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Summary

Aging leads to substantial structural changes in the skin. Elastic fibers maintain skin structure, but their degeneration
and loss of function with age result in wrinkle formation and loss of skin elasticity. Oxytalan fiber, a type of elastic fiber,
extends close to the dermal—epidermal junction (DEJ) from the back of the dermis. Oxytalan fibers are abundant in the
papillary layer and contribute to skin elasticity and texture. However, to accurately understand the mechanisms of skin
elasticity, the interaction between elastic fibers and DEJ should be elucidated. Here, we investigated elastic fibers and DE]
and their structural alterations with aging. Several basement membrane proteins [collagen (COL) IV, COLVII, and laminin
332], fibrous tropoelastin, and fibrillin-1 in excised human skin tissue were observed using three-dimensional imaging.
Age-related alterations in COLVI, elastic fibers, and fibrillin-| were evaluated. We found that COLVII forms long hanging
structures and is co-localized with fibrous tropoelastin in young skin but not aged skin. Fibrillin-1-rich regions were
observed at the tips of elastin fibers in young skin tissue, but rarely in aged skin. This co-localization of elastic fiber and
COLVII may maintain skin structure, thereby preventing wrinkling and sagging. COLVIl is a potential therapeutic target for
skin wrinkling. () Histochem Cytochem 70: 751-757, 2022)
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junction (DEJ), and their terminals contain a large
proportion of fibrillin. In particular, the papillary der-
mis is rich in oxytalan fibers, displaying candelabra-
like structures.®” These fibers are associated with skin
resilience and surface texture and help resist skin
aging-related changes.? Elastic fibers of the papillary
dermis disappear in areas constantly exposed to
sunlight (photo-aged skin), and a large number of
amorphous fibers are deposited in the lower layers;

Introduction

Elastic fibers are associated with elasticity and struc-
tural integrity of the skin.'? Age-related degeneration
of elastic fibers has been shown to cause wrinkling
and loss of elasticity of the skin.® A study using skin
sections from elderly and young individuals has shown
a correlation between the degradation of dermal elas-
tic fibers and the presence of wrinkles.* Elastic fibers
are divided into three types, namely, elastic, elaunin,
and oxytalan fibers.5 In the reticular dermis, elastic

fibers extend parallel to the skin surface and interact
with elaunin fibers. Elaunin fibers are slightly thicker
than oxytalan fibers and extend to the foot of the papil-
lary layer from the reticular dermis. Oxytalan fibers
extend from elaunin fibers to the dermal-epidermal
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furthermore, elastic fibers naturally decrease with
aging in areas not exposed to sunlight.® Elastic fiber
turnover is a long process, and the regeneration of
elastic fibers becomes difficult when the fibers are
damaged.'®'2 Previously, using three-dimensional
(3D) observation and analysis, we found that elastic
fibers incurve, shorten, and thicken with age.™
However, to decipher the mechanism of skin elasticity
more accurately, information about elastic fiber struc-
ture must be supplemented with knowledge on the
connections and interactions of fibers with the epider-
mal basement membrane.

The DEJ of the skin enables structural adhesion
between the epidermis and the dermis. It has impor-
tant functions, including the regulation of epithelial—
mesenchymal interactions, acting as a permeability
barrier, participating in signal transduction, maintain-
ing the architectural integrity of the epidermis, and pro-
viding protection against shearing forces. The four
major subregions of the DEJ can be differentiated
using transmission electron microscopy.' The struc-
ture of the basement membrane at the epidermis—
dermis junction consists of multiple proteins provided
by fibroblasts and/or keratinocytes. From the epidermal
side, mainly integrin, laminin 332, COLXVII, COLIV,
and COLVII are arranged by specific interactions
between the structural domains of the individual com-
ponents.’™ The DEJ exhibits stiffness and shows
undulating structure; it connects the dermal and epi-
dermal layers, enhances crosstalk, and contributes to
the maintenance and regeneration of the dermis and
epidermis. However, due to intrinsic and extrinsic fac-
tors, numerous structural alterations occur with aging.
These alterations weaken the substructure of the DEJ
and its function, contributing to the decline in the
overall skin physiology.'® Moreover, COLVII, which is
located in the lowermost layer of the basement mem-
brane and forms anchoring fibrils, serves as a junction
with dermal collagen fibers. Congenital or acquired
deficiencies and abnormalities of these proteins
weaken the bond with collagen on the dermal side,
inducing skin fragility and blistering.'”8

It is speculated that elastic fibers are also bound to
the epidermal basement membrane to contribute to
the maintenance of the structure and elasticity of the
skin. However, the details of the bonding structure
between the basement membrane and the elastic
fibers are not clear. We previously observed that there
is a gap ranging from several micrometers to several
tens of micrometers between the tip of the candelabra
structure of oxytalan fibers and the basement mem-
brane. In this study, we investigated the structure that
fills the gap between and binds the elastic fiber and

basement membrane, as well as alterations in the
structure that occur with aging.

