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H uman skin, like all other organs, undergoes chronological aging. In addition, unlike
other organs, skin is in direct contact with the environment and therefore undergoes
aging as a consequence of environmental damage. The primary environmental factor
that causes human skin aging is UV irradiation from the sun. This sun-induced skin

aging (photoaging), like chronological aging, is a cumulative process. However, unlike chronologi-
cal aging, which depends on the passage of time per se, photoaging depends primarily on the degree
of sun exposure and skin pigment. Individuals who have outdoor lifestyles, live in sunny climates,
and are lightly pigmented will experience the greatest degree of photoaging. During the last decade,
substantial progress has been made in understanding cellular and molecular mechanisms that bring
about chronological aging and photoaging. This emerging information reveals that chronological ag-
ing and photoaging share fundamental molecular pathways. These new insights regarding conver-
gence of the molecular basis of chronological aging and photoaging provide exciting new opportu-
nities for the development of new anti-aging therapies. This article reviews our current understanding
and presents new data about the molecular pathways that mediate skin damage by UV irradiation
and by the passage of time. Arch Dermatol. 2002;138:1462-1470

Ultraviolet irradiation from the sun dam-
ages human skin, causing it to age prema-
turely. This premature aging process (pho-
toaging) is cumulative with sun exposure,
and preferentially affects individuals with
lighter skin color. During the last 10 years,
substantial progress has been made in un-
derstanding the molecular mechanisms re-
sponsible for photoaging in human skin.
One major conceptual advance elaborated
by this work is that UV irradiation invokes
a complex sequence of specific molecular
responses that damage skin connective tis-
sue. These molecular processes derive from
the ability of UV irradiation to exploit highly
evolved cellular machinery that regulates re-
sponses of cells to physiological and envi-
ronmental extracellular stimuli. The cellu-
lar machinery that mediates UV damage to
human skin connective tissue includes cell
surface receptors, protein kinase signal
transduction pathways, transcription fac-
tors, and enzymes that synthesize and de-
grade structural proteins in the dermis that
confer strength and resiliency to skin. Re-

cruitment by UV irradiation of the cellular
machinery that damages skin connective tis-
sue is initiated by photochemical genera-
tion of reactive oxygen species (ROS). Ul-
traviolet-induced ROS also cause direct
deleterious chemical modifications to cel-
lular components (ie, DNA, proteins, and
lipids). Chemical oxidation of cellular com-
ponents and activation of cellular machin-
ery, both brought about by UV-induced
oxidative stress, act in concert to cause pho-
toaging. Insights gained into the molecu-
lar basis of photoaging provide new oppor-
tunities for therapeutic intervention aimed
at prevention.

UV-INDUCED SIGNAL
TRANSDUCTION PATHWAYS

MEDIATE DAMAGE TO
SKIN CONNECTIVE TISSUE

UV Irradiation Activates Cell Surface
Growth Factor and Cytokine Receptors

Signal transduction pathways that are
activated by UV irradiation in human
skin are depicted in Figure 1. UltravioletFrom the Department of Dermatology, University of Michigan, Ann Arbor.
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irradiation causes activation of cell surface cytokines and
growth factor receptors. Epidermal growth factor (EGF),
interleukin (IL) 1, and tumor necrosis factor � (TNF-�)
receptors are activated within 15 minutes following UV
exposure (twice the minimal erythema dose) in human
skin in vivo. Functional activation of these receptors re-
quires stimulation of distinct tyrosine kinase activities.1

This addition of phosphate groups to tyrosine residues
on the receptors and their associated adaptor proteins is
the initial biochemical event in receptor activation and
provides specific docking sites for molecules involved in
signal propagation within the cell.2

The primary mechanism by which UV irradiation
initiates molecular responses in human skin is by pho-
tochronical generation of ROS. These ROS include su-
peroxide anion, peroxide, and singlet oxygen. The mecha-
nism(s) of receptor activation by UV irradiation are not
well understood. One possibility, which is supported by
indirect experimental evidence, is that photochemical
generation of ROS oxidize, and thereby inhibit, specific
protein-tyrosine phosphatases, which function in oppo-
sition to receptor-activated protein-tyrosine kinases by
removing phosphate group from receptors or their as-
sociated adaptor proteins.3 The result would be a net in-
crease in receptor phosphorylation (activation).4 This
mechanism of UV activation of cell surface receptors is
supported by several publications,5,6 although direct evi-

dence that protein-tyrosine phosphatases regulate the ac-
tivation state of cell surface receptors is lacking.

