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Abstract

Background: Aging-related degeneration of elastic fibres causes
skin wrinkles and loss of elasticity. A correlation has been reported be-
tween dermal elastic fibre degradation and wrinkles. However, the
mechanism of wrinkle formation is complex and unclear. To establish
methods for treating wrinkles, it is necessary to understand the aging-
related morphological alterations underlying elastin fibre degradation or
disappearance.

Objectives: To image and analyse aging-related three-dimensional (3D)
morphological alterations of elastic fibres in the eyelid and abdominal
skin.

Methods: Excised human eyelid and abdominal skin tissues were
examined. The structure of elastic fibres in the skin tissues was exam-
ined via nuclear, tropoelastin and fibrillin-1 immunostaining. Then, 3D
imaging was performed using a confocal laser microscope and tissue
decolourization technology. Images were analysed using a computational
method.

Results: The decolourization technology made it possible to image
elastin fibres in 3D, and we devised a method for analyzing the elastin
fibre structure using computational methods. It was quantitatively shown
that the eyelid skin has a more complex fibrous structure than the
abdomen, and the fibres became curved, shortened and thickened with
age.

Conclusions: We provide a novel 3D analysis method for elastin fibres and
report age-related alterations in elastin fibre structure in the human eyelid
and abdominal skin. This method contributes to the understanding of elastin
fibre degeneration in more detail than conventional methods. Applying this
3D analysis method to skin tissues will contribute to a better understanding
of age-related changes in fibres and to the development of novel wrinkle
treatments.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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1 | INTRODUCTION

Skin wrinkles are visible symptoms of aging, affecting
physical appearance, mental health and quality of life.”
Therefore, effective wrinkle treatment is desirable.
However, further studies are needed to establish
methods to effectively treat wrinkles.

Elastic fibres, components of the dermal extracel-
lular matrix, provide elasticity and structural integrity to
the skin.®® Elastic fibres can be divided into three
types: elastic, elaunin and oxytalan fibres.* In the
reticular dermis, elastic fibres extend parallel to the skin
surface and interact with elaunin fibres. Elaunin fibres
are slightly thicker and extend to the papillary layer
base from the reticular dermis. Oxytalan fibres extend
from elaunin fibres to the dermal-epidermal junction
and their terminals contain a large proportion of fibrillin.
In particular, the papillary dermis is rich in oxytalan fi-
bres and exhibits candelabra-like structures.>® These
fibres are associated with skin resilience and skin sur-
face texture and help resist aging-related changes in
the skin.”

Several molecules related to the formation of elastic
fibres have also been reported. The formation of elastic
fibres includes tropoelastin deposition (the soluble
precursor of mature elastin) on a preformed scaffold of
fibrillin-rich microfibrils. In addition, the cross-linking
enzyme links these intermolecular structures to form
insoluble fibres.® Various proteins (e.g., lysyl oxidase,
fibulin-5 and elastin microfibrillar interface protein) are
involved in this process.® In contrast, aging-related
degeneration of elastic fibres causes skin wrinkles
and loss of elasticity.® Studies using skin sections from
old and young individuals have revealed a correlation
between dermal elastic fibre degradation and wrin-
kles.'® Both intrinsic and extrinsic factors induce
degeneration of elastic fibres. The dermis of photo-
protected aged skin has fewer fibroblasts and degen-
erated elastic fibres than the dermis of young skin.'
Exposure to ultraviolet rays further accelerates dermal
aging.'®"'® Ultraviolet irradiation induces elastosis by
increasing the expression of elastin. Some elastin
proteases degrade elastic fibres and deposit fragments
in the dermis.'"'® Thus, photoaged skin shows an
abnormal accumulation of elastic fibre fragments.™
Besides, elastin-degrading enzymes, matrix
metalloproteinase-2, -3, -7, -9 and -12, as well as
neutrophil serine proteases, cathepsin G and human
leukocyte elastase, are released during ischemia,
inflammation and chronic mechanical irritation.*>"
These enzymes cause the loss of dermal elastic fi-
bres in the acquired form of cutis laxa.'® These alter-
ations in the fibrous structure of the skin with age are
associated with wrinkle formation and skin
elasticity.?22

The mechanism of wrinkle formation is complex and
unclear. To establish methods for treating wrinkles, it is

What is already known about this topic?

e Dermal elastic fibre degradation and wrinkles
correlate.

e The mechanism of wrinkle formation is com-
plex and unclear.

e |t is necessary to understand the morpho-
logical alterations that occur with aging.

