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13.1 Introduction

Since the initial report that described that topi-
cal all-trans-retinoic acid (RA) had a beneficial
effect on photoaging [1], the effectiveness of
topical all-trans-RA in the treatment of photo-
damaged skin has been demonstrated in a large
number of controlled clinical studies [2-7]. Dis-
coveries during the past 10 years have provided
detailed knowledge regarding the fundamental
molecular mechanisms of action of all-trans-RA
in mammalian tissues. In spite of this knowl-
edge, large gaps exist in our understanding of
the molecular basis by which all-trans-RA im-
proves the appearance of photodamaged skin.

The term photoaging relates to alterations
that occur in skin that is chronically exposed to
sunlight. In sun-exposed skin, photoaging is su-
perimposed on natural, intrinsic aging, which
occurs in all skin. Subject-matched clinical,
histological, and biochemical analysis of sun-
exposed and sun-protected skin readily reveals
that sun exposure undermines the appearance
and function of human skin to a much greater
degree than natural aging. Photoaged skin ap-
pears dry, wrinkled, lax and unevenly pigment-
ed, and has brown spots [8]. Histologically, pho-
toaged skin shows variable epidermal thickness,
large and irregular grouped melanocytes, lack
of compaction of the dermis, elastosis, and mild
inflammatory infiltrate. Photoaging is a cumu-
lative process, and as such, its severity is highly
correlated with age. Conversely, photoaging is
inversely correlated with skin pigmentation,
since darker skin provides a more effective bar-
rier against penetration of sunlight. During the
past 20 years, great progress has been made in
our understanding of the molecular mecha-
nisms responsible for photoaging.
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In this chapter, we first describe the molecu-
lar mechanisms by which ultraviolet (UV) ir-
radiation from the sun damages human skin,
focusing on damage to collagens, which are the
major structural components of skin connective
tissue. We do not describe in detail UV dam-
age to DNA, which is addressed in chapter 4. We
present evidence that topically applied retinoids
can both prevent UV-induced skin damage and
repair photodamaged skin. In addition, we de-
scribe our current understanding of the mecha-
nism of action of retinoids. Finally, we review
some of the side effects associated with retinoid
therapy.

13.2 UV-Mediated Damage
to Skin Connective Tissue

UV irradiation from the sun causes a large
number of deleterious effects to human skin,
including sunburn, immunosuppression, and
skin cancer, in addition to premature aging.
Solar UV radiation that reaches the surface of
the earth is subdivided by wavelength into UVB
(290-320 nm), UVA2 (320-340 nm) and UVA1
(340-400 nm). The energy inherent in UV radi-
ation can be absorbed by many different cellular
components within the skin, and consequently
elicits a variety of cellular responses brought
about by coordinated activation of signal trans-
duction pathways that result in alterations in
gene expression. A common initiating event
following UV irradiation is the photochemical
generation of reactive oxygen species (ROS),
which can modify different cellular compo-
nents (i.e. DNA, proteins, lipids), and cause
oxidative stress. In this section, we review the
mechanisms by which UV light activates spe-
cific signaling pathways, and thereby modifies
gene transcription and damages human skin
connective tissue.

13.2.1 UV Irradiation
Induces Activation
of Signaling Pathways

The primary mechanism by which UV radiation
initiates molecular responses in human skin is

via photochemical generation of ROS, includ-
ing superoxide anion (O;"), hydrogen perox-
ide (H,0,), hydroxyl radical (HO"), and singlet
oxygen ('O,) [9]. ROS are produced by energy
and/or electron transfer from UV-absorbing
chromophores in the skin. Many chromophores
have been proposed as endogenous ROS genera-
tors, including tryptophan [10], nicotinamide
adenine dinucleotide phosphate (NADPH), ri-
boflavin, porphyrin [11], and trans-urocanic
acid [12]. ROS may also be generated by UV
irradiation of dermal collagen and elastin [13],
and soluble proteins modified by advanced gly-
cation end products (AGE), such as albumin [14,
15]. Increased ROS production is detected with-
in one minute after UVA irradiation of mouse
skin in vivo, and can be prevented by topical ap-
plication of superoxide dismutase [16].

