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Abstract
Cutaneous ageing is a complex biological phenomenon consisting of two components; intrinsic ageing, which is
largely genetically determined and extrinsic ageing caused by environmental exposure, primarily UV light. In
sun-exposed areas, these two processes are superimposed. The process of intrinsic skin ageing resembles that seen in
most internal organs and is thought to involve decreased proliferative capacity leading to cellular senescence, and
altered biosynthetic activity of skin derived cells. Extrinsic ageing, more commonly termed photoageing, also involves
changes in cellular biosynthetic activity but leads to gross disorganisation of the dermal matrix. The molecular
mechanisms underlying some of these changes are now beginning to be unravelled and are discussed. As these
mechanisms are identified, further insights into the underlying processes of skin ageing should emerge and better
strategies to prevent the undesirable effects of age on skin appearance should follow. © 2002 Published by Elsevier
Science Ireland Ltd.
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1. Introduction
Ageing of the skin is commonly associated with
increased wrinkling, sagging and increased laxity,
but when considering the underlying reasons for
these changes, it is important to distinguish between the effects of true biological ageing and
environmental factors, such as exposure to the
sun.
Intrinsic skin ageing is largely genetically determined and clinically associated with increased fragility, loss of elasticity and has a transparent
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quality (Gilchrest, 1982). However, the vast majority of the skin’s age related cosmetic problems
are thought to be as a result of cumulative exposure to sunlight. Sun-exposed or photoaged skin is
typically coarse and rough with deep lines and
wrinkles and irregular pigmentation. Whilst their
etiology is very different, some of the deleterious
changes observed in sun-protected skin with age
are similar to those that characterise photoaged
skin. Increased matrix metalloproteinase (MMP)
activity and reduced collagen I expression for
example have been reported in both (Varani et al.,
1998; Lavker, 1979; West, 1994). However, in
sun-exposed areas these common processes are
superimposed with specific changes in response to
UV radiation, including massive elastosis and collagen degeneration.
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2. Intrinsic ageing

2.1. Introduction
The process of intrinsic skin ageing is similar to
that occurring in most internal organs, involving
slow deterioration in tissue function. The stratum
corneum remains relatively unchanged, but the
epidermis and dermis thins with a flattening of the
dermo –epidermal junctions (Gilchrest, 1982).
There is also a reduction in the number and
biosynthetic capacity of fibroblasts (Bolognia,
1993) and progressive disappearance of elastic
tissue in the papillary dermis (Francis and Robert,
1984). Skin collagen content decreases with age
and the fine collagen fibres associated with infancy become increasingly dense and tightly
packed and far more randomly orientated
(Lavker et al., 1987).

2.2. Cellular senescence
The processes associated with intrinsic skin ageing are thought to result from a combination of
events including (i) decreased proliferative capacity of skin derived cells; (ii) decreased matrix
synthesis in the dermis; and (iii) increased expression of enzymes that degrade the collagenous
matrix.
Decreased proliferative capacity of skin derived
cells cultured from old donors versus those from
younger individuals has been described in a number of studies. Keratinocytes (Gilchrest, 1983),
fibroblasts (Schneider and Mitsui, 1976; Mets et
al., 1983; Cristofalo and Pignolo, 1993) and
melanocytes (Gilchrest et al., 1984; Medrano et
al., 1994) all show an age-associated decrease in
cumulative population doublings. These observations support the theory that cell division is a key
driving force behind the eventual loss of replicative ability and ultimate change in cellular phenotype. This process has been termed cellular
senescence and senescent cells have indeed been
shown to accumulate in ageing human skin
(Dimri et al., 1995).
Cellular senescence involves the arrest of cellular growth at G1 phase when cells reach the end
of their replicative life span. The senescent cells