What does this study add?

¢ We provide a novel 3D analysis method for
elastin fibres.

¢ This method contributes to the understanding
of elastin fibre degeneration in more detalil
than conventional methods.

What are the clinical implications of this
work?

e The 3D analysis method described here will
contribute to a better understanding of age-
related changes in elastin fibres and to the
development of novel wrinkle treatments.

necessary to understand the morphological alterations
underlying degradation or disappearance with aging.
To date, most studies on wrinkle structures have been
performed using histological techniques involving his-
tochemistry, immunohistochemistry and electron mi-
croscopy. However, two-dimensional (2D) observations
are limited, thereby impeding the understanding of the
elastic fibre structure that extends deep into the skin
better. Recently, three-dimensional (3D) imaging com-
bined with decolourization and fluorescent immuno-
staining has been used to facilitate the visualization of
several tissues, organs and whole mice.?*2° In this
study, we aimed to apply the decolourization technique
to excised human skin tissue and to observe the 3D
structure of elastin fibres. Moreover, to evaluate the
elastin fibre structure objectively and quantitatively, we
established a computational 3D structural analysis
method for 3D imaging. We investigated the age-
related alterations of elastin fibres in the human
abdominal skin tissue as the unexposed area and the
eyelid skin tissue as the exposed area, using the
computational 3D structural analysis method.

2 | MATERIALS AND METHODS
2.1 | Excised skin tissue

Abdominal and eyelid skin were used to evaluate the
age- and site-dependent differences in fibrous
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structures of the skin. Human abdominal skin tissues
from six Caucasian women (aged, 23, 24, 27, 61, 61
and 64 years) fixed with 4% paraformaldehyde (PFA)
in phosphate-buffered saline (PBS) were purchased
from KAC Co., Ltd. Human eyelid skin tissues from
six Japanese women (aged, 11, 12, 20, 72, 80 and
87 years) were provided by Kitasato University
School of Medicine and fixed with 4% PFA in PBS.
To evaluate the differences between young and aged
individuals, we divided the samples as young (from
donors in their 10s or 20s) and aged (from donors in
their 60s). The study protocol conformed to the
ethical guidelines of Kitasato University's ethics
committee (B16-285) and was conducted according
to the principles of the Declaration of Helsinki.
Informed consent was obtained from each patient
before enrolment in the study.

2.2 | Fluorescence immunostaining and
decolourization

Each fixed skin tissue was sliced into 1-mm sec-
tions in the epidermis-dermis orientation. The skin
sections were washed with 0.05% Tween 20 in
PBS and blocked with StartingBlock blocking buffer
(Thermo Fisher Scientific). Thereafter, they were
labelled with anti-tropoelastin  mouse monoclonal
antibody (Merck Millipore) and anti-fibrillin-1 rabbit
polyclonal antibody (Elastin Products Company, Inc.)
diluted in StartingBlock blocking buffer at 1:500.
After washing, the sections were stained with goat
anti-mouse immunoglobulin G (IgG) H&L Alexa
Fluor® 488 and goat anti-rabbit IgG H&L Alexa
Fluor® 647 (Thermo Fisher Scientific) at 1:1000
dilution. Nuclear staining was performed using 4',6-
diamidino-2-phenylindole (DAPI) (DOJINDO Lab) at
1:5000 dilution. After washing, the sections were
subsequently decolourized with Rapiclear 1.49
(Sundin Lab Co.).

