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ABSTRACT

Eumelanin is photoprotective for pigmented tissues while
pheomelanin is phototoxic. In this review, we summarize cur-
rent understanding of how eumelanin and pheomelanin
structures are modified by ultraviolet A (UVA) and also by
visible light and how reactive oxygen species participate in
those processes. Alkaline hydrogen peroxide oxidation was
employed to characterize eumelanin and benzothiazole-type
pheomelanin, giving pyrrole-2,3,5-tricarboxylic acid (PTCA)
and thiazole-2,4,5-tricarboxylic acid (TTCA), respectively.
Reductive hydrolysis with hydroiodic acid gives 4-amino-3-
hydroxyphenylalanine (4-AHP) from the benzothiazine moi-
ety of pheomelanin. The results show that the photoaging of
eumelanin gives rise to free PTCA (produced by peroxidation
in situ) and pyrrole-2,3,4,5-tetracarboxylic acid (PTeCA, pro-
duced by cross-linking). The TTCA/4-AHP ratio increases
with photoaging, indicating the conversion of benzothiazine
to the benzothiazole moiety. Analysis of those markers and
their ratios show that both eumelanin and pheomelanin in
human retinal pigment epithelium melanosomes undergo
extensive structural modifications due to their lifelong expo-
sure to blue light. Using synthetic melanins, we also found
that singlet oxygen, in addition to superoxide anions, is pho-
togenerated and quenched upon UVA irradiation. The
(patho)physiological significance of those findings is discussed
in relation to the tanning process, to melanomagenesis in the
skin and to age-related macular degeneration in the eyes.

INTRODUCTION

Melanin pigment is believed to protect the skin and eyes against
phototoxic reactions induced by ultraviolet (UV) or blue visible
light (1-3). Exposure to UV radiation causes DNA damage, and
thus, the accumulation of melanin can be considered an adaptive
photoprotective response of melanocytes to prevent further DNA
damage. The UV radiation that reaches the earth’s surface consists
mainly of 95% UVA (320400 nm) and approximately 5% UVB
(290-320 nm). Although both UVB and UVA lead to skin
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tanning following sun exposure, they induce different pigmentary
responses that are mainly defined by the time kinetics, that is
immediate pigment darkening and persistent pigment darkening as
typical reactions to UVA (4), as well as delayed tanning that is
induced by UVB (5). Our previous studies have clarified that
delayed tanning is accompanied by an increase in melanin content
(3,6). However, that increase is only slight, less than two-fold
(3,6-8), and the observed several-fold increase in visible pigmen-
tation is caused by additional contributions due to changes in the
distribution and particle size of melanosomes (6,9).

UVA (>4 J em™?) elicits immediate pigment darkening within
minutes, which is transient and fades away gradually and partially,
while increasing UVA doses causes persistent pigment darkening
within hours that persists for several days (4). The action spectrum
of immediate pigment darkening has been reported to vary from 320
to 340 nm, that range being very close to the absorption maximum
of 5,6-dihydroxyindole-2-carboxylic acid (DHICA; 321 nm). Per-
sistent pigment darkening seems to be a distinct second phase of the
tanning reaction. Interestingly, immediate pigment darkening typi-
cally appears gray to black while persistent pigment darkening is tan
to brown (3). These darkening processes are thought to result from
the oxidation and/or polymerization of existing melanin and/or mel-
anogenic precursors (10). Reactive oxygen species (ROS) are con-
sidered to be responsible, at least in part, for these processes (11). In
fact, our recent study (12) using DHICA-melanin confirmed that
UVA radiation induces the oxidation of DHICA to indole-5,6-qui-
none-2-carboxylic acid, which is then cleaved to form a photode-
graded, pyrrolic moiety and finally to pyrrole-2,3,5-tricarboxylic
acid (PTCA; Fig. 1) in a free form. The possible involvement of
superoxide anions and singlet oxygen during this photodegradation
has been suggested, and the generation and quenching of singlet
oxygen by DHICA-melanin was confirmed by direct measurements
of singlet oxygen phosphorescence. This point was examined in
more detail in a recent comparative study (11). In addition, the bio-
logical effects of UVA are now drawing much attention because of
the recent finding that cyclobutane pyrimidine dimers are generated
in melanocytes for >3 h after exposure to UVA (“dark CPDs”),
involving UV-induced reactive oxygen and nitrogen species and
melanin pigment (13).