cannot then be stimulated to enter S1 phase by
physiological mitogens (Hayflick, 1965). This ageassociated reduction in growth can in part be
explained by the selective repression of several
growth regulatory genes whose expression is important for G1 progression and DNA synthesis.
In fibroblasts, these include c-fos proto-oncogene
(Sesadri and Campisi, 1990), the helix-loop-helix
Id-1 and Id-2 genes (Hara et al., 1994) and components of the E2F transcription factor (Dimri et
al., 1994; Good et al., 1996), all of which are
downregulated in senescent fibroblasts. Negative
growth regulators are also overexpressed including the p21 and p16 inhibitors of cyclin dependent
protein kinases (Noda et al., 1994; Hara et al.,
1996). Other changes seen in senescent skin
fibroblasts include increased expression of IL-1a
(Maier et al., 1990) and of the EGF-like cytokineheregulin that modulates the growth and differentiation of breast and other epithelial cells
(Campisi, 1998). Thus senescent stromal cells are
likely to influence the balance between growth
and differentiation of the overlying epithelial cells.
Direct studies with keratinocytes have also
demonstrated altered expression of growth-regulating molecules with age (Green et al., 1983). In
particular, EGF binding and receptor phosphorylation is reduced and thought to be the result of
age related changes in a critical downstream signalling element (Yaar, 1995). Other reported
changes include enhanced expression of the IL-1
receptor antagonist and differentiation associated
SPR2 (Gilchrest, 1994). Clearly there are many
changes during cellular senescence, but whether
these control senescence directly or whether they
are a consequence of an as yet unidentified ‘master switch’ which also induces cellular senescence
remains to be determined.
In addition to this irreversible growth arrest,
senescent cells also require resistance to apoptotic
death (Wang, 1995) and exhibit altered differentiation functions (Campisi, 1996). It is proposed
that this leads to the accumulation of non-dividing senescent cells with altered gene expression
and subsequent phenotype, eventually leading to a
decline in tissue function and integrity that is
characteristic of ageing (Campisi, 1997). It is this
alteration in cellular differentiation that is
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thought to account, in part, for the changes observed in matrix and metalloproteinase expression
in aged skin.
In presenescent dermal fibroblasts, metalloproteinase activity is relatively low with collagenase (MMP1) and stromelysin (MMP3)— two key
dermal extra-cellular matrix degrading enzymes,
shown to be expressed at very low levels. In
contrast, levels of matrix metalloproteinase inhibitors TIMP 1 and TIMP 3 are high, reducing
degradative capacity further (Campisi, 1996). In
senescent fibroblasts however, this is reversed with
an increase in matrix metalloproteinase expression
and a reduction in the expression of tissue inhibitors of metalloproteinase (West et al., 1989;
Millis et al., 1992; Wick et al., 1994). Compounding these changes, the rate of collagen biosynthesis also falls with expression levels being markedly
lower in the skin of elderly individuals than in
foetal tissue or during the early postnatal years
(Uitto et al., 1989). This change would tip the cell
from a matrix-producing to a matrix-degrading
phenotype and contribute to the reduction and
disorganisation of collagen commonly associated
with aged skin and the overall dermal atrophy.
Coupled with these changes, elastin gene expression is markedly reduced after the age of
40–50, as determined by mRNA steady state
levels in cultured fibroblasts (Uitto, 1979), and
there is progressive disappearance of elastic tissue
in the dermis (Francis and Robert, 1984). The loss
of oxytalan fibres in the papillary dermis seen as
finger like projections towards the basement membrane is particularly noticeable. Again the reduced ability of aged cells to re-synthesise these
fibres will present itself clinically as loss of recoil
in the skin, another common feature of aged skin
(Bravermann and Fonferko, 1982).

2.3. Oxidati6e damage
An alternative ageing hypothesis to that of
cellular senescence is the oxidative stress theory of
ageing (Sohal and Allan, 1990). This theory suggests that ageing is heavily influenced by external
oxidative stresses which influence the genetic program through modulation of redox sensitive
genes.
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Cumulative oxidative damage as a causative
factor in ageing is supported by a large body of
experimental findings (for recent reviews, see
Muscari et al., 1996; Sohal and Weindruch, 1996;
Guyton et al., 1997). It is particularly relevant in
skin given its high exposure to environmental
agents such as ultraviolet radiation and ozone.
Reactive oxygen species cause damage to lipids,
proteins and DNA and also influence cellular
senescence. Low doses of H2O2 have been shown
to cause cells to enter a senescent-like state (Chen
and Ames, 1994) presumably contributing to the
proliferative and differentiation changes described
above.
It has been proposed that this form of ageing
may manifest itself as a process of terminal differentiation (Bayreuther et al., 1988), involving seven
distinct morphotypes ranging from mitotic to
post-mitotic and eventually degenerating cells.
This morphological change is accelerated with
advancing age and the application of oxidative
stressors, with the degree of post-mitotic and degenerative cells increasing in both (Toussaint et
al., 1992; Bayreuther et al., 1992; Alaluf et al.,
2000). These findings suggest that ageing in skin
may be associated with a shift in the ratio between post-mitotic and progenitor fibroblasts, resulting from an extended process of terminal
cellular differentiation in vivo. As with the theory
of cellular senescence, this switch is again likely to
influence the overall phenotypic behaviour. The
altered response of post-mitotic cells to chemoattractants, including matrix proteins, has already
been demonstrated (Palka et al., 1996). In addition, free radicals also cause damage to connective
tissue components of the dermis, particularly collagen (Dalle Cabonare and Pathak, 1994), which
again is likely to influence cell behaviour via
cell–matrix interactions.
The epidermis of skin possesses an extremely
efficient antioxidant activity that is superior to
most tissues (Kohen and Gati, 2000) and the
reduction in efficiency of this system has been
proposed as a factor in skin ageing. However, the
role of reduced antioxidant capacity in ageing
skin is still a matter of controversy. There are
many reports describing the reduction of antioxidant enzymes in skin with age including Cu,Zn-
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super oxide dismutase (SOD), catalase and glutathione peroxidase (Wei et al., 2001; Kohen and
Gati, 2000), whilst others suggest that skin ageing
is not due to a general decline in antioxidant
capacity, demonstrating that in mouse skin at
least, catalase, SOD and glutathione reductase
activities remain constant with age (Lopez-Torres
et al., 1994). However, all agree that the accumulation of free radicals throughout life most likely
promotes cellular ageing as scavenging mechanisms are unlikely to be 100% efficient at any
stage of life. Adding support to this, a recent
study has demonstrated that fibroblasts from old
donors are much more vulnerable to the accumulation of oxidised proteins following oxidative
stress and are unable to remove them as efficiently
as young fibroblasts (Merker et al., 2000).