UV Irradiation Activates NADPH Oxidase,
Which Generates Hydrogen Peroxide

Irrespective of mechanism, UV irradiation activates cell
surface receptors, as does ligand binding, and triggers
downstream signal transduction pathways. Several stud-
ies have demonstrated that UV irradiation stimulates pro-
duction of hydrogen peroxide, which induces multiple
signaling pathways, although the mechanism(s) by which
hydrogen peroxide acts is not clear. In human skin in vivo
and human keratinocytes, hydrogen peroxide levels are
increased within 15 minutes following UV irradiation and
continue to accumulate for approximately 60 minutes af-
ter UV exposure (Figure 2A). It is important to appre-
ciate that this generation of hydrogen peroxide after UV
exposure is distinct from photochemical generation of
ROS described above, which occurs only during UV ex-
posure and abates following UV exposure.

Phagocytes contain a multi-subunit complex, nico-
tinamide adenine dinucleotide phosphate (NADPH) oxi-
dase, which catalyzes the reduction of molecular oxy-
gen to superoxide anion.7 The superoxide produced is
quantitatively converted to hydrogen peroxide, which is
less damaging to cells and serves as a cosubstrate for per-
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Figure 1. Model depicting solar UV irradiation damage to skin connective tissue. Ultraviolet irradiation (jagged arrows) activates growth factor and cytokine
receptors on the surface of keratinocytes (KC) and fibroblasts (FB). Activated receptors stimulate signal transduction cascades that induce transcription factor
AP-1, which stimulates transcription of matrix metalloproteinase (MMP) genes. In fibroblasts, AP-1 also inhibits procollagen gene expression. Matrix
metalloproteinases are secreted from keratinocytes and fibroblasts and break down collagen and other proteins that comprise the dermal extracellular matrix.
Imperfect repair of the dermal damage impairs the functional and structural integrity of the extracellular matrix. Repeated sun exposure causes accumulation
of dermal damage that eventually results in characteristic wrinkling of photodamaged skin.
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oxidases. In turn, hydrogen peroxide can be converted
to other ROS, including hydroxyl radical and singlet
oxygen. Human skin and human keratinocytes also
express NADPH oxidase subunits, and contain NADPH
oxidase activity that is induced following UV exposure.
In keratinocytes, NADPH oxidase activity is induced
2-fold within 20 minutes following UV exposure (Fig-
ure 2B). Interestingly, pharmacological inhibition of
UV-induced NADPH oxidase completely abrogates
UV-induced hydrogen peroxide generation. Thus,
NADPH oxidase is a major enzymatic source of hydro-
gen peroxide production following UV irradiation in
human keratinocytes. The functional role of hydrogen
peroxide in mediating UV responses in human skin
remains to be determined.

UV Irradiation Activates Signaling Pathways

Ultraviolet irradiation activates protein kinase–
mediated signaling pathways within 1 hour. These sig-
naling pathways are maximal within 4 hours after UV ex-
posure.8-10 At this time, immunohistologic examination
reveals activation (phosphorylation) of several of signal-
ing kinases in cells throughout the epidermis (Figure3).
The activated kinases up-regulate expression and func-

tional activation of the nuclear transcription factor, AP-1
(composed of Jun and Fos proteins), which then stimu-
lates transcription of genes for matrix-degrading en-
zymes such as metalloproteinase (MMP) 1 (collage-
nase), MMP-3 (stromelysin 1), and MMP-9 (92-kd
gelatinase).11,12 Transcription factor AP-1 also interferes
with collagen gene expression in human dermal fibro-
blasts (see the following section). Ultraviolet irradia-
tion also activates the transcription factor NF-�B13 that
stimulates transcription of proinflammatory cytokine
genes, including IL-1�, TNF-�, IL-6, and IL-8, and ad-
hesion molecules including intercellular adhesion mol-
ecule-1.14 Ultraviolet-induced cytokine gene products then
act through their cell surface receptors to activate AP-1
and NF-�B and thereby amplify the UV response.