In human skin, UV-induced liberation of
ROS is responsible for stimulation of numerous
signal transduction pathways via activation of
cell surface cytokine and growth factor recep-
tors. These include epidermal growth factor
receptor (EGF-R) [17, 18], insulin receptor [19],
platelet derived growth factor receptor (PDGEF-
R) [20], tumor necrosis factor-a receptor (TNF-
a-R) and interleukin-1 receptor (IL-1R) [21].
UV irradiation of skin cells induces a substan-
tial response due to simultaneous activation of
multiple receptors [21]. EGF-R activation oc-
curs within 15 minutes following UV exposure
(twice the minimal erythema dose or MED) of
human skin in vivo and remains elevated for
two to four hours [22].

UV-mediated activation of EGF-R is ligand-
independent, since the ligand-binding domain
is not required for UV activation of the recep-
tor [20]. However, direct activation of EGF-R by
UV light has never been demonstrated. Alter-
natively, it has been suggested that UV-induced
growth factor and cytokine receptor activation
is mediated by ROS-mediated inactivation of
protein tyrosine phosphatases (PTPs) [20, 23].
PTPs act on tyrosine kinase receptors to main-
tain a low basal phosphorylation state of the
receptor. PTPs act in concert with tyrosine ki-
nases to maintain a dynamic equilibrium be-
tween phosphorylation and dephosphorylation
of receptors. ROS formed after UV irradiation
inactivate PTPs via reversible oxidation of a
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critical cysteine residue within the catalytic site,
common to all PTPs [24, 25]. Thus, UV irradia-
tion of cells can increase the half-life of EGF-R
phosphorylated tyrosine(s) [20].

Recently, it has been shown that in addition
to reversible oxidative inactivation of PTPs,
UVA and UVB can trigger degradation of cer-
tain PTPs in cultured cells. This degradation is
mediated by the protease calpain, and requires
both activation of calpain and the oxidative
alteration of PTP by UV irradiation [26]. The
PTPs involved in responses of human skin to
UV irradiation remain to be identified.

Downstream signaling induced by UV-medi-
ated activation of cell surface receptors is similar
to that which follows ligand binding. Autophos-
phorylation of cell surface receptors results in
recruitment of adaptor and regulatory proteins
that mediate downstream signaling, including
activation of the three families of mitogen-ac-
tivated protein kinases (MAPKs): extracellular
signal-regulated kinase (ERK), c-Jun amino-ter-
minal kinase (JNK), and p38. Activation of pro-
tein kinase-mediated signaling pathways occurs
within one hour after UV irradiation of human
skin in vivo, and is maximal four hours after
UV irradiation. Activation of all three MAP ki-
nase modules occurs throughout the epidermis
and upper dermis [27]. Activated JNK and p38
catalyze the functional activation of transcrip-
tion factors c-Jun, and activating transcription
factor-2 (ATEF-2), respectively. Activated ATEF-
2 binds ¢-Jun promoter and upregulates c-Jun
protein transcription [28]. C-Jun partners with
c-Fos, which is constitutively expressed in hu-
man skin and is not further elevated after
UV irradiation [22], to form activator protein
(AP)-1 transcription factor complex. Stimula-
tion of AP-1 by UV irradiation induces gene
expression of AP-l-regulated matrix metal-
loproteinases (MMPs), i.e. MMP-1 (intersti-
tial collagenase), MMP-3 (stromelysin 1), and
MMP-9 (gelatinase B) [29]. In parallel, AP-1
negatively regulates type I procollagen synthe-
sis by dermal fibroblasts [30]. MMP induction
occurs throughout the epidermis and upper
dermis. Induction of MMP-1, -3, and -9 mRNA
is detected within eight hours following UV ir-
radiation of human skin in vivo, and is followed
by increased protein synthesis, and enzyme ac-
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tivities [29, 31]. MMP levels remain elevated for
two to three days after a single acute UV expo-
sure in human skin in vivo [29]. Increased levels
of endogenous glutathione induced by topical
application of N-acetyl cysteine (NAC) reduce
UV-induced activation of c-Jun and consequent
induction of MMPs [32]. This observation is
consistent with the involvement of ROS in UV-
mediated activation of MMPs.

