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With worldwide expansion of the aging population, research on age-related pathologies is
receiving growing interest. In this review, we discuss current knowledge regarding the
decline of skin structure and function induced by the passage of time (chronological
aging) and chronic exposure to solar UV irradiation (photoaging). Nearly every aspect of
skin biology is affected by aging. The self-renewing capability of the epidermis, which
provides vital barrier function, is diminished with age. Vital thermoregulation function of
eccrine sweat glands is also altered with age. The dermal collagenous extracellular matrix,
which comprises the bulk of skin and confers strength and resiliency, undergoes gradual
fragmentation, which deleteriously impacts skin mechanical properties and dermal cell
functions. Aging also affects wound repair, pigmentation, innervation, immunity, vascula-
ture, and subcutaneous fat homeostasis. Altogether, age-related alterations of skin lead to

age-related skin fragility and diseases.

kin, like many other organs, undergoes del-
Seterious changes with the passage of time
and associated hormonal and dietary varia-
tions. Unlike most other organs, however, skin
is also directly affected by exposure to the envi-
ronment, especially UV irradiation from the sun.
Chronic exposure to UV irradiation causes an
aged phenotype (photoaging) that is superim-
posed with aging caused by the passage of time
(chronological aging). As a result, areas of the
body that are frequently exposed to the sun such
as the face, neck, forearms, or back of the hands
acquire visible signs of aging more rapidly than
other areas of the body.

Skin serves two vital functions. First, skin
serves as a barrier; it protects physical, chemical,
and bacteriological intrusion in the body, and

prevents dehydration by evaporative water loss.
Second, skin allows thermoregulation through
regulation of skin-hosted vasculature and ec-
crine sweat glands. In addition to these vital
functions, skin mediates the sense of touch
and plays a role in immune surveillance, hor-
mone production, and social communication.
Each of these functions is affected with aging. In
general, alterations of skin structure and func-
tion appear earlier and are more pronounced in
photoaged than in chronologically aged skin.
Evidently, photoaging is a cumulative process
and, as such, is more severe in older individuals.

Passage of time and repeated exposure to
harmful aspects of the environment alter both
the epidermal and dermal compartments of the
skin. Clinically, chronologically aged skin ap-
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pears thin, dry, and finely wrinkled. Photo-
aged skin typically appears leathery, lax, with
coarse wrinkles, “broken”-appearing blood ves-
sels (telangiectasia), and uneven pigmentation
with brown spots (lentigines). Avariant of facial
photoaging has been noted in which the skin is
relatively smooth with prominent telangiectasia
(Brooke et al. 2001). Histologically, both aged
and photoaged skin display epidermal differ-
ences. Effects of natural aging and photoaging
on the dermis are also profound and most ob-
viously involve deleterious alterations to the
collagenous extracellular matrix. In this article,
we will summarize our current understanding
of the features and mechanisms of skin chrono-
logical aging and photoaging.

EFFECTS OF AGING ON SKIN BARRIER AND
THERMOREGULATION FUNCTIONS

The epidermis is the outermost layer of the skin.
It contains no blood vessels and relies exclusively
on the underlying dermis for nutrients. The epi-
dermis is primarily made of keratinocytes or-
ganized in a stratified epithelium. Proliferating
keratinocytes reside in the basal layer, which lie
onabasement membrane at the dermal—epider-
mal junction. Keratinocyte maturation involves
loss of proliferative capacity and, ultimately,
differentiation into corneocytes. Differentiation
occurs as keratinocytes migrate upward toward
the skin surface through the stratum spinosum,
stratum granulosum, and stratum corneum.
The stratum corneum, the outermost layer of
the epidermis, is made of protein-enriched cor-
neocytes embedded in a lipid-rich extracellular
matrix (Elias et al. 1977). This “brick and mor-
tar” organized lipid shield provides a water-
proof, impermeable barrier that prevents water
egress and xenobiotics ingress through the skin
(Elias et al. 2010). As a person ages, basal kera-
tinocyte proliferation is reduced, resulting in
an overall thinning of the epidermis (Kligman
1979; Montagna and Carlisle 1979; Lavker
1995), and the dermal—epidermal junction ap-
pears flattened with shorter epidermal rete pegs
and dermal rete ridges (Lavkeretal. 1987). These
features also occur with photoaging, although to
a more variable extent (Lavker 1995; Giangreco

