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Molecular Mechanisms of
Human Skin Aging

Cilt Yaslanmasinin
Molekiiler Mekanizmalar1

ABSTRACT Skin has long been recognised to protect the organism from deleterious environmental (physical, chemical,
microbiological) agents, and is crucial for the maintenance of temperature, electrolyte and fluid balance. In addition, skin
is a sensory organ, a biofactory for the synthesis, processing and/or metabolism of a wide range of structural proteins, gly-
cans, lipids and it fulfils the requirements of a classic endocrine organ. Indeed, human skin cells produce a variety of hor-
mones including growth factors and sex steroids and essential vitamins such as vitamin D. With accelerating age skin loses
its structural and morphological characteristics and as a consequence all functions mentioned above deteriorate. This de-
terioration is enhanced cumulatively by various environmental physical, chemical and mechanical insults. Exposed areas
of the body such as the face, the neck, and the hands suffer the most by the influence of extrinsic factors and overexpo-
sure of these regions may result in premature skin ageing. Ultraviolet (UV) radiation, infrared (IR) radiation and tobacco
smoking are by far the most aggressive environmental agents. In non-exposed areas ageing is mainly attributed to intrin-
sic factors, e.g. genetic predisposition and changes in the endocrine environment and reflects degradation processes of the
entire organism. The clinical signs of ageing are more prominent in sun-exposed skin than in sun-protected regions. Typ-
ical histological features and biochemical changes accompany intrinsically and extrinsically aged skin, respectively. Al-
though the fundamental mechanisms are still poorly understood, a growing body of evidence points toward the
involvement of multiple pathways in the generation of aged skin. Several theories have been proposed including the the-
ory of cellular senescence, decrease in cellular DNA repair capacity and loss of telomeres, point mutations of extranuclear
mtDNA, oxidative stress, increased frequency of chromosomal abnormalities and gene mutations. Furthermore, hormones
have been also shown to play a distinct role. In the following years, as the number of persons aged 80 and over is expected
to rise, health care financing, and disease prevention will be important issues to content with.

Key Words: Skin, extrinsic factors, intrinsic factors, ageing, cellular senescence, telomeres, DNA repair capacity,
mtDNA, hormones, oxidative stress, progeroid syndromes

OZET Derinin organizmay1 zararli gevresel (fiziksel, kimyasal, mikrobiyolojik ) ajanlardan korudugu ve sicaklik, elektrolit
ve siv1 dengesinin korunmasinda 6nemli rol oynadig: bilinmektedir. Ayrica, bir duyu organi olarak deri, gesitli yapisal
protein, glikan, lipid sentezi, islenmesi ve/veya metabolizmasi i¢in ¢aligan bir biyo-fabrikadir ve klasik bir endokrin
organinin gerekliliklerini yerine getirmektedir. Gergekten de, insan derisi hiicreleri biiyiime faktorleri ve seks steroidleri
dahil cesitli hormonlar ve D vitamini gibi vitaminler iiretmektedir. Yasin ilerlemesiyle, deri yapisal ve morfolojik
o6zelliklerini kaybeder ve sonug olarak yukarida bahsedilen tiim islevleri bozulur. Bu bozulma gesitli gevresel fiziksel,
kimyasal ve mekanik saldirilar ile kiimiilatif olarak artar. Yiiz, boyun, ve eller gibi derinin agikta kalan boliimleri dig
faktorlerin etkisiyle en gok zarari goriirken bu bolgelerin asir1 maruz kalmas: erken deri yaslanmasina yol agabilir.
Ultraviyole (UV) radyasyon, kizilotesi (IR) radyasyon ve tiitiin igiciligi en saldirgan gevresel ajanlardir. Agikta olmayan
alanlarda, yaslanma genetik yatkinlik ve endokrin ortamindaki degisiklikler gibi i¢sel faktorlere baglanmaktadir ve tiim
organizmanin degradasyon siirecini yansitmaktadir. Klinik yaglanma belirtileri giinese maruz kalan bolgelerde giinesten
korunan bélgelere gore daha fazladir. igsel ve digsal olarak yaslanan deriye tipik histolojik 6zellikler ve biyokimyasal
degisiklikler eslik eder. Temel mekanizmalar halen ¢ok iyi anlagilamasa da, yagh derinin olusmasinda birden ¢ok yolun
etkisinin oldugunu gosteren kanitlar gittikge artmaktadir. Hiicresel yaslanma, hiicresel DNA onarim kapasitesinde diisiis
ve telomerlerin kayb, ekstraniikleer mtDNA’da nokta mutasyonlari, oksidatif stres, kromozom anormalliklerinin ve gen
mutasyonlarinin sikliginin artmas: dahil gesitli teoriler 6nerilmistir. Ayrica, hormonlarin farkli bir rol oynadig:
kanitlanmigtir. Gelecek yillarda, 80 ve tizeri yaslardaki kisilerin sayisinin artmasi beklendiginden, saghk giderlerinin
karsilanmasi ve hastalik 6nleme tizerinde durulmasi gereken énemli konular haline gelecektir.

