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Abstract

Skin is the largest organ of the human body, having the purpose of regulating temperature,
protecting us from microbes or mechanical shocks, and allowing the sensations from touch. It

is generally accepted that aging induces profound changes in the skin’s biochemical, structural
and physical properties, which can lead to impaired biological functions and/or diverse diseases.
So far, the effects of aging on these skin properties have been well documented. However,

very few studies have focused exclusively on the relationship among these critical properties in
the aging process, which is this review’s primary focus. Many in vivo, ex vivo, and in vitro
techniques have been previously used to characterize these properties of the skin. This review
aims to provide a comprehensive overview on the effects of aging on the changes in biochemical,
structural, and physical properties, and explore the potential mechanisms of skin with the relation
between these properties. First, we review different or contradictory results of aging-related
changes in representative parameters of each property, including the interpretations of the findings.
Next, we discuss the need for a standardized method to characterize aging-related changes in
these properties, to improve the way of defining age-property relationship. Moreover, potential
mechanisms based on the previous results are explored by linking the biochemical, structural,
and physical properties. Finally, the need to study changes of various functional properties in

the separate skin layers is addressed. This review can help understand the underlying mechanism
of aging-related alterations, to improve the evaluation of the aging process and guide effective
treatment strategies for aging-related diseases.
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Introduction

Human skin tissue, which is composed of the epidermis, dermis, and hypodermis, takes up
one-sixth of a person’s total body weight, providing a functional barrier that protects the
underlying organs or tissues from environmental pollution, chemicals, mechanical shocks,
temperature changes and microorganisms (Biglari et al. 2019; Huan et al. 2019; Barros
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et al. 2021). The epidermis is the outermost layer of the three layers, containing several
sublayers such as the stratum corneum (also known as a horny layer), stratum lucidum,
stratum granulosum, stratum spinosum, stratum basale, and the basement membrane. The
dermis is composed of two connective tissues, the papillary dermis and the reticular

dermis (Haake and Holbrook 1999), where the main components include dermal fibroblasts,
collagen/elastin fibers, a ground substance such as glycosaminoglycans (GAGSs), and blood/
lymphatic vessels. This layer is responsible for giving flexibility, elasticity, and firmness to
the skin, while providing physical support to the epidermis, vascular networks, nerves, and
appendages. The hypodermis (also known as the subcutaneous fat layer), mainly consisting
of fat, blood vessels and nerves, provides a reservoir of progenitor cells, energy from fat,
and insulation to the body. Moreover, it protects the skin from mechanical impact, links the
dermis to the various organs, and is associated with major endocrine and paracrine signaling
(Sepe et al. 2010; Tchkonia et al. 2010; Chang et al. 2017; Carrer et al. 2018; Schosserer et
al. 2018).

Aging induces marked alterations in biochemical, structural and physical properties of the
skin, which results in an impairment of biological functions and a diversity of diseases
(Diridollou et al. 2001; Harn et al. 2019). Clear visual skin changes during aging include
thinning, wrinkling, sagging, and also the greying of hair. In general, aging of human skin
can be driven by two basic processes: intrinsic aging (also known as chronological or natural
aging), a process that happens due to inherent genetics; and extrinsic aging, a process
occurring due to environmental conditions, such as chronic sunlight exposure or smoking
(Oh et al. 2011). Early studies have demonstrated that some of the aging-related alterations
in the skin can differ depending on the aging process and these skin changes can even

be contradictory. As an example, crosslinks in collagen were observed to increase in the
photoaged skin (Kligman et al. 1989), while a decrease can be found in the chronologically
aged skin (Kaur et al. 2019). Hence, it is essential to separate these two aging processes
while analyzing and interpreting test results.

So far, numerous studies have been reported on the effects of aging on several functional
properties such as biochemical (or molecular), structural (or morphological), and physical
properties. However, no systematic study or review has been performed to explore how
such functional properties relate to each other, which can be one of the main factors to
understand the underlying mechanism of aging-related alterations and skin aging. Here we
present a review of systematic and detailed studies on the biomechanical, structural and
physical changes at different scales (nano, micro and macro), during aging of the human
skin and how such properties are associated (Fig. 1). The goal of this review is to integrate
the results of previous studies and reports of aging-related changes in the skin, so potential
mechanisms based on the aging-related properties can be explored. In the first chapter,

an attempt is made to delineate the aging-related changes in biochemical properties such

as ground substance/water content, collagen density/synthesis/fragmentation/solubility, and
collagen crosslinking. In the second chapter, aging-related changes in structural properties,
such as extracellular matrix (ECM) fiber orientation and skin thickness, are reviewed. In the
third chapter, we review aging-related changes in physical properties, including mechanical/
viscoelastic properties and transport properties. Finally, we discuss potential mechanisms of
aging-related alterations by relating all the properties described before.
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Aging-related changes in biochemical/molecular properties

