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Abstract

Collagen and elastin networks make up the majority of the
extracellular matrix in many organs, such as the skin. The
mechanisms which are involved in the maintenance of ho-
meostatic equilibrium of these networks are numerous, in-
volving the regulation of genetic expression, growth factor
secretion, signalling pathways, secondary messaging sys-
tems, and ion channel activity. However, many factors are
capable of disrupting these pathways, which leads to an im-
balance of homeostatic equilibrium. Ultimately, this leads to
changes in the physical nature of skin, both functionally and
cosmetically. Although various factors have been identified,
including carcinogenesis, ultraviolet exposure, and mechan-
ical stretching of skin, it was discovered that many of them
affect similar components of regulatory pathways, such as
fibroblasts, lysyl oxidase, and fibronectin. Additionally, it was
discovered that the various regulatory pathways intersect
with each other at various stages instead of working inde-
pendently of each other. This review paper proposes a mod-
el which elucidates how these molecular pathways intersect

with one another, and how various internal and external fac-
tors can disrupt these pathways, ultimately leading to a dis-
ruption in collagen and elastin networks.

© 2016 S. Karger AG, Basel

Introduction

The skin is the largest organ in the human body and
acts as the body’s first line of defence, protecting the in-
ternal organs from external trauma and pathogenic infec-
tions [1]. It is composed of three layers (fig. 1): the outer-
most layer called the epidermis, the thicker and elastic
middle layer called the dermis, and the inner layer called
the hypodermis [2]. The dermal layer is what gives skin
its strength and elasticity due to the high contents of col-
lagen and elastin fibres [3]. High contents of collagen and
elastin are mostly present in the reticular portion of the
dermal layer.

Viscoelasticity, a reversible deformation property, al-
lows the skin to stretch to a certain physiological limit
under physical stress and then return to its resting state
once the load is removed [1]. Sliding and realignment of
collagen fibrils allows skin to deform while maintaining
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its integrity and preventing damage, while elastic fibres
will return skin to its resting state after the external force
is removed [4]. Other than mechanical stress, biological
(cancer and aging) and environmental factors (sunlight
and ultraviolet, UV) are also capable of altering the archi-
tecture and structural properties of the collagen and elas-
tin networks in skin [5].

The physiological changes that occur in skin following
exposure to these factors may interrelate and influence
one another. A combination of exposures might also have
a compounding effect due to the interrelated nature of
their physiological responses. This review aims to high-
light the structural and mechanical properties of collagen
and elastin in skin and to describe of how various factors
can affect or alter these properties.

Collagen Synthesis and Classification

Collagen is the most abundant structural protein in the
body and can be found in connective tissue, bone, carti-
lage, and skin [5, 6]. Collagen can be organized into vari-
ous structural conformations, such as fibrillar collagen,
basement membrane collagen, fibril-associated collagens
with interrupted triple helices, and transmembrane col-
lagen [7]. Fibrillar collagen which can be found in abun-
dance in human skin will be the focus of this review. In
skin, collagen fibres constitute three-quarters of its dry
weight [8, 9]. There are several hierarchical levels involved
in the formation of collagen (fig. 2). The lowest order
structure is known as tropocollagen, which is a right-
handed triple helical structure comprised of 3 polypeptide
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chains [10]. Hydrogen bonds that form within the triple
helical structure provide stability and are the most abun-
dant in the animal kingdom [9]. Covalently cross-linked
tropocollagen molecules form polymeric collagen fibrils,
and collagen fibrils aggregate to form collagen fibres [11].
The combination of polypeptide chains that form tropo-
collagen determines the types of collagen fibrils to be
formed. To date, 46 different polypeptide chains have
been identified, which are synthesized by genes named af-
ter the type of polypeptide chains they produce. For ex-
ample, COL1A1 is the gene which synthesizes the alpha-1
chain of collagen type I, while COL4A6 synthesizes the
alpha-6 chain of collagen type IV. These 46 polypeptide
chains can combine to form 28 different types of collagen
[12, 13]. Collagen type I and type III are predominant in
skin, and can be found in abundance in the dermal layer,
while collagen type V, VI, VII, and XI can also found
throughout skin in varying amounts [9, 14].