2.3 | 3D imaging and computational 3D
structural analysis

After decolourization (Figure 1a), nuclear, tropoelastin
and fibrillin-1 in each skin section were observed in
the direction of epidermis-dermis using a confocal
laser scanning microscope (Olympus FV-1000) with a
60x silicon lens. Using the tiling function attached to
the  microscope, cross-sectional images (X:
Y = 450:450 ym) were acquired continuously every
0.8 pm (Z-stacks) for a total depth of 80-150 pm.
The captured images of elastin fibres were processed
for binarization, and the volume ratio of the fibre to
the whole visual field and the surface area of the
fibre were measured. The skeletonization of binarized
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FIGURE 1 Decolourization and computational three-
dimensional (3D) structural analysis of elastin fibres. Each skin
tissue was decolourized by applying Rapiclear 1.49 after
immunostaining. Skin tissue before (left) and after (right)
decolourization. Scale bar = 3 mm. (a) Processing of 3D images
for structural analysis. (b) Images of elastin fibres captured with a
confocal microscope were reconstructed in 3D (grey) and
processed in three steps. Post-binarization image (blue), extracted
fibrous centreline (red) and cross sections of the fibres (green).
Each square frame presents a magnified view of the respective
image

fiore was performed by extracting the centre of
gravity and fitting the point, and the number of fibre
branches, fibre length, thickness and degree of cur-
vature were measured. The degree of curvature was
calculated by averaging the second derivative value
at each 1 pm point at the gravity centre of the fibre.
Figure 1b shows the images processed using each
method. These structural analyses were performed
using the 3D image data processing software, Sim-
pleware (JSOL).

2.4 | Statistical analysis

Data from the experiments are expressed as the
mean + standard deviation for each test group. Differ-
ences between groups were evaluated using Student's
t-test. All statistical analyses were performed using the
Bell Curve for Excel version 7.0 (Social Survey
Research Information Co., Ltd). Results were consid-
ered significant at p < 0.05 (*p < 0.05, **p < 0.01 and
***n < 0.005).
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3 | RESULTS
3.1 | The application of tissue

decolourization technology-enabled 3D
imaging of elastin fibres in the skin tissue

To evaluate the 3D structure of elastin fibres in the
dermis, abdominal and eyelid skin tissues were exam-
ined with nuclear, tropoelastin and fibrillin-1 staining and
decolourized. Thereafter, 3D images of each structure
in the skin tissue were continuously obtained in the
epidermis-dermis orientation. As a result, although this
imaging method allowed us to observe up to a depth of
150 pm, the fluorescence signal was reduced at depths
greater than 100 pm. The structure that appeared as a
dot in a 2D image was linear in the 3D rebuilt images
(Movie S1). This difference in appearance indicated that
3D imaging enabled an accurate understanding of the
structure of elastin fibres in the dermis. Moreover, to
understand the differences in the number of append-
ages, such as hair follicles and sweat glands in the
abdomen and eyelids, we captured whole skin tissue
images. Figure 2 shows the whole image of a section of
the abdomen of a 23- and a 20-year-old-woman. Ap-
pendages were often observed in the eyelid but rarely in
the abdominal skin. Therefore, we evaluated the 3D
structure of elastin fibres in each skin tissue, focusing
on the region under the basement membrane and
without any appendages, to determine the effects of
aging and the differences depending on the site.
Moreover, when we performed the computational
analysis, we used 3D images up to a depth of 100 pm.

3.2 | Comparison of elastin fibre
structures in the abdomen and eyelid skin
by observing 3D images

To investigate the age-related alterations of elastic fi-
bres in the abdominal and eyelid human skin, abdom-
inal skin and eyelids excised from six females were
observed. The typical images are shown in Figure 3.
Tropoelastin and fibrillin-1 in the abdominal skin dermis
were generally co-localized in a fibrous shape, but
oxytalan fibre tips were rich in fibrillin-1. Oxytalan fibres
showed a candelabra-like structure extending to the
dermal-epidermal junction from the arched fibres, par-
allel to the basement membrane. These structures
were clearly and frequently observed, especially in the
papillary layer of the young skin. In a slightly deeper
region of the dermis, elaunin fibres were observed,
extending parallel to the epidermal basement mem-
brane. The fibrous structure in aged abdominal skin
was shorter and more curved than in the young
abdominal skin (Figure 3a). In contrast, tropoelastin
and fibrillin-1 were localized in the elastin fibre in the
eyelid skin, similar to the abdominal skin. However, the

FIGURE 2 Whole section images of abdomen and eyelid skin
tissues. Whole section images of abdominal skin from a 23-year-
old donor (a) and eyelid skin from a 20-year-old donor (b). Each
image was stitched by tiling using an electric stage. Blue: DAPI,
green: collagen-7 and red: tropoelastin. Scale bar = 250 pm. The
white arrow indicates the appendages. DAPI, 4',6-diamidino-2-
phenylindole

co-localization of tropoelastin and fibrillin-1 was lower in
the eyelid skin than in the abdominal skin. Moreover,
the eyelid skin oxytalan fibres were observed as a
complicated network under the base membrane but
hardly observed as a candelabra cascade; they were
short, small and few in numbers. In a slightly deeper
region, elaunin fibres extended in multiple directions. In
the aged eyelid skin, elastin fibres were shorter, curved
and shrunken, similar to the aged abdominal skin. In
addition, oxytalan fibres were rarely observed in the
aged eyelid skin (Figure 3b).