3. Mechanisms of extrinsic ageing

3.1. Introduction
Extrinsic ageing primarily results from exposure
to ultraviolet light. It has been suggested that as
much as 80% of facial ageing is attributable to
sun exposure (Gilchrest, 1989). Clinically, photodamaged skin is characterised by loss of elasticity,
increased roughness and dryness, irregular pigmentation and deep wrinkling (Kligman and Kligman, 1986). Whilst changes do occur in the
epidermis of photodamaged skin, including both
an increase and decrease of epidermal thickness
(corresponding to hyperplasia or severe atrophy
respectively) and loss of epidermal polarity
(Gilchrest and Yaar, 1992), changes in the proportion and/or functionality of the dermal extracellular components account for the major visible
changes associated with UV-induced extrinsic
damage.
There are three principle components involved
namely, collagen fibres, the elastic fibre network
and glycosaminoglycans. Collagen is the most
abundant extracellular component accounting for
80% of the dry weight of skin and provides the
strong tensile properties to the dermis (Oxlund
and Andreassen, 1980). The elastic fibre network
provide elasticity to the skin and accounts for

2 –4% of the extra-cellular matrix in sun-protected
skin (Uitto, 1979), whilst the glycosaminoglycan/
proteoglycan macromolecules play a role in hydrating the skin and in biological signalling
(Davidson, 1965). These comprise only 0.1–0.3%
of the dry weight of skin. Changes in all three
components have been described in photodamaged skin.

3.2. Connecti6e tissue changes
The major histopathological sign of photoageing is the massive accumulation of so called ‘elastotic’ material in the upper and mid dermis. This
material is comprised of extracellular matrix
(ECM) components that make up the normal
elastic fibre network. Elastin is considered the
primary component as evidenced by positive
staining of skin with the elastin-specific Verhoeff
van Gieson stain (Chen et al., 1986; Bernstein et
al., 1994). However, the microfibrillar scaffold
protein fibrillin (Dahlback et al., 1990), the proteoglycan versican, and hyaluronic acid (Zimmermann et al., 1994; Bernstein et al., 1995; Kligman
et al., 1985) are amongst the molecules also
present. Thus, all the principle components of the
elastic fibres are present, but despite this, their
structural organisation and functionality are
severely perturbed.
The process by which this elastotic material is
first formed is still unclear, but is likely to involve
degradation of existing elastic fibres and dysregulation of elastin and fibrillin production. Degradation of the existing fibre network is primarily
attributable to the elevation in dermal elastase
activity, arising from infiltration of inflammatory
neutrophils and also from the dermal fibroblasts
themselves in response to acute UV radiation
(Labat-Robert et al., 2000). However, increases in
metalloprotease activity, particularly MMP9, are
also now known to play an important role (see
below). Histochemically, the depletion of intact
microfibrils and elastic fibres is clearly evident in
photodamaged skin (Uitto et al., 1997; Watson et
al., 1999).
Adding to this ongoing degradation, the deposition of newly synthesised elastotic material is
also thought to occur. The upregulation of elastin
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and fibrillin gene expression in photodamaged
skin and fibroblasts derived from it has been
reported (Bernstein et al., 1994), along with activation of the elastin promoter in a transgenic
construct by UV irradiation (Uitto and Bernstein,
1998). Elastin gene expression is also upregulated
in vitro in response to increased free radicals
generated by a xanthine/xanthine oxidase system
(Kawaguchi et al., 1997), conditions which no
doubt occur in skin following acute UV radiation.
Increases in other elastic fibre components have
also been described. In particular, fibroblasts
from photodamaged skin demonstrate increased
versican synthesis which accumulates in abnormal
elastic fibres in vivo (Bernstein et al., 1995).
More recently, studies analysing expression of
elastin and fibrillin directly from photodamaged
skin have contradicted the previously reported
increases in RNA levels and indicate that chronic
UV damage has no effect on the gene expression
of either in vivo (Werth et al., 1997). The reasons
for these conflicting data are unclear, but may
represent differences in time between RNA analysis and previous sun exposure of the individual
concerned. All considered, it is difficult to account
for the extent of accumulation of amorphous
elastotic material by the degradation of existing
fibres alone. Overall these data suggest that an
increase in elastic fibre synthesis does occur in
photodamaged skin, but the material produced is
clearly dysfunctional and contributes greatly to
the formation of the amorphous mass so typical
of sun-damaged skin.
In contrast with the elastic fibre network, components of the collagen fibre network, including
collagen 1 and decorin are downregulated in
photodamaged skin (Varani et al., 2001; Bernstein
et al., 1995). This reduction in collagen fibre
production is accompanied by the degeneration of
the surrounding collagenous network (Bernstein
and Uitto, 1996) and as with the breakdown of
the elastic fibre network, MMPs have been implicated as the key mediators (Griffiths et al., 1993;
Fisher et al., 1997). This accumulation of partially
degraded collagen potentially has a negative impact on surrounding fibroblasts. Both fibroblast
proliferative capacity and collagen synthesis are
reduced when cells are exposed to degraded collagen in vitro (Varani et al., 2001).
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3.3. Matrix metalloproteases and photoageing
The MMPs are a large family of degradative
enzymes (Matrisan, 1992) and four in particular
are thought to be important in matrix degradation in skin. The combined actions of collagenase
(MMP1), 92 kDa gelatinase (MMP2), 72 kDa
gelatinase (MMP9) and stromelysin 1 (MMP3)
can fully degrade skin collagen and components
of the elastic network (Birkadel and Hansen,
1987; Birkadel et al., 1993). More recently, elevated expression of MMP8 by infiltrating neutrophils following UV irradiation has been
described, but is not thought to contribute substantially to UV-induced matrix degradation
(Fisher et al., 2001). Collagenases are the only
mammalian proteases capable of hydrolysing intact fibrillar collagen (Lui et al., 1995). Once
cleaved in the triple helical domain, the denatured
collagen can then be further broken down by both
gelatinase and stromelysin. In addition, both
MMP2 and MMP9 (Gelatinase A and B, respectively) have the potential to degrade the elastic
fibre network. MMP-9 displays the greatest elastolytic and fibrillin-degrading activity, whilst
MMP-2 shows greater specificity toward collagen
III and is capable of degrading constituents of the
dermo-epidermal junction (Berton et al., 2000).
Neutrophils are also thought to be primarily responsible for production of the key elastolytic
enzyme in skin, elastase, following the UV-induced inflammatory response.
As indicated earlier, the basal expression of
these enzymes in ‘normal’ skin is relatively low,
however, they can be markedly up-regulated by
UV irradiation both in vivo and in cultured cells
(Stein et al., 1989; Peterson et al., 1992; Fisher et
al., 1997). Irradiation of human skin with just a
single dose of UV light has been shown to increase the activities of MMPs, and this has been
associated with significant degradation of collagen
fibres. The levels of soluble type I collagen C-terminal cross linked telopeptides, quantitative measures of collagen degradation, were elevated 58%
in UV irradiated skin after 24 h (Fisher et al.,
1997). Irradiation induced expression of the three
MMP genes occurred predominantly in the epidermis, but protein and enzymatic activity were
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abundant in both the dermis and the epidermis
indicating transport of protein through the basement membrane. This was particularly true for
stromelysin as epidermal enzymatic activity was
minimal. In conjunction with the upregulation of
MMP activity, UV irradiation also induces a specific inhibitor of MMP activity, namely TIMP1,
which helps to counter balance the degradative
effects of the MMPs. Despite this, UV exposure
clearly encourages a more degradative environment within the dermal tissue resulting in the
destruction of both the collagen and elastic fibre
network.
As referred to earlier, UVA and UVB irradiation also results in a significant increase in elastase
activity, with chronic UVA radiation of mice producing an increase in skin elastase activity equivalent to that observed after 24 months of ageing in
non-irradiated animals (Labat-Robert et al.,
2000). The fragments arising from the degradation of the elastic fibres have also been shown to
upregulate pro-collagenase-1 and stromelysin expression (Brassart et al., 2001) and may, therefore, play a role in the upregulation of these
enzymes in vivo following chronic UV irradiation.