Collagen Fibril Structure and Biomechanical
Properties

Collagen fibrils have been extensively studied to deter-
mine their structural and biomechanical properties [6, 15,
16]. Tropocollagen molecules, the basic structural units
of collagen, measure approximately 1.6 nm in diameter
and 300 nmin length [17] and stack in a formation known
as the quarter-staggered assembly [18]. The spirally coiled
tripeptide structures of tropocollagen are stabilized by in-
terchain H-bonds while wrapping around each other
(fig. 2). This arrangement of molecules leads to the de-
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Fig. 2. Collagen synthesis: 3 polypeptide chains (a) form a triple
helical structure known as tropocollagen (b). Tropocollagen mol-
ecules will then stack in a quarter-staggered formation (c), giving
rise to overlap and gap regions which give collagen fibrils their
distinctive banding pattern, known as a D-period (d). The atomic

finitive banding patterns seen in collagen fibrils, where
overlap and gap regions alternate along the fibril. Adja-
cent overlap and gap regions form a D-period measuring
approximately 67 nm, where overlap regions measure ap-
proximately 31 nm (0.46 D) and gap regions measure
36 nm (0.54 D).

It has been established that the properties of collagen
molecules (fibrils) are reflected in the higher order struc-
tures they form (fig. 3) due to their high abundance, such
as tendon, ligaments, and skin [19-21]. Young’s modulus
(YM) is a common property of collagen and collagenous
tissues that is measured as a means to describe its biome-
chanical properties. It is defined as the ratio of stress to
strain [6]. In other words, YM describes the intrinsic abil-
ity of materials to resist deformation when physical force
is applied [22]. Collagen and collagenous tissues display
a unique property where stiffness dramatically increases
as strain is applied [23]. The stress exhibited by collage-
nous tissues is approximately exponential to the strain
applied [24]. Different collagenous tissues have different
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force microscope image (d) was taken using a NanoWizard® 3
atomic force microscope (JPK Instruments, Germany) at the Fac-
ulty of Dentistry, University of Malaya. The image shows a colla-
gen fibril present in scalp skin of a Dorper sheep.

YM values; however, these values vary greatly due to a
number of factors. Function is the strongest determinant
of a tissue’s YM. Tissues such as skin, lungs, and blood
vessels must be able to withstand elastic extension but do
not require a lot of force to deform, which equates to a
relatively lower YM value. Other structural tissues such
as cartilage and bone must be strong enough to withstand
compression forces and thus tend to have higher YM val-
ues by comparison [25].

A large degree of variation exists in reported YM val-
ues even for the same tissue type. Such variation is attrib-
uted but not limited to in vivo versus ex vivo measure-
ments, hydration level of tissue samples, time lapse dur-
ing post-mortem tissue sample collection, temperature of
sample storage and at the time of YM measurement, and
methods of measuring YM such as indentation or tensile
methods [22]. Skin has been reported to exhibit YM val-
ues ranging from 6 kPa to 50 MPa when measured by in-
dentation, but from 21 to 39 MPa while measured by ten-
sile stretching [22].
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Fig. 3. The biomechanical properties of collagen at the molecular (lower order) level are reflected in the tissues

(higher order) they form.

Like most biological samples, the stress-strain curve of
collagenous tissues such as the skin (fig. 4) is non-linear
[26]. The curves of collagenous tissues are also J-shaped
and are usually divided into three regions [19, 27-29].
The first is known as the toe region, and corresponds to
the part of the curve that is most parallel to the x-axis,
usually up to strains of about 0.3. During this stage, mi-
croscopic crimps in collagen fibrils are removed, and col-
lagen offers little resistance to the applied stress. This is
due to the naturally wavy and bundled nature of collagen.
The behaviour of skin at this stage is dominated by elastic
fibres [1], and low amounts of stress are sufficient to cause
large deformations. This contributes to the low strain at
this region of the curve. At higher strains the slope of the
curve increases, and this region is known as the heel re-
gion. Molecular kinks in the gap regions of fibrils begin
to straighten out, and fibrils begin to stretch and realign
in the direction of the applied stress. This stage of the
stress-strain curve is when collagen begins to resist defor-
mation, and higher amounts of stress are required to con-
tinue deformation of tissue. The final stage of the stress-
strain curve is called the linear region and corresponds to
the region of the curve with the highest slope. Collagen
fibrils have already realigned, and kinks in the gap region
have straightened in the direction of the applied force.
Hence, under high stress, deformation is probably caused
by the gliding of neighbouring collagen molecules or the
stretching of tropocollagen molecules within the fibrils
themselves. Under certain in vitro conditions, however, a
fourth region can be observed. During this stage, the
amount of strain applied to collagenous tissues is too
great, which brings fibrils past their yield point and ulti-
mately leads to failure, where some fibrils will break [21,
28].