et al. 2010). Flattening of the dermal—epider-
mal junction is thought to reduce the exchange
surface between epidermis and dermis, reduce
the nutrient flux, and thereby might have a role
in reducing keratinocyte proliferation (Lavker
etal. 1989). Flattening of the dermal—epidermal
junction also reduces epidermal resistance to
shearing forces and thereby makes the epidermis
more fragile (Lavker et al. 1989). However, thick-
ness of the stratum corneum remains unaltered
with advanced age (Lavker et al. 1989; Lavker
1995) and stratum corneum hydration is mod-
estly lowered or unchanged in aged versus young
individuals (Man et al. 2009; Luebberding et al.
2013). Accordingly, transepidermal water loss (a
measure of stratum corneum integrity) is unal-
tered with chronological aging (Luebberding
et al. 2013). However, surface lipid production
decreases significantly with age on some areas
of the skin (Man et al. 2009; Luebberding et
al. 2013), increasing incidence of xerosis (dry
skin), pruritus (itchy skin), and skin irritation
in elderly populations (Kligman 1979).
Thermoregulation, the other vital function
of the skin, is also affected by the aging process.
Humans dissipate excessive heat mostly through
the skin via heat transfer to the environment
and, most efficiently, via sweat production ( per-
spiration). Sweat is produced from plasma by
eccrine sweat glands (apocrine glands, restricted
to armpits and urogenital areas, are not involved
in thermoregulation) (Sato and Dobson 1970).
Aging decreases heat tolerance and elderly in-
dividuals are more susceptible to deadly heat
strokes during periods of heat waves. Both the
decrease in cutaneous vascular function (Klig-
man 1979) and reduced sweating rate are in-
volved in reduced sweat function with aging
(Inoue and Shibasaki 1996a; Inoue et al. 1999;
Hirata et al. 2012). The age-related decreased
sweat gland function is believed to develop se-
quentially from the lower limbs to the upper
body and head (Inoue and Shibasaki 1996b).
Although morphology of cutaneous nerves is
deemed to be little affected by age (Montagna
and Carlisle 1979), the sensitivity of sweat glands
to cholinergic stimuli may be reduced with age
(Inoue et al. 1999). Sweat production is also im-
portant for maintaining the acid mantle that

2 Cite this article as Cold Spring Harb Perspect Med 2015;5:a015370


http://perspectivesinmedicine.cshlp.org/

Downloaded from http://perspectivesinmedicine.cshlp.org/ on August 25, 2022 - Published by Cold Spring Harbor Laboratory Press

fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

regulates the growth of skin commensal organ-
isms (Marples 1965; Weller et al. 1996). Consis-
tent with decreased eccrine function, increased
age is also associated with defective skin-surface
acidity (Choi et al. 2007). The specific influence
of photoaging on eccrine sweat gland structure
and function remains to be elucidated.

EFFECTS OF AGING ON SKIN
REGENERATIVE CAPACITY

Structural integrity and repair after wounding
are critical to skin function. Although aging
does not prevent wound healing per se, age-re-
lated changes occur in many aspects of wound
repair, and clinical observations indicate that
wound repair is delayed in aged compared with
young individuals (Du Nouy 1916). Wound re-
pair is a continuous process that is comprised of
three overlapping phases, that is, inflammatory,
proliferative, and remodeling phases. Detailed
age-related changes in wound repair have been
described in each of these phases (Gerstein et al.
1993; Gosain and DiPietro 2004). Human stud-
ies have shown delayed reepithelialization after
partial-thickness wounds on the thigh (Holt
et al. 1992) and decreased tensile strength after
healing of incisional or surgical wounds (Sand-
blom 1953; Halasz 1968; Mendoza et al. 1970).
Similarly, animal studies have shown a 20%—
60% delay in wound repair in aged versus young
animals (Gosain and DiPietro 2004). However,
underlying mechanisms remain unclear. Hair
follicle stem cells, which are thought to be the
repository of skin regenerative capacity (Lau
et al. 2009), persist throughout life (Rittié et al.
2009). Similar findings were reported with epi-
dermal stem cells in mice (Stern and Bickenbach
2007; Giangreco et al. 2008). When placed in
culture, human keratinocytes from older skin
donors have shorter replicative lifespan than
keratinocytes isolated from younger individuals
(Barrandon and Green 1987). In human skin,
reduced expression of the epidermal stem cells
markers melanoma chondroitin sulfate pro-
teoglycan and integrin 31 was observed by im-
munostaining, suggestive of reduced epidermal
stem cell number with aging (Giangreco et al.
2008). However, because epidermal stem cells
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are characterized by relatively higher, as opposed
to selective, expression of these markers (Jones
and Watt 1993), immunochemistry results re-
main difficult to interpret (Legg et al. 2003).
These findings are yet to be confirmed on isolat-
ed cells.