UV irradiation of skin also upregulates nu-
clear factor-kB (NF-«kB). The NF-kB pathway
regulates expression of genes primarily involved
in immune and inflammatory responses. In the
absence of stimuli, NF-kB is sequestered in the
cytoplasm, bound to its inhibitor IkB. Cytokine
activation of NF-kB is mediated by stimulation
of IkB kinase (IKK), which phosphorylates IxB.
Phosphorylated IkB is rapidly degraded and
releases NF-kB, which translocates into the nu-
cleus where it activates target genes. However,
this mechanism is not applicable to UV-induced
NF-kB activation since no IKK activation is de-
tected after UV irradiation [33, 34]. As opposed
to TNF-a, UV irradiation activates NF-xB in
a delayed (three to six hours after irradiation)
and relatively weak manner [33, 34]. Recently,
it has been demonstrated that UV irradiation
downregulates IkB through inhibition of IkB
synthesis [35]. In the absence of ongoing IxB
synthesis, the cellular IkB content is slowly de-
pleted by natural degradation, eventually lead-
ing to NF-xB activation. It has also been dem-
onstrated that the carboxyterminal zinc finger
domain of NEMO (regulatory subunit of IKK)
is required for the UV-induced NF-kB signaling
pathway [36]. Recently, it has been reported that
the protein kinase MAPK-activated kinase-2,
which is activated by p38, phosphorylates heat
shock protein 27 (Hsp27), which in turn binds
to IKKf (one of the two catalytic subunits of
IKK). Binding of Hsp27 to IKKp inhibits IKK
activity [37]. UV irradiation strongly induces
p38 in human skin in vivo [28]. Therefore, it is
possible that UV-induced p38 activation weak-
ens NK-kB activation and downregulates IKK
activity to below the level of detection.

Once translocated into the nucleus, NF-xB
upregulates the synthesis of numerous cyto-
kines including IL-1B, TNF-a, IL-6, and IL-8
[38]. These cytokines are secreted, and act in an
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autocrine and/or paracrine manner by binding
to their cell surface receptors on epidermal and
dermal cells, thereby activating AP-1 and NF-
kB and amplifying the UV response.

13.2.2 UV Irradiation
Induces Degradation
of Skin Collagen

UV-induced activation of MMPs results in
excessive degradation of extracellular matrix
(ECM) components in the dermis. ECM is the
substrate for cell adhesion, growth, migration,
and differentiation, and provides mechanical
support for tissues and organs. ECM proteins
are secreted by fibroblasts in the dermis, and
feedback mechanisms allow the fibroblasts to
adapt to alterations in the ECM. This bidirec-
tional interaction between ECM and ECM-sup-
porting fibroblasts is critical for optimal func-
tion of skin connective tissue.

Type I collagen is the most abundant struc-
tural protein in skin connective tissue. It ac-
counts for about 85% of total dermal protein.
Type III collagen interacts with type I collagen,
and is present at approximately one-tenth the
level of type I collagen. Type I and III collagens
are composed of three polypeptide chains, orga-
nized in a rod-like triple helical structure. Type
I and type III collagens are synthesized by fibro-
blasts in the dermis, as precursor proteins (pro-
collagens) containing globular domains at each
of their ends. These globular portions, referred
to as N-terminal and C-terminal propeptides,
allow procollagens to be secreted from the cell
as a soluble monomeric protein. Once secreted,
the propeptides are enzymatically removed by
specific proteases. Cleavage of the C-terminal
propeptide precedes cleavage of the N-terminal
propeptide. Removal of the propeptides allows
the collagen molecules to spontaneously assem-
ble into fibers. Newly formed collagen mole-
cules assemble into existing collagen fibers, and
undergo intermolecular crosslinking to form
mature collagen fibers.

Collagen crosslinking is catalyzed by the
enzyme lysyl oxidase [39]. Collagen fibers are
arranged in orderly arrays in association with
other ECM proteins to form collagen bundles.

Collagen bundles provide strength and resil-
iency to the skin, and are very resistant to enzy-
matic degradation. The half-life of skin collagen
is estimated to be several years. Degradation
of collagen fibers requires the action of colla-
genases. Three mammalian collagenases exist,
MMP-1, MMP-8, and MMP-13, which have the
unique capacity to initiate cleavage of mature
collagen. As described above, UV irradiation
induces MMP-1. MMP-8 is primarily expressed
by neutrophils, which infiltrate skin in response
to immune stimuli induced by UV irradiation.
Although MMP-8 levels increase in human skin
following UV irradiation as a consequence of
neutrophil influx, MMP-8 remains largely in
an inactive state, and therefore does not signifi-
cantly contribute to the collagen degradation
observed following UV exposure [27]. MMP-13
is not induced by UV irradiation in human skin
in vivo. Therefore, MMP-1 is the primary col-
lagenase that is responsible for initiation of col-
lagen breakdown in UV-irradiated human skin.
Once cleaved by a collagenase, fragmented col-
lagen can be further degraded by elevated levels
of MMP-3 and MMP-9 [40].