Anahtar Kelimeler: Deri, dis faktérler, ig faktorler, yaslanma, hiicresel yaglanma, telomer, DNA onarim kapasitesi,

mtDNA, hormonlar, oksidatif stres, progeroid sendromlar
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ike all other organs, skin suffers progressive mor-

phologic and physiologic decrement with increa-

sing age and provides the first obvious evidence of
the ageing process. Skin ageing can be classified into
light-induced ageing (photoageing, exogenous ageing)
and endogenous ageing. The latter occurs in non-expo-
sed areas, which are not in direct contact with environ-
mental factors such as ultraviolet (UV) and infrared (IR)
irradiation (e.g. the inner side of the upper arm)' and is
mainly attributed to genetic factors, and alterations of
the endocrine environment. In contrast to photoageing,
endogenously aged skin reflects degradation processes of
the entire organism. This article addresses the funda-
mental mechanisms involved in skin ageing.

I CELLULAR SENESCENCE

The theory of cellular senescence describes the observed
loss of the cells proliferative potential after a limited
number of cell divisions.? According to this theory, cells
possess a ‘biological clock’, which signals the end of the-
ir replicative life span, and as a consequence, they can-
not be stimulated to enter the S1 phase by physiological
mitogens, arresting at the G1 phase. This process can be
partly explained by the selective repression of growth
regulatory genes.

Studies on keratinocytes,® fibroblasts*® and mela-
nocytes,”® have revealed that they all show an age-asso-
ciated decrease in cumulative population doublings.
Fibroblasts, for instance, taken from a normal human tis-
sue go through only about 25-50 population doublings
when cultured in a standard mitogenic medium. To-
wards the end of this time, proliferation slows down and
finally stops and the cells enter a state from which they
never recover. The reduction in proliferative capacity of
skin derived cells in culture from old donors and pati-
ents with premature ageing syndromes and the accumu-
lation in vivo of senescent cells with altered patterns of
gene expression 8 also support the theory of cellular se-
nescence.

I THE FREE RADICAL THEORY

Oxygen radicals (ROS) are increasingly considered as the
major contributors to ageing and the protective mecha-
nism against oxidative stress is observed as an indispen-
sable function.’ It has been shown that oxygen radicals
levels rise and anti-oxidant activity declines with advan-

cing age.!012

Skin possesses many defensive mechanisms in or-
der to reduce the production of ROS from internal so-
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urces. For example, the activity of enzymes which indi-
rectly produce oxygen metabolites can be altered (xant-
hine oxidase modulation). There is a repair system

13-16 antioxi-

consisting of enzymes and small molecules,
dant enzymes such as catalase and peroxidase and low
molecular weight antioxidants, such as tocopherols as-
corbic acid, NADH and carnosine, which can donate an

electron and then scavenge ROS.™

Excess ROS production leads to accumulation of
cellular damage,''® which includes oxidation of DNA
resulting in mutations and oxidation of membrane lipids
leading to reduced transport efficiency and altered trans
membrane signalling, processes which have as consequ-
ence the ageing phenotype. A disturbed stress response
is also known to be associated with a defect in proteoly-
tic sytems such as lysosomal activity and ubiquitine-
proteosome pathway in somatic cells.!” As a consequence
altered proteins cannot be eliminated resulting in accu-
mulation of misfolded and damaged proteins in the cells.