3.3 | Elastic fibre structure was shorter,
thicker and curved in aged samples

To evaluate the elastin fibre structure objectively and
quantitatively, we applied the 3D image data processing
software, Simpleware, to the 3D images of tropoelastin
staining. Thereafter, the volume, surface area, number
of branches, length, diameter and elastin fibre curvature
were calculated. The computational analysis revealed
that elastin fibres in the aged abdominal skin were 28%
longer, 165% thicker and 165% more curved than in the
young abdominal skin. In contrast, elastin fibre in the
eyelid skin was 25% longer, 309% thicker and 125%
more curved than in the young eyelid skin. In addition,
the branch number of the aged eyelid skin was
decreased by 45% compared to that of the young skin,
while there were no alterations in that of the abdominal
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FIGURE 3 Fluorescence images of abdominal and eyelid skin tissues. Three-dimensional images of elastin fibres in the human abdomen
(a) and eyelid (b) skin samples. Abdominal skin samples from young (upper: 23-, 24- and 27-year-old, from left) and aged (lower: 61-, 61- and
64-year-old, from left) donors. Eyelid skin samples from young (upper: 11-, 12- and 20-year-old, from left) and aged (lower: 72-, 80- and 87-
year-old) donors. Blue: DAPI, green: tropoelastin and red: fibrillin-1. DAPI, 4',6-diamidino-2-phenylindole

skin. There were no differences in the volume and sur- skin. Besides, fibre length in the aged eyelid skin was
face area between young and aged skins. Fibres inthe  shorter than that in the aged abdomen skin, but there
abdominal skin were significantly larger than in the eyelid was no significant difference in the young skin (Figure 4).
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FIGURE 4 Comparison of elastin fibre characteristics using computational three-dimensional (3D) structural analysis. Calculated values of
3D structural analysis for abdominal skin samples from young (23 to 27-year-old; n = 3) and aged (61 to 64-year-old; n = 3) donors and eyelid
skin samples from young (10 to 20-year-old; n = 3) and aged (72 to 87-year-old; n = 3) donors. Data were analysed using the Mann-Whitney
U test. *p < 0.05, **p < 0.01, ***p < 0.005
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FIGURE 5 Comparison of the fluorescence intensity of fibrillin-
1 and elastin. Ratio of the fluorescence intensity of fibrillin-1 and
tropoelastin for abdominal skin samples from young (23 to 27-
year-old; n = 3) and aged (61 to 64-year-old; n = 3) donors and
eyelid skin samples from young (11 to 20-year-old; n = 3) and
aged (72 to 87-year-old; n = 3) donors. Data were analysed using
the Mann-Whitney U test. Error bars represent standard deviation.

***p < 0.005

These data suggested that elastic fibres became
shorter, thicker and more curved with age, and these
alterations were more dramatic in the eyelid skin. We

calculated the ratio of elastin and fibrillin-1 fluorescence
signal intensity (fibrillin-1/tropoelastin) using Image J
software. Elastin fibres in eyelid skin were found to be
richer in fibrillin-1 than in the abdominal skin (Figure 5).

4 | DISCUSSION

In this study, to better understand the elastin fibre
structure, we applied tissue decolourization technology
to extracted skin tissues and established a novel
computational 3D structural analysis for the immuno-
fluorescent 3D images. We applied this method to the
3D images of elastin fibres in young and aged,
exposed (eyelid) and unexposed (abdomen), skin tis-
sues to evaluate age-related alterations in elastic fibres
of the skin.