13.2.3 UV Irradiation
Inhibits Production
of New Collagen

In addition to causing degradation of mature
collagen, acute UV irradiation transiently in-
hibits new synthesis of type I and type III pro-
collagens [30]. Following UV irradiation of hu-
man skin in vivo, type I procollagen protein is
significantly decreased within eight hours, is
maximally reduced by approximately 70% by 24
hours, and returns to baseline levels within two
to three days [30]. Loss of procollagen produc-
tion is localized to the upper one-third of the
dermis, reflecting the penetration of UV irra-
diation into the skin. At least two mechanisms
contribute to downregulation of procollagen
synthesis. First, as mentioned above, UV irra-
diation of human skin activates the transcrip-
tion factor AP-1, which negatively regulates
transcription of both genes that encode type I
collagen chains, COL1A1 and COL1A2 [41, 42].
Second, UV irradiation impairs the signaling of
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CELL-MATRIX INTERACTIONS
IN HEALTHY DERMIS

Fibroblasts

Damaged
Collagen Fibers

+ New Collagen
Deposition

IMPAIRED CELL-MATRIX INTERACTIONS
IN PHOTODAMAGED DERMIS

Fig.13.1. Mechanism for UV-mediated collagen deple-
tion in human skin. In vivo and in healthy dermis, fibro-
blasts interact with intact collagen fibers at numerous ad-
hesion points (a). UV irradiation increases collagenase,
which degrades collagen fibers (b). With repeated UV
exposures, damaged collagen fibers accumulate, thus im-

TGE-B, the major profibrotic cytokine, down-
regulating the type II TGF-f receptor and, to a
lesser extent, increasing expression of the inhib-
itory regulator of the TGF-f signaling pathway,
Smad7 [43, 44].

13.2.4 Cumulative Collagen
Damage Contributes
to the Phenotype
of Photodamaged Skin

Photodamaged human skin is characterized by
sustained downregulation of type I procollagen
production, compared with matched individual
sun-protected skin [45, 46]. Procollagen down-
regulation correlates with the clinical sever-
ity of photodamage [46], and therefore appears
to reflect a substantial degree of accumulated
damage.

Interestingly, the inherent capacity of fibro-
blasts in severely photodamaged human skin

Repeated
UV Exposures
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uv

UV-MEDIATED
DEGRADATION OF
COLLAGEN FIBERS

pairing cell-matrix interactions (c). Impaired cell-matrix
interactions are responsible for sustained decrease in col-
lagen production in photodamaged skin. RA-mediated
restoration of collagen formation (d) is the main underly-
ing process in the repair of photodamaged skin

to produce procollagen is not impaired. When
grown in vitro, fibroblasts cultured from severe-
ly photodamaged skin and those cultured from
sun-protected skin synthesize equal amounts of
procollagen [47]. As described above, acute UV
irradiation of skin induces transient activation
of MMPs, with subsequent degradation of ma-
ture collagen. With repeated sun exposures over
many years, fragmented collagen accumulates in
photodamaged skin [47, 48]. In vitro treatment
of collagen gels with MMP-1 generates collagen
fragments that are similar to those observed in
photodamaged human skin in vivo [48]. When
dermal fibroblasts are seeded in a collagen gel
pretreated with MMP-1, procollagen produc-
tion is dramatically inhibited, compared to that
from fibroblasts cultured on intact collagen gels
[49]. Interestingly, removal of partially degrad-
ed collagen by treatment of the gels with MMP-
9 restores procollagen biosynthesis. This loss of
procollagen production results, at least in part,
from reduced mechanical tension between the
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fibroblasts and the partially degraded collagen
gel.

