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Endogenous chromophores in human skin serve as photosensitizers involved in skin
photocarcinogenesis and photoaging. Absorption of solar photons, particularly in the UVA region,
induces the formation of photoexcited states of skin photosensitizers with subsequent generation of
reactive oxygen species (ROS), organic free radicals and other toxic photoproducts that mediate skin
photooxidative stress. The complexity of endogenous skin photosensitizers with regard to molecular
structure, pathways of formation, mechanisms of action, and the diversity of relevant skin targets has
hampered progress in this area of photobiology and most likely contributed to an underestimation of
the importance of endogenous sensitizers in skin photodamage. Recently, UVA-ﬂuorophores in
extracellular matrix proteins formed posttranslationally as a consequence of enzymatic maturation or
spontaneous chemical damage during chronological and actinic aging have been identiﬁed as an
abundant source of light-driven ROS formation in skin upstream of photooxidative cellular stress.
Importantly, sensitized skin cell photodamage by this bystander mechanism occurs after
photoexcitation of sensitizers contained in skin structural proteins without direct cellular photon
absorption thereby enhancing the potency and range of phototoxic UVA action in deeper layers of skin.
The causative role of photoexcited states in skin photodamage suggests that direct molecular
antagonism of photosensitization reactions using physical quenchers of photoexcited states offers a
novel chemopreventive opportunity for skin photoprotection.

1

Introduction

The causative role of solar ultraviolet (UV) photons in skin
photodamage is ﬁrmly established. Most of the solar UV energy
incident on human skin derives from the deeply penetrating
UVA region (>95% from 320 to 400 nm). An increasing body
of experimental evidence supports a causative role of UVA
irradiation in photoaging and carcinogenesis of human skin
by photooxidative mechanisms1–5 mediated by reactive oxygen
species (ROS). The molecular consequences downstream of lightdriven ROS production on skin structural integrity, signal transduction, gene expression and ultimately tumorigenic initiation
and progression are widely studied, but the upstream molecular
mechanisms linking UV-photon absorption with ROS production
in skin have been elusive. The formation of ROS as mediators
of photooxidative stress in UV-irradiated skin seems to be
dependent on non-DNA chromophores acting as endogenous
photosensitizers.2,3,6 Here we review brieﬂy the emerging causative
role of endogenous skin chromophores involved in UVA photosensitization and summarize recent work on skin photodamage from
photoexcited states of chromophores associated with endogenous
skin structural proteins.7,8 We will also review an approach to
identify and design physical quenchers of photoexcited states
(QPES) as small molecular antagonists targeting endogenous
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photosensitizers and provide evidence that QPES compounds may
serve as chemopreventive agents in suppressing photooxidative
pathways of photocarcinogenesis and photoaging.

2 UVA-Photosensitization
2.1 Skin photodamage from sunlight
Upon interaction with skin, sunlight can be reﬂected, scattered,
or absorbed. According to the ﬁrst law of photochemistry (also
referred to as the Grotthus–Draper law), light must be absorbed
by an atom or molecule in order to initiate a physical or chemical
process. Photosensitization after photon absorption occurs when
a photoexcited chromophore does not return to the electronic
ground state by mechanisms of energy dissipation such as heat
generation or photon emission, but instead initiates chemical reactions leading to the formation of reactive intermediates and toxic
photoproducts. This requires that the lifetime of the excited state
of the chromophore is sufﬁciently long to allow interaction with
target molecules. Thus, it is the physical nature of the incident solar
photons and the chemical nature of the absorbing chromophore
in skin that determine the biological effects of sun exposure.
Most of the solar UV energy incident on the skin is from the
UVA region (>95% from 320–400 nm). The UVB (290–320 nm)
content of total solar UV-ﬂux on skin can be well below 2%
depending on the solar angle, which determines the atmospheric
light path length and thereby the degree of ozone-ﬁltering and
preferential Rayleigh scattering of short wavelength UV light.
UVC (< 290 nm) is not present in the solar spectrum reaching the

This journal is © The Royal Society of Chemistry and Owner Societies 2006

Photochem. Photobiol. Sci., 2006, 5, 215–237 | 215

Georg Wondrak obtained an MS in biochemistry from the Swiss Federal Institute of Technology, Switzerland, and a PhD in Biotechnology
from the Technical University Berlin, Germany. In 1998, he moved to the University of Kentucky to pursue postdoctoral research on the
role of carbonyl stress in chromatin aging. As an Assistant Professor of Pharmacology and Toxicology, Division of Medicinal Chemistry,
at the College of Pharmacy, University of Arizona, his current research interests include molecular mechanisms of skin photooxidative and
carbonyl stress and reactivity-based drug design for chemoprevention/therapy of skin cancer.
Myron K. Jacobson holds a PhD degree in biochemistry and completed postdoctoral training in molecular biology. He has been a faculty
member since 1974 and from 1992 until 1998 was Chairman of the Division of Medicinal Chemistry and Pharmaceutics at the University of
Kentucky. He is currently Professor of Medicinal Chemistry at the University of Arizona College of Pharmacy and a member of the Arizona
Cancer Center. He has published more than 120 scientiﬁc articles in the area of DNA repair and protein modiﬁcation. His research has been
funded continuously by grants from the National Institutes of Health since 1977. He has served as a member of numerous national review
panels and is currently an Associate Editor of the Journal of Pharmacology and Experimental Therapeutics.
Elaine Jacobson holds a PhD degree in biochemistry and is presently Professor of Pharmacology & Toxicology, Division of Medicinal
Chemistry, College of Pharmacy and a member of the Arizona Cancer Center, University of Arizona. She has published more than 110
articles focused on her research interests in mechanisms of cellular responses to UV light and other genotoxic stresses, particularly in skin.
Current research interests include development of topical micronutrients for skin photoprotection.

Georg T. Wondrak

Myron K. Jacobson

Earth’s surface. Longer-wavelength UVA radiation is less affected
than UVB by environmental variables and easily penetrates cloud
cover and glass windows, because the short wavelength cutoff
of glass is about 320 nm. Skin photon penetration is positively
correlated with wavelength. Up to 50% of UVA can reach the depth
of melanocytes and the dermal compartment, whereas only 14%
of UVB reaches the lower epidermis9,10 and it has been estimated
that the total photon energy delivered into the lower epidermis
and upper dermis is 100 fold higher in the UVA region than in the
UVB region. Photobiological research has preferentially focused
on the deleterious involvement of UVB and UVC radiation in skin
photocarcinogenesis. However, the role of UVA and near visible
solar irradiation in photodamage, photoaging and carcinogenesis
and the need for effective UVA skin photoprotection are now
rapidly emerging as important areas of skin photobiology.11
Only recently several animal models of photocarcinogenesis have
provided evidence that UVA plays a signiﬁcant role in solar
carcinogenesis in human skin12–14 (and reviewed in ref. 11). After
correction for differences in epidermal UV-transmission between
mouse and human skin, the predicted UVA contribution to the
induction of nonmelanoma skin cancer (NMSC) by sunlight
for humans is substantial (10–20%).15 In addition, data from
animal models of UVA carcinogenesis, such as the xiphophorus
ﬁsh and the monodelphis melanoma model, suggest that UVA
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is a causative factor in the induction of human malignant
melanoma.16,17 Increasing epidemiological evidence suggests a
strong association between melanoma incidence and exposure to
sunbeds where most of the exposures studied was from sunbeds
emitting mainly UVA with only 0.1% to 2.1% total UV dose
derived from UVB.18 An increased long-term risk of melanoma
is observed in patients treated with the combined action of the
sensitizer psoralen and UVA irradiation for photochemotherapy
of psoriasis (PUVA therapy)19 Moreover, UVA is a potent inducer
of a variety of physiological changes characteristic of photoaging
including chronic inﬂammatory signaling, immunosuppression,
epidermal thickening, dermal matrix degradation with solar
elastosis, reduced skin barrier function, and breakdown in tissue
homeostasis.3,20–22

2.2 Skin UVA damage from photooxidative stress
ptPhotooxidative mechanisms that depend on light-driven ROS
formation now are widely accepted as contributors to skin photoaging and photocarcinogenesis.23,24 UV-driven ROS production
has been demonstrated in cultured human skin cells, skin homogenates and intact murine and human skin.25–28 Consequently,
much research has focused on the molecular events triggered
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by ROS action on skin components. Solar irradiation-induced
photooxidative damage effectively reaches through the upper
layers of skin into the human dermis and dermal capillary system.
The immediate (IPD) and persistent pigment darkening (PPD)
responses of human skin to UVA irradiation are thought to
be due to photooxidation of preexisting melanins (IPD) and its
precursors (PPD), respectively.29,30 Substantial protein and lipid
oxidation occurs in human skin epidermis and dermis upon acute
irradiation with solar simulated light together with a signiﬁcant
depletion of enzymatic and non-enzymatic antioxidants in the
stratum corneum, epidermis and dermis.31,32 There is now ample
evidence that after UV exposure a rapid cellular antioxidant
response is induced, since hemeoxygenase-1 (HO-1), ferritin,
glutathione peroxidase, Cu–Zn-dependent superoxide dismutase
(SOD1), manganese-dependent superoxide dismutase (SOD2),
and catalase upregulation occurs after solar irradiation in cultured
human skin cells and human skin.33–36 UV irradiation activates cell
surface growth factor and cytokine receptors on keratinocytes
and ﬁbroblasts in human skin, critical in the regulation of
cell proliferation and survival.37 UV-driven formation of H2 O2
regulates the tyrosine kinase activity of the epidermal growth
factor receptor (EGF–R) and emerging evidence suggests the
inhibition of protein tyrosine phosphatases as a consequence
of UV-induced ROS formation.26,38,39 At the membrane-level,
UVA irradiation also triggers the ceramide signaling cascade
through oxidative phospholipid degradation by singlet oxygen
(1 O2 ), resulting in AP-2 activation and induction of intercellular adhesion molecule-1 expression in cultured normal human
keratinocytes.40 In addition, UV-driven generation of ROS appears
to be critical for signal transduction cascades such as mitogenactivated protein (MAP) kinases (p38, ERK, JNK).41 In human
ﬁbroblasts, UVA induced activation of p38 and c-Jun-N-terminal
kinase (JNK) have been linked to the photosensitized formation
of 1 O2 and physiological doses of UVB induce the formation
of H2 O2 with activation of extracellular regulated kinase 1 and
2 (ERK1/2).42–44 Down-stream of MAPK and other signaling
cascades, UVA irradiation of human skin cells has been shown
to lead to the activation of transcription factors such as AP-1,
NFjB and AP-2.45–47 Recent studies indicate that 1 O2 is a primary
effector in UVA radiation-induced gene expression in human
keratinocytes and ﬁbroblasts.48 The UVA-induced expression
of various genes including HO-1, matrix metalloproteinase-1,
IL-1, IL-6, TNFa, intercellular adhesion molecule (ICAM-1),
STAT3, AP-1 and AP-2 may be crucial for photocarcinogenesis, since proinﬂammatory, photoimmunosuppressive signaling,
and the degradation of extracellular matrix proteins all favor
tumorigenic progression and invasion.44,49–51 The possibility of
UV-driven production of signiﬁcant amounts of ROS in skin
has additional implications for carcinogenesis by modulation of
endogenous mitogenic redox signaling. Mitogenic signaling in
ﬁbroblasts through both Ras and Rac is mediated by superoxide
anion production with spontaneous H2 O2 formation as reviewed
in ref. 52. Various human tumor cells constitutively produce
substantial amounts of superoxide anions and H2 O2 from plasma
membrane oxidoreductases such as NAD(P)H oxidoreductase.52,53
This process has been interpreted as an autocrine maintenance
of proliferative signaling in malignant melanoma cells where
endogenous redox stress seems to be responsible for constitutive
NF-jB activation.52