Moreover, accumulative evidence suggest that ROS
play a crucial role by participating in multiple MAP ki-
nase pathways, which induce AP-1 and in turn the sig-
nal cascade, already mentioned above.

The free radical theory has been also supported by
the fact that strategies that reduce metabolism and the
production of ROS, such as dietary caloric restriction
(DCR) can extend lifespan of experimental animals.?
Studies conducted in animal models demonstrated that
DCR can retard the ageing process by influencing stress
response and altering the expression of metabolic and bi-
osynthetic genes.?! Cancer prevention due to alterations
of hormone metabolism, hormone-related cellular sig-
nalling, oxidation status, DNA repair and apoptosis has
been also associated with DRC.?*? In skin tissues of mi-
ce with DCR weight control a palette of genes showed a
differential expression when compared to mice receiving
normal diet.* DCR could show profound inhibitory im-
pact on the expression of genes relevant to cancer risks
(e.g. neuroblastoma ras oncogene, Neuroblastoma myc-
related oncogene 1, Rab40c, Myeloblastosis oncogene-
like 2, Lung carcinoma myc-related oncogene 1,
Myeloblastosis oncogene , RAB5B, RAP2B, RAB34).

I GENES AND MUTATIONS

The mechanisms, which seem to be associated with age-
ing are complex.? Recent studies on models such as
the yeast Saccharomyces cerevisiae,” the nematode Ca-
enorhabditis elegans,?® the fly Drosophila melanogas-
ter,”3! the mouse Mus musculus®? and humans® show
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that single gene mutations can contribute to the initia-
tion of ageing and induce premature ageing syndromes.
However, there are no special genes that can cause age-
ing-associated damages. The manifestation of ageing is
mostly due to the failure of maintenance and repair mec-
hanisms3*

Studies on human keratinocytes have demonstra-
ted altered expression of growth-regulating molecules
with age; there is an increase of the baseline expression
of the differentiation-associated genes like SPR2 and in-
terleukin 1 receptor antagonist®* and EGF binding and
receptor phosphorylation is reduced and thought to be
the result of age related changes in a critical downstre-
am signalling element.¥”

In senescent fibroblasts, genes like the c-fos proto-
oncogene,*® the helix-loop-helix Id-1 and Id-2 genes*
and components of the E2F transcription factor®# have
been shown to be downregulated, and negative growth
regulators are overexpressed including the p21 and p16
inhibitors of cyclin dependent protein kinases.*' Other
changes seen in senescent skin fibroblasts include incre-
ased expression of IL-1 and of the EGF-like cytokine he-
regulin that modulates the growth and differentiation.*?
Moreover, elastin gene expression is markedly reduced
after the age of 40-50, as determined by mRNA steady
state levels.®?

Futhermore, recent studies indicate that endoge-
nous and exogenous ageing may share some fundamen-
tal pathways, and may have some common mediators.
Photoageing is thought to be the superposition of UV-
irradiation from the sun on intrinsic ageing.*

Some of the similarities are changes in the MAP ki-
nase signalling pathways, like decreases in ERK-depen-
dent MAP kinase
stress-activated JNK and p38 kinase,” which result in re-

activity and increases in
duced cell proliferation, differentiation, and cell survival
46 and enhanced growth arrest, apoptosis and stress-re-
lated responses.*#” As a consequence of the stress-acti-
vated MAP kinase pathways, the expression of c-jun and
c-Jun N terminal kinase — an upstream activator of c-jun,
is elevated in aged compared with young skin.® As c-jun
is a constituent of the transcription factor AP-1, AP-1is
also elevated and subsequently the AP-1 regulated con-
nective tissue degrading enzymes MMP-1 (interstitial
collagenase), MMP-3 (stromelysin 1) and MMP-9 (gela-
tinase B). Parallely, there is an observed reduction in the
expression of tissue inhibitors of metalloproteinases.**"
30 Another common feature is the increased insoluble de-
graded collagen and the reduction of type I and III
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procollagen synthesis, which may result from the impa-
ired TGFR signalling pathway.>*2