Fibroblasts bind to collagen through specific
receptors, integrins, which they display on their
cell surface. Integrin binding allows fibroblasts
to exert contractile forces on the collagen ma-
trix, and in turn experience mechanical resis-
tive forces exerted by the collagen matrix. Such
mechanical tension has been demonstrated in
model systems to influence a wide range of cel-
lular behavior, including procollagen produc-
tion by skin fibroblasts [50]. Therefore, it has
been proposed [51] that accumulation of frag-
mented collagen in photodamaged skin weak-
ens the resistive forces of the ECM, thereby re-
ducing mechanical tension on fibroblasts, which
in response downregulate procollagen synthesis
(Fig. 13.1). This scenario describes a continual,

self-sustaining negative feedback pathway for
loss of skin collagen, since UV exposure gen-
erates fragmented collagen by MMP-mediated
degradation, and fragmented collagen inhibits
procollagen production. In order to break this
downward spiral, one must introduce a thera-
peutic agent that stimulates procollagen pro-
duction in photodamaged skin. All-trans-RA
has been demonstrated to be such an agent.

13.3 Retinoic Acid Metabolism

in Skin

Retinoids constitute a group of natural and
synthetic compounds characterized by vita-
min A-like biological activity. Vitamin A (all-
trans-retinol, ROL) and other natural retinoids,
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including all-trans-RA, play a critical role in
embryogenesis, reproduction, vision, regulation
of immunity, and epithelial cell differentiation.
Retinoids are obtained from the diet, absorbed
by the intestine, stored in the liver as retinyl es-
ters (REs), and transported in the circulation to
target cells as ROL. The mobilization of ROL
from liver cells is regulated by the plasma con-
centration of unbound retinol binding protein
(RBP). When ROL is released into the circula-
tion, it binds RBP for delivery to target tissues.
Within the target cell, ROL can be stored at the
plasma membrane as REs, or converted into RA
to exert biological effects. Conversion of ROL to
RA consists of a two-step reaction (Fig. 13.2).
First, ROL is converted into retinaldehyde
(retinal, RAL). This rate-limiting step in RA
metabolism is catalyzed by the enzyme alcohol
dehydrogenase (ADH) [52]. The second step
is the conversion of RAL into RA. This reac-
tion, catalyzed by retinaldehyde dehydrogenase
(RALDH), is irreversible. This is the reason why
administration of RA to vitamin A-deficient
animals does not increase RAL or ROL levels.
In the cell, RA is not stored and its concentra-
tion is tightly controlled.

RA is bound within the cell cytoplasm by
cellular RA binding protein (CRABP). RA
bound to CRABP can undergo one of two
fates: delivery to nuclear RA receptors (RARs),
or catabolism into inactive forms. Catabolism
is catalyzed by RA-4-hydroxylase, which be-
longs to the cytochrome P450 family [53]. RA
concentrations in human skin are tightly regu-
lated: topical application of RA to human skin
in vivo increases RA degradation via induction
of RA-hydroxylase [54], and decreases RA bio-
synthesis by increasing ROL-esterifying activ-
ity [55].

RA exerts its biological effects through bind-
ing to RARs, which belong to the superfamily of
nuclear steroid hormone receptors. RARs part-
ner with retinoid X receptors (RXR) to form
functional ligand-activated transcription fac-
tors. RAR and RXR are each encoded by three
separate genes, RAR-a, -p and -y and RXR-a, -
and -y. Among the different isoforms, adult hu-
man skin expresses predominantly RAR-y and
RXR-a [56, 57]. RA exists in three different ste-
reoisomeric conformations: all-trans, 9-cis, and
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13-cis. RARs bind all-trans-RA and 9-cis-RA;
RXRs exclusively bind 9-cis-RA; neither RARs
nor RXRs bind 13-cis-RA [58]. Upon binding
of RA to RAR, RAR/RXR heterodimers form
functional multimeric protein complexes that
regulate transcription of target genes. Target
genes contain specific DNA sequences in their
promoter regions called RA response elements
(RAREs) to which the RAR/RXR complexes
bind [59].

13.4 Topical Retinoids
Prevent Photoaging

Studies have shown that topical all-trans-RA
can prevent UV-induced skin responses that
lead to degradation and down-regulation of
type I collagen in human skin in vivo. Pretreat-
ment of human skin with RA inhibits UV-me-
diated induction of c-Jun protein and activation
of AP-1 [28]. Inhibition of AP-1 by RA seems
to occur through a mechanism distinct from
transrepression [60, 61]. RA inhibits UV in-
duction of c-Jun protein, but not c-Jun mRNA
[28]. Whether RA-mediated inhibition of c-Jun
protein induction results from decreased c-Jun
protein synthesis and/or increased c-Jun pro-
tein degradation is not known.

RA inhibition of AP-1 activity results in re-
duction of UV-mediated induction of MMP-1,
MMP-3, and MMP-9 mRNA and proteins [29],
thereby preventing generation of fragmented
collagen after UV exposure.