Stress-Responsive Changes in Collagen
and Elastin Networks in Skin

Elastin Framework, Synthesis, and Assembly

The extracellular matrix (ECM) of vascular and other
connective tissues consists of a network of elastic fibres.
The biosynthesis of elastic fibres is a complex process, be-
ginning with the synthesis of the soluble form of elastin,
known as tropoelastin, which is post-translationally
modified, packaged, assembled, cross-linked, and trans-
ported to the ECM to form bundles of mature elastic fi-
bres. Elastic fibres, the most crucial part in the ECM, are
comprised of two main components: (i) a core of poly-
meric insoluble elastin and (ii) a peripheral mantle of tu-
bular-appearing microfibrils [30]. Microfibrillar scat-
folds will determine the shape and orientation of elastic
fibres once tropoelastin molecules are deposited [31, 32].
Elastin contains a number of hydrophobic amino acids,
such as valine, alanine, glycine, and proline [33]. Elastin
is most abundant in elastic fibres, which contributes to
the characteristic properties of elastic recoil.

While collagen contributes tensile strength to skin,
elastic fibres contribute extensibility and reversible recoil
to skin, which allows it to withstand repeated mechanical
deformation without suffering irreversible plastic dam-
age [34]. Stress-strain curves of skin (fig. 4) largely illus-
trate properties of collagen due to its high abundance;
however, in the toe region of the curve, mechanical prop-
erties of skin reflect those of elastic fibres [1].

Verhoeff staining with van Gieson counterstain en-
ables the differentiation of blue-black elastin from colla-
gen and smooth muscle [35]. Other types of stains for
elastin include Luna’s aldehyde fuchsin stain [36] and
Weigert’s resorcin-fuchsin staining [37]. Under light mi-
croscope, the elastic fibres typically appear in a wavy pat-
tern [33]. The elastic fibres, unlike collagen, can be
stretched and retracted. The presence of these fibres al-
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some fibrils will break.

Strain

lows the skin to revert back to its original conformation
after the removal of any deforming forces [38]. It has been
observed that in reticular dermis, the elastic fibres appear
coarse and entwined with collagenous fibre bundles,
while the papillary dermis exhibits finer elastic fibres that
rise up towards the epidermis [39]. In normal tissue the
elastin shows a typical candelabra-like pattern oriented
perpendicular towards the basal lamina [40].

The fibroblasts are a major group of cells in the dermis
involved in elastogenesis [41]. The process of elastogen-
esis occurs mainly in the dermis, especially in the super-
ficial dermis. During the elastogenesis process, the tropo-
elastin monomer is synthesized on the rough endoplas-
mic reticulum and undergoes little intracellular
post-translational modification [42]. During this phase,
the elastin-binding protein associates with tropoelastin
monomers to become a complex form before being re-
leased on the cell surface [43]. This association of elastin-
binding protein and tropoelastin monomers protects the
insoluble elastin from proteolysis and gives it extraordi-
nary stability [44]. It has previously been reported that
aldosterone upregulates the synthesis of tropoelastin and
procollagen [45]. The tropoelastin monomers undergo
self-assembly by having an elastic N-terminal coil region
and a cell-interactive C-terminal foot region cross-linked
together to form a highly exposed bridge region on mi-
crofibrils [30, 46]. Thus during self-assembly of the tro-
poelastin, fibulin-5 and fibulin-4 have the potential to in-
duce elastic fibre formation and also promote the coacer-
vation process [47, 48].
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Tropoelastin is soluble in cold aqueous solutions of
less than 20°C. Alternatively, the tropoelastin monomers
can assemble in the absence of microfibrils on the cell
surface [49]. The microfibrils are the first visible compo-
nent to appear in low abundance in elastic fibres. Lysyl
oxidase (LOX) can increase the cross-linking efficiency of
tropoelastin monomers by oxidative deamination of ly-
sine residues which forms allysine, resulting in mature
insoluble elastic fibres [50]. The formation of desmosine
and isodesmosine cross-links via allysine-allysine or ally-
sine-lysine reactions also contribute to the biomechanical
properties of elastic fibres, as these cross-links can resist
elastolysis [51]. Collectively, these cross-links give elastic
fibres an incredible durability, with a half-life of approxi-
mately 74 years [52]. When LOX is inhibited cross-link-
ing is greatly reduced, which can lead to the formation of
disorganized connective tissue [50]. The degradation of
elastic fibres can happen when the concentration of ma-
trix metalloproteinases (MMPs) is elevated in the path-
way [53].