UVB causes delayed tanning that takes several days or longer
to develop (3). The main mechanism of skin tanning caused by
UVB is considered to be the production of melanin as a result of
the increased synthesis and activity of tyrosinase. Different
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Figure 1. Photo-induced structural modifications of eumelanin and pheomelanin and their molecular markers. Eumelanin consists of DHI and DHICA moi-
eties. However, for the sake of simplicity, only the DHICA moiety is depicted here. The DHICA moiety in eumelanin gives total PTCA upon alkaline hydrogen
peroxide oxidation (40) while photo-induced oxidative degradation of the DHICA moiety liberates free PTCA and photodegraded eumelanin (diarylketone moi-
ety). Reaction of the DHI moiety with the indolequinone moiety gives rise to DHI cross-linked at the C3 position (the C2 position being connected either to a
carboxyl group or to an adjacent DHI moiety). This structure gives PTeCA upon alkaline hydrogen peroxide oxidation. The benzothiazine moiety in pheome-
lanin gives 4-AHP (and 3-AHP; not shown) upon reductive hydrolysis with hydroiodic acid (43), which originates from 5-S- and 2-S-cysteinyldopa. UVA
induces conversion of the benzothiazine to the benzothiazole unit. The latter unit gives TTCA and TDCA upon alkaline hydrogen peroxide oxidation while
the former gives much lower yields of TTCA and TDCA (40). Taken from Fig. 1 of reference 39 with minor modifications.

mechanisms are involved in the pigmentary responses of the skin
to different types of UV. Repetitive exposure to UVB elicits dra-
matic increases in a large number of genes involved in pigmenta-
tion as well as in other cellular functions, whereas UVA has
little or no effect on those genes (14).

Epidermal (and follicular) melanocytes produce two types of
melanin pigment, eumelanin and pheomelanin (15). It is gener-
ally agreed that eumelanin is photoprotective to pigmented tis-
sues while pheomelanin is phototoxic. Eumelanin is a
heterogeneous polymer consisting of 5,6-dihydroxyindole (DHI)
and DHICA in various ratios, while pheomelanin is derived from
the oxidative polymerization of 5-S- and 2-S-cysteinyldopa and
consists of benzothiazine and benzothiazole units (16—18). The
relative ratio of DHI to DHICA depends on the activity of dopa-
chrome tautomerase (tyrosinase-related protein-2) and the avail-
ability of copper ions, which give a higher ratio of DHICA
(19,20). That ratio appears important in providing eumelanin an
antioxidant activity. DHICA-melanin was suggested to be a
much more potent hydroxyl-radical scavenger compared to DHI-
melanin (21). The superior antioxidant and free radical scaveng-
ing properties of DHICA-melanin relative to DHI-melanin were
confirmed in other studies (22,23). However, caution should be
exercised when synthetic DHI-melanin and DHICA-melanin are
compared because their solubility is markedly different (DHI-
melanin is completely insoluble in neutral buffers while DHICA-
melanin is soluble), which makes direct comparison difficult and
ambiguous. In the course of pheomelanin synthesis, structural

modification proceeds gradually to convert benzothiazine to the
benzothiazole moiety (24). The relative ratio of these two types
of pheomelanin moieties appears important in determining
whether pheomelanin acts as a pro-oxidant, whose activity is
generally attributed to the benzothiazine moiety (23,25), although
the (photo)reactivity of the benzothiazole moiety has not been
examined thoroughly and thus remains to be studied. Until
recently, it was considered that eumelanin accounts for more
than 90% of total melanin both in unirradiated skin and in UV-
irradiated skin and that both types of melanin increase in tandem
after UVB irradiation (8,26). However, our recent study revealed
that the melanin in human epidermis is comprised of approxi-
mately 74% eumelanin and 26% pheomelanin, regardless of the
degree of pigmentation, the pheomelanin being mostly in the
benzothiazole type (27). This fact points out the necessity to pay
more attention to the role of pheomelanin in the photochemistry
of the skin.