Materials and Methods

Human Skin Tissue Samples

Fixed human abdominal skin tissues from 33
Caucasian women (aged 23-78 years, with a mean
age of 51.1 £ 11.2 years) were purchased from KAC
Co., Ltd. (Kyoto, Japan) and used to perform 3D
imaging.

Immunofluorescence Staining and Decolorization

Each fixed skin tissue sample was sliced to 1-mm-thick
sections in the epidermis—dermis orientation. The skin
sections were washed with 0.05% Tween 20 in phos-
phate-buffered saline and blocked with StartingBlock
blocking buffer (Thermo Fisher Scientific; Waltham,
MA). Consequently, they were labeled with anti-tropo-
elastin mouse monoclonal antibody clone 10B8 (Santa
Cruz Biotechnology; Dallas, TX) and anti-collagen-4
(COLIV) rabbit polyclonal antibody (pAb) (Abcam;
Cambridge, UK), anti-COLVII rabbit pAb (Abcam), anti-
laminin 332 rabbit pAb (Abcam), and anti-fibrillin-1
rabbit pAb (Elastin Products Company; Owensville,
MO), diluted in StartingBlock blocking buffer to 1:500.
After washing, the sections were stained with Goat Anti-
Mouse IgG H&L Alexa Fluor 488 and Goat Anti-Rabbit
IgG H&L Alexa Fluor 647 (Thermo Fisher Scientific) at a
dilution of 1:1000. Furthermore, nuclear staining was
performed using 4,6-diamidino-2-phenylindole (DAPI)
(DOJINDO Lab; Kumamoto, Japan) at 1:5000 dilution.
After washing, these sections were subsequently decol-
orized using RapiClear 1.49 (SundJin Lab Co.; Hsinchu,
Taiwan).

3D Imaging and Structural Analysis

After decolorization, nuclear, tropoelastin, and base-
ment membrane proteins (COLIV, COLVII, and laminin
332) in each skin section were observed along the
epidermis—dermis orientation, using a confocal laser
scanning microscope (FV-1000; Olympus, Tokyo,
Japan, or A1R; Nikon, Tokyo, Japan) or a super-reso-
lution microscope (SpinSR10; Olympus). Using the
tailing function associated with the microscope, cross-
sectional images (X:Y = 450:450 pm) were continu-
ously obtained along the epidermis—dermis orientation
at 0.25—-0.8 pym intervals up to a depth of 80—150 pym.
ImagedJ (NIH; Bethesda, MD) was used for co-localiza-
tion analysis of the elastic fibers and basement
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Figure 1. Collagen (COL) VIl extends from the basement membrane to the dermis and binds to elastic fibers. Immunofluorescent
three-dimensional images of elastic fibers and basement membrane proteins: (A) merged images (top), magnified images of each white
square frame in the merged images (center), and extracted co-localized regions of elastic fibers and each basement membrane protein
(below). COLIV, COLVII, and laminin 332 are localized in the basement membrane, and only COLVII extends from the basement
membrane toward the dermis (white arrow). The structure of COLVII extending to the dermis is widely co-localized with elastic fibers;
however, COLIV and laminin 332 showed almost no co-localization with elastic fibers. Top: blue: nuclear; green: COLIV, COLVII, or
laminin 332; red: tropoelastin. Scale bar = 80 pm. Center: blue: nuclear; green: COLIV, COLVII, or laminin 332. Scale bar = 10 pm.
Bottom: yellow: co-localization region. Scale bar = 80 pm. (B) The graph represents a quantitative comparison of co-localized regions
of elastic fiber and basement membrane proteins in skin tissues excised from women in their 20s and 60s. The co-localization region
of elastic fibers and COLVII is wider than that of COLIV and laminin 332 in both generations. The number on the horizontal axis indi-
cates age. (C) The co-localization region of tropoelastin and COLVII is wider than that of COLIV and laminin 332 in both generations.
Super-resolution image of COLVII and elastic fiber in young (left) and aged (right) skin tissue samples. Blue: nuclear; green: COLVII; red:
tropoelastin. Scale bar =5 pm.

membrane proteins. The overlapped regions of each
basement membrane protein and tropoelastin were
extracted using the “and operation” of the processing
method in the Image J software, and their areas were
calculated. Moreover, the images of COLVII were pro-
cessed through binarization, and the volumes were
measured using the 3D structural analysis software
Simpleware (JSOL; Tokyo, Japan).