UV-Induced MMPs Degrade Skin Collagen

Ultraviolet-induced MMP-1 initiates cleavage of fibril-
lar collagen (type I and III in skin) at a single site within
its central triple helix. Once cleaved by MMP-1, colla-
gen can be further degraded by elevated levels of MMP-3
and MMP-9.15 Metalloproteinase 1, MMP-3, and MMP-9
activities have been shown to colocalize with collagen
in the dermis, following UV irradiation of human skin
in vivo.10,16 Type I collagen molecules are stabilized by
intermolecular covalent cross-links. Depending on the
extent of degradation, partially degraded collagen can
remain cross-linked within the insoluble collagen ma-
trix. These insoluble collagen fragments are susceptible
to proteolytic cleavage, in vitro, by proteases with broad
specificity such as chymotrypsin. When sun-protected
human skin was irradiated and biopsy performed, re-
sults showed the level of partially degraded collagen
24 hours following UV irradiation increased 3-fold
(Figure 4). Thus, UV-induced MMPs degrade skin
collagen and thereby impair the structural integrity of the
dermis. In the absence of perfect repair, MMP-mediated
collagen damage is expected to accumulate with each
successive UV exposure. Such cumulative collagen dam-
age is likely a major contributor to the phenotype of
photoaged human skin.
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Figure 2. Ultraviolet irradiation stimulates generation of hydrogen peroxide
(H2O2) in human keratinocytes. A, Time course for accumulation of H2O2

following UV irradiation from the UV-B/UV-A2 source of human
keratinocytes. B, Time course of UV stimulation of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase activity in human skin in vivo.
Skin samples were obtained at the indicated times after UV irradiation
(UV-B/UV-A2 source) and analyzed for NADPH oxidase activity. Results are
mean±SEM (error bars) of 5 experiments. ROS indicates reactive oxygen
species; 2MED, twice the minimal erythema dose.

Phosphorylated ERK 1/2

Figure 3. Ultraviolet irradiation activates intracellular kinases in human
skin in vivo. Skin samples (A, No UV; B, UV) were obtained 4 hours after
UV irradiation (twice the minimal erythema dose, UV-B/UV-A2 source) and
analyzed for kinase (extracellular signal-related kinase [ERK] 1/2) activation
by immunohistologic examination. The antibodies used specifically detect the
activated, phosphorylated kinase. Results are representative of 5 subjects.
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UV IRRADIATION INHIBITS PRODUCTION
OF TYPE I AND TYPE III PROCOLLAGEN

In addition to degrading mature dermal collagen, UV ir-
radiation impairs ongoing collagen synthesis, primarily
through down-regulation of type I and type III procol-
lagen gene expression.17 Two mechanisms contribute to
reduced procollagen gene expression. As described ear-
lier, UV irradiation induces the transcription factor AP-1.
By binding and sequestering factors that are part of a tran-
scriptional complex required for procollagen transcrip-
tion, AP-1 interferes with collagen production.11,18 Tran-
scription factor AP-1 has also been shown to decrease
collagen synthesis by blocking the effects of transform-
ing growth factor � (TGF-�), a major profibrotic cyto-
kine, and sequestering one of the signaling proteins it
activates both directly and indirectly.18-22

Ultraviolet irradiation also interferes with TGF-�–
dependent type I procollagen gene expression by down-
regulating type II TGF-� receptor, within 8 hours of
irradiation, rendering the cells unresponsive to TGF-�
effects.23 In cultured human fibroblasts, UV-induced down-
regulation of type II TGF-� receptor and subsequent loss
of TGF-� responsiveness results in substantial reduction
of type I procollagen gene expression. These data suggest
that down-regulation of type II TGF-� receptors, in ad-
dition to AP-1–mediated transcriptional repression, con-
tribute to reduced procollagen gene expression observed
in human skin in vivo, following UV irradiation.

SKIN PIGMENT PROTECTS AGAINST
UV-INDUCED RESPONSES THAT LEAD TO

COLLAGEN DEGRADATION

It is well established that skin pigment provides a sig-
nificant degree of protection against actinic damage. For
a given exposure to UV irradiation, persons with less pig-
ment (lighter skin color) will exhibit greater erythema
and less tanning than persons with more pigment (darker
skin pigment). This inverse relationship between skin
color and UV-induced skin reddening (sunburn) forms
the basis of the skin phototype classification system. This
classification system identifies 6 skin phototypes, with
light-skinned persons who sunburn easily and do not tan
(classified as skin phototype I) and dark-skinned per-
sons who do not sunburn and tan readily as phototype
VI. However, quantitative assessment of the effects of these
pigment-associated phototypes on molecular responses
of skin to UV irradiation is lacking. Therefore, the ef-
fects of skin color on UV-induced MMP-1 gene expres-
sion and formation of thymine dimers were investigated
in human skin in vivo.