2.3 UVA-Photosensitization: a key mechanism of ROS formation
in skin
Although ROS are widely known as mediators of UV photodamage, the exact mechanism of their generation in UV-irradiated
skin is poorly understood. Many mechanisms likely contribute
to ROS formation during UV-irradiation of skin, such as UVenhanced electron leakage from the mitochondrial respiratory
chain and UV-induced remodeling of plasma membrane lipid
rafts.54,55 However, photosensitization by endogenous non-DNA
chromophores of skin appears to be a key mechanism of lightdriven ROS production in human skin. Photosensitization occurs
as a consequence of photon absorption by endogenous non-DNA
chromophores responsible for solar light-driven ROS production.
Light driven ROS production by sensitizers occurs by excited state
chemistry.3,7,56–58 After initial photon absorption, electronically
excited singlet states can either relax to the ground state by energy
dissipation with heat generation or light emission (ﬂuorescence)
or undergo intersystem crossing (ISC), the nonradiative transition
between states of different multiplicity, with formation of highly reactive biradical triplet states. The long lived triplet state can either
undergo photochemical reactions or relax to the ground state, for
example by light emission (phosphorescence). Among many other
factors, the photodynamic potency of a given sensitizer depends
on the efﬁciency (quantum yield) of triplet state formation and
triplet state lifetime. A classic example is provided by ﬂuoresceindyes, where ﬂuorescein displays high ﬂuorescence intensity and no
capacity for singlet oxygen formation due to inefﬁcient ISC into the
triplet state, whereas haloﬂuoresceins such as 4,5,6,7-tetrachloro2 ,4 ,5 ,7 -tetraiodoﬂuorescein (Rose Bengal) with weak ﬂuorescence intensity display high ISC efﬁciency into a long-lived triplet
state associated with a high quantum yield of singlet oxygen
production.57 The photoexcited state, most often the triplet state
of the sensitizer, is the key photoreactive intermediate and exerts
skin photodamage by direct reaction with substrate molecules
including DNA bases (type I photosensitization) or molecular
oxygen (type II photosensitization) leading to ROS formation
as shown in simpliﬁed form in Fig. 1.56,58 The reaction between
photoexcited sensitizer and other molecules can proceed by a
multitude of mechanisms such as energy, electron, or hydrogen
transfer reactions. Moreover, direct photoejection of electrons
with formation of sensitizer radical cation and solvated electrons
can occur.59 Singlet oxygen (1 O2 ), an excited state molecule and
established mediator of skin photodamage,40,42,51,60 is formed by
direct energy transfer between the excited sensitizer and ground

Fig. 1 Formation of ROS and organic free radicals by photosensitization
reactions type I and type II. Photon absorption by sensitizer chromophores
in the electronic ground state (S) induces formation of photoexcited states
(S*). These can directly interact with substrate molecules (R), such as
DNA bases (type I reaction) or activate molecular oxygen by electron or
energy transfer reactions (type II reactions). Superoxide radical anions
formed by type I or II mechanisms can then give rise to H2 O2 formation
by spontaneous dismutation.
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state triplet oxygen (Fig. 1, reaction II A). The formation of
superoxide radical anion (O2 − ) as a precursor of H2 O2 occurs via
electron transfer with production of a sensitizer radical cation
(Fig. 1, reaction II B), or after intermediate reduction of the
sensitizer by a substrate with subsequent single electron reduction
of oxygen (Fig. 1, reaction I). H2 O2 can then be formed by
spontaneous or enzyme catalyzed dismutation of O2 − . Additionally, toxic photoproducts such as lipid peroxides can be formed
fueling secondary reaction pathways of cellular photodamage.61,62
Photosensitization is terminated by spontaneous or quencherinduced return of the photoexcited sensitizer chromophore to the
electronic ground state potentially followed by another cycle of
photoexcitation. Irreversible termination occurs upon chemical
sensitizer destruction (e.g. dye bleaching by 1 O2 attack), but the
photooxidative formation of sensitizer reaction products with
sustained photosensitizer activity is possible also.
2.4

DNA as a target of UV-photodamage by photosensitization

The mechanisms by which solar UV-irradiation cause skin photodamage are wavelength dependent63,64 as classically exempliﬁed
by UV-induction of DNA photolesions as summarized in Fig. 2.
DNA bases are important UVB skin chromophores. UVB is
thought to cause direct structural damage to DNA in the
form of epidermal cyclobutane pyrimidine dimers (CPD) and
pyrimidine(6–4)pyrimidone dimers [(6–4)PD]. Indeed, more than
90% of human squamous-cell carcinomas contain mutations of
the p53 tumor suppressor gene65,66 and p53 gene mutations are
most frequently C to T or CC to TT transitions at pyrimidine–
pyrimidine sequences. CPD formation in DNA is thought to
proceed by pyrimidine photoexcitation to a singlet state followed
by intersystem crossing and subsequent reaction of the resulting
triplet base with a second molecule in the ground state.67 Thus,
quantum yields of CPD formation are dramatically reduced
when UV exposure is performed in the presence of speciﬁc

Fig. 2 Excited states of non-DNA chromophores and UVA-induced
DNA damage. Direct UVB absorption by DNA bases induces cyclobutane
pyrimidine dimers (CPD) from pyrimidine residues (P) and formation
of pyrimidine(6–4)pyrimidone dimers [(6–4)PD]. UVA directly induces
photoisomerization of (6–4)PDs to Dewar isomers. Photoexcited states of
sensitizers (S*) are involved in UVA-induced DNA base photodimerization
(dT = dT), particularly at deoxythymidine residues (dT) after triplet
energy transfer from sensitizer to dT sites. Oxidative base damage can
occur as a consequence of single electron transfer with formation of base
radical cations (dG• + ) and sensitizer radical anions (S• − ). Most frequently,
UVA-induced oxidative DNA damage occurs by sensitizer-induced formation of 1 O2 and other ROS, that directly or after metal ion catalyzed decay
oxidize DNA bases, especially guanine residues (dG) with formation of
8-oxo-7,8-dihydro-2 -deoxyguanosine (8-oxo-dG).
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triplet state quenchers such as isoprene and 2,4-hexadienol.68 In
contrast, [(6–4)PD] formation does not involve triplet excited
states but rather proceeds via excited singlet state reactions. In
contrast to UVB, UVA irradiation of isolated DNA results in
little direct damage, since absorption of UVA photons by DNA
bases is minimal, and photoexcitation of non-DNA chromophores
acting as photosensitizers is critical for most UVA-induced DNA
photodamage as summarized in Fig. 2. UVA photoexcitation of
appropriate triplet sensitizers (S*) such as carbonyl compounds,
e.g. benzophenone69 and pyridopsoralens,70 can lead to formation
of photoexcited states capable of triplet–triplet energy reactions
with DNA bases leading to CPDs (e.g. dT=dT formation in
Fig. 2), if the photosensitizers are positioned in close physical
proximity to DNA. Importantly, UVA-induced CPD formation
has been recently demonstrated in cultured Chinese hamster ovary
cells71 and human skin keratinocytes and ﬁbroblasts suggesting
that these photoproducts may be involved in the genotoxic
effects of solar UVA radiation.72 Additionally, UVA exposure
of [(6–4)PD] lesions in the absence of photosensitizers induces
their phototransformation into their Dewar valence isomers,
another class of prominent DNA photolesions. Oxidative base
modiﬁcation can occur by UVA photosensitization involving the
triplet state sensitizer (S*) with formation of base radical cations
by electron transfer reactions followed by water incorporation,
a process involved in riboﬂavin-mediated base oxidation.73 Most
importantly, indirect oxidative modiﬁcation of DNA bases results
from the photosensitized formation of ROS such as H2 O2 with
subsequent hydroxyl radical generation and 1 O2 capable of direct
base attack.67,74
The difference between UVB-induced direct DNA base damage
and UVA-induced sensitized oxidative DNA base damage has
been demonstrated by determining the UV action spectra for
induction of DNA base damage in UV-irradiated ﬁbroblasts.2
Base photodimerization peaks at 300 nm, whereas oxidative DNA
damage represented by the premutagenic signature lesion 8-oxo7,8-dihydro-2 -deoxyguanosine (8-oxo-dG) is extensive throughout the UVA region and reaches far into the near visible (440 nm).
Indeed, recent experiments using laser capture microdissection of
human skin lesions from actinic keratosis and squamous cell carcinoma (SCC) have demonstrated that in both conditions the basal
epidermal layer harbors more UVA than UVB ﬁngerprint mutations as revealed by p53 mutational analysis.5,75 This epidermal
layer selectivity was also observed using immunohistochemical
detection of DNA photolesions, with only superﬁcial localization
of CPDs and abundance of 8-oxo-dG lesions in the basal layer
suggesting a role for UVA-induced photosensitzation in human
skin carcinogenesis. With regard to photoaging of human skin,
it is interesting to note that the mitochondrial common deletion,
a 4977-base pair signature mitochondrial DNA lesion observed
during chronic exposure of human skin ﬁbroblasts to UVA has
been proposed as a biomarker of skin photoaging introduced by
photooxidative mechanisms after sensitized formation of 1 O2 .76

3 Photosensitizers in human skin
Photoexcited states of endogenous skin sensitizer chromophores
are rapidly emerging as key intermediates of skin photooxidative
damage operating upstream of ROS formation. Human skin
is an abundant source of numerous chromophores with strong

This journal is © The Royal Society of Chemistry and Owner Societies 2006

absorption particularly in the UVA and blue visible region and
endogenous photosensitizers include a multitude of chemical
structures, pathways of formation, skin localization and photochemical mechanisms of action. The following section brieﬂy
reviews various classes of skin chromophores with established or
likely roles as sensitizers of photooxidative stress.
3.1

Porphyrins

Shortly after Raab’s, Jodlbauer’s, Jesionek’s and von Tappeiner’s
seminal observations of the oxygen-dependent lethal effects of
sunlight and ﬂuorescent dyes on protozoa and skin carcinoma
cells that was referred to as ‘photodynamic’, Meyer-Betz in 1913
noticed prolonged severe phototoxicity upon self-injection of
sulfuric acid-extracted human blood and thereby established the
potential photodynamic action of chromophores derived from human tissue, i.e. hematoporphyrin, on human skin.57,77 Other early
support for the role of porphyrins as potential photosensitizers
came from a group of metabolic diseases associated with extreme
photosensitivity caused by enzymatic deﬁciencies in the porphyrin
synthesis pathway that can affect any of the eight enzymes involved
in heme synthesis. Many porphyrins are potent photosensitizers,
including uroporphyrins, coproporphyrins and protoporphyrin

IX (PpIX 1, Fig. 3), where six of the eight known porphyrias
can effect cutaneous photosensitization. PpIX, a classical type II
photosensitizer acting mainly by sensitization of 1 O2 formation,
is the direct biosynthetic precursor of ferriprotoporphyrin IX
(heme) that occurs in every skin cell. However, due to feedback
inhibition of heme on 5-aminolevulinic acid (ALA) biosynthesis,
concentrations of PpIX and other sensitizer porphyrins are kept to
a minimum in human tissue under normal conditions. In contrast,
in photosensitivity-associated porphyria cutanea tarda (PCT),
caused by uroporphyrinogen decarboxylase deﬁciency, water
soluble porphyrins with four and more carboxyl groups mostly
accumulate in the skin. Erythropoietic protoporphyria (EPP) is
caused by a defect in ferrochelatase, leading to the accumulation
of PpIX in all cells, but predominantly in erythrocytes and
hepatocytes, resulting in skin photosensitivity further enhanced
by leaching of blood PpIX into the skin.78
Quenching of triplet state porphyrins by ground state oxygen
with 1 O2 formation occurs with high quantum yield via electronic
energy transfer mechanisms, and alternative pathways of oxygen
activation such as superoxide formation by electron transfer mechanisms proceed generally with much lower efﬁciency.79 However,
UV-visible irradiation of porphyrins yields also H2 O2 , where
the sensitization efﬁciency of H2 O2 formation declines in the