Ly et al measured mRNA levels in fibroblasts isola-
ted from young, middle-aged, and elderly patients with
progeria and found chromosomal pathologies that lead
to misregulation of key structural, signalling, and meta-
bolic genes associated with the ageing phenotype.*

In recent studies researchers have been focusing on
gene mutations accompanying known progeroid syndro-
mes e.g. Hutchinson-Gilford progeria, Werner’s syndro-
me (WS), Rothmund-Thomson syndrome, Cockayne
syndrome, Ataxia teleangiectasia and Down syndrome.>*
The most common skin disorders of these syndromes
which are characterised by an acceleration of the ageing
phenotype are alopecia, skin atrophy and sclerosis, tele-
angiectasia, poikiloderma, thinning and graying of hair
and several malignancies. Most of these syndromes are
inherited in an autosomal recessive way and mostly dis-
play defects in DNA replication, recombination, repair,
and transcription. Expression gene patterns of skin cells
derived from Werner patients,” old and young donors
showed that 91% of the analyzed genes had similar ex-
pression changes in WS and in normal ageing implying
transcription alterations common to WS and normal
ageing represent general events in the ageing process.

Further studies conducted to investigate changes in
gene expression during skin ageing have been performed
on naturally aged human foreskin obtained from chil-
dren and elderly males. Some of the mechanisms propo-
sed to be involved in the induction of ageing comprise
disturbed lipid metabolism, altered insulin and STAT3
signalling, upregulation of apoptotic genes partly due to
the deregulation of FOXO1, dowregulation of members
of the jun and fos family, differential expression of cytos-
keletal proteins (e.g., keratin 2A, 6A, and 16A), extra-
cellular matrix components (e.g., PI3, SI00A2, A7, A9,
SPRR2B), and proteins involved in cell-cycle control
(e.g., CDKs, GOS2).5¢

I THE MITOCHONDRIAL DNA (MTDNA)
THEORY

Genetic damage and instability outside the nuclear geno-
me has been also suggested to contribute to ageing.” The
mtDNA synthesis takes place near the inner mitochon-
drial membrane, where the sites of formation of ROS are
and the fact that mtDNA lacks excision and recombina-
tion repair, has made many investigators to believe that
cumulative damage of the mtDNA may play a key role in
the pathogenesis of the ageing phenotype.>®>
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Examination of human fibroblast mtDNA in aged
individuals revealed point mutations at specific positi-
ons in the control region for replication. Notably, a
T414G transversion was found in a significantly higher
proportion of persons older than 65 years of age when
compared with younger persons. These results lent sup-
port to the notion that cumulative damage to mtDNA
during life contributes to the ageing process.>

I THE TELOMERE HYPOTHESIS

The telomere hypothesis of cellular ageing 60 proposes
that loss of telomeres due to incomplete DNA replicati-
on and absence of telomerase provides a mitotic clock
that signals cycle exit, limiting the replicative capacity of
the somatic cell 61. Human telomeres consist of repeats
of the sequence TTAGGG/CCCTAA at chromosome
end, which are not replicated in the same manner as the
rest of the genome but instead are synthesised by the en-
zyme telomerase . By mechanisms that remain unc-
lear, telomerase also promotes the formation of protein
cap structures that protect the chromosome ends. Telo-
merase is active in germline cells and in humans, telo-
meres in these cells are maintained at about 15 kilobase
pairs (kbp). In contrast, telomerase is not expressed in
most human somatic cells like skin cells.®*% As a result,
their telomeres become 50-100 nucleotides shorter with
every cell division, and their protective protein caps pro-
gressively deteriorate. Eventually, after many cell gene-
rations, DNA damage occurs at chromosome ends. The
damage activates a p53-dependent cell-cycle arrest that
resembles the arrest caused by other types of DNA dam-
age.