In contrast to extensive biosynthetic studies on melanin pig-
ments, the biodegradation of eumelanin and pheomelanin
remained poorly characterized until only several years ago. In
this review, we summarize current understanding of how eume-
lanin and pheomelanin structures are modified by UVA and also
by visible light and how ROS participates in those processes and
then we briefly discuss the physiological significance of those
findings. In this review, we do not discuss the role of UVB radi-
ation on the modification of melanin structures even though
UVB was reported to induce in keratinocytes ROS (28,29). This
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is because UVB constitutes only 5% of UV radiation on the
earth’s surface and our irradiation experiments confirmed that
UVB-induced changes in the melanin structure were much
slower (ca. 1/3) than with UVA at a dose 20% that of UVA
(30). In addition, unlike the generally accepted mechanism of
photosensitized generation of ROS mediated by UVA (31), the
UVB-induced generation of ROS is poorly understood and may
involve such adverse processes as activation of the cellular cata-
lase (28) or elevation of the intracellular Ca* levels (29).

PHOTODEGRADATION OF EUMELANIN AND
PHEOMELANIN

UVA-induced degradation of melanin during immediate and
persistent pigment darkening

UVA induces the modification of preexisting melanin through
ROS production. Immediate pigment darkening results from
UVA exposure for a short time, implying that it requires a rela-
tively low dose of UVA. Eumelanin exists in two redox forms, a
reduced 5,6-dihydroxyindole (DHI and DHICA) form and an
oxidized 5,6-indolequinone (o-quinone form of DHI and
DHICA) form in varying ratios. The structural modification of
eumelanin that occurs initially should be the oxidation of dihy-
droxyindole to the indolequinone moiety. DHI and DHICA exhi-
bit absorption maxima at 303 and 321 nm, respectively, while
the corresponding indolequinones have maxima at 500 nm for
5,6-indolequinone and 420 and 560 nm for 5,6-indolequinone-
2-carboxylic acid (32). Thus, we can expect that immediate
pigment darkening results in an increase in absorbance around
400-600 nm, concomitant with a decrease around 300-350 nm.
A similar spectral response was reported for a DOPA-melanin
solution exposed to UVA (33). The in vivo UVA irradiation of
human skin gave an apparent absorption spectrum showing a lin-
ear increase from 700 toward 400 nm and a sharp decrease in
the UVA region (33). The oxidative polymerization of eumelanin
precursors was suggested as an alternative mechanism for imme-
diate pigment darkening (10). However, this is less likely to
occur because the level of eumelanin precursors in the skin is
extremely low compared to the level of eumelanin itself (26).
Thus, it appears that during immediate pigment darkening an
overall increase in visible absorption (with a decrease in UVA
absorption) leads to a darkening of preexisting eumelanin with-
out any change in its amount. In fact, our recent study using dif-
ferential spectra of a UVA-exposed DHICA-melanin solution vs
an unexposed solution confirms the above-mentioned spectral
changes, which involves superoxide anion production (11,12). Ear-
lier studies of the interaction of synthetic DOPA-melanin with oxi-
dizing and reducing radicals generated by pulse radiolysis
demonstrated that while the oxidation of melanin was accompa-
nied by a distinct increase in its absorption in the visible region,
the reduction of melanin led to its decreased absorption (34,35).
The immediate pigment darkening may fade away through the
reduction of indolequinone to the original dihydroxyindole moiety
by endogenous reducing compounds such as ascorbic acid and
NADH, although direct evidence for this process seems lacking.
Then how about persistent pigment darkening? This should be
a more complex, irreversible process because it occurs during a
longer period of time (a higher dose of UVA). This allows the
chemical oxidative modification of melanin to proceed in hours.
Our study has shown that following UVA irradiation, a human
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black hair melanin suspension (containing mostly eumelanin)
undergoes oxidative cleavage of the indolequinone moiety to
give free PTCA, a product of the peroxidation of DHICA, in a
time (dose)-dependent manner, accompanied by a weak photo-
bleaching as evidenced by the decrease in absorbance at 500 nm
(A500) (30; Fig. 2). This reaction was confirmed with a synthetic
DHICA-melanin solution (30). Our latest study (12) showed that
singlet oxygen is generated and quenched during the UVA-
induced oxidation of DHICA-melanin, which likely leads to
cleavage of the indolequinone moiety to form free PTCA. Singlet
oxygen is a highly reactive molecule that reacts with a variety of
biomolecules, including aromatic amino acids and nucleotides.
For example, histidine forms semistable cyclic endoperoxides
through a Diels-Alder process (36,37). Endoperoxides are labile
molecules that give rise to a number of stable end-products. Fur-
thermore, it is known that ortho-quinones are highly reactive and
undergo Diels-Alder cycloaddition reactions with a variety of
nucleophiles (38). Thus, we proposed that the indolequinone
moiety as an ortho-quinone produces an endoperoxide intermedi-
ate that gradually degrades to form free PTCA (12).