Subjects were placed in one of 2 groups based on
quantitative measure of their surface skin color, as de-
termined by a color meter (Chroma Meter; Minolta Cam-
era Co Ltd, Osaka, Japan). Persons with Chroma Meter
values greater than 65 were placed in one group (lightly
pigmented), and persons with Chroma Meter values less
than 55 were placed in a separate group (darkly
pigmented). These 2 groups approximately correspond
to skin phototypes I and II and phototypes V and VI, re-
spectively. Subjects were exposed to either a UV-B/

UV-A2 source (�max=311 nm, filtered to remove UV-C)
or a UV-A1 source (�max=359 nm, 366 nm, and 374 nm)
(Sellas 2000 Watt High Pressure Unit; Sellas GmbH, Gev-
elsberg, Germany). Lightly pigmented subjects were ex-
posed to twice their minimal erythema dose from the UV-
B/UV-A2 source (average minimal erythema dose was 640
mJ/cm2 total UV irradiation). Darkly pigmented sub-
jects were exposed to 2 and 4 times the average minimal
erythema dose of the lightly pigmented group (640 mJ/
cm2 to 1280 mJ/cm2). Skin samples were obtained 24
hours after UV irradiation for determination of MMP-1
messenger RNA (mRNA) levels and DNA photoprod-
ucts. Ultraviolet-B/UV-A2 exposure resulted in substan-
tial induction of MMP-1 mRNA (Figure 5) and forma-
tion of thymine dimers (Figure 5) in lightly pigmented
subjects. In contrast, twice the average exposure of the
lightly pigmented group produced only modest MMP-1
mRNA induction (Figure 5) or DNA damage (Figure 5)
in the darkly pigmented group.

The effect of skin pigment on induction of MMP-1
mRNA and DNA photoproducts by UV-A1 exposure was
investigated next. In the lightly pigmented group, 110 mJ/
cm2 UV-A1 caused substantial induction of MMP-1 mRNA
expression and DNA photoproducts (Figure 6). The re-
sponse to UV-A1 was similar to that observed in response
to UV-B/UV-A2 described above (Figure 5). In contrast, 110
mJ/cm2 UV-A1 had little effect on the level of MMP-1 gene
expression or DNA photoproducts (Figure 6) in the darkly
pigmented group. These data demonstrate that pigmenta-
tion provides substantial protection against deleterious ef-
fects of both UV-B/UV-A2 and UV-A1 irradiation or is at
least correlated with enhanced protection. These findings
provide quantitative support for the clinical observation that
photoaging is less severe in the darkly pigmented popula-
tion compared with the lightly pigmented population. These
data are also consistent with the low incidence of skin can-
cer in the darkly pigmented population.

It is worth noting the difference between lightly and
darkly pigmented populations in depth from the sur-
face where DNA photoproducts were observed. In the
lightly pigmented group, DNA photoproducts were ob-
served in cells throughout all layers of the epidermis and
in the upper dermis (Figures 5 and 6). In the darkly pig-

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00
No UV 2MED SS UV

De
gr

ad
ed

 C
ol

la
ge

n,
nm

ol
 o

f H
yd

ro
xy

pr
ol

in
e/

10
0 

µg
 o

f P
ro

te
in P< .05

Figure 4. Ultraviolet irradiation causes degradation of collagen in human
skin in vivo. Skin samples were obtained 24 hours after UV irradiation (twice
the minimal erythema dose [2MED], UV-B/UV-A2 source). Insoluble, partially
degraded collagen in the dermis was quantified. Results are mean±SEM
(error bars) from 6 subjects. SS indicates solar simulator.
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mented group, the modest level of photoproducts was
restricted to post–mitotic cells in the upper epidermis.
Because UV-B–induced DNA photoproducts are pro-
duced by direct absorption of UV-B irradiation by DNA,
these data indicate that skin pigment substantially at-
tenuates penetration of UV irradiation into skin, which
was expected owing to its broad UV absorption spec-
trum24,25 and preferential distribution in supranuclear
“caps” in the path of incident UV irradiation.26

Based on optical properties of the skin, it is often
argued that penetration of UV-B is restricted to the epi-
dermis, while penetration of longer wavelength UV-A1
irradiation extends deep into the dermis. While this dis-

tinction of skin penetration between UV-B and UV-A ir-
radiation may be generally true, our data on the local-
ization of photoproduct formation indicate that, in lightly
pigmented individuals, penetration of UV-B/UV-A2 ir-
radiation extends definitely into the upper dermis, a site
of major changes in photoaging.