Ethical Statement

There were no study participants included, as the skin
samples were purchased. Accordingly, ethical approval
and informed consent were not required.

Results
COLVII Extends to the Dermis and Elastic Fibers

Statistical Analysis

A correlation analysis was performed using the Pearson
product-moment correlation test. All statistical analy-
ses were conducted using Bell Curve for Excel version
7.0 (Social Survey Research Information Co., Ltd.;
Tokyo, Japan). Results were considered significant at
p<0.05 (*p<0.05, **p<0.01, ***p<0.001).

To investigate the association between basement
membrane proteins (COLIV, COLVII, and laminin 332)
and elastic fibers, we assessed the localization of
each protein and elastic fiber in excised human skin
tissue. The co-stained tropoelastin and basement
membrane proteins show that COLIV, COLVII, and
laminin 332 were localized to the basement membrane
(Fig. 1A). Furthermore, COLVII, but neither laminin 332
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Figure 2. Fibrillin-1 has a rich region at the tip of the oxytalan fiber and co-localizes with elastic fiber in young skin. Fluorescence
immunostaining images of fibrillin-1 and elastic fibers in the skin tissue of subjects aged 23, 24, and 27 years (starting from the left of
the upper row) and subjects aged 61, 61, and 64 years (starting from the left of the lower row). Blue: nucleus; green: tropoelastin; red:

fibrillin-1. Scale bar = 30 um.

nor COLIV, extended to the dermis from the basement
membrane in the fibrous form. This extended region of
COLVII was co-localized with elastic fiber, indicating
that COLVII is co-localized with elastic fibers over a
wider range than that of laminin 332 and COLIV.
Quantitative co-localization analysis verified that
COLVII most often co-localizes with fibrous tropoelas-
tin (Fig. 1B). Super-resolution imaging at 120-nm reso-
lution with SpinSR10 (Olympus) showed that COLVII
and elastic fibers were bound to each other in young
skin tissue samples. However, it was observed that the
COLVII structure was denatured in aged skin samples,
suggesting that the binding property may be damp-
ened (Fig. 1C).

Fibrillin-1-rich Regions at Oxytalan Fiber Tips
Disappear in Aged Skin

The co-staining images of elastin and fibrillin-1 dem-
onstrated that elastin and fibrillin-1 co-localized mostly
to oxytalan fibers. In young skin, oxytalan fibers
with candelabra-like structures were observed just
below an undulating papillary layer, and a fibrillin-
1-rich region was confirmed at the fiber tips. However,
in aged skin, the papillary layer was flattened, the elas-
tic fibers were short and curved, the fiber tip structure

was unclear, and no fibrillin-1-rich region was observed
(Fig. 2).

Long Hanging Structure of COLVII Shrinks With
Age

To investigate the relationship between the hanging
structure of COLVII in the basement membrane and
aging, 3D observation of the skin tissue of 33 females
in their 20s to 70s was performed using immunofluo-
rescence staining for COLVII and elastin. The hanging
and straight structures of COLVII were observed in
samples from women of a younger age, but COLVII
appeared atrophied and curved in samples from older
individuals and disappeared in aged skin. Figure 3A
shows typical images from each generation. These
observations were verified using a numerical analysis
of the images. The hanging region of COLVII decreased
with age. The co-localization region between COLVII
and elastic fibers also decreased with age (Fig. 3B).

Discussion

It is pertinent for elastic fibers to preserve their inter-
connection with the surrounding structures, especially
the epidermis, to prevent age-related fragility of skin
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Figure 3. The hanging structure of COLVII and its co-localization with elastic fiber decrease with age. (A) Immunofluorescent three-
dimensional images of COLVII and elastic fibers in the skin tissue from women in their 20s to 70s. Each picture depicts the merged
images (above) and COLVII (below). The results indicate that the elongation of COLVII to the dermis decreases with age. Blue: nuclear;
green: COLVII; red: tropoelastin. Scale bar = 10 pm. (B) The graphs represent the correlation analysis for age, elastin structure,
co-localization region, and elastic fiber length. Each graph reveals the relationship between the extended structure of COLVII and age
(left) and the co-localization region and age (right). Both elongation of COLVII to the dermis and co-localization with fibrous tropoelastin

were found to decrease with aging.

structures. However, the molecular mechanism that
connects the tip of the oxytalan fiber to the basement
membrane has not yet been deciphered. In a previous
study, we observed that there was a gap of approxi-
mately 100 pm between the tip of the oxytalan fiber
and the epidermal basement membrane. In this study,
we detected the presence of proteins that bind to this
gap.