Factors that Affect Collagen and Elastin Dynamics

Biological Factors

Genetic Mutations

More than 1,000 mutations have been identified in
more than 20 genes for 12 different types of collagen [54,
55]. Of those, approximately 250 mutations affect colla-
gen type I, affecting the genes that encode for both
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COL1A1 and COL1A2 polypeptide chains [56]. Many of
these mutations have been identified in patients suffering
from osteogenesis imperfecta, a disease which affects
many collagenous tissues. The substitution of glycine res-
idues which are involved in hydrogen bonds often causes
the most damage, and the location of the substitution as
well as the identity of the replacement amino acid can im-
pact pathology [57, 58]. Mutations often cause the forma-
tion of null alleles, as premature termination codons are
created in the genes. Symptoms are spread across differ-
ent parts of the body that are rich in collagen type I, such
as brittle bones, blue sclerae, abnormal teeth, weak ten-
dons, and thin skin [59, 60].

Ehlers-Danlos syndrome (EDS) is a collection of het-
erogeneous genetic disorders that cause joint hypermo-
bility, skeletal disorders, and rupturing of hollow organs,
and can also affect the skin’s extensibility, thinness, and
fragility. There have been at least 9 subtypes of the disease
that have been identified, with types I and II primarily af-
fecting collagen type V synthesis, but also type I collagen.
These subtypes can be characterized by atrophic scars and
hyperextensibility of the skin. Ehlers-Danlos syndrome
type IV, on the other hand, is the most severe subtype, af-
fecting collagen type III. The COL3A1 gene is the prima-
ry target of this subtype, with over 100 mutations identi-
fied in this gene. The severity of this subtype is due to the
possibility of rupturing of large arteries of other hollow
organs [61].

Some other forms of genetic diseases that affect colla-
gen include Alport syndrome, a consequence of COL4A3
and COL4A5 mutations [62, 63], Bethlem myopathy,
which follows mutation to the COL6A1 gene [64], and
multiple epiphyseal dysplasia and autosomal recessive
Stickler syndrome, which occur following mutations
to the COL9A1, COL9A2, COL9A3, COL11A1, and
COL11A2 genes [65].

Cutis laxa (CL) is a rare disorder which affects elastic
fibre assembly. Abnormalities in elastic fibres affect sev-
eral body systems such as the respiratory system, circula-
tory system, and digestive system by reducing the elastic-
ity of organs such as the lungs, aorta, and gastrointestinal
tract, respectively [66]. The most obvious clinical mani-
festation, however, affects the skin. Patients with CL often
have loose saggy skin, drooping cheeks, and a premature-
ly aged appearance. The cause of such symptoms is a re-
duction in the size and volume of elastic fibres, in addi-
tion to a disruption to normal elastic fibre arrangement
[67, 68]. CL can be inherited via both the autosomal re-
cessive and autosomal dominant pathways. Autosomal
recessive inheritance is caused by mutation to the gene
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encoding for fibulin-5. This form of CL is the most severe,
as most children suffering from this disorder die during
infancy due to cardiopulmonary complications [69-72].

Cancer

Cancer has traditionally been identified as a disease of
rogue cells. However, the current consensus is that cancer
is actually a disease of imbalance, where the body is un-
able to effectively deal with rogue cells [73]. One of the
major contributing factors to this condition is a disrup-
tion to the homeostasis of the ECM. As a major regulator
of cellular and tissue function, disruption to the homeo-
static environment of the ECM acts as a key component
of tumour stroma [73]. Since collagen accounts for the
majority of the ECM, its increased or decreased rate of
synthesis as well as structural changes can affect tumour
malignancy (74, 75]. MMPs and tissue inhibitors of me-
talloproteinases are vital in the regulation of ECM ho-
meostasis and work in cohesion to strictly regulate colla-
gen degradation [76]. An imbalance in the concentration
of MMPs and tissue inhibitors of metalloproteinases can
lead to aberrant MMP proteolysis, which has been fre-
quently recorded in cancer cases [77].