The lack of telomerase in most somatic cells has be-
en proposed to help protect humans from the potenti-
ally damaging effects of runaway cell proliferation, as
occurs in cancer. Telomere loss is thought to control

entry into senescence.® %

I HORMONE DECLINE AND SKIN AGEING

Further factors that may play a predominant role in the
initiation of skin ageing is the physiological hormone de-
cline occurring with age. Over time important circula-
ting hormones decline due to a reduced secretion of the
pituitary, adrenal glands and the gonads or due to an in-
tercurrent disease. Amongst them, growth factors [i.e.
growth hormone (GH) and insulin-like growth factor-1I
(IGF-I)], and sex steroids (e.g. androgens and estrogens)
show significant changes in their blood levels.

S36

MOLECULAR MECHANISMS OF HUMAN SKIN AGING

By now, in models of animal ageing, such as in or-
ganisms as diverse as the nematode Caenorrhabditis el-
egans, the fly Drosophila melanogaster, and the mouse
Mus musculus, the importance of hormonal signals on
the ageing phenotype has been already documented.
Suppression of hormones such as insulin-like peptides,
growth hormone (GH) and sterols” or their receptors
can increase lifespan and delay age-dependent functio-
nal decline. Conboy et al’! showed that the age-related
decline of progenitor cell activity of mice could be re-
versed by exposure to young serum and that the cells co-
uld retain much of their intrinsic proliferative potential
even when old, underlining the great importance of the
systemic environment. In an in vitro model of human
hormonal ageing, human skin cells cultured under hor-
mone-substituted conditions showed altered lipid syn-
thesis and metabolism and affected expression of genes
being involved in biological processes, such as DNA re-
pair and stability, mitochondrial function, oxidative
stress, cell cycle and apoptosis, ubiquitin-induced prote-
olysis, and transcriptional regulation indicating that the-
se processes may be hormone-dependent.”? These studies
illustrate the importance of the hormone environment
for deterioration of the human organism and the ageing

process.

The growth hormone (GH)/ insulin-like growth
factor-I (IGF-I) axis is considered to be one of the most
important signalling pathways involved in ageing. Se-
rum levels of IGF-I have been reported to increase from
birth to puberty, followed by a slow decline through
adulthood. This reduction has been correlated with the
progressive decline of GH with advancing age.” Pati-
ents with isolated GH deficiency (IGHD), multiple pitu-
itary hormone deficiency (MPHD) including GH, as
well as primary IGF-I deficiency (GH resistance, Laron
syndrome) present signs of early skin ageing such as dry,
thin and wrinkled skin. Other resulting characteristics
of GH/IGF-I deficiency are obesity, hyperglucemia, re-
duced body lean mass, osteopenia, lowered venous ac-
cess, hypercholesterolemia, cardiovascular diseases and,

7477 Treatment of

subsequently, premature mortality.
normal elderly males with GH resulted in amelioration
and reverse of the ageing signs and symptoms.”®% Ho-
wever, recent reports of an association of GH substitu-
tion and increased risk of prostate, lung, colon, breast
cancer as well as a possible decrease of insulin insensi-
tivity all make further investigations necessary regar-
ding safety and efficacy of GH substitution in the ageing

population.®!
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On the other hand, menopause, which is characte-
rised by a rapid decline of sex-steroids, has been associ-
ated with a worsening of skin structure and functions,
which can be at least partially repaired by hormone re-
placement therapy or local estrogen treatment.®? Impro-
vement of epidermal skin moisture, elasticity and skin
thickness,® enhanced production of surface lipids,® re-
duction of wrinkle depth, restoration of collagen fibers®
and increase of the collagen III/I ratio 20 have all been
reported under hormone replacement therapy.

In in vitro studies the effects of GH, IGF-I andro-
gens and estrogens at age-specific levels on human skin

Eugenia MAKRANTONAKI et al

cells have been documented. IGF-I showed to play an
important role in the regulation of the lipid synthesis
in human sebocytes while 173-estradiol showed no sig-
nificant effects on the biological activity of the cells.
Dermal fibroblasts showed to be more susceptible to
17B-estradiol treatment, while IGF-I could signifi-
cantly stimulate fibroblast proliferation. Furthermore,
an interplay between the 17B-estradiol and IGF-I sig-
nalling pathway was documented in both cell types.
These results indicate the importance of IGF-I in the
reduction of skin surface lipids and thickness with ad-
vanced age.
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