First, we examined elastic fibers with the three
major proteins configuring the basement membrane:
COLIV, laminin 332, and COLVII. We found that COLVII
was elongated from the basement membrane to the
dermis and co-localized with elastic fibers in human
skin tissue but not COLIV or laminin 332. COLVII exists
on the dermal surface among all basement membrane
proteins and is further known to bind to COLI, which is
important for epidermal-dermal interactions.’® The
length of the anchoring fibrils has been reported to be
approximately 200-750 nm, as determined using an

electron microscope.'® However, in this study, we
determined that COLVII hangs down to the dermis and
that the length of the hanging structure is a few
micrometers to 100 pm in the direction of the dermis,
which is substantially long. In addition, super-resolu-
tion microscopy images showed that the tips of oxyta-
lan fibers and COLVII are co-localized, indicating that
the hanging structure of COLVII and elastic fiber exists
in the adjacent space within about 200 nm. The asso-
ciation between COLVII and elastic fiber remains
unclear. We found that this hanging structure of COLVII
potentially has a relationship with elastic fiber, which
has an important role in supporting the skin structure,
especially in maintaining the candelabra structures
and papillary layer. To clarify the structural relationship
between COLVII and elastic fibers, additional studies
are needed. Although elastic fibers were stained with
elastin antibody in this study, it is also necessary to
investigate the relationship between COLVII and other
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elastic fiber component proteins, such as fibrillin-1.
Elastin and fibrillin-1 co-localize in the majority of
oxytalan fibers, but fibrillin-1 is rich in the tips of oxyta-
lan fibrils.2° Our observations also confirmed similar
fibrillin-1-rich regions in young skin. This suggests that
fibrillin-1 would co-localize with COLVII as with elastin,
and more extensively at the tip. However, in aged skin,
all fibers were atrophied and sloughed, and no fibrillin-
1-rich regions were observed at the tips. Further
research is needed to determine whether the loss of
this fibrillin-1-rich region contributes to the flattening of
the papillary layer and the degeneration of entire elas-
tic fibers.

Next, to investigate whether this structure alters with
age, the structures of COLVII and elastic fibers in the
skin tissue of 33 females were observed. As a result, it
was confirmed that the hanging structure of COLVII
shortened with aging and even disappeared in
some cases. Furthermore, oxytalan fibers shorten
with aging; this also accords with previous reports
of degeneration and disappearance of fibers with
aging.*'3 In addition, a quantitative analysis of 33
young and aged skin samples confirmed that both
COLVII and the co-localization region with elastin
decreased with age. In this study, we examined
abdominal skin tissues, which are non-exposed areas.
Accordingly, it can be inferred that the observed age-
related alterations are most probably ascribed to natural
aging rather than photo-aging. The relationship with
elastic fibers subsides with the disappearance of the
hanging structure of COLVII. Accordingly, we speculated
that the relationship between the epidermis and the der-
mis is weakened, reducing the tension of the elastic
fibers and consequently reducing the elasticity of the
dermis. Therefore, the relationship between COLVII and
elastic fibers is a potential target for the improvement of
age-related alterations in the skin. Moreover, COLVII
upregulation may contribute to the enhancement of the
relationships between COLVII and elastic fibers.

Although the binding between the basement mem-
brane and the dermis is crucial in maintaining the skin
structure, the underlying mechanisms remain obscure.
Further research should be undertaken to investigate
the mechanism by which COLVII extends into the der-
mis and oxytalan fibers and the connection between
COLVII and oxytalan fiber—constituting proteins. This
will provide us with pertinent knowledge on the main-
tenance of skin structure, particularly involving the
relationship between COLVII and fibrillin-1. Elucidating
the significance of these relationships can lead to the
development of treatments that prevent structural col-
lapse of the skin.

In summary, this study has shown that COLVII
forms a long hanging structure and co-localizes with

oxytalan fibers. However, this structure disappears
with age. Conversely, this structure and co-localization
were not observed in COLIV and laminin, or even in
the proteins constituting the basement membrane.
Taken together, these results suggest that COLVII
plays an important role in the connectivity of the der-
mis and epidermis and the structural mechanism that
maintains the skin structure, especially the papillary
layer, and is involved in age-related changes in skin
structure.
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