Interestingly, human wounds heal in a
unique way, involving epidermal regeneration
from eccrine sweat glands (Rittié et al. 2013).
Considering the age-related defects of many ec-
crine sweat gland functions described above, it
is conceivable that human eccrine sweat gland
regenerative capacity is also altered with aging.
This possibility has yet to be investigated.

EFFECTS OF AGING ON SKIN
PIGMENTATION, INNERVATION,
IMMUNITY, VASCULATURE, AND ADIPOSE

Aging of Skin Pigmentary System

Melanin is a group of natural pigments that add
color to hair and skin. Melanin is produced by
melanocytes that are confined in the basal layer
of the human epidermis and the bulb of hair
follicles. Melanin pigments are photoprotective
(Kollias et al. 1991; Meredith and Sarna 2006)
and their production is induced during tanning
by UV irradiation (Sklar et al. 2013). In young
adult epidermis, melanocytes are distributed
relatively evenly on the body at a density of
~1500/mm? (slightly higher on the head) (Snell
and Bischitz 1963; Szabo 1967). Aging is associ-
ated with a 10%—-20% reduction of melanin-
producing melanocytes per decade (Snell and
Bischitz 1963; Szabo 1967; Gilchrest et al. 1979;
Ortonne 1990), although it is not clear whether
this is caused by a net loss of melanocytes, a
decrease in their activity, or both. As a result,
skin pigmentation and reactive tanning after ex-
posure to UV irradiation is reduced with age in
sun-protected areas (Hawk 1990; Ortonne 1990;
Shlivko et al. 2013).

In chronically sun-exposed areas, pigmen-
tation becomes uneven with age, and mottled
pigmentation is a hallmark of photoaged skin
(Lavker 1995; Chung 2003). The most com-
mon pigmented lesions in photoaged skin in-
clude actinic lengitines (“age spots”), ephelides
(freckles), and pigmented solar and seborrhoeic
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keratosis (Ortonne 1990). Increased local pig-
mentation in photoaging is mostly a result of
increased number of dopa-positive melanocytes
in the basal epidermal layer (Hodgson 1963;
Gilchrest et al. 1979; Ortonne 1990).

Aging of Skin Innervation

Skin connects to the central nervous system
through dense innervation. Skin innervation is
traditionally described according to the func-
tion it mediates, such as providing the senses
of touch, itch, or pain (afferent sensory in-
nervation), as opposed to glandular activity or
smooth muscle contraction (efferent autonom-
ic innervation) (Montagna 1977; Fraiture et al.
1998; Reinisch and Tschachler 2012). Aging is
associated with an overall decreased sensory
perception that correlates with reduced number
of nerve fiber endings in epidermis and dermis
(Grassi et al. 2003; Panoutsopoulou et al. 2009;
Fromy et al. 2010; Namer 2010). On the other
hand, a few studies have shown that photoaged
skin is characterized by increased sensory nerves
(Toyoda et al. 2005) and increased number of
epidermal nerve fibers that correlates with the
intensity of photoaging (Toyoda et al. 1996)
compared with sun protected skin. The func-
tional consequences of these changes in photo-
aged skin remain hypothetical (Legat and Wolf
2006, 2009).

Aging of Skin Immunity

Skin’s natural barrier is aided by a powerful in-
trinsic immune system to help protect against
infection. Antigen-presenting cells, which traffic
throughout the skin, include macrophages, B
cells, dendritic cells, and Langerhans cells (the
latter being the major antigen-presenting cell in
the epidermis). Recent reviews have covered, in
detail, age-associated changes in the skin im-
mune systems (Ongradi et al. 2009; Shaw et al.
2010; Mahbub et al. 2011; Vukmanovic-Stejic
et al. 2011). In general, aging is associated with
deregulation of the immune response, often re-
ferred to as “immunosenescence,” which trans-
lates to increased susceptibility to infections, in-
creased malignancies, and reduced effectiveness

of vaccination. Typically, the number of cuta-
neous antigen-presenting cells is similar be-
tween young and aged subjects, but migration
to lymph nodes, phagocytosis, and capacity to
stimulate T cells is reduced in elderly versus
young individuals (Takahashi et al. 1985; Bhu-
shan et al. 2004; Agrawal et al. 2007; Ongradi
et al. 2009; Shaw et al. 2010; Mahbub et al.
2011; Vukmanovic-Stejic et al. 2011). Although
acute UV irradiation alters immune response in
human skin (Baadsgaard et al. 1989; Bennett
et al. 2008), the permanent effects of chronic
UV exposure on immunity in photoaged skin
remain unclear.