3.4. Signal transduction pathways
The molecular mechanisms underlying the induction of MMPs following UV irradiation are
now beginning to be unravelled. The model proposed by Fisher et al. (1998) suggests that UV
radiation activates growth factor receptors on the
surface of fibroblasts and keratinocytes, resulting
in signal transduction through a protein kinase
cascade and subsequent activation of AP-1 in the
nucleus. This then stimulates MMP production in
both the dermis and epidermis and leads to the
degradation of collagen and elastic fibres.
More specifically, it is proposed that UV activation of membrane receptors stimulates MAP kinase signal transduction pathways, via stimulation
of GTP-binding proteins including ras, rac and
cdc42. In support of this, activation of the three
MAP kinases, ERK, jnk and p38 within 1 h of
acute UV radiation has been demonstrated
(Fisher et al., 1998). This activation is then succeeded by increased expression of the transcrip-

tion factors c-jun and c-fos that, together with
other protein factors form the transcription factor
complex AP-1 (Karin and Hunter, 1995). Elevated
levels of AP-1 are then responsible for inducing
expression of key members of the MMP family
responsible for the degradation of dermal matrix.

3.5. Dermal repair
The degradation of dermal matrix alone, however, is not considered enough to account entirely
for the visible changes associated with photoageing. These are more likely to arise from defects in
the subsequent repair processes, involving synthesis of new matrix proteins. Any defects in this
process are likely to lead to permanent alterations
in the structure and organisation of the collagen
and elastin fibre network and impact substantially
on the biomechanical properties of skin and its
visual appearance. The processes of skin repair
that follow the initial activation of degradative
enzymes have been far less extensively studied and
imperfect deposition of newly synthesised matrix
proteins has yet to be proven. However, the induction of repair associated molecules in skin
following chronic UV exposure and following
treatment with retinoic acid has been demonstrated (Watson et al., 2001; Filsell et al., 1999;
Kligman, 1996; Varani et al., 1998). The effects of
retinoic acid treatment on skin are widely reported elsewhere (for reviews, see Fisher and
Voorhees, 1996; Kligman and Leyden, 1993).
The influence of advancing age on the rates of
wound repair in skin has been well documented
(for review, see Gerstein et al., 1993), and many of
the pathways described are likely to be involved in
the repair of skin following UV insult. In particular, with increasing age, remodelling occurs more
slowly with less collagen being produced in
wounds and the collagen formed being qualitatively different, consistent with the reported reduction in the breaking strength of aged skin
(Platt and Ruhl, 1972; Holm-Peterson and Zenderfeldt, 1971). If dermal repair processes, following UV induced damage, overlap with those
described for wound healing, these age related
changes will impact considerably on the ability of
skin to repair itself following UV radiation. In
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support of this, a delay in the wound healing
response has been associated with an increase in
fibroblast proteolytic activity resulting in greater
contractility of collagen gels (Ballas and Davidson, 2001). A similar observation has been made
in sun-damaged fibroblasts. Cultured fibroblasts
in UV-exposed skin consistently show a greater
contractility and subsequent force generation in
collagen gels than those from a subject matched
sun-protected site (Read et al., 1998). An association with elevated proteolytic activity in photodamaged fibroblasts has, however, yet to be
demonstrated.
4. Conclusions
It is clear that there are readily discernible
differences between intrinsically aged skin and
that aged by habitual exposure to sunlight, particularly at the macromolecular level. However, it is
becoming increasingly evident that there are many
consistent changes between the two at the molecular level. Changes seen with intrinsic ageing such
as decreased cellular lifespan, reduced response to
growth factors, disruption of matrix synthesis and
elevation of proteolytic activity are all evident in
photo-damaged skin. The changes are simply
more pronounced.
Now that the molecular mechanisms underlying
the skin’s response to UV are beginning to be
identified, they are also likely to provide further
insights into those processes, which determine tissue ageing in general. Better strategies to protect
skin against the undesirable effects of both sunlight and passage of time may soon follow.
References
Alaluf, S., Muir-Howie, H., Hu, H.-L., Evans, A., Green,
M.R., 2000. Atmospheric oxygen accelerates the induction
of a post-mitotic phenotype in human dermal fibroblasts:
the key protective role of glutathione. Differentiation 66,
147 – 155.
Ballas, C.B., Davidson, J.M., 2001. Delayed wound healing in
aged rats is associated with increased collagen gel remodelling and contraction by skin fibroblasts, not with differences in apoptotic or myofibroblast cell populations.
Wound Repair Regeneration 9, 223 – 237.