RETINOIDS REPAIR
AND PREVENT PHOTOAGING

Many cosmetic and cosmeceutical products claim to im-
prove the appearance of photoaged skin. In general, how-
ever, objective evidence that would allow evaluation of
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times the minimal erythema dose for the light skinned group) and 2560 mJ/cm2 total UV irradiance (equivalent to 8 times minimal erythema dose for the light
skinned group). Skin samples were obtained 24 hours after UV irradiation and analyzed for matrix MMP-1 messenger RNA (mRNA) levels by real-time reverse
transcriptase polymerase chain reaction, and DNA thymine dimer photoproducts, by immunofluorescence. B, Thymine dimer immunofluorescence data are
representative of 5 light skinned subjects exposed to twice the minimal erythema dose and 5 dark skin subjects exposed to 2560 mJ/cm2 (equivalent to 8 times
the minimal erythema dose for light skinned group).
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Figure 6. A, Ultraviolet A1 irradiation induction of matrix-degrading metalloproteinase-1 (MMP-1) and DNA damage are greater in light skin compared with dark
skin. Human skin color value (L*) was determined as described in the legend to Figure 5. Subjects were exposed to the indicated doses of UV-A1, and skin
samples were obtained 24 hours after UV irradiation. Matrix metalloproteinase-1 messenger RNA (mRNA) levels were quantified by real-time reverse transcriptase
polymerase chain reaction, and DNA thymine dimer photoproducts were visualized by immunofluorescence. B, Thymine dimer immunofluorescence data are
representative of 8 light skinned and 8 dark skinned subjects exposed to 110 J/cm2.
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these claims is not available. In contrast, a large number
of controlled clinical studies have been published dem-
onstrating that topical application of 0.025% to 0.1%
all-trans retinoic acid (tRA) improves the appearance of
photoaged skin.27,28 In spite of extensive knowledge re-
garding the molecular mechanisms by which tRA acts to
regulate expression of certain genes, details regarding the
molecular basis of tRA action in photoaging remain largely
unknown. Type I collagen is the most abundant protein
in skin, and type I and type III collagen fibrils provide
strength and resiliency to skin. Photoaged skin contains
an abundance of degraded, disorganized collagen fibrils
and has a reduced production of type I and type III pro-
collagen. All-trans retinoic acid has been shown to in-
duce type I and type III procollagen gene expression in
photoaged human skin.29 Because procollagen is the pre-
cursor to collagen, it is likely that increased production
of procollagen results in increased deposition of colla-
gen fibrils. This laying down of newly synthesized col-
lagen fibrils may lie at the heart of the ability of tRA to
improve the appearance of photoaged skin.

If so, then how does tRA induce new collagen syn-
thesis? One clue is the observation that topical tRA in-
duces TGF-� in human and mouse skin.30,31 As de-
scribed earlier, TGF-� induces production of type I and
type III procollagen and other components of the der-
mal extracellular matrix. Thus, it is reasonable to envi-
sion that tRA induction of TGF-� plays a primary role
in tRA’s mechanism of action in photoaging. However,
this possibility remains to be investigated.

A major obstacle to understanding the actions of tRA
in photoaging is lack of suitable in vitro models. In mono-
layer cultures, human skin fibroblasts continuously pro-
duce high levels of type I procollagen and TGF-�1. These
cultures are largely insensitive to exogenous TGF-� and
tRA. In 3-dimensional collagen gel cultures, human skin
fibroblasts express less procollagen than in monolayer
culture, but they respond similarly poorly to exogenous
TGF-� and tRA. It has recently been demonstrated that
fibroblasts cultured from photoaged skin produce amounts
of type I procollagen equivalent to fibroblasts from sun-
protected skin.32 These data indicate that reduced type I
procollagen expression observed in photoaged skin in vivo
stems from contextual influences, which are alleviated
in culture in vitro. This observation suggests that a suit-
able in vitro model to investigate the mechanisms by
which tRA regulates type I procollagen synthesis in pho-
toaged skin may be difficult to achieve without addi-
tional knowledge regarding how alterations in the epi-
dermis and/or extracellular matrix in photodamaged skin
affect fibroblast function.