Water content and ground substance

Water is an essential component in the skin and its total amount and structure changes with
the progression of age, which is still a poorly understood process (Gniadecka et al. 1998).
GAGs, which account for 0.1-0.3% of the dry weight of the dermis, play a crucial role in
maintaining the water content of skin tissue (Taylor and Gallo 2006; Stern and Maibach
2008), showing also critical capacity of holding water due to its negative charge that results
by the presence of carboxyl and sulfate groups. GAGs are polysaccharide compounds, and
can be of six different types: chondroitin sulfate (CS), dermatan sulfate (DS), keratan sulfate
(KS), heparan sulfate (HS), heparin (HP), and hyaluronic acid (HA) (Oh et al. 2011). An
early study showed that a change in water content or amount during the aging process could
be estimated as a correlation of the change in the number of GAGs. Oh et al. measured

the amount of HA, total sulfated GAG (tsGAG), and total uronic acid (tUA) in the skin
tissue of both forearm and buttock of young (20-30 years) and aging (70-80 years) human
subjects (Oh et al. 2011). In the photoaged forearm dermis, the content of HA, tsGAG,
tUA, and tissue water showed an increase, while no change was observed in the photoaged
epidermis. For the intrinsically aged buttock, however, HA in the epidermis, and tsGAG and
tUA in the dermis reduced its values during aging. Despite these findings, the relationship
between GAGs and water content is still controversial, needing further analysis. Other
studies have also directly measured water content in aging/aged and young tissue. Russel et
al. tested the skin of the back of the left hand from 16 adults aged between 24 and 63 years,
suggesting that aged skin has a less amount of water compared to young skin (Potts et al.
1984). Another experimental investigation revealed that aged skin is less hydrated, showing
a reduced lipid content compared to a young skin (Roskos et al. 1986).

In contrast, Nakagawa et al. observed that aged dermis has a much higher water content
than young dermis, by using in vivo confocal Raman spectroscopy (Nakagawa et al. 2010).
Magnetic resonance imaging (MRI) has also been widely used to measure water content
(Richard et al. 1993; Querleux et al. 1994). For example, Richard et al. discovered that the
upper part of the dermis (approximately 200 um in thickness) contains more water protons
and content in chronologically aged skin than young adult skin, using MRI technology
(Richard et al. 1993). Kligman found an increased water content in the abdomen dermis
with the increase of age (Kligman 1979). Pearce et al. observed that the water content of
the dermis is enriched with an advanced age, however the total amount of lipid does not
change, based on the collected data from seven women and six men aged 17-81 years
(Pearce and Grimmer 1972). The increased water content with chronological age may be
explained by concepts of bound water and mobile water (Richard et al. 1993; Gniadecka et
al. 1998). While the bound water can be described as water that binds to diverse proteins
(e.g., collagen), mobile water has its molecules bound to each other, but is not bound to
other proteins (also known as bulk water or tetrahedron water). The mobile water content
was found to be greater in elderly individuals than young individuals, possibly due to

the presence of fewer proteins such as collagen. In the case of photoaged skin, mounting
evidence also revealed that water content and hydration are elevated (Gniadecka et al. 1998).
Studies have demonstrated that water tends to accumulate in the upper part of the dermis,
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and a plausible explanation is that, since the amount of GAG increases in photoaged skin,
this could prevent the binding of water molecules to the proteins by holding the water.
Moreover, the degree of protein folding such as collagen was found to increase in the
photoaged skin, and thus this could promote movement from the bound water to mobile
water.