807

Bayreuther, K., Rodemann, H.P., Hommel, R., Dittmann, K.,
Albiez, M., Francz, P.I., 1988. Human skin fibroblasts in
vitro differentiate along a terminal cell lineage. Proc. Natl.
Acad. Sci. USA 85, 5112 – 5116.
Bayreuther, K., Francz, P.I., Gogol, J., Kontermann, K.,
1992. Terminal differentiation, ageing, apoptosis and spontaneous transformation in fibroblast stem cell systems in
vivo and in vitro. Ann. New York Acad. Sci. 663, 167 –
179.
Bernstein, E.F., Chen, Y.Q., Tamai, K., 1994. Enhanced
elastin and fibrillin gene expression in chronically photodamaged skin. J. Invest. Dermatol. 103, 182 – 186.
Bernstein, E.F., Fisher, L.W., Li, K., LeBaron, R.G., Tan,
E.M.L., Uitto, J., 1995. Differential expression of the
versican and decorin genes in photoaged and sun-protected
skin: comparison by immunohistochemical and Northern
analysis. Lab. Invest. 72, 662 – 669.
Bernstein, E.F., Uitto, J., 1996. The effect of photodamage on
dermal extracellular matrix. Clin. Dermatol. 14, 43 – 51.
Berton, A., Godeau, G., Emonard, H., Baba, K., Bellon, P.,
Hornebeck, W., Bellon, G., 2000. Analysis of the ex vivo
specificity human gelatinases A and B towards skin collagen and elastic fibers by computerized morphometry. Matrix Biol. 19, 139 – 148.
Birkadel, A., Hansen, H., 1987. Catabolism and turnover of
collagens: collagenase. Methods Enzymol. 144, 140 – 171.
Birkadel, A., Hansen, H., Moore, W.G., Bodden, M.K., 1993.
Matrix metalloproteinases; a review. Crit. Rev. Oral Biol.
Med. 4, 197 – 250.
Bolognia, J.L., 1993. Dermatologic and cosmetic concerns of
the older woman. Clin. Geriatr. Med. 9, 209 – 229.
Brassart, B., Fuchs, P., Huet, E., Alix, A.J., Wallach, J.,
Tamburro, A.M., Delacoux, F., Haye, B., Emonard, H.,
Hornebeck, W., Debelle, L., 2001. Conformational dependence of collagenase (matrix metalloproteinase-1) up-regulation by elastin peptides in cultured fibroblasts. J. Biol.
Chem. 276, 5222 – 5227.
Bravermann, I.M., Fonferko, E., 1982. Studies in cutaneous
aging: I. The elastic fiber network. J. Invest. Dermatol. 78,
434 – 443.
Campisi, J., 1996. Replicative senescence: an old wives tale.
Cell 84, 497 – 500.
Campisi, J., 1997. Ageing and cancer: the double-edged sword
of replicative senescence. J. Am. Geriatr. Soc. 45, 1 – 6.
Campisi, J., 1998. The role of cellular senescence in skin
ageing. J. Invest. Dermatol. Symp. Proc. 3, 1 – 5.
Chen, Q., Ames, B.N., 1994. Senescence-like growth arrest
induced by hydrogen peroxide in human diploid fibroblast
F65 cells. Proc. Natl. Acad. Sci. USA 91, 4130 – 4134.
Chen, V.L., Fleischmajer, R., Schwartz, E., Palia, M., Timpl,
R., 1986. Immunochemistry of elastotic material in sundamaged skin. J. Invest. Dermatol. 87, 334 – 337.
Cristofalo, V.J., Pignolo, R.J., 1993. Replicative senescence of
human fibroblast-like cells in culture. Physiol. Rev. 73,
617 – 638.
Dahlback, K., Ljungquist, A., Lofberg, H., Dahlback, B.,
Engvall, E., Sakai, L., 1990. Fibrillin immunoreactive