Aging of Skin Vasculature

Skin vasculature is made of a network of blood
and lymphatic vessels that resides in the dermis.
Skin vasculature allows temperature control and
diffusion of nutrient-rich plasma and immune
cells. While blood vessels serve as supply lines,
lymphatic vessels ensure recycling through back
transport to the venous circulation (Armulik
et al. 2005; Cueni and Detmar 2006). Blood ves-
sels are formed on interaction between endo-
thelial cells, mural cells ( pericytes and vascular
smooth muscle cells), and the surrounding ex-
tracellular matrix (Armulik et al. 2005; Betsholtz
et al. 2005). Aging and photoaging of the skin
are associated with reduced number of blood
vessels, especially in the upper dermis (Kligman
1979; Braverman and Fonferko 1982; Kelly et al.
1995; Chung et al. 2002). Structural changes in
vessel properties also include reduced number
of pericyte-covered blood vessels in aged skin
(Betsholtz et al. 2005; Helmbold et al. 2006).
In addition, endothelial cell flattening and di-
lation of the remaining vessels are typical of
photoaged skin (Kligman 1979). Disruption of
blood vessels’ normal architecture leads to vas-
cular hyperpermeability and, thus, dysfunction
(Armulik et al. 2005; Betsholtz et al. 2005). For
instance, maximum cutaneous blood flow, a
measure of skin endothelial function in re-
sponse to heating, is reduced linearly with age
(Martin et al. 1995). Similarly, reduced density
of lymphatic vessels has been observed in photo-
aged human skin (Kajiya et al. 2007). Taken to-
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gether, changes in vasculature alter multiple
aspects of cutaneous physiology as diverse as
increased tendency to bruising, reduced nutri-
ent supply, and altered immune cell trafficking.

Aging of Skin Adipose

Although traditionally described as part of the
skin, the subcutaneous adipose layer is usually
studied in relation to nutrition and endocrinol-
ogy, separately from other skin compartments.
Subcutaneous “white” fat represents 85%—90%
of the total body fat in women, regardless of
body mass index (the remaining being visceral
or “brown” fat) (Ross et al. 1993; Thomas et al.
1998). The ratio of subcutaneous:visceral fat is
lower in male subjects (Ross et al. 1992, 1993).
The relative amount of subcutaneous fat varies
greatly throughout the body, with the abdomen
containing up to four times more subcutaneous
fat than the lower legs or the head (Ross et al.
1992, 1993). Interestingly, subcutaneous fat is
not organized as a continuous layer, but rather
highly partitioned in distinct, independent
compartments separated with septal barriers,
at least on the face (Rohrich and Pessa 2007,
2008). Aging causes a redistribution of fat that
results in reduced subcutaneous:visceral fat ra-
tio (Chumlea and Baumgartner 1989; Hughes
et al. 2004). On sun-exposed areas such as the
face, aging also causes a redistribution of fat
between subcutaneous facial compartments,
which is an important part of perceived facial
aging (Rohrich and Pessa 2007, 2008). These
morphological changes are associated with
physiological alteration of adipocyte metabo-
lism and adipokine synthesis (Guo et al. 2007;
Kim et al. 2011; Sepe et al. 2011; Gulcelik et al.
2013). Overall, the subcutaneous:visceral fat
ratio in aged individuals is a stronger determi-
nant of insulin resistance than amount of vis-
ceral fat alone (Gavi et al. 2007; Frederiksen
et al. 2009).

EFFECTS OF AGING ON SKIN DERMAL
STRUCTURE

The dermis is the largest portion of the skin and
supports the skin vasculature that vehicles oxy-

Natural and Sun-Induced Skin Aging

gen, nutrients, immune cells, and the skin ap-
pendages. The bulk of the dermis is composed
of collagenous extracellular matrix, which con-
fers mechanical strength, resiliency, and elastic-
ity to the skin. These functions are deleteriously
altered in both chronologically aged and photo-
aged skin, albeit to a larger degree in chronically
sun-exposed skin. Solar elastosis, that is, accu-
mulation of amorphous elastin-containing ma-
terial in the upper dermis, is a hallmark of hu-
man photoaging and ultimately results in lack
of resilience (Braverman and Fonferko 1982;
Lavker 1995). Although solar elastosis is not ob-
served in chronologically aged skin, the elastin
network is also altered with age in sun-protected
skin; while elastic fibers are thin and single
stranded in young skin, they appear progres-
sively beaded in older skin with disappearance
of terminal fibrils that extend into the epider-
mis (Braverman and Fonferko 1982; Montagna
and Carlisle 1991; Lavker 1995). The protein
constituents of elastin fibers are thought to
be produced throughout life, although their as-
sembly into intact fibers appears to decline with
natural aging (Fig. 1) (Braverman and Fonferko
1982).