13.5 Topical Retinoids

Repair Photoaging

13.5.1 Use of All-Trans-Retinoic Acid
in the Treatment
of Photoaging

In a pilot study, Kligman et al. found that all-
trans-RA cream (tretinoin, Retin-A), which is
used for the treatment of acne vulgaris, could
partially reverse structural skin damage as-
sociated with photoaging [1]. In this vehicle-
controlled, albeit unblinded study, the authors
showed that 6 to 12 months of daily treatment
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with 0.05% tretinoin applied to the face and
forearms induced a thickening of the atrophic
epidermis, elimination of dysplasia and atypia,
promoted a more uniform dispersion of mela-
nin and neoformation of collagen and blood
vessels. These observations were confirmed by
several vehicle-controlled double-blind studies,
the first of which was reported in 1988 by Weiss
et al. This study demonstrated that 0.1% treti-
noin cream used once daily for 4 months causes
significant clinical improvement primarily in
fine facial wrinkles, sallowness, looseness of the
skin, and hyperpigmented macules (also called
“liver spots” or actinic lentigines) [2]. Numer-
ous subsequent clinical studies have confirmed
these initial observations using 0.05% tretinoin
for 3 to 6 months [3-6]. Interestingly, 0.1% and
0.025% tretinoin produce similar clinical and
histological improvement of photoaging [7]. Ata
concentration of 0.02%, tretinoin is still effective
for the treatment of photoaging [62], but lower
doses (i.e. 0.01% and 0.005%) have no significant
advantages over placebo [6]. When treatment
was extended to a total of 9 months or more, per-
sistence of clinical improvement in fine wrinkles
and skin roughness has been reported [7, 63],
even despite a reduction of dose or frequency of
application after the first 4 months [64].

Higher doses of tretinoin are also effective in
treating photoaging. In a double-blind placebo-
controlled study, Rafal et al. found that 83% of
patients treated with 0.1% tretinoin daily for
10 months, in contrast to 23% of placebo-treat-
ed patients, showed lightening of actinic lentigi-
nes. These results were confirmed by histology
which showed a significant decrease in epider-
mal pigmentation in biopsy specimens. The im-
provement was sustained in subjects examined
6 months after the end of treatment [65]. This
same treatment regimen also increased collagen
skin content compared to vehicle-treated indi-
viduals [45].

In one study, long-term treatment was ac-
companied by loss of epidermal hyperplasia,
suggesting that epidermal thickening is not
directly related to clinical improvement [63].
In contrast, retinoid-mediated improvement of
photoaging is associated with increased colla-
gen I formation [45], reorganization of packed
collagen fibers [66], and increased numbers of

type VII anchoring fibrils [67]. Solar elastosis is
not substantially reduced; however, it tends to
reside lower in the dermis, presumably due to
accumulation of new collagen in the upper der-
mis, below the dermoepidermal junction.

Two observations regarding retinoid therapy
of photoaged skin are very consistent. First, the
magnitude of effects is largest in skin that origi-
nally shows the greatest degree of photodamage.
Second, up to 92% of subjects using tretinoin in
various studies report erythema and scaling at
the site of application. This major side effect is
referred to as “retinoid dermatitis”, and can be
a limitation to the use of retinoids for treatment
of photoaging (see below).

13.5.2 Use of Other Retinoids
in the Treatment
of Photoaging

Because of the significant side effects associ-
ated with tretinoin therapy, the effectiveness of
several other retinoids in the treatment of pho-
toaged skin has been studied, ideally without
causing irritation. For instance, 0.1% isotreti-
noin (13-cis-RA) cream used once daily for
8 months results in a reduction in wrinkles and
actinic lentigines, accompanied by an increase
in epidermal thickness [68]. However, sig-
nificant erythema has been reported in 65% of
subjects treated on the face with isotretinoin in
contrast to 25% of subjects treated with vehicle.
A statistically significant improvement of over-
all appearance of photodamaged skin has also
been reported after 3 months of treatment with
0.05% isotretinoin followed by 0.1% for the next
6 months [69, 70].

Topical all-trans-RAL has been shown to in-
crease epidermal thickness, increase differen-
tiation markers and upregulate CRABP-II when
used at 0.5%, 0.1% and 0.05% for 1 to 3 months
invivo [71]. RAL significantly reduces wrinkles,
albeit to a lesser extent than tretinoin [72]. RAL
also appears to be less irritating (23% of treated
subjects) than tretinoin (32%).