Collagen density, synthesis, fragmentation, and solubility

Collagen constitutes approximately 70% of the skin dry mass, and collagen density is
defined as the packing of fibrils or fibers in the skin dermis. It is generally accepted that
collagen density decreases with age, in both papillary and reticular dermis layers (Diridollou
et al. 2001; Panwar et al. 2015; Kaur et al. 2019; Blair et al. 2020). This decrease may
happen due to the reduction in collagen synthesis and/or the increase in collagenase activity
(Uitto 1970; Bailey et al. 1974). Marcos-Garces et al. found a decrease in the density of
collagen bundles in the aging process, with a higher reduction in the reticular dermis, that
goes from 58% in aged tissue to 81% in young tissue (Marcos-Garcés et al. 2014). Shuster
et al. measured the collagen density of the forearm skin of 72 males and 76 females aged
15-93 years, and found out that skin collagen tends to decrease linearly by approximately
1% per year throughout the adult life, while the loss rate is the same across gender (Shuster
et al. 1975). In the same study, they also confirmed that the decrease rate of skin collagen is
higher than the skin thickness (Shuster et al. 1975). The other study by Want et al. exhibited
that collagen fiber density decreases with age, contrarily to elastin fiber density, which
increases with age (Wang et al. 2018).

The experimental observation by Varani et al. revealed that procollagen synthesis is
significantly decreased in intrinsically aged skin due to the partially degraded collagen
which is one of the hallmarks of skin aging (Varani et al. 2001). In this study, the number
of collagen fragments in the hip skin samples was higher in old individuals aged 80

+ years as compared to those aged 18-29 years (Varani et al. 2001). In other studies,

they also concluded that collagen synthesis is significantly reduced by approximately 68—
75% in chronologically aged skin (subjects with 80+ years), when compared to young

skin (subjects with 18-29 years) (Varani et al. 2000, 2006). The plausible mechanism

for the reduced collagen synthesis may be illustrated by the fact that collagen-degrading
matrix metalloproteinase-1 (MMP-1) (Varani et al. 2000), which is produced by fibroblasts
or macrophages, is highly upregulated during aging; thereby leading to an increase

of fragmented collagen and thus to a defective mechanical stimulation. This abnormal
mechanical tension does not properly stimulate the fibroblasts to produce enough collagen
molecules. Another possible mechanism could be explained by aged fibroblasts. In vitro
study performed by Verani et al. showed that fibroblasts from old individuals (80 + years)
produce an average of 56 ng of type | procollagen per 5 x 104 cells, whereas those from
young individuals (1829 years) synthesize 82 ng per 5 x 104 cells (Varani et al. 2006).
Furthermore, the number of fibroblasts in aged skin was observed to be approximately 35%
lower than that in young skin, which may be related to the reduced type | procollagen
synthesis.
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Mature and stable collagen fibrils or bundles are insoluble in dilute acid or neutral salt
solutions, whereas immature collagens (e.g., tropocollagens), which are the newly formed
molecules, are soluble (Nimni et al. 1965). It has been well agreed that the presence of
soluble collagen is essential to maintain a long-lasting hydrating effect, decreasing wrinkles
or fine lines, and helping wound healing (because of microcirculation promotion) (Morganti
et al. 1986). Since collagen solubility varies with age, the functional properties and state

of the skin (e.g., stiffness, elasticity, and hydration) are changed during aging processes.
Early studies exhibited that the change in collagen solubility varies depending on the type
of aging processes—intrinsic and extrinsic aging. For intrinsic aging, numerous studies have
shown that collagen fibrils in the non-photoaged dermis become more mature and insoluble
with chronological age (Nimni et al. 1965) (Miyahara et al. 1982) This may happen due

to an increase in the crosslinks such as histidinohydroxylysinonorleucine (HHL), where
HHL is known to be the most mature and stable crosslink in skin tissue (Saito et al. 1997).
Other studies have suggested that the relation of collagen solubility with age differs and is
highly dependent on the solution type. For instance, a significant aging-related decrease in
acetic acid-soluble collagen was observed, whereas no similar change was found in neutral
salt-soluble collagen (Schnider and Kohn 1981). In addition, prior findings revealed that
most of the insoluble collagen from older people was not solubilized by pepsin digestion
while that from infants was mostly solubilized by pepsin digestion (Miyahara et al. 1982).