Photoaging involves complex alterations to many im-
portant structural components of the dermal extracellu-
lar matrix besides collagen. The elastin fiber network is
grossly disrupted, and modifications in the structure and
composition of anchoring fibrils, proteoglycans, and gly-
coaminoglycans have been reported.33-35 It is likely that
the mechanisms by which tRA improves photoaged skin
involve actions on other dermal components as well as
collagen. In addition to its ability to improve existing pho-
toaging, tRA has also been shown to interfere with re-
sponses of skin to acute UV irradiation that bring about

collagen degradation.16 Treatment of human or mouse
skin with tRA prior to UV exposure inhibits induction
of transcription factor c-Jun.10 c-Jun is necessary to form
an active AP-1 complex, which, as described above, both
stimulates transcription of MMP-1, MMP-3, and MMP-9,
and inhibits expression of type I procollagen and type
III procollagen. All-trans retinoic acid does not inhibit
UV induction of c-Jun mRNA, but rather blocks accu-
mulation of c-Jun protein.10 Whether tRA inhibits c-Jun
protein synthesis and/or stimulates c-Jun protein degra-
dation is not known.

Regardless of mechanism, suppression by tRA of UV
induction of c-Jun protein reduces MMP activities that
degrade skin connective tissue and prevents loss of pro-
collagen expression. In essence, tRA is predicted to im-
pede photoaging by mitigating disruption of collagen ho-
meostasis caused by UV irradiation. The metabolic
precursor of tRA is vitamin A (all-trans retinol [tROL]).
Skin keratinocytes and fibroblasts, as well as most other
cell types, possess the ability to convert vitamin A (which
is taken up from the circulation) into tRA. However, cel-
lular tRA levels are constrained by catabolic inactiva-
tion mediated by specific members of the cytochrome
P450 family. Human keratinocytes also possess the abil-
ity to esterify tROL. All-trans retinol esters reside in cel-
lular membranes and are considered a stored form of
tROL. Under appropriate conditions, tROL esters can be
enzymatically hydrolyzed to provide substrate for con-
version to tRA, which binds nuclear retinoic acid recep-
tors that tROL does not bind.

Interestingly, human fibroblasts possess little if any
capacity to esterify tROL and therefore must depend on
uptake of tROL from the circulation for tRA biosynthe-
sis. In human keratinocytes, the rate and capacity of tROL
esterification is hundreds of times greater than that of oxi-
dation to tRA.36 Thus, esterification functions to seques-
ter tROL from conversion to tRA. The lack of esterifica-
tion activity in fibroblasts should permit higher rates of
tRA synthesis than that in keratinocytes. Given the capac-
ity of human skin to metabolically convert topical tROL
to tRA, a sufficient concentration of tROL (approxi-
mately 0.25%-0.5%) should provide therapeutic and pre-
ventative benefits equivalent to those of tRA. Compari-
sons of similar biologically active concentrations of topical
tROL and tRA demonstrated less erythema and scaling with
tROL than with tRA. Because the severity of tRA adverse
effects is concentration dependent, the stringent control
of tROL conversion to tRA, as described earlier, likely ac-
counts for the observed difference