Fig. 3 UVA-photosensitizers with possible involvement in skin photodamage. Selected examples: protoporphyrin IX (1), (Z,Z)-bilirubin (2),
5,6-dihydroxyindole-2-carboxylate (3), 5-S-cysteinyldihydroxyphenylalanine (4), trichochrome C (5), eumelanin (6, representative structure from ref.
93), pheomelanin (7, representative structure, model trimer from ref. 94), riboﬂavin (8), 6-carboxypterin (9), N  -formylkynurenine (10), pentosidine (11),
vesperlysine A (12).
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order uroporphyrin > coproporphyrin > PpIX consistent with
the clinical ﬁnding that the 1 O2 quencher beta-carotene reduces
photosensitivity in PpIX-mediated EPP, but not in uroporphyrinmediated PCT.80 Porphyrin photoexcitation by visible photons is
particularly pronounced in the region of Soret absorption (400–
410 nm), but intense absorption throughout the UVA region
suggests that porphyrins are powerful UVA photosensitizers,
and photodynamic action of UVA-photoexcited PpIX has been
demonstrated.81 Massive intracellular PpIX formation is therapeutically induced after topical ALA application, used as a
biosynthetic precursor drug for photodynamic therapy (PDT) of
actinic keratosis and superﬁcial basal cell carcinoma. ALA–PDT
of human skin ﬁbroblasts with variable excitation wavelengths revealed that UVA (320–400 nm) photoexcitation of protoporphyrin
IX was 40-fold more efﬁcient in producing photodynamic cell kill
than ALA–PDT with commonly used red light. PpIX mediated
UVA-photosensitization of skin ﬁbroblasts has been shown to be
dependent on 1 O2 formation and results in photodynamic activation of the p38 MAPkinase pathway.81 PpIX photosensitization
targets lipophilic cellular compartments, inducing free radical
lipid peroxidation of plasma and mitochondrial membranes,62
and self-sensitized bleaching and photodegradation of membranebound PpIX by chain lipid peroxidation. Interestingly, an oxidative chlorin-type photoproduct (photoprotoporphyrin, Ppp)
formed from PpIX upon 1 O2 attack during cellular PDT is
also a photodynamic sensitizer providing an example of the
photooxidative transformation of one endogenous sensitizer into
another one.82 Although protein-bound heme is generally not
considered to be a relevant photosensitizer, some hemoproteins
such as catalase83 and cytochromes84 have been suggested as
photosensitizers of UV and blue light, respectively. However, upon
UVA irradiation of erythrocytes in dermal capillaries of human
skin, a ﬂuorescent photoproduct with photodynamic activity,
thought to be bilirubin, is formed by photooxidative breakdown
of heme from hemoglobin.78
3.2

Bilirubin

Bilirubin 2 (Fig. 3) is a lipophilic pigment originating from
ubiquitous cellular heme catabolism catalyzed by hemeoxygenase
and biliverdin reductase. Strong induction of ﬂuorescence (emission at 508 nm) in erythrocytes under UVA exposure (excitation
at 380 nm) is thought to originate from bilirubin formed by
spontaneous heme photooxidation and has been suggested to
occur constitutively during erythrocyte passage through capillaries of the papillary dermis in human skin.78 Albumin-bound
bilirubin is a suspected physiological 1 O2 quencher and bilirubin
has been identiﬁed as a potent component of the endogenous
antioxidant network involved in tissue protection against free
radical damage.85 The bichromophoric ﬂuorescent molecule that
exhibits a broad visible absorption at 450 nm comprises two
dipyrrinone chromophores with the bridging double bond in Z
conﬁguration. Neonatal jaundice, caused by hyperbilirubinemia
with accumulation of the unconjugated Z,Z isomer, is treated
by phototherapy leading to conﬁgurational photoisomerization,
photocyclization with lumirubin formation, and degradation by
self-sensitized photooxygenation.86 The phototherapy-induced Z
to E photoisomerization is thought to enhance bilirubin secretion
by increasing the water solubility of the molecule. Bilirubin
220 | Photochem. Photobiol. Sci., 2006, 5, 215–237

photoreactivity and tendency for self-sensitized photodegradation
are indicative of a potential activity as endogenous photosensitizer,
and cellular phototoxicity of blue light activated bilirubin has been
conﬁrmed in numerous studies. Exposure of human ﬁbroblasts to
the combined action of visible light (420–490 nm) and bilirubin
induced DNA strand breaks, and the effect was also observed
when pre-irradiated bilirubin was added to cells kept in the
dark.87 Catalase protection suggested a causative involvement of
H2 O2 formed by bilirubin photosensitization. Similar experiments
demonstrating bilirubin-sensitized induction of apoptosis and
necrosis in mouse lymphoma cells at light doses (peak excitation
at 450 nm) that are known to induce bilirubin photooxidation
suggested the involvement of toxic bilirubin photoproducts acting
in combination with H2 O2 .88 Taken together, these data provide
evidence for a potential role of bilirubin as a photosensitizer in
skin photodamage by UVA and visible light.
3.3 Melanin and melanin precursors
The complex role of melanin as both skin photoprotector and
photosensitizer has been the subject of numerous studies. Skin
photoprotection by melanin has been attributed to the various
functions of this biopolymer as UV ﬁlter, light scatterer, photon
energy dissipator and excited state quencher, free radical trap,
pseudoenzymatic and sacriﬁcial antioxidant, and metal chelator.89
On the other hand, melanin photoreactivity and involvement in
light-driven formation of ROS and organic free radicals are well
documented. Numerous studies suggest a role of melanin and
particularly monomeric melanogenic precursors as potent endogenous sensitizers of skin photooxidative stress with particular
relevance to UV-induction of melanoma skin cancer (MSC).17,90,91
Clearly, the double-edged role of melanin and melanin precursors
in skin photodamage originates from their heterogeneous chemical
nature, unknown intracellular redox state and wavelength dependent photochemistry (pheomelanin vs. eumelanin, monomeric
precursors vs. polymeric endproducts, constitutive vs. induced
pigmentation, UVA vs. UVB) and is complicated by many other
factors such as the complex physiology of melanosome morphology and trafﬁcking and the availability of redox active transition
metal ions.92 The two types of melanin, eumelanin and pheomelanin, are derived from the common precursor dopaquinone that
is formed by tyrosinase oxidation of tyrosine. 5,6-Dihydroxyindole
(DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHI2CA 3,
Fig. 3) units constitute the majority of the eumelanin polymer
6 (Fig. 3), while benzothiazine units derived from 5-S- and 2-Scysteinyldopa (5-S-CD 4 (Fig. 3), 2-S-CD) compose the majority
of the pheomelanin polymer 7 (Fig. 3).93,94 Most melanin pigments
in tissues appear to be present as mixtures or copolymers of
eumelanin and pheomelanin. Dysplatic nevi contain pheomelanin
in high proportion over eumelanin,95 and trichochromes such
as trichochrome C 5 (Fig. 3), dimeric pheomelanic pigments
produced in small quantities concomitant with pheomelanin,
can be detected together with 5-S-CD in urine of metastatic
melanoma patients.96,97 Melanocytes of light-skinned individuals
exhibit a preference for pheomelanogenesis. The limited ability of
pheomelanin to absorb UV radiation, extensive cellular thiol (cysteine and glutathione) depletion during pheomelanin synthesis,
potential ROS leakage by single electron redox reactions during
polymerization steps, and greater prooxidative photoreactivity
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of pheomelanin may all contribute to enhanced photooxidative
stress leading to an elevated risk of NMSC and MSC among
fair-skinned individuals.89 In red-haired subjects with equally fair
skin, a positive correlation between hair eumelanin/pheomelanin
ratio and minimal erythemal skin dose values has been established
suggesting that the eumelanin/pheomelanin ratio could serve
as a novel chemical parameter predictive of skin cancer risk.98
Ample experimental evidence indicates a role of melanin and
melanin precursors as photosensitizers of genotoxic oxidative
stress.91,99–104 In an attempt to reconcile the apparent contradictory
photoprotective and phototoxic activities of melanin, it was recently suggested that melanin synthesis may sensitize melanocytes
to oxidative DNA damage by UVA, yet protect melanocytes
and other skin cells from direct DNA damage by UVB.105 The
hypothesis predicts that UVA or solar exposure of skin during
high rates of melanin synthesis may be particularly harmful.
Sensitizer chromophores contained in melanin precursors
clearly contribute to the potential phototoxicity of melanogenesis.
The complex photochemistry of melanin precursors has only
partly been elucidated and varies strongly between individual
compounds.106–110 Electron photoejection and photohomolytic
generation of semiquinone free radicals with photoreductive
formation of superoxide predominate upon laser ﬂash photolysis
of DOPA. Similar reactions following the initial formation of
indoloxyl radicals occur upon UV (>300 nm) exposure of the
eumelanic precursors DHI2CA, 5-methoxy-6-hydroxyindole-2carboxylic acid (5M6HI2CA) and 5-hydroxy-6-methoxyindole2-carboxylic acid (5H6MI2CA). Consistent with a higher photoreactivity of pheomelanic precursors, the KBr-quenchable photoexcited singlet state of cysteine-DOPA leads to photohomolytic
formation of thiyl and carbon centered organic free radicals.
Photolysis of isolated pheomelanins both with UV and visible
light leads to rapid degradation of chromophores with electron
ejection and superoxide formation. Trichochromes, pheomelanin
constituents of deﬁned benzothiazine-dimer structures, isolated
from human red hair are likely, yet unexamined potential photosensitizers based on recent evidence of a long lived excited state
species formed upon photoexcitation (540 nm) of decarboxytrichochrome c.111 However, information about the actual cellular
and extracellular skin levels of individual melanin precursors with
suspected sensitizer activity is limited at this time, but indirect
data such as the increased urinary excretion of cysteine-DOPA
after solar exposure of individuals of Celtic origin suggest that
skin levels may be appreciable and subject to photodamageinduced turnover. Interestingly, melanin precursors leak from
melanosomes as a consequence of UV membrane damage thereby
possibly extending the intracellular range of molecular targets hit
by photosensitization. Melanin precursors also abound in human
skin outside melanocytes as demonstrated by recent studies on skin
persistent darkening in response to UVA radiation.30 These results
illustrate the broad extracellular distribution of photoreactive
melanogenic precursors in skin suggesting that UVA photoactivation of extracellular melanin precursors potentially exerts skin
photosensitization throughout large areas of the epidermis.
3.4

Flavins

The isoalloxazine chromophore contained in riboﬂavin 8 (vitamin
B2 , RF, Fig. 3) and the related coenzymes ﬂavin mononucleotide

and ﬂavin adenine dinucleotide have a complex photochemistry
involved in blue light photoreception, DNA photorepair and
cellular phototoxicity. Flavoproteins occur at many cellular sites
such as plasma membranes (e.g. NAD(P)H oxidase and NAD(P)H
quinone oxidoreductase) and mitochondria (e.g. the respiratory
chain components electron transferring ﬂavoprotein, NADH dehydrogenase and succinate dehydrogenase) positioning this ubiquitous photosensitizer throughout the skin cell. Pronounced RFsensitization of photooxidative reactions upon UVA and blue visible photoexcitation of the 7,8-dimethylisoalloxazine ring occurs as
a consequence of the high quantum yield for intersystem crossing
(ISC) and the high oxidation potential of the triplet state.112,113
RF photosensitization reactions proceed via type I and type II
pathways. Photoexcitation of RF is known to produce ROS, both
by energy transfer (1 O2 ) or by complex electron transfer reactions
(superoxide, H2 O2 ). Triplet state RF mediates the photodegradation of free or protein-bound amino acids such as tryptophan
and tyrosine114,115 and initiates the photoinactivation of enzymes
such as lysozyme. RF photosensitization has been implicated in
protein photodamage during lens aging and cataractogenesis.116
Interestingly, RF enhances UVA-induced collagen crosslinking
with formation of dityrosine residues.6,73,117 Immediate skin cell
cytotoxicity of UVA-irradiated RF solutions118 or RF containing
cell culture media119 seems to originate from sensitized formation
of H2 O2 . An extensive literature describes RF photosensitization
of DNA damage by covalent addition of photoproducts, introduction of strand breaks and base oxidation.120 Photodynamic action
of riboﬂavin (365 nm excitation) causes the formation of 8-oxo-dG
in double stranded DNA speciﬁcally at the guanine residue located
5 to another guanine through electron transfer to triplet excited
RF (type I photosensitization) with intermediate formation of
RF anion radical and guanine radical cation.74,121 An oxygen
independent reaction mechanism of 8-oxo-dG formation involving
the hydration of the guanine radical cation was conﬁrmed by
the incorporation of the [18 O]-atom in isotopic experiments using
[18 O]-H2 O.73 An analogous mechanism was suggested to explain
the formation of 8-oxo-dG in cellular DNA by photoirradiation
of cultured mammalian cells in the presence of RF and a
potential role of RF-photosensitization of DNA damage in skin
carcinogenesis has been hypothesized.122
3.5 Pterins
Pterins (2-amino-4-hydroxypteridine derivatives) are highly ﬂuorescent skin UV chromophores that potentially participate in photosensitization reactions. For pterin, 6-carboxypterin 9 (Fig. 3), 6formylpterin, neopterin and biopterin 1 O2 production upon UVA
excitation (367 nm) in aqueous solution occurs with high quantum
yields123 In contrast, the weakly ﬂuorescent pterin derivative
folic acid does not sensitize formation of 1 O2 efﬁciently, most
probably due to an involvement of the p-aminobenzoylglutamate
substituent in internal ﬂuorescence quenching by radiationless
deactivation of the singlet excited state leading to inefﬁcient
intersystem crossing. Pterins are documented photosensitizers of
strand cleavage in isolated calf thymus and plasmid DNA.124 More
recently, an involvement of oxidative stress by pterin photosensitization has been demonstrated in the human skin depigmentation
disorder vitiligo.125 In this disorder, biopterin accumulation due to
H2 O2 oxidation of tetrahydroprecursors leads to the characteristic