During tumour progression, the ECM undergoes con-
siderable structural changes, including increased synthe-
sisand deposition of proteoglycans, fibronectins, and col-
lagen, specifically types I, III, and IV [78]. In healthy tis-
sues, the collagen surrounding epithelial structures is
commonly smooth and curly. However, as tumours begin
to develop, the collagen gradually thickens, straightens
out, and becomes stift. Stiff collagen matrices have been
shown to increase prolactin secretion in vitro. This pro-
motes tumour metastasis and progression by enabling
cell migration into the ECM [79]. Intravital microscopy
of breast cancer tissue has also shown cancerous cells mi-
grating rapidly along collagen fibres [80].

The stiffening of collagen, and ECM as a whole, is
achieved via several mechanisms. LOX-dependant cross-
linking of collagen and elastin fibres is one such mecha-
nism. LOX is synthesized by fibroblasts during the early
onset of carcinogenesis and later by hypoxic tumour cells.
LOX induces cross-linking between collagen and elastin,
which increases insoluble matrix deposition that leads to
tissue stiffness [81]. Fibronectin-mediated collagen reor-
ganization is another mechanism which leads to ECM
stiffening. Dynamic interactions between fibronectin and
collagen are likely to induce tumour progression. In fact,
fibronectin has previously been implicated in the early
stages of cancer metastasis [82, 83]. Osteonectin, a multi-
functional glycoprotein also known as SPARC (secreted
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protein acidic and rich in cysteine), is involved in the stiff-
ening of ECM. It is synthesized by both fibroblasts and
tumour cells and has a high affinity for collagen types I
and IV. Calcium binds to osteonectin, which in turns
causes the stiffening of collagen and ECM [74].

Aging

Mechanisms that cause skin aging can be both intrin-
sic and extrinsic in nature [84]. Intrinsic aging involves
changes to natural biological processes such as decelera-
tion of regenerative capacity, while extrinsic aging in-
volves exposure to environmental influences like UV ra-
diation and environmental pollutants [84]. The relative
volume (percent) and quality of elastic fibres and collagen
in the skin significantly varies with age [5]. Elastic fibre
disintegration has been reported in individuals aged be-
tween 30 and 70 years in small amounts; however, a larg-
er amount of disintegration was observed in individuals
older than 70 years [41]. The synthesis of elastic fibres is
continuous during our lifetime but reportedly ceases after
the age of 50 [41]. Thus, the arrangement of elastic fibres
appears loosely packed and fine with short fragmented
microfibrils in older individuals compared to younger in-
dividuals [41, 85]. When younger skin suffers actinic
damage, fine structural changes are noticed which are
similar to those in elderly undamaged skin [86]. Tropo-
elastin mRNA decreases about 45-50% with increase of
age because elastogenesis declines slowly [87]. Moreover,
the activity of soluble LOX increases with aging, whereas
that of insoluble LOX reduces at 60 days old [88].

When comparing between young and old age, young
age will have numerous fibroblasts in both the papillary
and reticular dermis with a high number of type I collagen
and elastin mRNA, whereas old age will reduce the cell
numbers and silver grains per cell as measured by in situ
hybridization [89]. The newborn rat has a highly intense
deposition of silver grains but significantly reduced solu-
bility [88]. The loss of ECM such as decreased biosyn-
thetic capacity of the remaining cells, cell loss, and a pro-
gressive increase of matrix-degrading enzymes are evi-
dent when histological skin sections from young and old
individuals are compared [90]. The elastase-type protease
in vivo and in vitro was upregulated, underlying the aging
process [91]. During the aging process, the elastin fibres
are degraded, there is an increase of fine collagen in the
papillary dermis with a strong increase of fibronectin, and
the collagen/elastin ratio increases. Intrinsically, aged
skin shows general atrophy of the ECM with a decrease of
elastin and thickness in the interstitial collagen of the fi-
brils [92].
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Physical Factors