Alterations of the organization and structure
of type I collagen, the most abundant structural
protein in skin, is a hallmark of both chronolog-
ically aged and photoaged human skin (Fig. 1).
Electron microscopy studies have shown accu-
mulation of degraded collagen fibers over time
(Varanietal. 2001, 2006), and biochemical stud-
ies have shown that decreased collagen pro-
duction correlates with severity of photodamage
(Talwar et al. 1995) and age of an individual
(Uitto 1986; Varani et al. 2000). Progressive frag-
mentation of the dermal collagenous extracel-
lular matrix has important consequences: it de-
creases the overall strength of the skin, favors
wrinkle formation, and creates a microenviron-
ment that facilitates tumor formation and pro-
gression.

Acute UV Irradiation Triggers Transient
Collagen Fibril Degradation

During the past two decades, we have greatly
enhanced our understanding of the mecha-
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Young, sun exposed

Young, sun protected

Photoaged

Figure 1. Morphological alterations of collagen and elastin fibers in aged human skin. Collagen second harmonic
generation (SHG) (blue, total SHG signal, backward + forward, Aexc= 820 nm) and elastin autofluorescence
(green, Nger = 500—550 nm) of sun-exposed forearm skin samples from individuals aged 25 (top left) and 54
(top right) years, and sun-protected buttocks skin samples from individuals aged 25 (lower left) and 83 (lower
right) years. Shown are maximum projections (15-wm thickness). SHG imaging highlights abundant collagen
fibers in young skin (fop and bottom left), and relatively reduced mature collagen content and increased
fragmentation in photoaged (top right) and aged skin (bottom right). In addition, photoaging and chronological
aging are characterized by the disappearance of small elastin fibers in the upper dermis. Photoaging is charac-
terized by accumulation of elastotic material composed of aggregated elastin fibers (top right). (Human study
guidelines approved by the University of Michigan Institutional Review Board.)

nisms by which repeated skin exposure to so-
lar irradiation over decades leads to sustained
structural and functional deficits in the dermis.
Oxidative stress plays a central role in both
aging-associated and UV irradiation-initiated
dermal extracellular matrix alterations. On ir-
radiating the skin surface, UV light energy is
readily absorbed by endogenous cellular chro-
mophores such as NADH ™ /NADPH, trypto-
phan, riboflavin, or trans-urocanic acid (Han-
son and Simon 1998). Chromophore excitation,
which occurs in the presence of molecular oxy-
gen, produces an array of oxidation products
and radical oxygen species (ROS), including
the highly reactive hydroxyl radical HO® (Bren-
neisen et al. 1998). Although toxic at high con-
centration, ROS mediate a variety of normal cel-
lular responses at low concentration, such as
activation of receptor tyrosine kinases (RTKs)
and downstream signaling pathways (Herrlich
and Bohmer 2000). ROS produced upon UV
irradiation, likewise, activate these RTKs and
their associated downstream signaling pathways,
bypassing the normal initiation process of bind-
ing cognate ligands. Specifically, ROS reversibly