This journal is © The Royal Society of Chemistry and Owner Societies 2006

Photochem. Photobiol. Sci., 2006, 5, 215–237 | 221

ﬂuorescence of the affected skin upon Wood’s light examination
(excitation at 351 nm). Subsequent photooxidation of biopterin
by UVA/B induces formation of the potential photosensitizer 6pterin-carboxylic acid and substantial amounts of H2 O2 as an
additional source of ROS in vitiligo. In contrast, rapid folate photolysis occurs upon UVA (360 nm) exposure of human plasma and
folate serum levels drop dramatically in patients receiving PUVA
photochemotherapy possibly contributing to photocarcinogenesis
by nutrient depletion, but not photosensitization.126 However,
indirect skin photosensitization by folate cannot be ruled out as the
potential 1 O2 sensitizer 6-formylpterin forms rapidly upon folate
photolysis (excitation at 365 nm).127 No information is available as
to whether the p-aminobenzoic acid moiety, an established UVBphotosensitizer contained in early sunscreen preparations, could
be liberated from folic acid under physiological conditions and
then exert phototoxic activity.
3.6

B6 vitamers

Increased skin photosensitivity is a known consequence of vitamin B6 -overdosing in humans.128 Phototoxicity of UV-irradiated
pyridoxamine was reported as early as 1947 by Shwartzman
and Fisher129 followed by other reports thereafter as reviewed in
ref. 130. Our own studies have identiﬁed 3-hydroxypyridine 13
(Fig. 4) and its more potent ﬂuorescent analogue N-alkyl-3HP
14 (Fig. 4) as the miniumum phototoxic chromophores contained
in B6 vitamers 18–21 (Fig. 4).130 This chromophore also occurs
in other potential skin photosensitizer chromophores, such as
the enzymatic collagen crosslink pyridinoline 15 (PYD) (Fig. 4)
and various advanced glycation endproducts (AGEs) such as 16
contained in chronologically aged tissue (Fig. 4, vide infra). Human
skin contains various B6 -vitamer forms in signiﬁcant amounts (approximately 100 nmol per g protein131 ), with pyridoxal 20 (Fig. 4)
and pyridoxal-5 -phosphate 21 (Fig. 4) being the predominant
vitamers in vivo. Among the biogenic 3-HP derivatives tested,

UVA-phototoxicity, measured by inhibition of skin proliferation
and induction of apoptosis in cultured human skin keratinocytes
and ﬁbroblasts, increased in the order pyridinoline < pyridoxine <
pyridoxamine < pyridoxal = pyridoxal-5-phosphate. Photosensitization induced intracellular oxidative stress and was inhibited
by thiol-antioxidants, but NaN3 did not exert photoprotection
suggesting that 1 O2 is not involved in vitamin B6 -photosensitized
induction of cellular apoptosis. Peptide photooxidation was
examined by solar simulated light-irradiation of the model peptide
melittin in the presence or absence of pyridoxine. Pyridoxine
photosensitization induced the formation of a reaction product
with a detected mass increase of 32 u by MALDI-TOF mass
spectrometry providing clear evidence for sensitized introduction
of molecular oxygen into the target peptide that was not observed
in the absence of pyridoxine and again not suppressed by NaN3 .
Interestingly, exposure of unirradiated cultured human skin cells
to pre-irradiated B6 -vitamers exerts cellular toxicity measured as
inhibition of proliferation that can not be reversed by co-treatment
with antioxidants suggesting the formation of an unknown toxic,
stable B6 -derived photoproduct.130,132 Generation of endoperoxideand hydroperoxide-pyridoxine intermediates via rapid chemical
quenching of 1 O2 has been reported recently.133 Thus, formation
of B6 -peroxides during photosensitization reactions by additional
routes independent of 1 O2 formation may be involved in the
generation of toxic photoproducts during UVA irradiation of
B6 vitamers observed in our studies. The phototoxic role of
B6 -vitamers in human skin suggested by these experiments
strongly contrasts but does not contradict a protective role of
pyridoxine against 1 O2 damage observed recently in a phytotoxic
fungus.134
3.7 Vitamin K
Pronounced UVA-photosensitization of thymidine has been observed with menadione (2-methyl-1,4-napthoquinone, vitamin K3 )

Fig. 4 The 3-hydroxypyridine (3-HP) class of endogenous UVA-photosensitizers with possible involvement in skin photodamage. Selected structures of
the 3-HP class of endogenous photosensitizers are shown, which comprise synthetic molecules such as 3-HP (13) and N-ethyl-3-hydroxypyridinium
salt (14), and biomolecules, such as enzymatically generated matrix protein crosslinks [pyridinoline (15)], nonenzymatically generated AGEs
[glycol–aldehyde–pyridine (16)], lipid peroxidation lysine adducts (17), and the B6 vitamers pyridoxine (18), pyridoxamine (19), pyridoxal (20) and
pyridoxal-5-phosphate (21).
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and formation of the photooxidation product 5,6-dihydroxy-5,6dihydrothymidine occurred after single electron transfer reactions
between triplet state menadione and thymidine.69 However, little
information is available on vitamin K as a potential UVA
photosensitizer in human skin.
3.8

NAD(P)H

NAD(P)H is an abundant ﬂuorophore in skin that strongly contributes to skin autoﬂuorescence upon UVA photoexcitation (kex =
340 nm). Based upon limited evidence from photochemical studies,
NADH has been suggested as a potential skin photosensitizer.
NAD(P)H exposure to full spectrum solar and monochromatic
(290, 334, 365, 405 nm) radiation induces single electron transfer
reactions leading to superoxide formation with only moderate
quantum yields.6,135,136 On the contrary, accumulating evidence
supports a role of NAD(P)H as a potent cellular inhibitor of
photosensitization acting as a metabolically regenerated sacriﬁcial target of 1 O2 . Importantly, NAD(P)+ formation occurs
upon aerobic exposure of NAD(P)H to UVA with intermediate
formation of a NAD• free radical.137 NAD(P)H oxidation to
NAD(P)+ results from interaction with 1 O2 upon visible excitation
of haematoporphyrin,138,139 and rapid depletion of tissue NADH
occurs during PDT.140 Recent experimental evidence obtained in
intact mammalian cells indicates that NAD(P)H is a primary
target of 1 O2 in mitochondria.141 Single electron transfer reactions
of NAD(P)H may deactivate 1 O2 and thereby inhibit cellular
photosensitization.142 Ultimately, NADP(H) deactivates 1 O2 by
reductive formation of superoxide with subsequent enzymatic
detoxiﬁcation, e.g. by the mitochondrial SOD/GSH peroxidase
cascade, and metabolic regeneration of NADH, an antioxidant
mechanism reminiscent of glutathione-mediated detoxiﬁcation
of organic free radicals by superoxide formation followed by
enzymatic regeneration of glutathione.143 Moreover, studies in
human skin demonstrate that raising skin NAD(P)+ /NAD(P)H
by application of NAD+ liposomes or nicotinic acid prodrugs did
not increase photosensitivity, but rather decreased the erythemal
response to UV radiation.144,145 In light of the emerging evidence
supporting a photoprotective action by sacriﬁcial quenching and
metabolic regeneration, NAD(P)H does not seem to qualify as a
relevant endogenous photosensitizer in human skin.
3.9

trans-Urocanic acid

trans-Urocanic acid (3-(4-imidazolyl)acrylic acid, t-UCA) is a
histidine derivative formed by histidase-catalyzed enzymatic conversion after proteolytic degradation of ﬁlaggrin during stratum corneum maturation. t-UCA substantially contributes to
stratum corneum dry weight and is involved in skin pH control, anti-microbial defense, immunomodulation, hydration and
photoprotection.146,147 t-UCA strongly absorbs UVB and exerts
potent UVB photoprotection of skin cells acting by UV ﬁltering.
Pronounced cis-trans photoisomerization occurs upon UVB exposure dependent on pH and solvent polarity. Due to strong triplet
quencher activity related to cis-trans photoisomerization reactions
t-UCA has been proposed to act as an endogenous ‘triplet
state sink’ in human skin contributing to UV-photoprotection.148
However, recent studies indicate that UVA photoexcitation of tUCA induces the population of a long-lived triplet state with