SIMILARITIES BETWEEN CHRONOLOGICAL
AGING AND PHOTOAGING

Skin, like all organs, ages with the passage of time. Com-
pared with photodamaged skin, sun-protected aged skin
appears thinner, more evenly pigmented, laxer, and more
finely lined. Often, photoaging and chronological aging
have been considered separate entities. However, recent
evidence indicates that they share some important mo-
lecular features. Photoaging is the superposition of UV
irradiation from the sun on intrinsic aging. To exert its
biological effects, UV irradiation must be absorbed by mol-
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ecules (chromophores) in the skin, and the absorbed en-
ergy must be converted into chemical reactions. Depend-
ing on the chromophore, absorbed energy may cause
direct chemical modification of the chromophore itself,
or the energy may be transferred from the chromophore
to another molecule, which undergoes chemical modi-
fication. For example, UV-B absorption by DNA causes
cross-linking of adjacent pyrimidines, whereas UV-A–
absorbing skin chromophores transfer energy to oxy-
gen to generate ROS, which oxidize cellular constitu-
ents including proteins, lipids, and DNA. Photoaging is
mediated by direct UV absorption and ROS-mediated pho-
tochemical reactions. The cause of chronological aging
is far less clear than that of photoaging. Many theories
have been advanced to explain chronological aging. One,
the free radical theory, states that aging results from ac-
cumulation of cellular damage that results from excess
ROS that are generated as a consequence of oxidative me-
tabolism.37,38 Age-associated cellular damage includes oxi-
dation of DNA resulting in mutations, oxidation of pro-
teins resulting in reduced function, and oxidation of
membrane lipids resulting in reduced transport effi-
ciency and possibly altered transmembrane signaling. The
main source of excess ROS implicated in aging is mito-
chondrial oxidative energy generation. As a result of ac-
cumulated damage, the aged cell has reduced antioxi-
dant capacity,39,40 further exacerbating ROS-mediated
damage and the aged phenotype.41

Given the central role of ROS in both photoaging
and chronological aging, it is possible that the 2 pro-

cesses have common molecular mediators. As described
earlier, transcription factor AP-1 is a critical mediator of
acute photodamage that is involved in both overexpres-
sion of MMPs and reduction of type I procollagen. In hu-
man skin, AP-1 activity is limited by c-Jun expression,
since c-Fos is continuously expressed.10 Interestingly,
while c-Fos expression in young (18-28 years old) and
aged (�80 years old) skin does not differ, c-Jun expres-
sion is elevated in aged compared with young skin.42 Both
c-Jun mRNA and protein levels are elevated in aged skin,
a finding similar to that in UV-irradiated skin. In addi-
tion, the activity of the upstream activator of c-Jun, c-
Jun N-terminal kinase, is also elevated in aged com-
pared with young skin.42 These data suggest that AP-1
activity is increased in aged skin. In support of this pos-
sibility, AP-1–regulated MMP-1 and MMP-9 activities are
also increased in aged human skin in vivo.43

Increased MMP activity would be expected, over
time, to degrade dermal connective tissue. Consistent with
this view, insoluble partially degraded collagen, as a per-
centage of total collagen, is increased 4-fold in aged com-
pared with young human skin (data not shown; unpub-
lished data, 2002). This increased percentage of partially
degraded collagen in aged skin is similar to that ob-
served in photoaged skin compared with sun-protected
skin. These data indicate that imperfect repair of el-
evated MMP-mediated collagen breakdown in aged
skin, as in UV-irradiated skin, results in accumulation
of collagen fragments. Transmission electron micros-
copy reveals the fragmented nature of collagen fibrils in
photoaged and aged human skin in vivo (Figure 7).

DAMAGED COLLAGEN AS A REGULATOR
OF TYPE I PROCOLLAGEN SYNTHESIS:

IMPLICATIONS FOR PHOTOAGING
AND CHRONOLOGICAL AGING

In addition to reduction of type I procollagen synthesis
following immediate UV irradiation as described ear-
lier, ongoing procollagen synthesis is significantly re-
duced in severely photodamaged and chronologically aged
skin, independent of recent UV exposure.29,43 Mecha-
nisms underlying the sustained reduction in procolla-
gen synthesis are not fully understood. In full-thickness
photoaged skin, total collagen content is only modestly
reduced.34 However, procollagen gene and protein ex-
pression are substantially reduced in approximately the
upper one third of the dermis.44 This restricted localiza-
tion of procollagen reduction likely reflects the depth of
penetration of UV irradiation into the skin, which miti-
gates more extensive reduction of total collagen. In pho-
todamaged skin, the number of fibroblasts in vitro is simi-
lar to that in sun-protected skin of the same subjects, and
the capacity to synthesize type I procollagen is the same
for fibroblasts cultured from both areas.43 Thus, the re-
duced procollagen observed in photodamaged skin likely
results from down-regulation of fibroblast procollagen
synthesis by factors within the dermal milieu rather than
from inherent alterations in the fibroblasts.