Extrinsic aging shows a different aspect of collagen solubility with age. Sams et al.
demonstrated that the quantity of total soluble collagen increases in photoaged dermis
compared to the non-photoaged dermis, whereas insoluble collagen decreases (Sams and
Smith 1961). In particular, it was observed that the salt-soluble collagen fraction in the UV-
irradiated skin primarily contributes to the increase in the total soluble collagen, although
both pepsin-soluble and acid-soluble collagen slightly increase (Nomura et al. 2004). The
decrease in insoluble collagen may be caused by the activation of proteolytic enzymes

by sunlight (i.e., ultraviolet radiation) (Fisher et al. 1996), but further studies need to

be completed to properly understand the aging-related changes in soluble and insoluble
collagen in the photoaging process.

Collagen crosslinking in the dermal matrix

Collagen intermolecular and intramolecular crosslinking plays a central role in the stability
and tensile strength of collagen matrices (Yamauchi et al. 1991). It is known that except
for the skin, the crosslink practically does not appear in other major collagenous tissues
like bone, dentin, tendon, and ligament. Aging-related covalent collagen crosslinks include
HHL, deoxypyridinoline (DPyr), pyridinoline (Pyr), dehydrohydroxylysinonorleucine (deH-
HLNL) and histidinohydroxymerodesmosine (HHMD) (Zhang et al. 2019). The effects of
aging on collagen crosslinking are still controversial, although a lot of research in this
topic has been carried out. The early findings showed that collagen crosslinks increase with
chronologic age, possibly due to two mechanisms, such as an enzyme-controlled process
that converts immature divalent crosslinks into mature trivalent crosslinks of HHL, Pyr and
DPyr, and a non-enzymatic glycosylation leading to secretion of advanced glycosylation
end (AGE) products, like pentosidine (Pen) (Wulf et al. 2004). Yamauchi et al. quantified

a degree of the crosslink (e.g., HHL content) in aged human skin as well as bovine skin,
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and suggested a rapid increase in the crosslink from birth to maturation, but afterwards a
gradual increase (Yamauchi et al. 1988). The increase in non-reducible crosslinks between
molecules with the increase of age contributes to a higher collagen stability (Thakur et al.
2009). In contrast, there was compelling evidence that crosslinks decrease with age, due to
loss of crosslinking protein such as hyaluronan and proteoglycan link protein 1 (HAPLN1)
(Kaur et al. 2019).

Unlike the majority of cases in chronological aging, UV-driven photoaging was shown to
decrease collagen crosslinks. Yamauchi et al. discovered that the crosslinks are significantly
reduced in photoaged skin tissue, in contrast to chronologically aged skin, possibly due to
either photolysis of HHL or hampering HHL formation by UV radiation (Yamauchi et al.
1991). Another collagen crosslink, Pyr, was also found to be vulnerable to UV light, thereby
decreasing in photoaged skin, which implies reduced crosslinks (Sakura et al. 1982).

Aging-related changes in structural/morphological properties

Skin thickness

It has been agreed that skin thickness changes with age but results about the effect of aging
on skin stiffness differ among studies (Waller and Maibach 2005). To date, a large number
of studies have been performed to investigate changes in both the whole skin tissue and
individual layers of the skin, such as the epidermis, the dermis, the stratum corneum, and the
hypodermis. Early findings have shown that the whole skin thickness can either decrease or
increase with chronological aging. Ishikawa et al. and Gniadecka et al. discovered thinning
of forehead skin during the aging process using ultrasound techniques (Ishikawa et al. 1995;
Gniadecka 1998). Escoffier et al. also found a negative correlation between age and skin
thickness, showing a more profound reduction after 65 years of age (Escoffier et al. 1989).
In contrast, Pellacani et al. found an increase in facial skin thickness with the increase

of age, by testing 40 people with ages of 25-90 years using B-mode ultrasonography
(Pellacani and Seidenari 1999). Some studies have shown that the tendency of changes

in skin thickness varies depending on different ages. For example, the previous research
concluded that the skin thickness increases at the age of 10-20 years, however it decreases
after 50 years (Kalra and Lowe 2016). Other studies suggested that the relationship between
age and skin thickness looks like a bell-shaped curve with an increase in the first 20 years
of age and, after that, a gradual or marked decrease (Dykes and Marks 1977; Denda and
Takahashi 1990; Seidenari et al. 1994).