Rapiclear 1.49, a decolourization reagent, made it
possible to observe the skin tissue up to a depth of
150 pym. By performing 3D observations, we confirmed
a linear structure, while this structure looked different in
2D observations. 3D imaging enabled us to understand
the structure of elastin fibres that were erroneously
recognized using 2D observation. However, these 3D
images provided a large amount of information
compared to 2D images, and it was difficult to evaluate
them correctly. Therefore, computational 3D structural
analysis was used to objectively and quantitatively
evaluate 3D images. We then applied a 3D image data
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processing software, Simpleware, which is used to
analyse x-ray images, to evaluate elastin fibres. Then,
elastin fibre structural parameters, such as volume,
surface area, number of branches, length, diameter, and
curvature, were calculated.

The 3D observations of the inner skin structures
revealed that the structures in the abdominal and eyelid
tissues were fundamentally different. Several append-
ages, such as hair follicles and sweat glands, were
observed in the eyelid skin but rarely in the abdominal
skin. It was thought that because we used the eyelid
skin excised from a region, 1-2 mm below the eye-
lashes, the hair follicles of the eyelashes were
observed. In addition, they assumed to be eyelashes
based on the thickness of the hair measured from the
images. In the abdominal skin, oxytalan fibres, which
are rich in fibrillin-1, exhibiting a candelabra-like struc-
ture, were observed just below the basement mem-
brane, as previously reported.'? However, in the eyelid
skin, a complex entangled network of elastin fibres was
observed below the basement membrane, which did
not show the candelabra-like structure. The image
observation and analysis indicated that the proportion
of fibrillin-1 in the eyelid skin was higher than that in the
abdomen skin. Although it was unclear whether these
differences were due to congenital differences during
tissue development or acquired differences due to ul-
traviolet rays and mechanical movements, it was
interesting to understand the mechanism of elastin fibre
formation.

In the aged skin from the eyelid and abdomen, the
elastin fibres had a short, shrunk and spherical shape
compared to the young skin. Because these alter-
ations were common in the eyelid and abdominal skin,
they might be because of the intrinsic and chronic
physiological process of aging, ischemia and inflam-
mation and might not depend on characteristic differ-
ences, such as on the effects of ultraviolet (UV)
irradiation or mechanical irritation, between body
parts. In contrast, although these altered parameters
were common in the eyelid and abdominal skin, the
degree of alteration with age was more significant in
the eyelid skin. In addition, the number of fibre
branches decreased with aging in the eyelid skin but
not in the abdominal skin. It has been reported that
the fibrous structure of the skin is associated with
wrinkle formation and skin elasticity.?>?® More dy-
namic alterations in the eyelid skin associated with
aging may indicate that the eyelid skin is more fragile
and prone to wrinkle formation and loss of elasticity
than the abdominal skin. In addition, these differences
in the fragility of fibre may be due to the differences in
the frequency of photo-exposure of the eyelids and
abdomen. Truncation of fibrillin-rich microfibrils in
photo-exposed skin, visualized in 2D, has been re-
ported.®® The 3D observation and computational
analysis performed in this study further support the

previous data. Elastin-degrading enzymes, UV-
induced reactive oxygen species and frequent me-
chanical movements might cause these changes in
elastin fibres in the eyelid skin.®>* Alternatively, it
might also be due to the differences in basic fibre
properties, such as the elastin fibre network in the
eyelid and the high content of fibrillin-1, as mentioned
above. However, some limitations should be noted.
First, in this study, we used the skin samples of the
abdomen and eyelids from donors belonging to
different races. Individuals with different geographical
ancestry have been reported to display structural and
compositional differences in their skin.®' Therefore,
these differences may be because of the use of skin
samples from donors of different races. Second, we
focused on skin samples from women donors in this
study. Gender differences in the physiology and in-
ternal structure of skin have previously been re-
ported®?; therefore, further research is needed on skin
from male donors.

In this study, we analysed elastin fibre structure
in the young and aged eyelid and abdominal skin
using 3D imaging and computational analysis. We
show that 3D observation and structural analysis of
the skin internal structure can quantitatively explain
the degeneration of elastin fibres in more detail
than conventional methods. Moreover, our compu-
tational 3D structural analysis would be effective not
only for elastin fibres but also for correctly capturing
the skin structure. It is expected that applying this
3D analysis method to skin tissues will contribute
to a better understanding of age-related changes
in fibres and the development of novel wrinkle
treatments.
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