808

G. Jenkins / Mechanisms of Ageing and De6elopment 123 (2002) 801–810

fibers constitute a unique network in the human dermis:
immunhistochemical comparison of the distributions of
fibrillin, vitronectin, amyloid P component and orcein
stainable structures in normal skin and elastosis. J. Invest.
Dermatol. 94, 284 – 291.
Dalle Cabonare, M., Pathak, M.A., 1994. Skin photosensitizing agents and the role of reactive oxygen species in
photoageing. J. Photochem. Photobiol. B 14, 105 –124.
Davidson, E.A., 1965. Polysaccharide structure and
metabolism. In: Montagna, W. (Ed.), Ageing: Biology of
Skin, vol. VI. Pergamon Press, Oxford, pp. 255 – 270.
Dimri, G.P., Hara, E., Campisi, J., 1994. Regulation of two
E2F-related genes in presenescent and senescent human
fibroblasts. J. Bio. Chem. 269, 16180 –16186.
Dimri, G.P., Lee, X., Basile, G., et al., 1995. A novel
biomarker identifies senescent human cells in culture and
ageing skin in vivo. Proc. Natl. Acad. Sci. USA 92, 9363 –
9367.
Filsell, W., Rudman, S., Jenkins, G., Green, M.R., 1999.
Coordinate upregulation of tenascin C expression with
degree of photodamage in human skin. Br. J. Dermatol.
140, 592 – 599.
Fisher, G.J., Voorhees, J.J., 1996. Molecular mechanisms of
retinoid actions in skin. FASEB J. 10, 1002 – 1013.
Fisher, G.J., Wang, Z.Q., Datta, S.C., Varani, J., Kang, S.,
Voorhees, J.J., 1997. Pathophysiology of premature skin
aging induced by ultraviolet light. New Engl. J. Med. 337,
1419 – 1428.
Fisher, G.J., Talwar, H.S., Lin, J., Lin, P., McPhillips, F.,
Wang, Z., Li, X., Wan, Y., Kang, S., Voorhees, J.J., 1998.
Retinoic acid inhibits induction of c-Jun protein by ultraviolet radiation that occurs subsequent to activation of mitogen-activated protein kinase pathways in human skin in
vivo. J. Clin. Invest. 101, 1432 –1440.
Fisher, G.J., Choi, H.C., Bata-Csorgo, Z., Shao, Y., Datta, S.,
Wang, Z.Q., Kang, S., Voorhees, J.J., 2001. Ultraviolet
irradiation increases matrix metalloproteinase-8 protein in
human skin in vivo. J. Invest. Dermatol. 117, 219 –226.
Francis, C., Robert, L., 1984. Elastin and elastic fibres in
normal and pathologic skin. Int. J. Dermatol. 23, 166 –179.
Gerstein, A.D., Phillips, T.J., Rogers, G.S., Gilchrest, B.A.,
1993. Wound healing and ageing. Dermatol. Clin. 11,
749 – 757.
Gilchrest, B.A., 1982. Age associated changes in the skin. J.
Am. Geriatr. Soc. 30, 139 –142.
Gilchrest, B.A., 1983. In vitro assessment of keratinocyte
ageing. J. Invest. Dermatol. 81, 184s –189s.
Gilchrest, B.A., 1989. Skin ageing and photoageing. An
overview. J. Am. Acad. Dermatol. 21, 510 –513.
Gilchrest, B.A., Vrabel, M.A., Flynn, E., Szabo, G., 1984.
Selective cultivation of human melanocytes from newborn
and adult epidermis. J. Invest. Dermatol. 83, 370 –376.
Gilchrest, B.A., Yaar, M., 1992. Ageing and photoageing of
the skin: observations at the cellular and molecular level.
Br. J. Dermatol. 127 (Suppl. 41), 25 –30.
Gilchrest, B.A., 1994. Turning back the clock: retinoic acid
modifies intrinsic ageing changes. J. Clin. Invest. 94, 1711 –
1712.

Green, M.R., Basketter, D.A., Couchman, J.R., Rees, D.A.,
1983. Distribution and number of epidermal growth factor
receptors in skin is related to epithelial growth. Dev. Biol.
100, 506 – 512.
Griffiths, C.E.M., Russman, A.N., Majmudar, G., Singer,
R.S., Hamilton, T.A., Voorhees, J.J., 1993. Restoration of
collagen formation in photodamaged human skin by
tretinoin (retinoic acid). New Engl. J. Med. 329, 530 – 535.
Good, L.F., Dimri, G.P., Campisi, J., Chen, K.Y., 1996.
Regulation of dihydrofolate reductase gene expression and
E2F components in human diploid fibroblasts during
growth and senescence. J. Cell Physiol. 168, 580 – 588.
Guyton, K.Z., Gorospe, M., Holbrook, N.J., 1997. Oxidative
stress, gene expression, and the aging process. In: Scandalios, J. (Ed.), Oxidative Stress and the Molecular Biology
of Antioxidant Defences. Cold Spring Harbour Laboratory
Press, NY, USA, pp. 247– 272.
Hara, E., Yamaguchi, T., Nojima, H., Ide, T., Campisi, J.,
Okayama, H., Oda, K., 1994. Id related genes encoding
helix loop helix proteins are required for G1 progression
and are repressed in senescent human fibroblasts. J. Biol.
Chem. 269, 2139 – 2145.
Hara, E., Uzman, J.A., Dimri, G.P., Nehlin, J.O., Testori, A.,
Campisi, J., 1996. The helix-loop-helix protein Id-1 and a
retinoblastoma protein binding mutant of SV40 T antigen
synergize to reactivate DNA synthesis in senescent human
fibroblasts. Dev. Genet. 18, 161 – 172.
Hayflick, L., 1965. The limited in vitro lifetime of human
diploid cell strains. Exp. Cell Res. 37, 614 – 636.
Holm-Peterson, P., Zenderfeldt, B., 1971. Granulation tissue
formation in subcutaneously implanted cellulose sponges
in young and old rats. Scand. J. Plast. Reconstr. Surg. 5,
13 – 16.
Karin, M., Hunter, T., 1995. Transcriptional control by
protein phosphorylation: signal transmission from the cell
surface to the cell nucleus. Curr. Biol. 5, 747 – 757.
Kawaguchi, Y., Tanaka, H., Okada, T., Konishi, H., Takahashi, M., Ito, M., Asai, J., 1997. Effect of reactive oxygen
species on the elastin mRNA expression in human dermal
fibroblasts. Free Radic. Biol. Med. 23, 162 – 165.
Kligman, A.M., 1996. Topical retinoic acid (tretinoin) for
photoaging: conceptions and misperceptions. Cutis 57,
142 – 144.
Kligman, L.H., Kligman, A.M., 1986. The nature of photoageing: its prevention and repair. Photodermatology 3,
215 – 227.
Kligman, A.M., Leyden, J.J., 1993. Treatment of photoaged
skin with topical tretinoin. Skin Pharmacol. 6 (Suppl 1),
78 – 82.
Kligman, L.H., Akin, F.J., Kligman, A.M., 1985. The contributions of UVA and UVB to connective tissue damage in
hairless mice. J. Invest. Dermatol. 84, 272 – 276.
Kohen, R., Gati, I., 2000. Skin low molecular weight antioxidants and their role in aging and in oxidative stress.
Toxicology 148, 159 – 167.
Labat-Robert, J., Fourtanier, A., Boyer-Lafargue, B., Robert,
L., 2000. Age dependent increase of elastase type protease