Collagen fiber orientation

It is essential to understand collagen fiber orientation during aging, since the fiber
orientation can be a potential biomarker for various diseases such as cancer (Majeed et

al. 2017), myocardial infarction (Goergen et al. 2016), and aging/aged skin (Wu et al. 2011).
Very few studies have been performed to examine the aging effect on the collagen fiber
orientation in human skin tissue. The prior research performed by Eklouh-Molinier et al.
found that collagen fiber orientation is notably altered with skin aging, by testing skin
samples from two age groups (35-38 years and 60—66 years) (Eklouh-Molinier et al. 2015).
Using polarized-FTIR imaging, they observed that collagen fiber orientation tends to be
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more aligned in the old skin samples than young ones while suggesting that this finding may
be due to the fact that water/collagen interactions are weakened with age. Using the same
method, Nguyen et al. revealed that type I collagen fibers run in a parallel orientation to

the skin surface in aged skin tissue (Nguyen et al. 2014). Wang et al. harbored two-photon
fluorescence (TPF) and second harmonic generation (SHG) microscopy to visualize the skin
dermal fibers in vivo having demonstrated that elastin fibers, as well as collagen fibers, are
highly anisotropic in terms of fiber orientation at the old age group (Wang et al. 2018). All
these studies were performed using human skin, although in an animal model such as mice,
aging collagen fibers were also observed to be parallelly aligned, exactly like human skin
(Wu et al. 2011).

Aging-related changes in physical properties

Mechanical properties

Mechanical properties of the human skin are significantly altered during the aging

process (Park et al. 2020). Such mechanical properties include elastic properties (e.g.,
elastic modulus, shear modulus, stiffness, complex modulus, extensibility, etc.), viscous
properties (e.g., viscosity and relaxation time), or combined such as viscoelastic properties
(Park and Chen 2019). Various measurement techniques have been invented to help the
characterization of the mechanical properties of the human skin, such as torsion (Gosain

et al. 2005; Ruvolo et al. 2007), stretching (tensile test) (Sepe et al. 2010; Schosserer et

al. 2018), suction (Ishikawa et al. 1995; Machann et al. 2005), indentation/compression
(Van Kuilenburg et al. 2013; Park et al. 2019; Thieulin et al. 2020; Escoffier et al. 1989),
and wave propagation using optical coherence tomography (Liang and Boppart 2010). The
magnitude of the mechanical properties is known to be substantially different, depending
on the skin site. Prior findings revealed that the elastic modulus of skin tissue of the volar
forearm (101 kPa) is higher than that of the dorsal forearm (69 kPa) and palm (25 kPa)
(Liang and Boppart 2010) although other study, by Ishikawa et al., also found that Young’s
modulus of the skin on the chest tends to be lower than that on the finger, forearm and hand
(Ishikawa et al. 1995).

Many studies have shown aging-related changes in the skin elastic properties, but, as
happens with other properties, the results can be contradictory among studies. Some of the
studies have concluded that mechanical properties increase with age. Firooz et al. observed
that Young’s modulus of human skin increases with age, while testing 8 body regions
(forehead, cheek, nasolabial fold, neck, forearm, dorsal side of the hand, palm, and leg)

of 5 age groups (10 subjects each, 5 from each sex), ranging from 10 to 60 years (Firooz
et al. 2012). Agache et al. implemented a torsion test for the human dermis samples from
138 individuals of ages ranging from 3 years to 89 and according to it, Young’s modulus
for older individuals was significantly increased compared to younger subjects (Agache et
al. 1980). Grahame also suggested that the elastic modulus of skin tissue increases with
aging using the suction method (Grahame 1970). Diridollou et al. confirmed through a 20
MHz scan echography that Young’s modulus linearly increases with the increase of age,
by testing volar forearm skin of 206 male and female human subjects, aged 6 months-90
years (Diridollou et al. 2001). Boyer et al. measured the mechanical property of human skin
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tissues of 46 individuals aged from 18 to 70 years, using a dynamic indentation method,
having suggested that the complex modulus of the forearm for the oldest individual group
(10.7 kPa) is 43% higher than that of the youngest individual group (7.2 kPa) (Boyer et al.
2009).

On the other hand, many other studies have also shown opposite results (i.e., a negative
correlation between elastic properties and age). Sanders et al. showed a continuous decrease
in the elastic property of human skin of the forearm with age (using an age range of 6-61
years) applying the torsion method (Sanders 1973). With the same method, Leveque et al.
discovered that the skin extensibility decreases with increasing aging, by testing the samples
from the forearm skin of 141 individuals aged 3-89 years (Agache et al. 1980). Escoffier

et al. concluded that aging induces a decrease in elastic recovery of skin tissues of the
forearm (Escoffier et al. 1989). Boyer et al. employed a non-contact airflow device to test
the forearm skin tissues of two age groups (healthy women aged 23.2 + 1.6 and 60.4 * 2.4),
showing that Young’s modulus of the old group is substantially reduced compared to that of
the young group (Boyer et al. 2012).