Mechanical Stretching

Skin is able to withstand certain amounts of physical
force (measured as stress per unit area) by deforming
(measured as strain or proportional deformation). Once
the force is removed, skin returns to its resting state,
which is possible due to the viscoelastic property of the
skin. This biomechanical property of the skin is contrib-
uted by collagen and elastin fibrils [4]. The viscous com-
ponent of skin involves the gliding of collagen fibrils dur-
ing realignment in the direction of the applied force. This
dissipates the energy applied by the external force and
allows the skin to deform to a certain limit without suf-
fering severe damage [4, 93, 94]. Elastin fibres contribute
to the elasticity of the skin by storing energy from the ap-
plied force, and ensures the skin is able to return to its
original resting state after the removal of the force
(27, 93].

Mechanotransduction describes the physiological re-
sponse of cells to physical applications of stress. Cells will
recognize mechanical loads as stimuli and transmit ap-
propriate signals to the constituents of the ECM such as
collagen and elastic fibres, transmembrane receptors
such as integrins, actin filaments, and non-muscle myo-
sin [95]. The cyclic stretching of cells such as fibroblasts
activates genetic expressions for the constituents of the
ECM such as collagen and fibronectin, which often leads
to the assembly of dense ECM that is rich in collagen [96].
Newly synthesized collagen and fibronectin fibrils will
align in the same direction as the applied force [97].

Striae Gravidarum

Striae gravidarum is a phenomenon where stretch
marks appear on the skin of women during pregnancy.
These marks appear as erythematous bands on several
parts of the body, including the abdomen, breasts, hips,
and thighs. They usually start appearing from the 24th
week of gestation [98]. The exact mechanism that leads to
striae gravidarum is yet to be elucidated, but it is clearly
related to the alteration in dynamics of skin connective
tissue [99, 100]. A combination of mechanical stretching
and hormonal factors are reported to be vital in the aeti-
ology [101]. Hormones such as relaxin, oestrogen, and
adrenocortical hormones are believed to reduce the adhe-
siveness of collagen fibres. They also alter the structure of
both collagen and elastin fibres, making them less prone
to stretching. The increased effect of hormones is believed
to be due to the upregulation of receptor expression, as
receptors for oestrogen, androgen, and glucocorticoids
are found to be more abundant in striae compared to nor-
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mal skin [102]. Stretching of the skin also makes the epi-
dermis thinner, making stretch marks more visible [103,
104].

Controlled Tissue Expansion

Tissue expansion is a surgical technique that dates
back to the late 1950s [105] where expanders are implant-
ed beneath the skin and allowed to swell, thus stretching
skin to the point where newly synthesized skin is formed
[2, 106]. When skin is physically stretched beyond its
physiological limit, the resting tension and homeostatic
equilibrium are interrupted. This initiates a cascade of
molecular pathways which work in unison to restore the
homeostatic equilibrium state by increasing the surface
area of the skin [107, 108]. The interrelated pathways
which are triggered following homeostatic disruption in-
volve the ECM, cell membranes, enzymatic activity, sec-
ondary messenger systems, ion channel activity, cytoskel-
etal structure, and genetic expression [2, 106].

The activation of these pathways ultimately leads to
new skin formation via a process known as tissue creep,
which can further be divided into mechanical and bio-
logical creep [109, 110]. Mechanical creep is an acute re-
sponse to stretching where the viscoelasticity of skin al-
lows it to deform in response to a loading or stretching
force. This type of tissue expansion is temporary and is
only secondary to the loading force which is applied. Bio-
logical creep, however, is when newly synthesized tissue
is formed and is the final target of surgical tissue expan-
sion. Biological creep occurs mainly due to increased ac-
tivity in the dermal layer of the skin, such as fibroblast
proliferation and collagen synthesis, supported by in-
creased synthesis of myofilaments and neovasculariza-
tion [109, 110].

Environmental Factors

Until 1975, scientists debated about the origin and na-
ture of elastic fibres. It was finally agreed upon that elas-
totic fibres represent either the new formation of abnor-
mal elastin or the transformation of collagen into abnor-
mal elastin [111]. The environmental condition plays an
important role in determining the effect on the skin. Ex-
trinsic factors such as heat, sun, cold wind, and low and
high humidity modify the microstructure of the skin. In
addition, geographical, occupational, religious, and cul-
tural factors have also been reported to affect human skin
[112]; for instance, those who are doing outside work are
more frequently exposed than those who are working in-
side.