G. Jenkins / Mechanisms of Ageing and De6elopment 123 (2002) 801–810
activity in mouse skin. Effect of UV-irradiation. J. Photochem. Photobiol. B 57, 113 –118.
Lavker, R.M., 1979. Structural alterations in exposed and
unexposed skin. J. Invest. Dermatol. 73, 59 – 66.
Lavker, R.M., Zheng, P., Doug, G., 1987. Aged skin: a study
by light transmission electron and scanning electron microscopy. J. Invest. Dermatol. 88, 44s – 51s.
Lopez-Torres, M., Shindo, Y., Packer, L., 1994. Effect of age
on antioxidants and molecular markers of oxidative damage in murine epidermis and dermis. J. Invest. Dermatol.
102, 476 – 480.
Lui, X., Wu, H., Byrne, M., Jeffrey, J., Krane, S., Jaenisch,
R., 1995. A targeted mutation at the known collagenase
cleavage site in mouse type I collagen impairs tissue remodelling. J. Cell Biol. 130, 227 –237.
Maier, J.A.M., Voulalas, P., Roeder, D., Maciag, T., 1990.
Extension of the lifespan of human endothelial cells by an
interleukin-1a antisense oligomer. Science. 249, 1570 –1574.
Matrisan, L.M., 1992. The matrix-degrading metalloproteinases. Bioessays 14, 455 –463.
Medrano, E.E., Yang, F., Biossy, R., et al., 1994. Terminal
differentiation and senescence in the human melanocyte:
repression of tyrosine-phosphorylation of the extracellularsignal regulated kinase 2 (ERK2) selectively defines the two
phenotypes. Mol. Biol. Cell 5, 497 –509.
Merker, K., Sitte, N., Grune, T., 2000. Hydrogen peroxidemediated protein oxidation in young and old human
MRC-5 fibroblasts. Arch. Biochem. Biophys. 375, 50 –54.
Mets, T., Bekaert, E., Verdonk, G., 1983. Similarity between
in vitro and in vivo cellular ageing. Mech. Age. Dev. 22,
71– 78.
Muscari, C., Giaccari, A., Giordano, E., Clo, C., Guarnieri,
C., Caldarera, C.M., 1996. Role of reactive oxygen species
in cardiovascular aging. Mol. Cell. Biochem. 160, 159 –166.
Millis, A.J., Hoyle, M., McCue, H.M., Martini, H., 1992.
Differential expression of metalloproteinase and tissue inhibitor of metalloproteinase genes in aged human fibroblasts. Exp. Cell Res. 201, 373 –379.
Noda, A., Ning, Y., Venable, S.F., Pereira-Smith, O.M.,
Smith, J.R., 1994. Cloning of senescent cell-derived inhibitors of DNA synthesis using an expression screen. Exp.
Cell Res. 211, 90 – 98.
Oxlund, H., Andreassen, T.T., 1980. The roles of hyaluronic
acid, collagen and elastin in the mechanical properties of
connective tissues. J. Anat. 131, 611 –620.
Palka, J., Adelmann-Grill, B.C., Francz, P.I., Bayreuther, K.,
1996. Differentiation stage and cell cycle position determine the chemotactic response of fibroblasts. Folia Histochem. Cytobiol. 34, 121 –127.
Peterson, M.J., Hansen, C., Craig, S., 1992. Ultraviolet A
irradiation stimulates collagenase production in cultured
human fibroblasts. J. Invest. Dermatol. 99, 440 –444.
Platt, D., Ruhl, W., 1972. An age dependent determination of
lysosomal enzyme activities, as well as the measurements of
the incorporation of 14-C-proline and 14-C-glucosamine in
subcutaneously implanted polyether sponge. Gerontologia
18, 96 – 112.