In our subsequent study (39), another type of oxidative modi-
fication of melanin was discovered. UVA irradiation of a syn-
thetic eumelanin suspension leads to cross-linking of the
dihydroxyindole moiety, which was proved by an increase in
pyrrole-2,3.4,5-tetracarboxylic acid (PTeCA) upon alkaline
hydrogen peroxide oxidation (to break down the eumelanin struc-
ture into its building blocks; 40). How PTeCA is produced in
eumelanin by UVA (39) or by heat (41) has been studied in detail.
The free PTCA production and the cross-linking occur in tandem,
indicating that both events result from the oxidative modification
of eumelanin. In the course of the reaction, the absorption of
DHICA-melanin in the visible region (400-700 nm) increases in a
UVA dose-dependent manner (12). These results suggest that per-
sistent pigment darkening is a complex oxidative process in which
the eumelanin structure undergoes oxidative cleavage and cross-
linking of dihydroxyindole units simultaneously. The oxidative
cleavage affords free PTCA from the terminus of the melanin poly-
mer and the diarylketone moiety (Fig. 1) from its center accompa-
nied by a robust increase in fluorescence (30). In support of this, a
strong fluorescence is a unique feature of UV-exposed skin (42),
and the diarylketone structure, such as benzophenone, is known to
be highly fluorescent.

Pheomelanin also undergoes photodegradation during persis-
tent pigment darkening. Pheomelanin can be detected as 4-
amino-3-hydroxyphenylalanine (4-AHP), a specific degradation
product of the benzothiazine moiety of pheomelanin upon HI
reductive hydrolysis (43; Fig. 1). Thiazole-2,4,5-tricarboxylic
acid (TTCA) and thiazole-4,5-dicarboxylic acid (TDCA) are
degradation products derived from the benzothiazole moiety in
pheomelanin upon alkaline hydrogen peroxide oxidation (40;
Fig. 1). UVA irradiation induces the oxidative conversion of
benzothiazine to the benzothiazole moiety, as indicated by a
decrease in the 4-AHP/3-AHP ratio (30,39,44) and an increase in
the TTCA/4-AHP ratio (30). Interestingly, the benzothiazine
moiety derived from 5-S-cysteinyldopa yielding 4-AHP is more
photolabile than one derived from 2-S-cysteinyldopa yielding 3-
AHP (44). During UVA irradiation of human red hair melanin
(pheomelanin-rich), the 4-AHP level progressively decreases with
time, while the 3-AHP level decreases much slower than the 4-
AHP level (Fig. 2). These results indicate that pheomelanin,
especially the 5-S-cysteinyldopa-derived unit, is rather labile to
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Figure 2. UVA-induced degradation of hair melanin. (a) human black hair. (b) human red hair. Suspensions of hair melanin (10 mg mL ™! water) were
irradiated with 4 mW cm 2 UVA for the indicated time (days). Black hair was taken from a Japanese male, while red hair was from six German
females and combined to obtain average values for the markers. The hair samples were taken from the base (0—4 cm) to avoid the influence from sun
exposure (32). Marker analyses were performed in duplicate, and averages are shown. The irradiation experiments were repeated once with similar
results to confirm the reproducibility. The accumulated dose per day is approximately 340 J cm ™2, which is higher than physiological doses. However,
our other study (39) showed that even small doses of 20 J cm ™2 or less of UVA induces significant changes in the ratios of PTeCA/PTCA, TTCA/4-
AHP and TTCA/PTCA in human melanocyte cultures. Taken from Figs 4 and 5 of reference 32 with minor modifications.

UVA, giving rise to the conversion from benzothiazine to the
benzothiazole structure. However, in terms of pigmentation in
the skin, pheomelanin may not contribute so much because of its
lower content (27) and paler color compared to eumelanin.