subsequent formation of 1 O2 .149,150 Based on similarities between
the action spectra for UVA-induced 1 O2 formation by t-UCA and
photo-sagging of mouse skin, t-UCA skin photosensitization has
been implicated in photoaging.151 The potential for sensitization
of 1 O2 by t-UCA, a UVB chromophore, at UVA wavelengths
provides an interesting example where photobiologically relevant
photochemical reactions of biochromophores may be induced
at excitation wavelengths that are distant from wavelengths of
maximal absorption. Importantly, the photoisomer cis-UCA has
been recognized as a mediator of skin photo-immunosuppression
likely involved in photocarcinogenesis.146,147 A role of UCA as an
endogenous sensitizer of photooxidative stress remains controversial, since dual activities as triplet state sensitizer/quencher
as well as 1 O2 -sensitizer/quencher and powerful hydroxyl radical
scavenger have been observed.
3.10 Tryptophan and tryptophan photooxidation products
The photochemistry associated with biogenic indole derivatives
is complex and dual activity as both UV-photosensitizers as
well as potent physical and chemical quenchers of 1 O2 have
been described. For example, protein-bound tryptophan quenches
1
O2 by physical and chemical reaction pathways with high rate
constants of 2–7 × 107 and 3 × 107 M−1 s−1 , respectively as reviewed
in ref. 60. However, UV-photooxidation of L-tryptophan has long
been known to be associated with formation of cytotoxic products,
including superoxide and H2 O2 .152,153 A prominent photooxidation
product of L-tryptophan, N  -formylkynurenine 10 (NFK, Fig. 3),
is a strong UVA photosensitizer providing an example of sensitizer
formation by photooxidation of a biogenic precursor molecule.154
Photooxidative formation of NFK has been observed in sun light
exposed human lens protein, serum albumin and lysozyme suggesting the actinic introduction of potent protein-bound endogenous photosensitizers suspected to be involved in lens and possibly
skin photoaging.155,156 Interestingly, the human lens also contains a
family of tryptophan-derived UV ﬁlter compounds with maximum
absorption around 365 nm, of which 3-hydroxykynurenine Ob-D-glucoside is present at the highest concentrations. Spontaneous adduction of lens proteins by tryptophan-derived ﬁlter
compounds is thought to mediate lens photosensitization during
chronological aging,157 and calf lens protein-bound kynurenine
has recently been identiﬁed as a potent UVA photosensitizer
of 1 O2 and peroxide formation leading to subsequent oxidative
protein modiﬁcation with introduction of dityrosine and 3,4dihydroxyphenylalanine.158 Moreover, tryptophan photooxidation
products such as 6-formylindolo[3,2-b]carbazole are potent agonists at the aryl hydrocarbon receptor (AhR).159 AhR activation
by L-tryptophan photooxidation products from visible, UVA,
UVB, or UVC irradiation mediate induction of cytochromes P450
1A1 and 1B1 in HaCaT keratinocytes suggesting that tryptophan
photooxidation products in human skin may act as AhR agonists
with obvious implications for skin photocarcinogenesis.
Tryptophan occurs in skin keratin, but is completely absent from skin collagen and elastin. Little is known about
tryptophan-related photochemistry and keratin photoreactions
in human skin.160 Our own experiments testing sensitization of
UV-driven H2 O2 formation revealed no photodynamic activity of
keratin isolated from cultured human keratinocytes.8 However,
earlier work has examined the complex photochemistry of wool
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keratin, which closely resembles keratin from human skin.161
These photobiological studies on wool keratin demonstrated (a)
UVB-driven electron transfer reactions originating from tyrosine
and tryptophan residues, (b) 1 O2 formation by interaction of
ground state oxygen with triplet state species formed upon UVA
(366 nm) photoexcitation and, (c) photooxidative introduction of
the potential photosensitizer chromophore NFK. On the other
hand, tryptophan excited state luminescence studies with UV
photoexcitation (<300 nm) performed on wool keratin suggest
that cystine-mediated non-radiative ﬂuorescence and triplet state
quenching is very effective and limits the potential harmful
photoreactivity of keratin tryptophan residues photoexcited by
UVB.162 Therefore, it is possible that skin keratin may contribute to
epidermal photoprotection where keratin UV absorption would be
followed by rapid chromophore deexcitation and energy dissipation, a role compatible with the established induction of epidermal
thickening during skin photoaging. However, elucidation of the
complex keratin photoreactivity in sun-exposed human skin awaits
future studies.
3.11 Advanced glycation endproducts (AGEs), reactive carbonyl
species (RCS) and lipofuscin
Recent research ﬁndings suggest that during chronological and
actinic aging, as well as under pathological conditions, skin
proteins accumulate signiﬁcant chemical damage with formation
of chromophore-epitopes that can act as UV photosensitizers.
AGEs, crosslink chromophores formed by non-enzymatic aminocarbonyl reactions (glycation) between reactive carbonyl species
(RCS) and protein-bound amino-groups, accumulate on longlived skin proteins such as dermal collagen, elastin, laminin
and ﬁbronectin inducing marked changes in extracellular matrix
architecture.163,164 RCS are glycation intermediates that comprise
a diverse group of carbonyl compounds including reducing sugars
(hexoses, pentoses and trioses), ascorbic acid and its oxidation
products and dicarbonyl compounds originating from metal
catalyzed sugar autoxidation (e.g. glucosone), sugar degradation (e.g. 1- and 3-deoxyosones), glycolysis (e.g. the glycolytic
byproduct methylglyoxal), and lipid peroxidation (e.g. malondialdehyde and glyoxal).165 RCS are the chemical precursors of
AGEs that form on protein-bound lysine and arginine residues.
Importantly, skin levels of AGEs are elevated under conditions
of increased carbonyl stress such as actinic and chronological
aging,163,164 cutaneous malignant melanoma,166 and diabetes.163
AGEs comprise a heterogeneous group of molecular structures
including poorly deﬁned macromolecular yellow-brown pigments
called melanoidins,167 structurally deﬁned non-ﬂuorescent and ﬂuorescent chromophores (e.g. pentosidine 11 (Fig. 3), vesperlysine
A 12 (Fig. 3) and argpyrimidine) and simple alkylation adducts
such as N e -carboxymethyl-L-lysine (CML).168
The phototoxic activity of AGEs extracted from skin collagen
and ocular lens crystallin is well documented,169,170 and recent experimental evidence suggests that protein-bound AGEs act as UVsensitizers of photooxidative stress in sun exposed human tissues.7
Generation of reactive oxygen species (ROS), superoxide anion
and H2 O2 in particular, during UVA-irradiation of AGE-proteins
and isolated AGEs has been demonstrated.170–172 AGEs are strong
UVA photosensitizers of tryptophan and ascorbic acid degradation. For the established photosensitizer-AGEs, pentosidine and
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vesperlysine A (also called LM-1), UVA-driven formation of 1 O2
has been demonstrated using the NaN3 -inhibitable N,N-dimethyl4-nitrosoaniline (RNO) bleaching assay.169 Consequently, AGEsensitization has been implicated in photodamage of glycated lens
protein and chronologically aged human skin. Photosensitization
of skin cell photooxidative stress by UVA-irradiation of AGEmodiﬁed proteins has been demonstrated in cultured human
skin ﬁbroblasts and keratinocytes7,172 using glycated bovine serum
albumin and skin collagen. H2 O2 has been identiﬁed as the primary
mediator of UVA-photosensitization of skin cells and complete
cell protection was achieved when AGE-photosensitization was
performed in the presence of the antioxidants catalase or Dpenicillamine. Due to the extensive accumulation of skin AGEs
during chronological and actinic aging, involvement of AGEphotosensitization in skin photooxidative stress may contribute
considerably to UVA-induced photoaging and carcinogenesis. Of
particular importance, AGE-induced photooxidative stress may be
part of a UVA driven vicious cycle of sensitized skin photodamage,
in which ROS, formed from AGE-photosensitization, induce
membrane lipid peroxidation with formation of more RCS-type
lipid breakdown products. RCS then induce the formation of more
AGE-sensitizer epitopes on skin proteins now available for further
photodynamic action upon light activation as detailed in section
4 and illustrated in Fig. 5. This mechanism proposes a novel
synergism between skin chronological and actinic aging, in which
chronological skin aging by glycation leads to the accumulation
of UVA-photosensitizers that drive photoaging.

Fig. 5 A three-step model of skin photodamage by endogenous photosensitizers. Photosensitization by three subsequent reaction steps that form
a vicious cycle leading to skin photodamage: (step I) photosensitizer (S)
formation by enzymatic and spontaneous reaction pathways leading to the
accumulation of photosensitizer chromophores (gray and black ellipsoids
and diamonds), particularly on long-lived proteins of the extracellular
matrix; (step II) photosensitizer activation by absorption of solar photons
with formation of photoexcited states (S*) and reactive molecular species,
such as ROS; (step III) execution of photosensitization by photooxidative
chemical modiﬁcation of target molecules, such as proteins, lipids, and
DNA inducing structural and functional changes characteristic of skin
photodamage. Among the reaction products formed as a consequence of
chemical reactions in step III are photosensitizer chromophores, which
can undergo light-driven activation thereby closing the vicious cycle of
skin photodamage by endogenous photosensitizers.

The potential role of AGEs as important sensitizers of skin
photooxidative stress is substantiated by current research that
examines the structure activity relationship of novel phototoxic
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AGE-epitopes in human tissue. We have recently identiﬁed 3-HP
13 (Fig. 4) as the minimum phototoxic chromophore contained in
many skin biomolecules.130 Fig. 4 presents important members
of the 3-HP class of endogenous photosensitizers comprising
B6 vitamers 18–21 (Fig. 4), enzymatic collagen crosslinks of the
pyridinoline type 15 (Fig. 4), AGEs 16—from human tissue (Fig. 4)
and amino acid adducts 17 of RCS derived from lipid peroxidation
products (Fig. 4). UVA photosensitization of human skin cells
by 3-HP-derivatives occurs in the lower micromolar range with
potent induction of apoptosis, intracellular oxidative stress, and
p38 MAPkinase activation. N-Alkyl-3HP cationic derivatives are
formed during glycation and lipid peroxidation under physiological conditions, such as glyceraldehyde-derived pyridinium compound (GLAP)173 and 3-hydroxy-4-hydroxymethyl-1-(5-amino-5carboxypentyl) pyridinium cation 16 [glycol–aldehyde–pyridine,
(Fig. 4)] isolated from glycated human atherosclerotic lesions.174
Moreover, lys-hydroxytriosidines, another protein crosslink of the
N-alkyl-3-HP-type was isolated from human cornea collagen exposed to the artiﬁcial tanning agent and RCS dihydroxyacetone175
and is thus expected to form in appreciable amounts in human
skin exposed to this compound. Chemical tanning of human skin
therefore may place a suspected AGE-type photosensitizer in direct proximity to sensitive targets and adds to the increasing health
concerns associated with the cosmetic use of dihydroxyacetone
preparations176
In addition to extracellular glycation events, intracellular accumulation of AGEs has been described as a result of cellular oxidative and carbonyl stress, mediated by RCS such as methylglyoxal
originating from the glycolytic sugar phosphate glyceraldehyde-3phosphate. Recently, nuclear glycation events targeting chromatin
components including histones and high mobility group proteins,
have been described by several groups as reviewed in ref. 170.
Speciﬁcally, accumulation of histone-bound carbonyl groups as
a consequence of nuclear carbonyl stress has been suggested and
modiﬁcation of nuclear proteins in various mammalian tissues
and cells by ﬂuorescent and non-ﬂuorescent AGEs has been
demonstrated. The intranuclear accumulation of protein-bound
AGEs places a potential photosensitizer in close proximity to
DNA. Thus, intranuclear photosensitization by AGEs, if operative
in skin, may have severe consequences for genomic integrity. Using
a standard plasmid DNA cleavage assay for the assessment of
photosensitized DNA damage, we have recently demonstrated that
AGE-proteins are photosensitizers of DNA damage by oxygendependent and independent pathways.170 A multistep scenario of
AGE-sensitized genotoxicity in skin cells could be envisioned
to proceed as follows: First, accumulation of AGEs in skin
cell nuclei occurs as a result of chronic glycoxidative stress
mediated by reactive carbonyl species. Solar irradiation, especially
the deeply penetrating UVA portion, induces photoexcitation
of chromatin-bound AGEs in close proximity to DNA, and
AGE-sensitized DNA damage occurs by direct redox interaction
between excited AGEs and DNA, by intermediate formation of
ROS, or by direct energy transfer mechanisms potentially leading
to triplet state derived base photodimers. Thus, it is tempting
to speculate that photoexcited triplet states of nuclear AGEs
may be the unidentiﬁed causative agents that mediate the UVAdriven DNA base photodimerization recently demonstrated in
mammalian cells.72 However, since only AGE-photosensitization
of DNA cleavage has been demonstrated in our earlier study,