reacts with highly conserved cysteine in the cat-
alytic site and thereby inhibits enzymatic activ-
ity of receptor protein tyrosine phosphatases
(RPTPs) (Knebel et al. 1996; Denu and Tanner
1998; Xu et al. 2002; Meng and Zhang 2013).
These RPTPs directly dephosphorylate RTKs
and thereby maintain RTKs in low-activation
state levels (Fig. 2) (Tonks 2006). Thus, RPTP
inhibition is functionally similar to RTK activa-
tion. In human keratinocytes, RPTP-k specifi-
cally regulates epidermal growth factor receptor
(EGFR) tyrosine phosphorylation (Xu et al.
2005) and mediates UV irradiation-activation
of EGFR (Xu et al. 2006). Other protein tyrosine
phosphatases are also likely to be affected be-
cause UV irradiation activates many other
RTKs, including cytokine and growth factor
cell surface receptors such as tumor necrosis fac-
tor-a receptor, platelet activating factor recep-
tor, insulin receptor, interleukin-1 receptor,
CD95 (Fas-Ligand receptor), insulin receptor,
and platelet-derived growth factor receptor
(Herrlich and Bohmer 2000; Rittié and Fisher
2002). The pleiotropic response induced by UV
irradiation in skin derives in large part from the
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Figure 2. ROS-mediated activation of RTKs signaling cascades by UV irradiation. (Upper panel) In absence of
UV irradiation (basal conditions), RTKs and downstream signaling in skin cells are maintained in a low state of
activation by protein tyrosine phosphatase activities that dynamically dephosphorylate RTKs. These condi-
tions favor normal collagen synthesis and low production of matrix metalloproteinases (MMPs). (Lower panel)
Absorption of UV irradiation energy by skin cell components, in the presence of molecular oxygen, generates
reactive oxygen species (ROS) that react with cysteine in the catalytic site of protein tyrosine phosphatases.
Inhibition of protein tyrosine phosphatases by reaction with ROS increases net RTK phosphorylation levels
and triggers downstream signaling cascades that include mitogen-activated protein kinase (MAPK) phosphor-
ylation and activation of activator protein-1 (AP-1) transcription factor. Activated AP-1 represses colla-
gen production and increases MMP gene transcription. As a result, UV irradiation induces transient collagen
deficit.

_ Nucleus

ability of UV light to simultaneously activate
multiple RTKs (Rosette and Karin 1996).

The downstream signaling that follows UV
irradiation-mediated RTK activation is similar
to that triggered by ligand-binding and has been
reviewed in detail elsewhere (Rittié and Fisher
2002). Briefly, downstream signaling consists
of recruitment of adaptor proteins and acti-
vation of the three families of MAPKs: extracel-
lular signal-regulated kinase, p38, and c-Jun

amino-terminal kinase. In human skin, UV ir-
radiation activates MAPKs in the epidermis
and upper dermis (Fisher et al. 2002). Activated
MAPKSs, in turn, phosphorylate the transcrip-
tion factor c-Jun. c-Jun activation occurs with-
in 30—-60 min following UV irradiation of
skin in vivo and lasts 24 h (Fisher and Voorhees
1998). Activated c-Jun enters the nucleus and
partners with constitutively expressed c-Fos to
assemble the activated AP-1 transcription factor
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complex. AP-1 has a profound influence on
collagen homeostasis because it not only stim-
ulates transcription of several collagen- degrad-
ing enzymes including MMP-1, -3, and -9,
but also reduces production of procollagens
(soluble precursors to collagens) by inhibiting
transcription of genes encoding procollagens
Iand III.

Other mechanisms are implicated in medi-
ating altered regulation of extracellular mat-
rix protein-encoding genes by UV irradiation.
Among them, deregulation of transforming
growth factor B (TGF-B) pathway is of partic-
ular interest, mostly because TGF-f3 is a major
profibrotic cytokine in mesenchymal cells
(Massagué 2012). In human skin fibroblasts,
TGF-B is an important regulator of collagen
homeostasis by stimulating procollagens I and
III and reducing MMP-1 transcription. UV ir-
radiation modulates TGF-f3 pathway at several
levels; it decreases type II TGF-3 receptor with-
in 4 h in human skin in vivo (Quan et al. 2004),
stimulates the intracellular inhibitor of TGF-
signaling Smad-7 (Quan et al. 2005), and reduc-
es levels of connective tissue growth factor
(CCN2), an essential mediator of TGF- effects
on collagen synthesis (Duncan et al. 1999; Quan
et al. 2002).

Taken together, UV irradiation causes a
collagen deficit by shifting homeostasis from
production/deposition to degradation (Fig.
2). Because melanin pigments are photoprotec-
tive (Kollias et al. 1991), the biological effects of
UV irradiation are more pronounced in indi-
viduals with light versus dark skin (Fisher et al.
2002; Wang et al. 2008). In lightly pigmented hu-
man skin in vivo, transcripts encoding MMP-1,
-3, and -9 are induced within 8 h after UV irra-
diation (Fisher et al. 1996) and enzyme activi-
ties are observed 24 h postirradiation in human
skin in vivo (Fisher and Voorhees 1998). Simi-
larly, UV irradiation reduces collagen produc-
tion; type I collagen transcript and protein levels
are decreased within 8 h following UV irradia-
tion in human skin in vivo, and remain dimin-
ished in the upper dermis 24 h after UVexposure
(Fisher et al. 2000). These responses to acute UV
irradiation are transient; however, MMP and
collagen transcripts normalize to baseline levels

by 96 h postirradiation in human skin (Fisher et
al. 1996, 2000, 2002).