In sum, we propose that upon UVA irradiation, eumelanin
undergoes immediate pigment darkening as a result of the ROS-
dependent oxidation of dihydroxyindole to the indolequinone
moiety accompanied by an increase in visible absorption and a
decrease in UVA absorption. Immediate pigment darkening may
fade away gradually to return to the original, reduced structure;
however, with higher doses of UVA, persistent pigment darken-
ing develops in several hours. Persistent pigment darkening is a
more complex, irreversible chemical process involving oxidative
cleavage of the indolequinone moiety and cross-linking of the
dihydroxyindole moiety. With much higher doses of UVA, pho-
tobleaching may gradually develop. Pheomelanin also undergoes
a rather extensive structural modification upon UVA irradiation.
However, the precise process of the structural modification in
pheomelanin remains to be studied.

Visible light-induced degradation of melanin

Then how about visible light? Until recently, it was generally
believed that visible light does not affect skin pigmentation.
However, recent studies have indicated that the effects of visible
light are similar to those elicited by UVA (39,45-48). Liebel
et al. (45) showed that visible light induces significant ROS

production resulting in the release of pro-inflammatory cytokines
and the expression of matrix metalloproteinases in the skin.
Interestingly, a single exposure to visible light induces very little
pigmentation whereas multiple exposures to visible light result in
darker and sustained pigmentation (49).

In collaborative studies, we examined the effects of blue light
on melanin isolated from bovine retinal pigmented epithelium
(RPE) (40). The aerobic irradiation of melanosomes isolated
from the RPE of bovine eyes with an intense short-wavelength
visible light was viewed as an in vitro model for the photoaging
of human RPE melanosomes (50,51). As shown in Fig. 3, irradi-
ation with strong blue light (400-500 nm; 136 W cm™2) for
70 h induced rather small changes in various melanogenic mark-
ers (except for 4-AHP). However, irradiation for 157 h did
induce robust changes. Total melanin (TM, absorbance at
500 nm) and total PTCA (PTCA after alkaline hydrogen perox-
ide oxidation) values decreased to 49% and 44% of the control,
respectively. The level of 4-AHP also showed a sharp decrease
to 20%. On the other hand, PTeCA and free PTCA increased to
164% and 144%, respectively. As a result, various melanin mar-
ker ratios showed dramatic changes, including PTeCA/PTCA,
free/total PTCA, 4-AHP/3-AHP and TTCA/PTCA (Fig. 3). The
ratio of A650/A500 usually serves as a good indicator for the
ratio of eumelanin and pheomelanin (52). However, the ratio in
this case appears to indicate a modification of eumelanin struc-
ture such as oxidative cleavage of the benzene ring in dihydrox-
yindole units (30). This biochemical observation with isolated
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RPE melanin was confirmed by in vivo observations using iso-
lated RPE cells derived from nine human subjects of various
ages. Figure 4 compares age-related changes in various melano-
genic marker ratios. The PTCA/TM ratio showed a progressive
decrease to 1/3 during 80 years of life, whereas the PTeCA/
PTCA ratio increased linearly by 2.5-fold. The 4-AHP/3-AHP
ratio decreased linearly to below 1.0, while the TTCA/PTCA
ratio increased eight-fold. These results clearly indicate that both
eumelanin and pheomelanin in human RPE tissue degrade very
extensively during 80 years of life due to the continuous expo-
sure to blue light (not UVA that does not reach the retina).

The effects of in vitro photoaging of bovine RPE melano-
somes on their morphology, antioxidant properties and reactiv-
ity were recently examined employing atomic force microscopy
and an array of complementary spectroscopic methods (53).
That study demonstrated that moderately photobleached melano-
somes exhibit a strongly modified surface morphology with
clearly exposed melanin nanoaggregates. Compared to control
untreated melanosomes, the photobleached melanosomes exhib-
ited a reduced efficiency to protect unsaturated lipids against
photosensitized oxidation and quenched singlet oxygen less effi-
ciently. The increased photoreactivity of the experimentally
photoaged bovine RPE melanosomes could be due to the aug-
mented exposure of reactive melanin groups such as melanin
free radicals.

Melanin-mediated photogeneration of ROS

Under aerobic conditions, the photoexcitation of both eumelanin
and pheomelanin is accompanied by the consumption of oxygen
(54,55) and by the formation of superoxide anions and hydrogen
peroxide (56-58; Fig. 5). Can melanin photogenerate singlet
oxygen, the most exemplary type of ROS? It was only recently
that Chiarelli-Neto et al. (59) published the first report suggest-
ing the generation and suppression of singlet oxygen in hair by
the photosensitization of melanin. Subsequently, they showed
that in the presence of eumelanin and pheomelanin, UVA and
visible light can generate singlet oxygen and cause characteristic
DNA damage (47). More recently, we studied the role of singlet
oxygen (and superoxide anions) in the degradation of DHICA-
melanin induced by irradiation with UVA in neutral buffer, using
differential spectrophotometry and time-resolved near-infrared
luminescence (12). That study unequivocally demonstrated that
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synthetic eumelanin photogenerates singlet oxygen even when
excited with blue light. The melanin also effectively quenches
singlet oxygen.

