78423, Ab-
cam). Afterwards EnVision + System-HRP (DakoCytoma-
tion) prepared according to the manufacturer’s instruction.
Visualization was performed by incubating the sections in a
solution of 3.3’-diaminobenzidine (DakoCytomation). After
washing, the sections were counter-stained with hematoxylin
and coverslipped. For each antibody and each sample nega-
tive control were processed. Negative controls were carried
out by incubation in the absence of the primary antibody and
always yielded negative results.

Semiquantitative evaluation of MMP-8 and TGF-$ immuno-
reactivity. In each specimen, the staining intensity of TGF-41
and MMP-8 was assessed semiquantitatively by two inde-
pendent observers in 6-8 adjacent high-power fields and
graded as 0 (staining not detectable), 1 (weak immunostain-
ing), 2 (moderate immunostaining intensity), or 3 (strong
staining). The mean grade was calculated by averaging the
grades assigned by the two investigators and approximating
the arithmetical mean to the nearest unity.

Morphometry of Smad2-immunoposistive cells. Histological
morphometry was performed by means of an image analysis
system consisting of a PC computer equipped with a Penta-
gram graphical tablet, Indeo Fast card (a true-color real-time
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Figure 1. The immunoreactivity of transforming growth factor beta 1 (TGF-A1) in skin biopsies. A. Cytoplasmic immuno-
reactivity is present in some keratinocytes of the basal layer of epidermis and few dermal fibroblasts in Group 1; B. Intense
immunoexpression in keratinocytes of the basal layer and weak in other layers of epidermis in Group 2a; C. Weak immuno-
expression in keratinocytes of the basal layer of epidermis in Group 2b; D. Negative control. Magnification X 100

frame grabber), and color TV camera (Panasonic, Tokyo,
Japan) coupled to a Carl Zeiss microscope (Carl Zeiss, Jena,
Germany). This system was programmed (using MultiScan
8.08 software, produced by Computer Scanning Systems,
Poland) to calculate the number of objects (semiautomatic
function). The colored microscopic images were saved serial-
ly in the computer’s memory, and quantitative examinations
were then carried out. The percentage of immunopositive
cells was estimated by semiautomatic counting of 100 cells
in ten monitor fields (0.029 mm? each), so that, in each case,
1000 cells per biopsy were analyzed.

Statistical analysis. All values were expressed as means =
SDs (standard deviation). The differences between groups
were tested using Student’s ¢-test for independent samples
preceded by evaluation of normality and homogeneity of var-
iances with Levene’s test. Additionally, the Mann-Whitney
U-test was used where appropriate. Correlation coefficients
were calculated using the Spearman method. Results were
considered statistically significant if p < 0.05.
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Results

The results represent morphologic evaluation of skin
biopsies obtained from the elderly subjects with pho-
todamaged skin (Group 1) and from young adult sub-
jects who spent a six day-long sun holiday (Group 2).
In the Group 1, the skin specimens were taken once,
while in Group 2, they were taken 24 hours before
leaving for sun holidays (Group 2a) and 24 hours after
coming back (Group 2b).

The immunoreactivity of the studied

proteins in the skin

The cytoplasmic immunoexpression of TGF-31 was
observed in keratinocytes and some dermal fibroblasts
(Figure 1A-D). Cytoplasmic immunoreactivity was
seen in some keratinocytes of the basal layer of epi-
dermis and in few fibroblasts in Group 1 (Figure 1A),
whereas intense immunoexpression was observed in
keratinocytes of the basal layer and a weaker one in
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Figure 2. The immunoreactivity of Smad?2 in skin biopsies. A. Weak nuclear immunoexpression of Smad?2 in keratinocytes
mainly of the basal layer of epidermis in Group 1; B. Strong immunoexpression in all layers of epidermis in Group 2a;
C. Moderate immunoexpression in all layers of epidermis in Group 2b; D. Negative control. Magnification X100

other layers of epidermis in Group 2a (Figure 1B).
Weak TGF-81 immunoexpression in keratinocytes
of the basal layer of epidermis in group 2b was noted
(Figure 1C).

On the contrary, the immunoreactivity of Smad2
was observed in all non-keratinized layers of epider-
mis. It was mainly nuclear and rarely cytoplasmic
(Figure 2A-D). Weak nuclear immunoexpression
of Smad2 was found in keratinocytes mainly of the
basal layer of epidermis in Group 1 (Figure 2A) and
strong immunoexpression in all layers of epidermis in
Group 2a (Figure 2B). Moderate immunoexpression
in all layers of epidermis in Group 2b (Figure 2C)
was seen.