future experiments using skin cells with elevated nuclear protein glycation damage should test the proposed involvement
of AGE-photosensitization in DNA base photooxidation and
photodimerization.
It should be noted that various biogenic RCS have interesting
electronic excited state properties derived from carbonyl singlet
and triplet states. Thus, in addition to the emerging role of AGEs
in skin photosensitization, endogenous RCS of the a-dicarbonyl
type such as methylglyoxal, glyoxal and 1- and 3-deoxyosones
could qualify as another class of emerging triplet state sensitizers
involved in skin photodamage. Importantly, earlier work has
demonstrated that the a-dicarbonyl compound 2,3-butanedione
is a powerful photosensitizer of protein damage.177 The n,p*excited triplet state of 2,3-butanedione (Nd–YAG laser excitation
at 355 nm) has been involved in 1 O2 formation as evidenced
by infrared phosphorescence at 1270 nm.178 Early work has
demonstrated that dihydroxyacetone and many other RCS are potent triplet sensitizers of DNA pyrimidine photodimerization.179
Using acetone as a triplet sensitizer carbonyl compound (308 nm
excitation) with high quantum yield of intersystem crossing
and high triplet state energy content, efﬁcient triplet state energy transfer onto all DNA base mononucleotides with lower
triplet state energies was demonstrated (‘downhill’ quenching
reaction), but quenching of triplet state ketone sensitizers with
lower triplet state energy such as benzophenone occurred by
electron and proton transfer from purines (‘uphill’ quenching
reaction) leading to ketyl radical formation.180 In plasmid DNA,
acetone photoexcitation strongly induced triplet state sensitized
cyclobutylpyrimidine dimer formation as observed earlier with
a-dicarbonyl compounds.
Lipofuscins are another class of endogenous polymeric ﬂuorescent pigments that show considerable structural and functional
overlap with AGEs, since both originate in part from spontaneous
amino carbonyl reactions between proteins and lipid peroxidation
derived RCS.181,182 Lipofuscin accumulates primarily in lysosomes
of postmitotic cells such as cardiac myocytes and neuronal cells
as a result of cellular oxidative stress and chronological aging.
Lysosomal lipofuscin granules consist of undegradable oxidatively
modiﬁed proteins and lipids with less than 2% metal ions, including
Fe, Cu, Al, Zn, Ca and Mn. and display a characteristic broad
spectrum autoﬂuorescence upon excitation at blue (450–490 nm)
and green (510–560 nm) wavelengths. Because of the difﬁculties
inherent in the analysis of lipofuscin ﬂuorophores, their nature and
composition have not been fully deﬁned, but ene-aminal-Schiff
bases, 1,4-dihydropyridines and 2-hydroxy-1,2-dihydropyrrol-3ones have been implicated as chromophores causing the autoﬂuorescent properties of natural lipofuscin as reviewed in ref. 181.
A particular lipofuscin ﬂuorophore, the pyridinium bis-retinoid
A2E, has been identiﬁed in retinal pigment epithelial cells and
implicated in blue light photosensitization of ROS formation in
these cells.183 In contrast to an emerging role of lipofuscin as an
ocular photosensitizer in retinal photodamage and age-related
macular degeneration, occurrence and photosensitizer activity
of lipofuscins in human skin have not been described. However,
since lipofuscin accumulates in lysosomes of presenescent cultured
skin ﬁbroblasts under oxidative stress conditions,184 it is tempting
to speculate that senescent ﬁbroblasts in photoaged skin may
accumulate lipofuscin as a potential photosensitizer contributing
to photooxidative stress.
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3.12 Chromophores associated with skin extracellular matrix
proteins
The most abundant and therefore likely primary targets of photons
in human skin are chromophores associated with skin structural
proteins such as keratin, collagen and elastin. The potential
role of keratin photochemistry in skin photosensitization has
already been discussed (section 3.10). In human dermis, collagen
is estimated to contribute approximately 70% of dry weight.
Upon UVA and blue visible photoexcitation, human skin emits
a strong tissue autoﬂuorescence indicative of excited singlet
state emission, attributed to the presence of speciﬁc proteinbound ﬂuorophores.185,186 The remarkable autoﬂuorescence of skin
structural proteins upon UVA/visible excitation is thought to
originate from three distinct classes of skin ﬂuorophores: (a)
AGEs, (b) photooxidation products of protein-bound amino acids,
and (c) enzymatically formed amino acid crosslinks. The role of
glycation as a key mechanism of ﬂuorophore formation during
chronological and actinic aging of skin, and the potential role of
AGEs as endogenous photosensitizers has already been discussed
above. Photooxidation products of protein-bound amino acids
may be formed upon prolonged UV exposure of skin structural proteins. Photooxidative187 and glycoxidative188 formation
of ortho-dityrosine and 3,4-dihydroxy-L-phenylalanine (DOPA)
from tyrosine residues has been described for skin collagen.
Tryptophan and tryptophan-oxidation products are not relevant
to photosensitization reactions involving collagen and elastin
photosensitization, since this amino acid is absent from these
proteins in human skin.
Enzymatically formed amino acid crosslinks are posttranslational modiﬁcations introduced during collagen and elastin
maturation by enzymes such as lysyl oxidase and lysyl hydroxylase.
Our recent work on skin UVA photodamage suggests a causative
role of these abundant dermal ﬂuorophores as potent endogenous
sensitizers of skin photooxidative stress.7,8,170 Our earlier studies on
the photodynamic properties of AGE-modiﬁed collagen revealed
the unexpected result that even collagen with very low or negligible AGE-modiﬁcation displayed photodynamic activity with
signiﬁcant sensitization of UVA-driven formation of superoxide
and H2 O2 . A detailed examination of extracellular matrix (ECM)proteins from various sources and human skin revealed their
remarkable photodynamic properties. Collagen and elastin are
active as sensitizers of solar simulated light-driven generation of
H2 O2 , and oxidative protein damage, as obvious from protein
carbonylation, occurred concomitant with light-driven ROS formation, suggesting a light driven electron transfer process in which
collagen acts as a donor and molecular oxygen as an electron
acceptor. Similar results were obtained with elastin samples.
Importantly, collagen phototoxicity induced skin cell intracellular
oxidative stress, and DNA damage is fully reversed by catalase
treatment during UV exposure.8 In all cases, H2 O2 was identiﬁed as
the stable, diffusible cytotoxic mediator of collagen phototoxicity.
Importantly and consistent with the sensitized formation of a
stable diffusible cytotoxic factor, collagen pre-irradiation was
sufﬁcient to exert similar phototoxic effects on unirradiated cells
suggesting a mode of cellular phototoxicity that does not require
the direct light exposure of skin cells. The demonstration of photodynamic activity of non-glycated collagen has led to the conclusion
that non-AGE UVA/UVB chromophores in collagen must be
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responsible for the observed phototoxic effects. Enzymatically
formed ﬂuorophores occur in high abundance in skin structural
proteins, but only a few structures have been identiﬁed such as
the collagen crosslinks pyridinoline 15 (PYD, Fig. 4) and deoxypyridinoline or cyclopentenosine recently isolated from elastin.
As already detailed above phototoxicity studies on the isolated 3hydroxypyridinium derivative PYD and its ﬂuorescent structural
synthetic analogue N-ethyl-3HP salt 14 (Fig. 4) demonstrated a
strong photodynamic activity of this member of the 3-HP class of
endogenous photosensitizers.130 UVA-photosensitization by PYD
induced a dose dependent formation of H2 O2 with inhibition
of skin cell proliferation that was completely suppressed by antioxidant intervention. PYD therefore qualiﬁes as an endogenous
candidate photosensitizer contained in skin dermal protein. Photolysis of PYD during extended exposure to solar simulated UV radiation was observed suggesting the sensitizer activity of unkown
photolysis products. Skin collagen pyridinoline content is generally low (16 mmol/mol of collagen) but increases dramatically
during conditions of wound healing, scar formation, and sclerotic
disorganization as referenced in ref. 8. It is tempting to speculate
that a signiﬁcant increase in pyridinoline and deoxypyridinoline
content in skin collagen characteristic of scar tissue and sclerotic
skin diseases introduces an endogenous UVA sensitizer that
may contribute to the known predisposition of scar tissue to
photocarcinogenesis,130 a hypothesis to be explored in the future.

4 Skin photodamage by endogenous photosensitizers:
a three-step model
From the foregoing discussion of potential skin photosensitizer
candidates, an understanding of the mechanistic involvement
of photosensitization in skin photoaging and carcinogenesis is
complicated by the diversity of sensitizer structures, pathways of
formation, mechanisms of action, and relevant skin targets. However, a unifying model of skin photosensitization by endogenous
sensitizers involves three successive reaction phases that are part
of a vicious cycle leading to skin photodamage as shown in Fig. 5:
I

Photosensitizer formation

Photosensitizers occur in human skin as constitutive structural
and functional cellular components, such as mitochondrial respiratory coenzymes (e.g. ﬂavins and porphyrins) and pigments
(melanins and precursors). Other potential photosensitizers are
introduced as a result of enzymatic posttranslational modiﬁcation
of skin structural proteins (e.g. the collagen crosslink PYD), but
photosensitizers may also accumulate as a result of photooxidative
and carbonyl stress by spontaneous chemical modiﬁcation of
intra- and extracellular precursor molecules (e.g. AGE formation
on protein-lysine residues, oxidative formation of protein-bound
NFK from tryptophan, and photooxidation of folate to 6formylpterin).
II Photosensitizer activation
Photoexcited states of sensitizer chromophores are then generated
by absorption of solar photons (mostly in the UVA and blue
visible regions), and photochemical reaction cascades available
to the particular photosensitizer are initiated as determined by the
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conditions of local pH, solute concentrations, water activity, oxygen partial pressure, and surrounding target molecules. Photoactivation of endogenous sensitizers potentially occurs throughout
human skin, ranges from nuclear to extracellular compartments,
and will depend on localization of a particular sensitizer and tissue
transmission of the corresponding excitation wavelengths.
III Execution of photosensitization
After sensitizer formation and activation, repetitive cycles of
light-driven formation of reactive intermediates such as ROS
and organic free radicals induce skin photodamage by chemical
modiﬁcation of target molecules, such as proteins, lipids and
DNA. Moreover, toxic photoproducts formed by photooxidation
of target molecules or sensitizer can accumulate and stress-induced
cellular responses may be initiated by oxidative modiﬁcation of redox sensitive components of signaling cascades and transcription
factors. Secondary reaction cascades are initiated after ROS attack
on sensitive targets such as membrane lipids61,62 leading to RCS
formation and enhanced mitochondrial leakage of metabolically
generated ROS. Dependent on the proximity of photosensitizer
to nuclear DNA, introduction of DNA photolesions occurs by
direct energy/electron transfer reactions or are mediated by ROS
that can act over short (1 O2 ) or long distances (H2 O2 ).
Importantly, the three phases of skin photosensitization may
form part of a vicious cycle. As indicated in Fig. 5, ROS and RCS
can initiate the chemical modiﬁcation of cellular components with
formation of novel photosensitizer chromophores such as AGEs,
thereby closing the light-driven vicious cycle of skin photodamage
by endogenous photosensitizers.7

5 Skin photosensitization by dermal extracellular
matrix proteins: a bystander model of cellular
photodamage
ECM proteins are currently perceived as downstream targets of
skin photooxidative stress, but not as crucial mediators of skin
photosensitization. The role of skin proteins as chemical targets
of photooxidative stress is ﬁrmly established. Earlier work has
described collagen insolubilization and resistance to proteolytic
cleavage as consequences, and recent work has demonstrated that
skin proteins are important targets of chemical photooxidative
damage in vitro6 with degradation of enzymatic imidazolium
collagen crosslinks (histidinohydroxylysinonorleucine) by 1 O2
attack and protein carbonylation. Accumulation of oxidatively
modiﬁed proteins was found speciﬁcally within the upper dermis
of photoaged skin during human photoaging in vivo.32 Moreover,
UV-dependent induction of matrix metalloproteinases (MMPs)
leads to the increased enzymatic degradation of dermal collagen,
often used as a major hallmark of skin photodamage,189–191 with
possible implications for tumor cell invasion and metastasis.
Recent work indicates a more functional role of MMP-generated
collagen fragments as important mediators of photosuppression
of ﬁbroblast collagen synthesis,192 and elastin fragments have been
implicated in melanoma cell invasion by upregulation of MMP-2
activity. However, in all of these events, direct UV-photon action
on skin cells is perceived as the initial trigger for downstream ECM
effects (‘direct hit model of skin cell photodamage’). This current
view is depicted in Fig. 6(A), in which cellular components are the

Fig. 6 Direct hit vs. bystander model of skin cell photodamage. (A)
Current model, in which cellular components are the primary targets
of solar photons (direct hit model) inducing signaling and gene expression with changes in the surrounding dermal matrix as downstream
effects after MMP induction and secretion. (B) Alternative model of
skin cell phototoxicity, in which skin cell damage occurs after initial
photoexcitation of dermal (and possibly epidermal) structural proteins
(bystander effect model). Photoexcitation of dermal extracellular matrix
protein chromophores by solar light in the presence of oxygen sensitizes
the formation of diffusible ROS that enter target skin cells in the
dermis and basal epidermis with downstream induction of intracellular
oxidative stress. This bystander model of sensitized skin photodamage only
requires photoexcitation of sensitizers contained in structural proteins and
therefore does not depend on cellular photon absorption. Cross sections of
parafﬁn-embedded, H & E stained full thickness human skin reconstructs
with differentiated stratum corneum (SC), epidermis (E) and dermis (D)
are shown.