In our subsequent study (11), we examined the photoreactivity
of synthetic eumelanins formed by the auto-oxidation of DOPA
or by the enzymatic oxidation of DHICA as well as synthetic
pheomelanins obtained by the enzymatic oxidation of 5-S-cystei-
nyldopa or a 1:1 mixture of DOPA and cysteine. Both superox-
ide anion and singlet oxygen were photogenerated by the
synthetic melanins albeit with different efficiencies. At 450 nm,
the quantum yield of singlet oxygen is very low (ca. 10~%), but
it strongly increases in the UV region. Melanins quench singlet
oxygen efficiently, indicating that photogeneration and quenching
of singlet oxygen may play an important role in the aerobic pho-
tochemistry of melanin pigment. Interestingly, DHICA-melanin
exhibited the highest rate of oxygen photoconsumption when
excited with short-wavelength visible light and photogenerated
and quenched singlet oxygen several-fold more effectively than
the other types of melanins. This is in contrast to DOPA-mela-
nin, which photogenerated superoxide anion most effectively
among the melanins tested. In contrast, in the short-wavelength
part of UVA (320-360 nm), the efficacy of synthetic pheome-
lanins to photogenerate singlet oxygen is higher than those of
eumelanins. It remains to be clarified which of benzothiazine
and/or benzothiazole moiety is responsible for the photogenera-
tion of singlet oxygen. In sum, the photochemical behaviors of
eumelanin and pheomelanin are wavelength-dependent and sub-
units of each melanin would play an important role in determin-
ing which species of ROS is preferentially produced.

Both types of melanin pigment, eumelanin and pheomelanin,
are redox-active and rapidly and repeatedly redox cycle between
the oxidized and reduced states. This concept of melanin being a
redox buffer has been known for years. However, a study by
Kim et al. (60) recently reinforced this concept. Melanin mole-
cules can act as a reductant that transfers electrons to acceptors
such as oxygen molecules generating superoxide anions while it
can act as an oxidant accepting electrons from donors such as
reduced glutathione (GSH) yielding oxidized glutathione (Fig. 5).
Both eumelanin and pheomelanin exist in fully reduced and oxi-
dized melanin subunits with a so-called comproportionation equi-
librium through the inducible melanin radicals. Extrinsic melanin
radicals are induced by many factors, including radiation, that
can shift the equilibrium toward their free radical form (61). The
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Figure 3. Blue light—induced degradation of melanin in bovine RPE melanosomes. The sample was irradiated with strong blue light (136 mW cm?)
for the indicated time (h). Marker analyses were performed in duplicate and averages are shown. The accumulated dose of blue light at 157-h irradiation
was 76 900 J cm 2. For the sake of clarity, the PTCA values shown are x 0.1 of actual ones. Prepared from Table 1 of reference 39.
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Figure 4. Correlation of various melanin marker ratios in human RPE cells derived from donors of different ages. (a) PTCA/TM ratio. (b) PTeCA/
PTCA ratio. (c) 4-AHP/3-AHP ratio. (d) TTCA/PTCA ratio. Samples of human RPE cells were obtained from nine donors of various ages (between 9
and 85 years old). Taken from Figure 4 of reference 39 with minor modifications.

0, 0," 0, 0,”
O == Cl==CL,
OH o (o]

GS: GSH GS: GSH

0, 0,” 0, 0,”
©:OH E f : o E f : :O
NH ; ; N* ; ; N
+ GS- GSH +GS' GSH *

Figure 5. Redox buffering by melanin pigment. During aerobic (photo)
reaction, melanin pigment undergoes redox-cycling, giving rise to super-
oxide anion production and oxidation of reducing agents such as glu-
tathione (GSH). GS' radicals immediately dimerize to give oxidized
glutathione (GSSG). Only o-diphenol and o-aminophenol moieties of
eumelanin and pheomelanin structure are shown.

generated superoxide anions undergo spontaneous dismutation or
react with the oxidized and reduced moieties of melanin (62).
Both pulse radiolysis (34) and electrochemical (63) studies indi-
cated that the interaction of superoxide anions with eumelanin
was predominantly an electron transfer from the superoxide to
melanin with the formation of molecular oxygen and melanin

radicals. Of course, the minor reaction, that is the oxidation of
melanin by superoxide, will lead to the formation of hydrogen
peroxide (58).