The immunoreactivity of MMP-8 was noted in
keratinocytes, few dermal fibroblasts and in some
inflammatory cells (Figure 3A-D). This immunoex-
pression was weak in Group 1 (Figure 3A), negative
in Group 2a (Figure 2B) and moderate in Group 2b
(Figure 2C).
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The proportion of the immunoreactive

cells in skin biopsies

The mean percentage of TGF-$1 immunoreactivity in
skin biopsies in Group 1 and Group 2b was significant-
ly lower than in Group 2a (0.54% = 0.44% and 0.48%
+ 0.51% vs. 1.48% =+ 0.72%, respectively; Table 1).

The percentage of Smad2 immunopositive cells
in Group 2b was 1.81% = 1.16%, and was lower
than before sun holiday (Group 2a: 4.13% = 1.58%;
p < 0.002; Table 1). In Group 1, the percentage of
Smad2 immunoreactive cells was 2.13% =+ 1.39%,
significantly lower than in Group 2a (p < 0.008).
There was no difference between Groups 1 and 2b
(Table 1).

The proportion of MMP-8 immunoreactivity in
skin biopsies in Group 2b was 1.36% =+ 0.68%, and
was significantly higher than in Group 2a, in which
the protein was not detected (Table 1). In Group 1,
MMP-8 expression was present in 0.34% =+ 0.42% of
cells and was significantly higher than in Group 2a
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Figure 3. The immunoreactivity of matrix metalloproteinase 8 (MMP-8) in skin biopsies. A. Weak immunoexpression of
MMP-8 in keratinocytes, few dermal fibroblasts, and in some inflammatory cells in Group 1; B. Negative immunoexpres-
sion in Group 2a; C. Moderate immunoexpression in keratinocytes and dermal fibroblasts in Group 2b; D. Negative

control. Magnification X100

Table 1. The percentage of immunoreactive cells in skin biopsies

TGF-41

Smad2

MMP-8

Group 1 (old subjects)

0.54% =+ 0.44%

2.13% *= 1.39%

0.34% = 0.42%

Group 2a (young subjects before UVR exposure)

1.48% = 0.72%

4.16% = 1.58%

0.00% = 0.00%

Group 2b (young subjects after UVR exposure)

0.48% = 0.51%

1.81% = 1.16%

1.36% + 0.68%

P value

< 0.003!
< 0.003?
= 0.81°

< 0.002!
< 0.008?
=0.58

< 0.001"
< 0.03?
< 0.0013

The proportions of cells with TGF-$1, Smad2 or MMP-8 immunoreactivity were measured as described in Material and methods. Values repre-
sent mean * SD. P values refer to the following groups: 'Between Groups 2a and 2b; 2Between Groups 2a and 1; *Between Groups 2b and 1.
Abbreviations: MMP-8 — matrix metalloproteinase 8; TGF-f1 — transforming growth factor beta 1; UVR — ultraviolet radiation

(p < 0.03). There was a statistically significant
difference between Groups 1 and 2b (p < 0.01)
(Table 1).

We found a positive correlation between TGF-31 ex-
pression and the number of Smad2+ cells in Groups 2a
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and 2b (r = 0.66, p < 0.04; r = 0.74, p < 0.02; respec-
tively), however, there was no correlation between
TGF-#1 and MMP-8 expression. We did not find
any correlations between immunoreactivity of the
studied proteins in Group 1 (Table 2).
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Table 2. Spearman rank-order correlations between the immuno-
expression of TGF-f1, Smad2 and MMP-8 proteins in skin
biopsies

Pair of variables Group 1 Group 2a Group 2b
(n =15) (n =15) (n =15)
TGF-A1 and Smad2 r=0.54 r = 0.66 r=0.74
p=0.10 p <0.04 p <0.02
TGF-f1 and MMP-8 r=0.1 — r=-0.19
p=0.78 p =059

Groups and abbreviations were defined as described in Table 1

Discussion

Ultraviolet radiation is an environmental factor that
may cause DNA damage, leading to the generation of
genetic mutations and the development of skin can-
cer. It is also known revealed that UVR can activate
various growth factors and cytokine receptors on the
surface of cells [9-11]. The consequence of this phe-
nomenon is the activation of various intercellular sig-
naling pathways, induction, and the activation of tran-
scriptional factors, especially protein-1 and NF-«B,
and changes in gene transcription [10, 12-14]. In
spite of the many publications on the mechanisms of
UVR, there are only scarce data on its influence on
the activation of TGF-f receptors and the TGF/Smad
signaling pathway. Hanet et al. [15] showed that UVR
causes a decrease in the expression of TbRII receptor
and the induction of Smad7 protein, which leads to
diminished expression of TGF-8 and Smad2. These
molecular mechanisms seem to be very important in
the development of photocancerogenesis, due to the
fact that TGF-§ is strongly involved in the synthesis of
collagen [16]. Quan et al. [17] showed in vitro that the
TGF-/Smad/CTGF/procollagen pathway is involved
in aging. They also showed the decreased expression of
these proteins in human skin with symptoms of aging.