In addition to the results addressed above, it has been reported that these changes can have
different behaviors depending on the specific age and the gender. Research by Alexander et
al. revealed that Young’s modulus of the skin tissue tends to increase with age, except for to
the initial 30 years, where Young’s modulus decreases with age. This test was performed in
the back and forearm of 116 male and female subjects in age groups ranging from 2 to 67
years (Alexander and Cook 2006). Another study showed different trends of aging-related
changes in the mechanical properties between men and women, where the elastic modulus
of the skin for men tends to increase after 80 years, while for women tends to decrease
(Kalra and Lowe 2016).

Noticeably, very few studies, have been carried out on the effect of aging and age-related
changes on viscous or viscoelastic properties, when compared to the large number of studies
on elastic properties (Moronkeji and Akhtar 2015). Computational investigations by Jayabal
et al. revealed that both viscosity and relaxation time are elevated in the aged tissues, by
using the Kelvin-Voigt viscoelastic model (Jayabal et al. 2019). In contrast, Escoffier et

al. found that the creep relaxation time is linearly reduced with age while the viscous

part of the deformation remains unchanged (Escoffier et al. 1989). Ryu et al. measured
viscoelastic properties on the face, upper arm and back of 96 healthy women aged 20-75
years using the suction method, having showed that viscoelastic properties are markedly
reduced during aging (Ryu et al. 2008). In the case of viscous properties, no study on the
direct relationship between age and viscous properties has been found. Alternatively, it is
possible to deduce the tendency of viscous changes through an aging-related change in
plasma viscosity inside the blood vessel, since the plasma accounts for a large portion of
the interstitial fluid. Experimental observations showed that plasma viscosity increases with
age due to an increase of fibrinogen concentration, even though the underlying mechanism
has been poorly established (Cavestri et al. 1992; Avellone et al. 1993; Hager et al. 1994;
Coppola et al. 2000; Kovacs et al. 2006; Simmonds et al. 2013). However, Carallo et al.
found that plasma viscosity is not altered by aging, whereas blood viscosity increases with
age (Carallo et al. 2011). Collectively, all these results are not consistent to make definitive
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statements for the relationship between aging and viscous properties/viscoelastic properties
of skin tissue and thus, further investigation is still needed.

Transport properties

Aging significantly contributes to a change in transport properties in the skin, such

as permeability/hydraulic conductivity or diffusivity of molecules and drugs. Unlike the
mechanical properties, it is extremely difficult to directly measure the transport properties
(Park 2017), particularly with in vivo scenarios. Therefore, the majority of the studies have
been performed in vitro. Until now, various tools have been utilized to measure the transport
properties of the skin, ECM, and other soft tissues, such as gravity-driven technique (Park et
al. 2015), flow chamber (Chor and Li 2007), and permeability measurement with fluorescent
molecules (Schmidt et al. 2020) for permeability/hydraulic conductivity; and fluorescence
recovery after photobleaching (FRAP) (Cornelissen et al. 2008) and integrative optical
imaging technique (10I) (Thorne et al. 2004) for diffusivity.

Most studies for permeability/hydraulic conductivity have been focused on the stratum
corneum. Experimental studies revealed that permeability of sodium fluorescein and
tetrachlorosalicylanilide is elevated in the stratum corneum of aged skin, possibly due to

a reduction in the sebaceous gland secretion with age, whereas permeability of testosterone
in vivo study is decreased with age (Fenske and Lober 1986; Martini and Nath 2009;
Thakur et al. 2009). However, in a separate study, in vitro permeability of water was
observed not to change in the aging process (Thakur et al. 2009). Experimental results by
Lesch et al. showed that permeability of tritiated water in the stratum corneum decreases

in the elderly where necropsy specimens from 45 males and 28 females aged 16 to 96
years were tested (Lesch et al. 1989). In this study, they also observed that the degree of
decreasing permeability is more prominent in males than females. Compared to the stratum
corneum, data regarding other skin layers are extremely scarce. We recently found, using