Stress-Responsive Changes in Collagen
and Elastin Networks in Skin

Sun Exposure

Histologically, chronic sun exposure can cause exten-
sive changes like wrinkles in dermal accumulation in the
skin. In the normal state, elastin is found in the papillary
dermis with a small diameter and arranged perpendicu-
lar to the epidermis. In deeper layers of the dermis, elas-
tin is thicker and vertically oriented. Bouissou et al. [113]
have reported that under sun exposure the elastin core
became thinner and the fibroblasts became quiescent,
while the elastotic degeneration was increased in the re-
ticular dermis. The disintegration of elastic fibres in-
creased in the papillary dermis with age, which resulted
in reducing the elasticity of the skin. In contrast, Warren
et al. [114] demonstrated that the elastin content in-
creased with solar exposure, while the collagen content
was decreased. By using immunohistochemical staining,
the sun-protected tissue shows that the elastin was re-
vealed as discrete fibres under the epidermis and sparse-
ly in the dermis layer. The increase of the accumulation
of elastic fibres under sun exposure was approved by Bern-
stein et al. [115].

Infrared radiation has a significantly negative effect on
the skin. In vitro experiments on human fibroblasts have
proven that even small doses of infrared radiation can
produce free radicals, affect collagen and elastin expres-
sion, and upregulates MMPs [116].

In sun-exposed skin, the macromolecules like glycos-
aminoglycans (GAGs) and protein-bound proteoglycans
are different compared to unexposed skin. The GAGs,
especially hyaluronic acid, accumulate more under sun
exposure [112, 117]. The accumulated GAGs show re-
duced water-binding capabilities as well as a reduced abil-
ity to interact with other components in the dermal ECM
[112]. All of these factors make the exposed skin become
more wrinkled, saggy, dry, and thin.

UV Radiation

Exposure to UV radiation contributes to the extrinsic
aging of the skin. By comparing UV-A and UV-B, Bern-
stein et al. [115] demonstrated that UV-B has higher elas-
tin-promoter activity than UV-A. In the photoaged skin,
the elastin appears discrete and sparsely distributed but
becomes densely accumulated [115, 118]. The effects of
UV-B are quite distinguishable, where the skin becomes
wrinkled and there is an increase in elastosis and tumour
formation, but the UV-A changes the skin in the same
way as chronological changes in aging mice [117]. By un-
derstanding all of these factors, we see that elastosis is ac-
tually comprised of two phases: (1) simple hyperplasia
where the elastic fibres increase in number and thicker

Skin Pharmacol Physiol 2016;29:190-203
DOI: 10.1159/000447017

197


http://dx.doi.org/10.1159%2F000447017

/ Golgi apparatus

Rough endoplasmic
reticulum

Fibroblast

Assembly

—= Fibulin

T LOX

Microfibrils

Tropoelastin

d Elastic fibres

Fig. 5. The elastogenesis process at each respective stage. a Monomer synthesize. b Coacervation. ¢ Cross-linking. d Packaging.

and (2) actinic degeneration where the radiant energy
gives injury to the strength-giving protein elastin, making
it fragile [119].

UV radiation induces the downregulation of collagen
and elastic fibre synthesis by blocking the function of
TGEF-B [120, 121]. UV radiation stimulates the upregula-
tion of ROS (reactive oxygen species) and hydrogen per-
oxide but the downregulation of antioxidant enzymes
[122]. By increasing ROS synthesis, it is likely to partici-
pate in the amplification of signals, leading to the activa-
tion of the MAPK pathway. Those MAPKs activate the
AP-1 transcription factor and upregulate the MMPs
[123]. The level of MMP-12 increases after UV exposure
[124]. UV radiation also degrades TGF-, which disrupts
the deactivation of MMP-1 and MMP-3 [121, 125].