809

Read, J., Redwood, K.R., Jenkins, G., 1998. Dermal fibroblasts from sun-exposed areas generate greater levels of
mechanical force in collagen gels than cells from sun-protected sites. J. Invest. Dermatol. 110, 536.
Schneider, E.L., Mitsui, Y., 1976. The relationship between in
vitro cellular ageing and in vivo human age. Proc. Natl.
Acad. Sci. USA 73, 3584 – 3588.
Sesadri, T., Campisi, J., 1990. Repression of c-fos transcription and an altered genetic program in senescent human
fibroblasts. Science 247, 205 – 209.
Sohal, R.S., Allan, R.G., 1990. Oxidative stress as a causal
factor in differentiation and ageing: a unifying hypothesis.
Exp. Gerontol. 25, 499 – 522.
Sohal, R.S., Weindruch, R., 1996. Oxidative stress, caloric
restriction and ageing. Science 273, 59 – 63.
Stein, B., Rahmsdorf, H.J., Steffen, A., Litfin, M., Herrlich,
P., 1989. UV-induced DNA damage is an intermediate step
in UV-induced expression of human immunodeficiency
virus type 1, collagenase, c-fos and metallothionein. Mol.
Cell. Biol. 9, 5169 – 5181.
Toussaint, O., Houbion, A., Remacle, J., 1992. Ageing as a
multi-step process characterised by a lowering of entropy
production leading the cell to a sequence of defined stages.
II. Testing some predictions on ageing human fibroblasts
in culture. Mech. Age. Dev. 65, 65 – 83.
Uitto, J., 1979. Biochemisty of the elastic fibres in normal
connective tissues and its alterations in disease. J. Invest.
Dermatol. 72, 1 – 10.
Uitto, J., Bernstein, E.F., 1998. Molecular mechanisms of
cutaneous ageing: connective tissue alterations in the dermis. J. Invest. Dermatol. Symp. Proc. 3, 41 – 44.
Uitto, J., Fazio, M.J., Olsen, D.R., 1989. Molecular mechanisms of cutaneous ageing: age associated connective tissue
alterations in the dermis. J. Am. Acad. Dermatol. 21,
614 – 622.
Uitto, J., Brown, D.B., Gasparro, F.P., Bernstein, E.F., 1997.
Molecular aspects of photoageing. Eur. J. Dermatol. 7,
210 – 214.
Varani, J., Fisher, G.J., Kang, S., Voorhees, J., 1998. Molecular mechanisms of intrinsic skin ageing and retinoid induced repair and reversal. J. Invest. Dermatol. Symp. Proc.
3, 57 – 60.
Varani, J., Spearman, D., Perone, P., Fligiel, S.E., Datta, S.C.,
Wang, Z.Q., Shao, S., Fisher, G.J., Voorhees, J.J., 2001.
Inhibition of type I procollagen synthesis by damaged
collagen in photoaged skin and by collagenase-degraded
collagen in vitro. Am. J. Pathol. 158, 931 – 942.
Wang, E., 1995. Senescent human fibroblasts resist programmed cell death and failure to suppress bcl2 is involved. Cancer Res. 55, 2284 – 2292.
Watson, R.E., Griffiths, C.E., Craven, N.M., Shuttleworth,
C.A., Kielty, C.M., 1999. Fibrillin-rich microfibrils are
reduced in photoaged skin. Distribution at the dermal – epidermal junction. J. Invest. Dermatol. 112, 782 – 787.
Watson, R.E., Craven, N.M., Kang, S., Jones, C.S., Kielty,
C.M., Griffiths, C.E., 2001. A short-term screening protocol, using fibrillin-1 as a reporter molecule, for photoageing repair agents. J. Invest. Dermatol. 116, 672 – 678.

810

G. Jenkins / Mechanisms of Ageing and De6elopment 123 (2002) 801–810

Wei, Y.H., Lu, C.Y., Wei, C.Y., Ma, Y.S., Lee, H.C., 2001.
Oxidative stress in human aging and mitochondrial disease-consequences of defective mitochondrial respiration
and impaired antioxidant enzyme system. Chin. J. Physiol.
44, 1 – 11.
Werth, V.P., Williams, K.J., Fisher, E.A., Bashir, M.,
Rosenbloom, J., Shi, X., 1997. UVB irradiation
alters cellular responses to cytokines: role in extracellular
matrix gene expression. J. Invest. Dermatol. 108, 290 –
294.
West, M.D., 1994. The cellular and molecular biology of skin
ageing. Arch. Dermatol. 130, 87 –95.
West, M.D., Pereira-Smith, O.M., Smith, J.R., 1989. Replicative senescence of human skin fibroblasts correlates with

loss of regulation and overexpression of collagenase activity. Exp. Cell Res. 184, 138 – 147.
Wick, M., Burger, C., Brusselbach, S., Lucibello, F.C., Muller,
R., 1994. A novel member of human tissue inhibitor of
metalloproteinases (TIMP) gene family is regulated during
G1 progression, mitogenic stimulation, differentiation and
senescence. J. Biol. Chem. 269, 18953 – 18960.
Yaar, M., 1995. Molecular mechanism of skin ageing. Adv.
Dermatol. 10, 63 – 75.
Zimmermann, D.R., Dours-Zimmermann, M.T., Schubert,
M., Bruckner-Tuderman, L., 1994. Versican is expressed in
the proliferating zone in the epidermis and in association
with the elastic network of the dermis. J. Cell Biol. 124,
817 – 825.