Interestingly, exposure of cultured fibroblasts from
either photodamaged or sun-protected skin to partially
degraded type I collagen, produced by in vitro treat-
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Figure 7. Collagen fibrils are damaged in photoaged and chronologically
aged human skin. Transmission electron micrographs reveal that collagen
fibrils (c) are fragmented and disorganized in photoaged and chronologically
aged compared with sun-protected and young human skin. In sun-protected
and young skin, intact collagen fibrils are observed as long strands (cut
parallel) or circular arrays (cut perpendicular) in close proximity to
fibroblasts (f). In photodamaged and aged skin, collagen fibrils are
fragmented and replaced by amorphous material (a) surrounding fibroblasts.
Sun-protected hip skin (A) and photodamaged forearm skin (B) were
obtained from a 67-year-old subject; young skin (C) was from the hip of a
25-year-old subject; and aged skin (D) was from the hip of an 83-year-old
subject.
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ment of collagen with a mixture of MMPs from human
skin, inhibited procollagen synthesis.32 These results sug-
gest that elevated levels of degraded collagen observed
in photodamaged skin act to down-regulate type I pro-
collagen synthesis. Of the different MMPs, MMP-1 was
the most effective collagenase, followed by MMP-8 and
MMP-13.32 As expected, gelatinolytic enzymes (MMP-2
and MMP-9) did not degrade intact collagen and did not
inhibit procollagen synthesis, but the combination of
MMP-1 and MMP-9 broke down collagen to small pep-
tides.32 Interestingly, these small fragments did not in-
hibit procollagen synthesis, but rather the larger break-
down fragments of type I collagen negatively regulated
its synthesis. Taken together, these data suggest that the
high-molecular-weight fragments of type I collagen serve
as negative regulators of type I collagen synthesis and that
further breakdown of MMP-1–cleaved collagen by MMP-9
can alleviate this inhibition. Thus, UV-induced MMPs
damage the dermis by 2 related mechanisms: direct
degradation of collagen and indirect inhibition of colla-
gen synthesis by MMP-generated collagen degradation
products.

In contrast to photodamaged skin, in aged sun-
protected skin, both the number of fibroblasts and their
capacity to synthesize type I procollagen are reduced com-
pared with young skin.43 In addition, aged skin, similar
to photoaged skin, contains elevated levels of partially de-
graded collagen. Therefore, it is likely that the inhibitory
effects of collagen fragments observed in photoaged skin
are also operative in aged skin and are superimposed on
an intrinsic decline in collagen synthetic activity.

Reduced mechanical tension may also contribute to
diminished number of fibroblasts in aged skin because the
loss of mechanical tension results in increased apoptosis
in model cell systems.45,46 How MMP-damaged collagen
functions to inhibit new collagen synthesis in vivo is not
known, but collagen synthetic activity is regulated by me-
chanical tension on fibroblasts resulting from attach-
ment to a firm substratum.47 Fibroblasts exert contractile
forces on the collagen extracellular matrix, and the physi-
cal resistance of the matrix to this contraction generates
mechanical tension on the fibroblast. The rate of collagen
synthesis is proportional to the level of mechanical ten-
sion.48,49 We envision that damaged collagen fibrils are more
pliable than native fibrils. As fibroblasts interact with dam-
aged collagen fibrils, the cells experience less resistance
and therefore less mechanical tension, resulting in re-
duced procollagen synthesis. How mechanical tension regu-
lates procollagen synthesis is poorly understood, al-
though many cellular functions are affected by mechanical
tension, including cell surface receptor activation, signal
transduction, gene expression, and cell growth.46,47,50 The
observed disruption in the structure of the collagenous ex-
tracellular matrix and attendant reduction of mechanical
tension on fibroblasts offer an attractive explanation, at
least in part, for reduced procollagen expression in aged
and photoaged human skin.

CONCLUSIONS

The pathophysiological process of photoaging and skin
aging derives largely from aberrant regulation of a mul-

titude of finely tuned molecular mechanisms, which have
evolved to maintain the structural integrity of skin con-
nective tissue. These molecular mechanisms enable skin
cells to communicate with each other and their environ-
ment. Knowledge regarding relevant signal transduc-
tion pathways and their effectors provides exciting op-
portunities for therapeutic intervention to prevent and
repair age-related skin damage. Two critical mediators
of skin aging are the transcription factor AP-1 and AP-
1–regulated MMPs, both of which play critical roles in
tumor formation, inflammation, and fibrosis, which are
all subjects of intensive basic and clinical research. The
promise of this research is the development of new drugs
that target these critical mediators of disease. The chal-
lenge lies in the application of these new therapies to skin
aging.
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