Cigarette Smoke

The elastic fibres can also be affected by smoking.
Heavy smokers have demonstrated abnormalities of elas-
tic fibres. Francés et al. [126] and Just et al. [127] have
demonstrated that the mean relative area and the total

198 Skin Pharmacol Physiol 2016;29:190-203

DOI: 10.1159/000447017

number of elastic fibres were significantly increased
among heavy smokers compared to non-smokers. The
elastic fibres were more numerous, shorter, wider, and
fragmented among smokers. The increased number is
due to the degradation and fragmentation of elastin, as
occurs in solar elastosis, rather than the newly synthe-
sized elastic fibres [127]. A significantly different area
(15.3% higher) and number of fibres (667/mm?) have
been reported in the reticular dermis for smokers com-
pared to non-smokers (11.7% and 557/mm?, respective-
ly) [127]. These abnormalities are less obvious compared
to solar elastosis [126].

Cigarette smoke inhibits the regulation of LOX, tran-
scription of tropoelastin, and production of collagen type
I [128]. Since LOX play a crucial role in the regulation of
its expression, this downregulates the elastin as well as
collagen [129, 130]. The nicotine in cigarette smoke also
inhibits the proliferation of fibroblasts [131]. Thus, smok-
ing leads to decreased moisture in the stratum corneum
of the facial skin, resulting in wrinkled skin [132]. Yin et
al. [133, 134] have reported that tobacco smoke induced
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MMP-1, MMP-7, and MMP-3 but inhibited the produc-
tion of type I and type III procollagen.

Tobacco smoke blocks cellular responsiveness to
TGF-1 through the induction of its non-functional latent
form and the downregulation of TGF-f; receptors [134].
Since TGF-1 is crucial for the stimulation of collagen and
elastin production, hence those will be inhibited among
smokers [132]. TGF-1 also acts as a positive growth factor,
inducing the synthesis of ECM proteins. Hence, this TGF
will not function very well since it is blocked by smoke.

Nutraceutical and Cosmeceutical Applications

The term nutraceuticals was coined in 1989 and is de-
fined as foods or food products that provide medical or
health benefits, while the term cosmeceuticals describes
cosmetic products that claim to provide medical or health
benefits [135, 136]. With regard to application on human
skin, some nutraceuticals and cosmeceuticals have been
proven to have positive effects, most commonly involving
wound healing and anti-aging properties. Virgin coconut
oil, for example, has been shown to aid in wound healing

Stress-Responsive Changes in Collagen
and Elastin Networks in Skin

by actively promoting the synthesis of ECM components
such as collagen, elastic fibres, and GAGs [137]. The top-
ical application of commercially available products con-
taining retinol and vitamin C have been shown to be able
to partially reverse skin changes induced by intrinsic and
extrinsic aging [36]. Certain types of rice, namely red and
black rice, possess phytochemicals that are notable anti-
oxidants and anti-aging compounds such as y-oryzanol,
tocopherols, and tocotrienols [136]. Honey and aloe vera
are also very well-known remedies that aid in wound
healing as they possess angiogenic and neovasculariza-
tion properties, stimulate the formation of granulation
tissue, and enhance reepithelialization [138-140].

Overview of Molecular Changes Affecting Collagen
and Elastin Dynamics in Skin

After understanding the changes that occur following
various biological, physical, and environmental expo-
sures, it was observed that many molecular components
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are involved in several pathways as opposed to being lim-
ited to only one specific molecular pathway. In addition,
it was also observed that different factors affected these
pathways via similar mechanisms by affecting similar
components, despite being different in origin. LOX, for
example, is induced in cases of carcinogenesis but inhib-
ited in response to aging. When induced in carcinogen-
esis, LOX can stimulate collagen-elastin cross-linking,
leading to tissue stiffness, but inhibition in response to
aging will reduce tropoelastin synthesis, thus disrupting
elastin formation. Another example is IGF-[;, which is an
important growth factor in elastin synthesis. Its synthesis
can be blocked not only by exposure to UV radiation but
by smoking as well. A model is proposed which illustrates
how all these different mechanisms intersect and how the
various internal and external factors described above can
disrupt the homeostatic equilibrium of these pathways

(fig. 5).

Conclusion

The pathways that regulate the synthesis, degradation,
and maintenance of collagen and elastin networks in the
skin are numerous and interrelated. As such, factors that
affect one pathway are likely to indirectly affect other
pathways as well (fig. 6). This review has proposed a ho-
listic overview integrating the different molecular path-
ways that are affected by various biological, physical, and
environmental factors. The changes that occur at the mo-
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