primary targets of solar photons and changes in the surrounding
dermal matrix occur as downstream effects after MMP induction
and secretion.
Our recent results suggest an alternative mechanism of skin
cell phototoxicity, in which skin cell damage occurs after initial
photoexcitation of dermal (and possibly epidermal) structural
proteins which initiate the functional and causative events in skin
photodamage as summarized in Fig. 6(B) (‘bystander model of
skin cell photodamage’). In this model, photo-excitation of dermal
ECM-protein chromophores by solar light (mainly by the deeply
penetrating UVA-portion) in the presence of oxygen sensitizes
the formation of ROS, with concomitant oxidative damage to the
sensitizing protein itself. Subsequently, reactive species of sufﬁcient
stability, such as H2 O2 , other peroxides and organic free radicals,
enter target skin cells causing subsequent oxidative cell damage
presumably by Fenton-type chemistry after transition metal ioncatalyzed peroxide decomposition. The resultant intracellular
oxidative stress is expected to severely impair skin cell structure
and function, as demonstrated by our results on suppression of
skin cell proliferation and accumulation of chromosomal DNA
damage. According to this ‘bystander’ mechanism of skin cell
photodamage, UVA chromophores positioned in ECM proteins
are responsible for UV absorption, excited states of UVAphotosensitizer are the initial phototoxic agents, ROS are the
diffusible toxic mediators, and skin cell membranes, proteins and
DNA are the ultimate molecular targets in unirradiated bystander
cells.
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Radiation-induced bystander effects, the occurrence of radiation damage in non-irradiated neighbors of irradiated cells, are
now well established for various forms of ionizing radiation,
such as a-particles and X-rays.193 The bystander cells may be
immediately adjacent to or some distance away from the exposed
cell. Radiation-induced bystander effects include changes in
gene expression, induction of genetic effects such as mutations
and chromosomal alterations, DNA damage, cell killing, and
malignant transformation.193 Bystander effects may signiﬁcantly
contribute to radiation-induced carcinogenesis, especially at low
doses where only a limited number of cells in a population are
directly hit, since the bystander effect tends to amplify low dose effects by communicating damage from irradiated to non-irradiated
cells. For example, the targeting of a single cell in nonconﬂuent
human ﬁbroblast cultures with a precise number of a-particles led
to substantial chromosomal alterations in neighboring bystander
cells not directly hit by radiation.194 While the existence of the
radiation-induced bystander effects has been well established,
the underlying mechanisms are still largely unknown. Reactive
oxygen species, stable free radicals, and cytokine release from
the irradiated cells were suggested to be involved in transferring

damage signals from irradiated to unirradiated cells. In striking
analogy to ionizing radiation-induced bystander effects, skin UVA
photosensitization by ECM proteins could exert photooxidative
damage in areas that have not been hit by photons. The bystander
model of sensitized skin photodamage only requires photoexcitation of sensitizers contained in structural proteins and therefore
does not depend on cellular photon absorption. The proposed
bystander mechanism of skin photodamage may be operative in
parallel with mechanisms initiated by skin cell photon absorption
and recent evidence suggests that skin cell bystander damage can
also be initiated by other classes of skin photosensitizers, such
as melanin and melanin precursors.104 Based on the bystander
mechanism of skin photodamage it might be hypothesized that
ECM-protein phototoxicity enhances the genotoxicity of a given
dose of UV-irradiation, if cells are irradiated in the presence of
ECM-proteins. A striking example of UVA-dose potentiation
by collagen-photosensitization is depicted in Fig. 7, in which
cultured human skin ﬁbroblasts, seeded on dishes either in the
absence of collagen or with collagen-embedment in a dermal
equivalent, were exposed to the same dose of UVA radiation.
Cytotoxicity was assessed 24 h later by ﬂow cytometric analysis of

Fig. 7 Example of the bystander mechanism of matrix photosensitization: dermal sensitization of UVA-induced ﬁbroblast apoptosis/necrosis. Human
skin ﬁbroblasts were seeded on 35 mm culture dishes as either isolated cells (‘ﬁbroblasts only’) or embedded in type I collagen (‘dermal equivalent’).198
Dermal equivalents were also created with inclusion of catalase (Cat, 400 units per mL acid soluble collagen). Cells were exposed 24 h later to UVA
(10 J cm−2 ). At 24 h after irradiation cells were harvested by collagenase/trypsin treatment and cell viability was assayed by ﬂow cytometry after
annexinV-FITC/propidium iodide staining. Numbers indicated express viable cells (lower left quadrant) as a percentage of total cells.
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annexinV-FITC/propidium iodide stained cells. Remarkably, ﬁbroblasts irradiated in the absence of collagen were completely
resistant to the cytotoxic effects of UVA, whereas ﬁbroblasts
irradiated in the collagen matrix were driven into apoptosis
and necrosis. Catalase inclusion during dermal reconstruction
strongly reduced ﬁbroblast UVA-photodamage consistent with
collagen-sensitized formation of H2 O2 as key mediator of the
observed phototoxic effects. Therefore, photobiological studies
performed on isolated cells in culture in the absence of a threedimensional ECM-matrix and the photosensitizers contained
therein may signiﬁcantly underestimate UVA phototoxicity, and
biologically relevant UV action spectra may be biased towards
UVB contributions.2 Moreover, this may be a relevant mechanism
for the induction of genotoxic effects in cells situated in deeper
layers of skin receiving little UV-exposure due to prior absorption
by the epidermis and upper dermis. Thus, the bystander mechanism of ECM-protein-sensitized skin cell photodamage could be
involved in the pronounced accumulation of oxidative DNA base
modiﬁcations (8-oxo-dG) that are conﬁned to the basal cell layers
(positioned adjacent to basement membrane and dermal collagen)
of AK and SCC as reported recently.5,75 Dermal photooxidative
stress therefore may contribute to mutational carcinogenesis of
the lower layers of the epidermis, which contain the stem cells and
transient amplifying cells from which tumors are thought to arise.
It may also be speculated that dermal photosensitization provides
a source of ROS that creates a stromal environment conducive
to dermal tumor invasion by cancer cells originating from the
epidermis.52 In summary, the bystander mechanism of sensitized
photooxidative stress may contribute signiﬁcantly to skin photoaging and carcinogenesis, a hypothesis to be rigorously tested by
future experiments using model systems that allow qualitative and
quantitative control over dermal photosensitizers and cellularity
such as full thickness human skin tissue reconstructs.

6 Photoexcited states of skin chromophores as
molecular targets for photoprotection
Based on the causative involvement of photochemically reactive
excited states in skin photodamage, it is intuitive that molecular
antagonism of photoexcited states offers a potential therapeutic
opportunity for skin photoprotection. Importantly, photoexcited
states in skin occur downstream of photon absorption but
upstream of ROS formation. Endogenous sensitizers and their
photoexcited states are therefore promising targets for molecular
chemoprevention of skin photodamage. Three routes of early
molecular intervention in the process of skin photooxidative stress
by targeting photosensitization can be envisioned as described in
sections 6.1, 6.2 and 6.3.
6.1

Inhibition of skin photosensitization by sunscreens

Protection of human skin DNA against direct UVB photodamage by topical sunscreens is ﬁrmly established. However,
UVA photoprotection is chemically more difﬁcult to achieve and
few photostable chromophores for complete broadband UVA
ﬁltering are available.11,195 In addition, skin photosensitization can
be induced by visible solar photons, which are not ﬁltered by
UVA/B sunscreens. Photoisomerization and photodegradation
due to uncontrolled excited state chemistry has been described

for many UVA ﬁlters196,197 and some UVA/B sunscreens and
inorganic sunblockers act as potent triplet state photosensitizers
with light-driven formation of ROS and genotoxic consequences
to human skin cells as reviewed in ref. 198. Thus, signiﬁcant
progress is still needed to develop adequate protection against
skin photosensitization in the UVA and visible region of sunlight.
6.2 Inhibition of skin photosensitization by antioxidants
Antioxidant intervention does not directly interfere with photosensitization but suppresses photooxidative stress in skin downstream of the formation of highly reactive ROS. Moderate skin
photoprotection by topical application of antioxidants has been
demonstrated in many experiments on animal and human skin,
and inhibition of mouse skin photocarcinogenesis by these agents
has been observed as reviewed in ref. 198. The therapeutic effectiveness of topical antioxidants is limited by their sacriﬁcial depletion
and redox chemistry.199 Also of concern are recent reports of
antioxidant enhanced carcinogenesis observed in transgenic mice
with upregulated antioxidant response.200 Due to these limitations,
antioxidant intervention can only play an adjuvant role in skin
photoprotection against photosensitization.
6.3 Inhibition of skin photosensitization by quenchers of
photoexcited states
Compounds capable of inactivating photoexcited states by direct
chemical and/or physical interaction are called quenchers of
photoexcited states (QPES). For the sake of simplicity, we deﬁne
chemical quenching as the sacriﬁcial reaction of a target molecule
(chemical quencher) with the excited state leading to formation
of chemical products. Many antioxidants are capable of sacriﬁcial
quenching of 1 O2 at high reaction rates followed by enzymatic
regeneration of the oxidized chemical quencher, a situation that
would be part of a photoprotective antioxidant network in skin.
On the other hand, sacriﬁcial quenching can also occur with skin
constituents, which are irreversibly depleted by the reaction, e.g.
histidine residues or thiol compounds. The reaction products can
be toxic and induce harmful secondary reactions, such as thiyl
radicals, endoperoxides and peroxides formed upon reaction of
1
O2 with thiol groups, imidazole groups and unsaturated fatty
acids, respectively. In contrast, physical quenching of photoexcited
states occurs by a variety of dissipative mechanisms that lead
to the complete regeneration of the reaction partners in the
electronic ground state, now available for another round of excited
state deactivation directed to triplet states or 1 O2 as depicted in
Fig. 8. A prime example of biologically relevant photoprotection
by physical quenching of excited states is provided by the role
of carotenoids in photosynthetic organisms. Chlorophyll is a
potent photosensitizer and singlet state photoexcited chlorophyll
easily undergoes intersystem crossing into the triplet state with
subsequent formation of 1 O2 . Carotenoids are powerful physical
quenchers of the chlorophyll triplet state and 1 O2 .201 Moreover,
recent research demonstrates that under conditions of light
harvesting in excess light, feedback deexcitation of chlorophyll
singlet excited states occurs by reversible charge separation with
transient carotenoid cation formation during the xanthophyll cycle
of thermal energy dissipation.202 Physical quenchers of photoexcited states that can undergo repetitive cycles of excited state
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of the 1 O2 (Dg) lifetime. Therefore, enhancement of a sensitized
photobiological effect in D2 O over H2 O is commonly regarded as
an indicator of 1 O2 involvement.