a numerical method, that hydraulic conductivity in the aging dermis is significantly higher
than that in the young dermis. This conclusion was achieved by simulating aging and young
ECM networks, with the posterior calculation of the hydraulic conductivity, which may

be associated with diverse diseases such as lymphedema; more details will be published
elsewhere. For the diffusion in the skin, possible theories include either no change or a
decrease in drug or molecular diffusion with chronological age. Kaestli et al. found no
significant difference in transdermal diffusion of drugs between young and old individuals
(Kaestli et al. 2008). Other study found that drug absorption and transport are slowed down
due to an increased skin stiffness during aging (Ferreira et al. 2020). However, more studies
on the individual skin layers and transport properties need to be conducted to improve the
analysis.

Discussion and conclusion

The biomechanical, structural, and physical changes of skin tissue are prominent in the
aging process. However, numerous studies have shown different or contradictory results. The
primary reason for the different results may be attributed to the use of different techniques
(Neto et al. 2013), the considered skin site (Griffin et al. 2017), gender of subjects

Biogerontology. Author manuscript; available in PMC 2023 July 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park

Page 10

(Luebberding et al. 2014), aging type (e.g., intrinsic aging vs photoaging) (EI-Domyati et
al. 2002), sample state (e.g., in vivo, ex vivo, and in vitro) (Moronkeji and Akhtar 2015),
anisotropy of the skin (Ni Annaidh et al. 2012), among others. As an example, most of

the mechanical properties were measured based on assuming the isotropic material of the
skin. However, it turned out that the skin has anisotropic properties due to the different
orientations of collagen fibers in the dermis, thereby resulting in different mechanical
properties within the same tissue (Kalra and Lowe 2016). In addition to the properties
addressed above, there are other biophysical or biochemical parameters that can be used
to evaluate the aging process (Firooz et al. 2012), such as dermal—epidermal junction
(DEJ) (Lavker et al. 1987), cellular property (Dulinska-Molak et al. 2014), pH (Waller
and Maibach 2005), sebum content (Pochi et al. 1979), transepidermal water loss (TEWL)
(Wilhelm et al. 1991), microvasculature (Bentov and Reed 2015) or melanin index (Lee et
al. 2002). The marked difference in the DEJ was observed between young and old skin,
where the DEJ exhibits a reduced surface area and a flattened morphology in the process
of age-related remodeling (Langton et al. 2016). Young’s modulus of aging fibroblasts was
found to increase as people age, when testing fibroblasts isolated from donors of 30-, 40-
and 60 years old using AFM (Duliriska-Molak et al. 2014). The experimental study by
Waller et al. revealed that pH is reduced with age, particularly after the age of 70 years
(Waller and Maibach 2005). Taken together, a standardized method considering all these
factors is indispensable in future studies to reach a consensus about aging-related changes.

Based on changes in a diverse number of functional properties of the aging skin tissue,
potential mechanisms for chronological skin aging-related alterations can be postulated by
linking the biochemical, structural, and physical changes (Fig. 2). In the case of the positive
correlation between aging and stiffness, three possible scenarios can be taken into account
(Fig. 2a). The first scenario is that aged/aging fibroblasts has a poor production of collagen
crosslinks, due to the loss of crosslinking agents such as HAPLNL. This can later lead to the
change in the architecture of the collagen network toward the higher fiber alignment, which
subsequently increases skin stiffness, particularly when force is applied parallel to the fibers.
In the second scenario, crosslinks such as HHL are increased by aged/aging fibroblasts and
thus, more robustly connect fibers and promote enhanced interaction between collagen fibers
maintaining isotropic collagen networks, which results into higher skin stiffness (Lovell et
al. 1987; Thakur et al. 2009). The last scenario is driven by the reduced water content,

due to a decline in the function of GAGs or proteoglycans produced by aging/aged cells.
The decreased water content induces a higher fiber-to-water ratio, and leading eventually to
an elevated, skin stiffness (Park and Baddiel 1972). In addition, a decrease in the ratio of
chondroitin-sulfate and keratin-sulfate in the aging skin dermis can result in difficulties in
deforming collagen fibers or networks—high stiffness (Hall 1967).