ROL mimics the activity of 0.025% RA with
respect to epidermal thickening when applied
topically at 1.6% to human skin in vivo [73].
Like RA, ROL enhances expression of CRABP-
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IT, but is much less irritating than RA [73]. ROL
and RAL are converted to RA by human kerati-
nocytes, and this conversion is required for bio-
logical activity [74].

13.5.3 Retinoid Mechanism of Action

Despite extensive evidence demonstrating ben-
eficial effects of topical retinoids in preventing
and treating the clinical aspects of photodam-
aged skin, the detailed molecular basis of this
activity remains elusive. Initially, irritation and
scaling were thought to be the mechanism un-
derlying retinoid-induced repair. However, sev-
eral lines of evidence have dispelled this notion.
First, two concentrations of tretinoin, 0.025%
and 0.1%, were compared for their efficacy and
irritancy [7]. Used once daily for 11 months, the
two concentrations of tretinoin improved pho-
toaged skin to similar extents, but 0.1% treti-
noin was significantly more irritating. Second,
topical retinyl palmitate (0.15%) induces skin
irritation without demonstrating any advan-
tages over placebo in treating photoaging [75].
In addition, non-retinoid agents that induce
irritation and scaling do not enhance collagen
synthesis in mouse skin [76]. These results dem-
onstrate that irritation can be separated from
efficacy, although irritation is an inherent side
effect of retinoid therapy (see below).

The ability of retinoids to restore collagen
formation is thought to be the main underlying
mechanism by which the appearance of photo-
damaged skin is improved [45]. RA increases
TGEF-f in mouse skin [77, 78]. Since TGE-f is
a major fibrotic cytokine, its induction by RA
may underlie the ability of RA to induce col-
lagen synthesis. However, the role of TGF-f in
repair of photodamaged human skin remains to
be investigated.

Studies of retinoid-mediated collagen induc-
tion in photodamaged human skin have been
hampered by the lack of a suitable in vitro mod-
el. In vitro cultures of dermal fibroblasts consti-
tutively produce high levels of collagen, which
cannot be substantially increased by RA. As
mentioned above, culturing fibroblasts in a col-
lagen gel pretreated with human MMP-1 results
in downregulation of collagen, as is observed in
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photodamaged skin [49]. Whether RA can re-
store collagen formation in this model remains
to be determined.

Dermal ECM is a complex matrix composed
of many structural components besides type I
and type III collagens. Many ECM components
have been reported to be altered in photodam-
aged skin, including elastin [79], anchoring fi-
brils, proteoglycans, and glycosaminoglycans
[80]. It is possible that the mechanisms by which
retinoids improve dermal ECM involves action
on several dermal components in addition to
collagen. For instance, RA increases fibrillin I,
a component of microfibrils that are associated
with elastic fibers [81]. RA also increases hyal-
uronic acid content in porcine skin [82] and in
human skin organ culture [83]. Finally, it should
be noted that, by stimulating collagen forma-
tion, RA would be expected to improve interac-
tions between fibroblasts and ECM, which are
impaired in photoaged dermis (Fig. 13.1).

13.6 Side Effects of Retinoids

Up to 92% of subjects who used tretinoin in
various clinical studies have reported “retinoid
dermatitis”, i.e. erythema and scaling at the site
of application [2]. The condition usually peaks
early in therapy and disappears when treatment
is discontinued. Scaling is the major deterrent
to topical retinoid therapy and is often a limita-
tion to the use of retinoids. Recent progress has
been made in understanding the mechanisms by
which retinoids induce epidermal hyperplasia.
Irritation may be explained by an overload of
RA concentration in the epidermis. Epidermis
is a non-homogeneous tissue comprising undif-
ferentiated keratinocytes (basal layer) and dif-
ferentiated cells (suprabasal layers). In normal
human skin, the capacity of undifferentiated
basal keratinocytes to esterify ROL is four times
greater than that of differentiated suprabasal
keratinocytes [55], and RA binding capacities
increase with keratinocyte differentiation [84].
This scheme is consistent with the observation
that a gradient of free RA influences kerati-
nocyte differentiation and proliferation, with
the concentration decreasing from the basal to
the superficial layers [85]. When human skin
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is treated with topical RA, the skin concentra-
tion of RA increases enough to activate gene
transcription over retinoid receptors [86]. Ex-
ogenous RA enhances proliferation of basal ke-
ratinocytes [87], which induces an accelerated
turnover of epidermal cells, and thickening of
the epidermis [2, 88]. Retinoid treatment of nor-
mal human skin in vivo also decreases the cohe-
siveness of the stratum corneum, impairing the
skin barrier and leading to an excessive scale.