In extrinsic aging (i.e., photoaging), analogue
mechanisms related to the TGF-3/Smad2 pathway
dysregulation are observed [18]. Literature data
confirm the ability of UVR to disturb this signaling
pathway via decreased expression of TGF-§ type-2
receptor. This phenomenon leads to changes in the
expression of genes encoding procollagen 1 [19].
Ultraviolet radiation activates cytokines and growth
factors, and also disturbs the TGF-$/Smad signaling
pathway. This results from the reduced expression
of TbRII receptor and the induction of Smad7 pro-
teins, leading in consequence to the inhibition of
the TGF-$/Smad2/3 pathway, its translocation to
the nucleus, and the generation of the Smad/DNA
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complex [20-21]. These data are in line with our
observations. In our study, we showed a statistically
significant decrease in the expression of both TGF-3
and Smad?2 in the skin of young people exposed to
acute doses of natural UVR, as well as in the skin
of the elderly people whose skin showed multiple
clinical signs of photodamage. The lack of statistical
differences between these two groups of volunteers
testifies for the dysregulation of the TGF-3/Smad
molecular pathway in the skin of young healthy peo-
ple under short exposure to UVR. This observation
probably enables us to assess this phenomenon as an
early biomarker of photoaging. On the other hand,
the decreased expression of TGF-3/Smad2 in people
with photodamaged skin (high cumulative UVR dose
over the whole life), who has not been exposed to
acute UVR within the past several months before the
biopsy, proves the lack of photoadaptive mechanism
and allows us to assess these proteins as a persistent
biomarker of photoaging.

Histological and ultrastructural examinations of
skin damaged by exposure to UVR showed many char-
acteristic processes localized in the dermis. Among
the most important of these were the disorganization
of collagen fibers, the decreased amount of collagen
I and III precursors, and elastin deposits. These phe-
nomena result from the increased activity of metallo-
proteinases induced under UVR. Current knowledge
suggests that thus is the key pathogenic mechanism in-
volved in photoaging. In various studies [21-24], it has
been shown that exposure of skin to UVR induces epi-
dermal expression of three main metalloproteinases
— namely, collagenase, gelatinase, and stromelysin.
These proteins are translocated through the basement
membrane zone to the dermis and degrade collagen
[16]. Simultaneous dysregulation of adhesive proteins,
including laminin, leads to the destruction of the der-
mal-epidermal junction [4]. Enhanced expression of
MMPs and decreased amount of collagen IV result
in degradation of dermal-epidermal junction. It alters
epidermal integrity, its impaired nutrition and influx
of inflammatory cells. All the changes observed in
epidermis of photodamaged skin result from UVR —
mediated dermal changes in extracellular matrix [25].

The literature contains consistent data on the very
low expression of all MMPS, apart from MMP-14, in
healthy human skin with no symptoms of photoaging.
Our results are in line with these observations, as in
the group of young people in whom skin biopsies
were taken before UVR exposure, the expression of
MMP-8 was not detected at all.

MMP-8 (neutrophil collagenase) is activated in
the skin subsequent to the activation of neutrophils
mediated by UVR. The increase in the expression
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of MMP-§ after six days’ exposure to UVR was con-
firmed by the literature data [20].

UVR causes changes in collagen via the degrada-
tion and disorganization of collagen fibers, as well as
through the inhibition of its synthesis. A single exposure
of the skin to UV (2 MED) leads to the inhibition of
procollagen synthesis within 24 h, which is followed by
an increase in its synthesis after 48—72 h. This phenom-
enon is also linked with the impairment of the TGF-3
pathway. Collagen degradation, on the other hand,
mainly results from metalloproteinase activation [1].

Conclusions

Based on our results, we can conclude that the de-
crease in the expression of TGF-$/Smad2 is a persis-
tent biomarker of photoaging, while the increase in
the expression of MMP-8 is marker of acute sun
exposure.
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