Fig. 8 Physical quenchers of photoexcited states: effective dissipators of
excitation energy. Solar excitation of endogenous skin sensitizers (S) leads
to the formation of excited states (S*) with possible formation of 1 O2 .
Interaction between physical quenchers of photoexcited states (QPES)
and S* in skin enables harmless return to the electronic ground state. The
scheme indicates energy dissipation by energy transfer mechanisms with
intermediate formation of electronically excited quencher (QPES*), but
many other routes of quenching may be operative. Importantly, the QPES
compound returns to the ground state without chemical depletion and can
thus catalyze repetitive cycles of S* detoxiﬁcation.

quenching without chemical depletion or the need for metabolic
regeneration represent a very attractive class of quenchers for skin
photoprotection from photosensitization.198
6.4

Physical QPES: mechanisms of action

A detailed discussion of the multiple physical mechanisms that
are involved in the inactivation of photoexcited states by quencher
substances is beyond the scope of this article. However, the principal pathways of excited state quenching by physical mechanisms
will be brieﬂy reviewed focusing on 1 O2 quenching given the importance of this photoexcited species as an established mediator of
skin photodamage,51 the abundance of studies that have examined
the photochemical aspects of 1 O2 quenching,203,204 and the general
importance of these mechanisms for the molecular design of QPES
compounds as chemopreventive agents for skin photoprotection.
6.5

Physical singlet oxygen quenchers

Paradoxically, ground state molecular oxygen [O2 (3 R −g )] is a potent
quencher of triplet photoexcited states. Triplet state quenching by
molecular oxygen induces the formation of 1 O2 [O2 (1 Dg ), the lowest
excited singlet state, which is of utmost photobiological relevance],
a relatively long-lived, highly reactive species that chemically attacks other singlet state molecules overcoming the spin restrictions
associated with the triplet state of ground state molecular oxygen.
Therefore triplet state quenching by molecular oxygen with 1 O2
formation provides an example for the unsuccessful detoxiﬁcation
of a photoexcited state. Physical deactivation of 1 O2 can occur by
three major pathways.203,204
6.5.1 Electronic-vibrational deactivation. Collisional deactivation proceeds via conversion of the electronic excitation energy of O2 (1 Dg ) into vibrational energy of terminal bonds of a
deactivating collision partner. This spin-forbidden and therefore
relatively slow deactivation (3.1 ls lifetime in H2 O) occurs with
rate constants that increase exponentially with the energy of the
stretching vibration of the deactivating bond (C–F < C–D < O–
D < C–H < O–H) leading to a pronounced solvent dependence
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6.5.2 Charge transfer (CT) quenching. The CT-induced deactivation is observed with quenchers of high triplet energies
and low oxidation potentials. A good example is provided by
physical quenching of 1 O2 by organic amines, e.g. polyamines,
such as spermine,205 leading to the formation of ground state 3 O2
and unaltered ground state amine.198 According to the accepted
mechanism the radiationless deactivation of the initially formed
singlet encounter complex is enhanced by the formation of a singlet
exciplex, which is stabilized by the transfer of electric charge from
the quencher to the oxygen molecule. This species decays mainly by
intersystem crossing to a triplet CT-ground state complex, which
ﬁnally dissociates to the ground state amine and ground state 3 O2
without charge separation in most cases. However, a chemical
reaction may also occur from singlet exciplexes, particularly in
the case of sterically hindered amines (such as TEMP) leading to
the formation of nitroxide free radical reaction products (such
as TEMPO) as a result of irreversible CT reactions between
quencher and 1 O2 .206 The discrimination between these different
pathways of physical and chemical quenching will depend on
amine ionization potential, hydrogen bond donating activity
and substituent effects.207 Other important CT-quenchers are the
widely used 1 O2 -probes DABCO and NaN3 , metal complexes, and
many biomolecules such as hydroxycinnamic acids, vitamin E and
ascorbate as reviewed in ref. 204.
6.5.3 Electronic energy transfer (EET) quenching. If the
triplet state energy of the quencher is smaller than the excitation
energy of 1 O2 (Dg ) (94 kJ mol−1 ), deactivation by electronic energy
transfer can occur with almost diffusion-controlled rates leading
to formation of an excited state of the quencher that quickly
returns to the ground state by nonradiative processes. Numerous
carotenoids, e.g. lycopene208 and xanthophylls (zeaxanthin and
lutein), large polyheterocyclic aromatics such as naphthalocyanines and phthalocyanines,209 and some azomethine dyes210 are
potent EET-quenchers possessing low triplet energies.
6.6 Physical triplet state quenchers
High quantum yields of triplet state formation are a hallmark of
potent photosensitizers and excited triplet states of skin photosensitizers are therefore the ultimate molecular targets for photoprotective intervention by physical QPES compounds. The involvement of triplet states in pyrimidine base photodimerization reactions was studied by earlier researchers demonstrating the possibility of suppressing the quantum yield of photodimerization by irradiation in the presence of conjugated diene triplet state quenchers,
(e.g. isoprene and 2,4-hexadien-1-ol).68 Many energy acceptors
such as piperylene, 1-methylnapthalene, 1,3-cyclohexadiene, sorbic acid,211 and the naphthalene derivative naproxen212 are efﬁcient
triplet state quenchers, but singlet state (ﬂuorescence) quenching
is also observed with some of these substances. Low energy
triplet quenchers such as 3,3,4,4-tetramethyl-1,2-diazetine-1,2dioxide, devoid of ﬂuorescence (singlet state) quenching activity,
have been proposed as general molecular probes to examine the
involvement of triplet states in photochemical reactions.213 A
reversible electron transfer reaction between triplet state eosin and
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p-phenylendiamine with regeneration of sensitizer ground state
and unaltered quencher has been proposed to explain inhibition of
eosin-sensitized photooxidation of trypsin.214 The structure activity relationship of many physical quencher substances is difﬁcult
to predict, especially under physiological conditions. Although
some general requirements must be fulﬁlled to allow physical
quenching, e.g. the triplet energy of the acceptor must be below the
energy of the sensitizer triplet state, only very limited information
is available that would allow the rational design of efﬁcient triplet
state quenchers for photoprotection of human skin.215
6.7 Functional screening of QPES compounds for skin
photoprotection
The complex photochemistry and heterogeneous, mostly illdeﬁned structure activity relationships of known QPES compounds complicate the molecular design and identiﬁcation of
agents that would predictably inactivate photoexcited states of
endogenous skin photosensitizers under in vivo conditions. High
quencher activity of a given test compound observed under test
tube conditions may not be relevant to the in vivo situation
due to cellular toxicity proﬁle of the compound, insufﬁcient
tissue distribution, characteristics of intracellular localization
and pH/solvent effects. Conversely, administration of high concentrations of weak quenchers may overcome moderate rate
constants that might disqualify test compounds during screening
in vitro. Thus, compounds may be photoprotective under test
tube conditions but completely ineffective in a tissue situation.
QPES compounds designed for skin photoprotection must fulﬁll
the following minimal criteria: (1) inactivation of photoexcited
states of relevant skin photosensitizers by physical (nonsacriﬁcial)
pathways, (2) appropriate skin delivery and tissue saturation, (3)
absence of toxicity, even in high concentrations, and (4) proven
photoprotection of cultured human skin cells and tissue equivalents against actinic damage. Based on these four criteria we
have designed a simple activity-based screening assay for the
rapid identiﬁcation of physical QPES compounds as experimental
chemopreventive agents for skin photoprotection.198 The screening
procedure is based on (a) activity screening of compound libraries
for inhibition of AGE-sensitized plasmid DNA cleavage under
aerobic and anaerobic conditions, (b) 1 O2 quenching without
chemical depletion of the test compound, and (c) skin cell
protection against 1 O2 -induced apoptosis. (d) Finally, substances
are tested for photoprotection of full thickness human skin
reconstructs against actinic damage from solar simulated light.
The screen does not reveal the mechanism of excited state
deactivation, but it clearly distinguishes between physical and
chemical quenchers and identiﬁes compounds that interfere with
AGE-photosensitization, deactivate 1 O2 and protect cells against
photosensitization without undergoing chemical depletion or
displaying dark or light toxicity. Using this screening procedure,
secondary amines of the proline alkylester type were identiﬁed as
novel photoprotective QPES compounds.
6.8 Therapeutic and chemopreventive potential of QPES skin
photoprotection
Based on the causative involvement of photosensitization reactions in skin photodamage the following chemopreventive

applications of topical or systemic QPES compounds as molecular
antagonists of skin photoexcited states can be anticipated and
deserve further experimental evaluation:
6.8.1 Inhibition of photoaging and photocarcinogenesis.
QPES, that interfere with formation of reactive photoexcited
states and ROS in sun exposed human skin, could reduce
photomutagenesis suppressing both formation of oxidative DNA
base damage and potentially photodimers, if triplet excited
states and photosensitization are involved in their formation
as indicated by recent work.23,64,72,74 Furthermore, later stages
of skin tumor promotion and invasion may be attenuated by
QPES-interference, since photooxidative stress is involved in these
processes.24 Similarly, QPES-suppression of photoxidative activation of stress signaling pathways and direct oxidative modiﬁcation
of skin structural targets could interfere with skin photoaging and
skin cell senescence.32 When tested in a hairless mouse animal
model of chronic skin photodamage, signiﬁcant suppression of
UVB-photocarcinogenesis and photoaging by topical administration of the triplet state quencher 2,4-hexadien-1-ol has been
demonstrated.216 UV screening was excluded as a mechanism
of action. Similarly, cell protection against photodynamic inactivation using a cyanine dye as triplet state quencher has been
reported.215 Cell protection against 1 O2 -damage is documented
for numerous potential QPES compounds such as mycosporine
glycine,217 N-substituted 2,5-dimethylpyrroles,218 carotenoids,219
and curcumin,220 many of which deserve further experimental
evaluation as chemopreventive agents for skin photoprotection.221
Using the prototype QPES compounds L-proline and L-proline
methylester, we observed strong photoprotection of cultured
human skin cells and reconstructed full thickness human skin.198
6.8.2 Inhibition of skin photohypersensitivity. QPES could
be used as adjuvant agents in pathological situations associated
with overproduction of endogenous photosensitizers, such as
porphyria-related skin photohypersensitivity. A photoprotective
beneﬁt of QPES compounds may be anticipated based on the partial effectiveness of oral carotenoid administration on porphyrinsensitized skin photodamage in erythropoietic protoporphyria
patients as reviewed in ref. 219. Moreover, QPES-suppression of
generalized skin photosensitivity after systemic administration
of photosensitizers for PDT or photochemotherapy (PUVA)
applications may be possible as suggested by earlier work222
and our recent demonstration of QPES protection of HaCaT
keratinocytes against PUVA-induced cell.198
6.8.3 Photostabilization of suncreen agents. Some UV
screens have been reported to exert triplet state quencher activity independent of their UV screening activity. In an in vitro
study of photosensitizing properties of bergamot oil, the cinnamate sunscreen 2-ethylhexyl-4-methoxycinnamate decreased
the photoactivity of bergamot oil via triplet state quenching
processes, which were unrelated to UV-ﬁltering activity.223 Cinnamate sunscreens (E isomers) are efﬁcient quenchers of 5methoxypsoralen, 8-methoxypsoralen and 5-geranoxypsoralen
(bergamottin) triplet states.224 Quenching most likely occurs by
triplet energy transfer with E to Z photoisomerization. In a
recent study, photostabilization of the sunscreen 4-tert-butyl-4 methoxydibenzoylmethane (avobenzone) was achieved by addition of bis-ethylhexyloxyphenolmethoxyphenyltriazine, a novel
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sunscreen capable of triplet–triplet energy transfer reactions and
optimized for energy dissipative reactions by reversible photoisomerization and intramolecular hydrogen transfer.225 Therefore
QPES may be envisioned as combinatorial agents used together
with existing sunscreen formulations to exert photoprotection
by antagonizing excited states not only of endogenous skin
photosensitizers but also UV ﬁlters.

7 Epilogue: targeting novel mechanisms of skin
photodamage
Much progress has been made over recent decades leading to a
better understanding of the role of endogenous photosensitizers
in skin photodamage. However, the molecular identity and
mechanism of action of key skin photosensitizers remain elusive,
and recent experimental ﬁndings have only offered a ﬁrst glance on
what might be called the ‘terra incognita’ of photoexcited states in
human skin photodamage. Rigorous molecular characterization
of key chromophores and their chemical action, particularly
in intranuclear and extracellular matrix-derived photooxidative
stress, will reveal novel molecular mechanisms that reach beyond
our current understanding of how skin photodamage occurs.
Further progress in validating the dermal bystander mechanism
of skin photodamage by matrix protein photosensitization will
depend on advanced techniques of skin reconstruction that allow
the controlled introduction of particular candidate sensitizer
chromophores. These novel insights into the mechanistic importance of skin photoexcited states will translate hopefully into
the development of speciﬁc molecular antagonists (quenchers
of photoexcited states) for topical chemoprevention of skin
photoaging and carcinogenesis.
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