RA-induced skin hyperplasia requires func-
tional retinoid receptor [89, 90], and is primar-
ily mediated by RARs [90-92]. The intensity of
irritation and scaling is directly related to the
amount of RA administered to the skin, since
lowering the concentration of topical RA re-
duces irritation, but does not impair biological
activity [7].

The involvement of EGF-R (ErbBl) in reti-
noid-mediated epidermal hyperplasia has been
demonstrated in several in vivo and in vitro
studies. RA-induced epidermal hyperplasia is
triggered by increased secretion of two EGF-R
ligands, heparin-binding epidermal growth fac-
tor (HB-EGF) and amphiregulin, in suprabasal
cells of normal epidermis in vivo (Rittié et al.,
in preparation). Blockage of HB-EGF or amphi-
regulin with antibodies (Rittié et al., in prepara-
tion) or inhibition of EGF-R phosphorylation by
specific inhibitor [87] strongly reduces the RA-
induced epidermal hyperplasia in human skin
organ cultures. In vivo, topical application of
genistein, an inhibitor of tyrosine kinase com-
patible with topical use, blocks retinoid-induced
hyperproliferation of epidermis in human skin
(Rittié et al., in preparation). Interestingly, in-
hibition of retinoid-associated hyperplasia does
not impair the ability of retinoid to increase col-
lagen synthesis by fibroblasts in skin organ cul-
ture [87]. It would be interesting to determine
whether the separation of these two features can
be achieved in vivo for the treatment of photo-
aging.

Topical application of RA precursors causes
less irritation than application of RA itself.
These precursors do not bind retinoid receptors
and must be converted within the cell into RA
to exert biological activity [74]. Interestingly, the
extent of irritation is inversely proportional to
the number of steps required for conversion of

the precursor into RA. For instance, 13-cis-RA
is less irritating than all-trans-RA [68], prob-
ably because it needs to be isomerized into 9-
cis-RA or all-trans-RA in order to bind retinoid
receptors [58]. Moreover, RA has been shown
to be more irritating than RAL [72], which is
more irritating than ROL [93], the conversion
of RAL and ROL into RA being a one- and
two-step process, respectively (Fig. 13.2). Fail-
ure to detect significant accumulation of RA in
ROL-treated skin [73] shows that RA synthesis
is tightly regulated, and RA is rapidly used and
degraded. Overloading of RA in skin cells is
likely to induce skin irritation.

Concern has been voiced that repeated use of
topical tretinoin might increase RA plasma con-
centrations. This issue was carefully addressed
and rejected in different studies showing that
topical tretinoin treatment has no effect on en-
dogenous plasma levels of RA or its metabolites
[68, 94]. Percutaneously absorbed tretinoin rep-
resents approximately 1-2% of a single topical
dose applied daily for up to one year [94]. There-
fore, 1 ml of 0.05% (500 ng/ml) tretinoin applied
topically would provide a maximum of 10 ng RA
in the bloodstream (retinoid plasma concentra-
tion of 1-4pg/l). Another study has shown
showed that daily application of 0.1% tretinoin
for 8 months to the face, forearms and hands
does not significantly increase plasma retinoid
levels [68]. This is certainly the reason why topi-
cal tretinoin is not associated with a detectable
risk of major congenital disorders [95], as op-
posed to oral retinoids that are teratogenic when
administered during early pregnancy [96].

13.7 Conclusions

Photoaging is caused by the skin’s reaction to
chronic sun exposure. Topical retinoids are ef-
fective in treating clinical signs of photoaging,
including fine wrinkles, coarseness and lax-
ity. Retinoid dermatitis is inherent to retinoid
therapy, since it is mediated by nuclear retinoid
receptors. Irritation can be minimized by re-
ducing dose and frequency of treatment. Under-
standing the molecular mechanisms of action of
retinoids in photoaging will provide pharmaco-
logical targets for the development of non-reti-
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noid compounds that have the beneficial prop-
erties of retinoids, without the unwanted side
effects.
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