Accumulation of Fragmented Dermal
Collagenous Extracellular Matrix Sustains
Collagen Decline in Aged Human Skin

The transiently increased degradation and de-
creased production of collagen fibrils that oc-
cur in response to a single exposure of skin to
UV irradiation provides insight into the mecha-
nisms that promote sustained collagen deficit
(hypocollagenesis), which characterizes chrono-
logicallyaged and photoaged human skin. When
compared in culture, subject-matched dermal
fibroblasts isolated from sun-exposed and -pro-
tected human skin produce similar amounts
of procollagen I (Varani et al. 2001). This obser-
vation suggests that photoaging-induced hypo-
collagenesis is not related to genetic or intrinsic
alterations of dermal cells. Likewise, when com-
pared in culture, isolated fibroblasts harbor
modest differences in their metabolism and col-
lagen production (Schneider 1979; Varani et al.
2006), differences that may be specific to the
fibroblasts residing in the topmost 10% portion
of the dermis (Mine et al. 2008). In any case,
the sustained decrease of collagen production
in chronologically aged skin measured in vivo
appears much more robust than that measured
in cultured fibroblasts (Varani et al. 2006). Tak-
en together, these observations support the
concept that the dermal microenvironment
imposes altered fibroblast functions in chro-
nologically aged and photoaged human skin.
Evidence indicates that accumulation of frag-
mented dermal extracellular matrix is a key fac-
tor that mediates many of the characteristic fea-
tures of aged human skin (see Fig. 3 and below).

As detailed earlier, acute UV irradiation in-
duces ROS in human skin. Elevation of ROS
levels is also considered a major driving force
for natural aging (Harman 1992; Fisher et al.
2009). Transient increase in ROS levels in skin
cells, via the mechanisms described above, leads
to up-regulation of MMPs, resulting in collagen
degradation. Conceivably, because of cross-link-
ing that confers general resistance to further deg-
radation of type I collagen fibril fragments, col-
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ROS

Intact matrix,
synthetic phenotype
(collegen T, MMPs 1)

Degraded matrix,
hypocollagenesis
(collagen |, MMPs T)

— Active MMP cleaves matrix
+ Reduced collagen synthesis
limits repair

Figure 3. Accumulation of fragmented collagen in the dermal extracellular matrix leads to sustained reduction of
collagen production in chronologically aged and photoaged human skin. (Left panel) In young skin, intact
collagen within the dermal extracellular matrix provides attachment sites and mechanical resistance for fibro-
blasts. Fibroblasts are able to stretch and, under relatively high mechanical tension, show normal collagen
homeostasis (collagen production is high, MMP production is low). (Middle panel) On exposure to UV
irradiation (photoaging) or oxidative stress (chronological aging), elevated ROS activate signaling cascades
that promote reduced collagen synthesis and increased MMP production. Active MMPs cleave the collagenous
extracellular matrix, whereas reduced procollagen production limits repair. (Right panel) Accumulation of
collagen fragments, which occurs with chronic UV exposure and the passage of time, impairs the mechanical
and functional properties of the dermal extracellular matrix. Fibroblasts respond to this degraded dermal
extracellular microenvironment by up-regulating MMP expression and down-regulating collagen production,

thereby creating a self-sustaining phenotype that promotes skin fragility and age-related diseases.

lagen fibril remnants appear to remain bound
within the dermal extracellular matrix. In addi-
tion, collagen degradation is accompanied by
reduced collagenesis, which likely impedes re-
placement. Over time, fragmented collagen fi-
bril remnants accumulate and become readily
observable in photoaged (Varani et al. 2001,
2002) and aged (Fisher et al. 2002; Varani et al.
2006) human skin dermis.

Histologically, fibroblasts in chronologically
aged and photoaged human skin are surround-
ed by fragmented collagen matrix. These fibro-
blasts appear to be collapsed, with dramatically
reduced cell surface area and fewer contact
points with surrounding fragmented collagen
fibrils (Varani et al. 2006). Like many other cell
types, dermal fibroblasts sense the mechanical
load of their environment. Mechanical forces
are readily transferred from the extracellular
matrix to the cell’s intracellular scaffolding (cy-
toskeleton), a phenomenon known as mecha-
notransduction (Chen 2008). The level of me-