In the case of the negative correlation between aging and stiffness, two possible scenarios
are suggested (Fig. 2a). First, MMP has a very strong production in aged/aging cells, such
as activated macrophages or lymphocytes, where collagen fragmentation is accelerated,

and thus, skin stiffness is reduced during aging. Besides, natural discontinuity or tear of

the collagen network with age can also decrease mechanical properties such as the elastic
modulus (Sanders 1973). The other scenario is that aged/aging fibroblasts show a functional
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decline in the secretion of collagen molecules, which cause a lower collagen density and
thickness, subsequently leading to a lower stiffness of the skin (Shuster et al. 1975).

When it comes to the positive relationship between aging and transport properties (such as
permeability/hydraulic conductivity and diffusivity), these are known to be increased due to
the higher collagen alignment driven by aging, particularly at the parallel direction to the
fibers, and in the skin dermis (Fig. 2b). In contrast, the negative correlation between aging
and transport properties can be classified into two cases. The first case is that aging triggers
lower collagen alignment (i.e., higher isotropic network) due to the increase of crosslinking,
which leads to a lower permeability/hydraulic conductivity and diffusivity. In another case,
hydraulic conductivity and diffusivity are significantly reduced by an aging-related increase
in fibrinogen concentration and thus plasma viscosity. However, in this case, permeability
remains unchanged irrespective of viscosity.

It should be noted that biochemical, structural, and mechanical changes from intrinsic
aging are different from those from extrinsic aging resulting from sunlight, air pollution, or
smoking, although there are quite a few common mechanisms between the two processes.
Such differences include skin thickness (Shuster et al. 1975; Takema et al. 1994), crosslinks
in collagen (Kligman et al. 1989; Yamauchi et al. 1991, 1988; Sakura et al. 1982; Kaur

et al. 2019; WuIf et al. 2004), water content (Gniadecka et al. 1998), crosslinks in elastin
(YYamauchi et al. 1991), collagen solubility (Sams and Smith 1961), HA content in the
epidermis (Oh et al. 2011), and tsGAG and uTA content in the dermis (Oh et al. 2011)
(Table 1). Hence, more systematic studies, which distinguish the two aging processes,
should be performed to understand the exact underlying mechanism of skin aging and treat
aging-related skin diseases.

It is agreed that the mechanical properties of skin differ according to the site of the skin. Our
previous study also showed that the elastic modulus of the posterior wrist is greater than that
of the anterior wrist and forearm by 2 to-3-fold (Park et al. 2019). However, the influence

of body site on the changes in mechanical properties during aging processes could be

subtle, due to the fact that there was no significant difference in molecular structure between
different sites of skin (e.g., buttock vs forearm skin) (Gniadecka et al. 1998). Furthermore,
little is known about the relationship between changes in mechanical properties of skin

and gender. As addressed previously, a few studies have suggested that different trends of
aging-related mechanical changes between men and women might occur. However, other
studies have also demonstrated that no difference in skin hydration, elasticity and sebum
between male and female skin is observed (Firooz et al. 2012), which indicates that gender
has little effect on changes in mechanical properties with age. Thus, further studies should
be warranted to elucidate the impact of the skin site and gender on the mechanical changes
with age.

Currently, the measurement of mechanical properties of individual skin layers remains
exceptionally challenging. There are limited studies on the quantitative mechanical
properties of separate skin layers such as the stratum corneum, epidermis, dermis, and
hypodermis using indentation (Van Kuilenburg et al. 2013), optical coherence tomography
(OCT) (Liang and Boppart 2010), and suction method (Hara et al. 2013). In addition, there
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are very few studies on the effects of aging on the mechanical properties of the individual
skin layers. Hara et al. showed that the elastic modulus of the skin epidermis layer and
dermis layer have an different effect with age by testing the cheeks of 78 human subjects
ranging from 20 to 68 years (Hara et al. 2013). While the first showed an increase with the
increase of age, the second one did not show any variation with the increase of age.

In summary, aging induces significant changes in the biochemical, structural, and physical
properties of human skin. Such changes are highly connected, but their relationship has been
poorly established. Thus, additional work is required to elucidate the relationships between
diverse functional properties, and the underlying biochemical and structural mechanisms.
This future work enables us to unravel the complex relationships between aging, functional
properties of skin tissue and aging-related diseases.
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Fig. 1.

A graphical schematic for the relationship between aging-related biochemical, structural,
and physical changes at the nano, micro, and macro-scale
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