chanical tension within a cell that is bound to its
extracellular matrix is determined by at least
three factors: (1) the traction forces generated
by the cell via its cytoskeleton, (2) the intrinsic
resistance of the extracellular matrix, and (3)
any externally applied forces to the extracellular
matrix transmitted to the cell (Chen 2008). In
chronologically aged and photoaged skin, ac-
cumulation of fragmented collagen decreases
the mechanical resistance of the collagenous ex-
tracellular matrix and thereby decreases the me-
chanical forces within resident fibroblasts. This
phenomenon is critical because mechanical
forces that control cell shape are intimately cou-
pled, although asyet not fully understood mech-
anisms, to fibroblast functions. Human dermal
fibroblasts respond to low mechanical force by
increasing their levels of ROS, reducing collagen
production and increasing expression of MMPs
(Mauch et al. 1988; Delvoye et al. 1991; Eckes
et al. 2006; Fisher et al. 2009). Thus, collagen
fragmentation fuels a self-perpetuating cycle of
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oxidative stress, reduced collagen synthesis, and
increased collagen fragmentation in chronolog-
ically aged and photoaged human skin (Fig. 3).

Restoration of Mechanical Tension Restores
Extracellular Matrix Production in Aged and
Photoaged Dermis

Based on the above information, it becomes ap-
parent that the structural and mechanical prop-
erties of the dermal extracellular matrix are key
determinants of age-dependent decline of fi-
broblast function. Thus, in theory, increasing
structural support of the dermal extracellular
matrix might be a potential strategy for restor-
ing fibroblast synthetic capacities in chronolog-
ically aged and photoaged human skin. Indeed,
in vitro studies show that fibroblasts in a me-
chanically stiffer environment produce more
collagen and less MMPs than fibroblasts cul-
tured in a more pliable collagen matrix (Mauch
et al. 1988; Rittié et al. 1999; Eckes et al. 2006).
More recently, it has been shown that local in-
crease in mechanical forces within the dermis
can indeed effectively reprogram fibroblasts to
up-regulate collagen production in human skin
in vivo (Wang et al. 2007; Quan et al. 2013).
Injection of cross-linked hyaluronic acid, a der-
mal filler commonly used in cosmetic dermatol-
ogy, was used to enhance the structural support
of the dermal extracellular matrix in chronolog-
ically aged or photoaged skin. Hyaluronic acid
is a glycosaminoglycan made of repeating units
of glucuronic acid and acetylglucosamine. Di-
glycidyl ether-mediated cross-linking of hyal-
uronic acid generates a high molecular weight
relatively incompressible material that is resis-
tant to rapid degradation. Injected cross-linked
hyaluronic acid settles in pockets of loosely
packed collagen fibrils, where, because of its bi-
omechanical properties, it fills space and exerts
internal pressure (Kablik et al. 2009). Enhancing
structural support in the dermis by injection of
cross-linked hyaluronic acid caused focal com-
pression of the collagenous extracellular matrix
resulting in fibroblasts acquiring a stretched
morphology and forming more focal adhesions
with adjacent extracellular matrix. These cellu-
lar alterations were accompanied by restoration

of TGF-f signaling and type I collagen produc-
tion in fibroblasts (Wang et al. 2007; Quan et al.
2013). These results provide proof of principle
that enhancing mechanical tension within the
dermis of chronologically aged or photoaged
skin effectively activates fibroblasts to achieve a
more youthful state, which is clinically readily
observable (Turlier et al. 2013). These results
also provide further support for the concept
that decline of fibroblast function, in chrono-
logically aged and photoaging human skin, re-
flects the degraded properties of the dermal
extracellular matrix microenvironment and is
reversible.

CONCLUDING REMARKS

Chronic sun exposure causes photoaging, which
can be viewed as an environmental damage su-
perimposed on chronological aging. Chrono-
logically aged and photoaged skin are clinically
distinct, but share similar biochemical and cel-
lular features. Chief among these common traits
is accumulation of damage to the long-lasting
extracellular matrix fibers of collagen and elas-
tin. Expression of MMPs, which degrade pro-
teins that comprise the dermal extracellular
matrix, is elevated during natural aging and in-
duced in response to UV irradiation. MMP-
mediated collagen fragmentation accumulates
with the passage of time and repeated UV expo-
sure. Fragmentation of collagen impairs the me-
chanical integrity of the dermis, thereby driving
sustained reduction of collagenesis and, ulti-
mately, loss of collagen matrix in aged and pho-
toaged skin. Thus, age-related alterations of fi-
broblast functions, which deleteriously impact
the health of human skin, largely reflect the de-
graded state of their dermal microenvironment.
Indeed, increasing structural support within
the dermis promotes a more youthful pheno-
type of fibroblasts in chronologically aged or
photoaged skin.
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