The generation of superoxide anions from both eumelanin and
pheomelanin is wavelength-dependent and is progressively faster
at shorter wavelengths (56-58). In this regard, pheomelanosomes
from red human hair exhibited a lower ionization potential with
respect to eumelanosomes with the photoionization threshold of
pheomelanosomes at 326 nm and of eumelanosomes at 280 nm
(64). An increased rate of oxygen photoconsumption was
observed between 338 and 323 nm. Nevertheless, the recent find-
ing of UVA-independent melanomagenesis in yellow pheome-
lanic mice by Mitra er al. (65) suggested that a mechanism(s)
should exist in which pheomelanin promotes melanoma develop-
ment not involving UVA radiation. Subsequently, Panzella ez al.
(66) demonstrated that the purified pigment from red human hair
markedly accelerates the auto-oxidation of two important cellular
antioxidants and reducing agents, GSH and NAD(P)H, compared
to purified black human eumelanin. It was argued that the accel-
erating effect of pheomelanin is due to its capacity to serve as a
redox catalyst accepting H-atoms from the substrates and trans-
ferring electrons to oxygen (25). In this connection, it should be
noted that pheomelanin rich in carboxylated benzothiazine units
generates more superoxide anions than pheomelanin containing
mostly noncarboxylated units following irradiation with UVA or
visible light (67), whereas the opposite trend was observed for
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the rate of GSH depletion (23). It would thus be worthwhile to
examine how the presence of this carboxyl group affects the
course of the photodegradation of pheomelanin.

The UV-independent production of superoxide anions and the
depletion of cellular antioxidants (pro-oxidant activity) certainly
open a new avenue of research in melanin chemistry and bio-
chemistry (for example, 60,68). However, it is likely that this
UV-independent pro-oxidant activity can be greatly accelerated
by UVA radiation, considering the greater photoconsumption of
oxygen at shorter wavelengths (64). Comparative studies examin-
ing the pro-oxidant activity of both eumelanin and pheomelanin
with/without UVA radiation are certainly required, and a study
toward this goal is in progress in our laboratory.

PATHOPHYSIOLOGICAL IMPLICATIONS

This review has summarized the photodegradation of melanin
pigment induced by UVA or by blue light irradiation. With
lower doses, DHI units in eumelanin are oxidized to indole-
quinone units, a process observed in immediate pigment darken-
ing. It is likely that dihydrobenzothiazine units in pheomelanin
are also oxidized to benzothiazine units, although direct evidence
for this is lacking. With higher doses, the eumelanin structure
undergoes cleavage of the benzene ring and cross-linking, as evi-
denced by the increase in free PTCA and PTeCA. Likewise, the
pheomelanin structure undergoes conversion of benzothiazine to
the benzothiazole moiety, as proved by the decrease in 4-AHP
and the increase in TTCA and TDCA. These modifications of
melanin chromophores are accompanied by decreases in absor-
bance in the visible region (A500) and in the ratio of A650/
AS500 in “Aged” melanin (Fig. 6). At the same time, ROS, espe-
cially superoxide anions and singlet oxygen, are generated
directly through the interaction of the excited state of melanin
molecules with molecular oxygen. Hydrogen peroxide and
hydroxyl radicals are then generated with the participation of
superoxide dismutase and iron ions, respectively. Thus, the pro-
duction of “Aged” melanin and the generation of ROS are two

vA g

UVA &
Blue Light

Aged

melanin ~
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major events that take place during UVA or blue light
irradiation.

In the skin

Then what would be the pathophysiological implications of these
events? Among the various types of UV radiation, UVB has long
been considered to be carcinogenic. However, evidence has accu-
mulated in recent years suggesting that UVA also causes skin
cancers, in particular, melanomas. Wood et al. (69) used a genet-
ically melanoma-susceptible Xiphophorus fish model to show
that the action spectrum of melanin photosensitized oxidant pro-
duction is identical to that for melanoma induction in a wave-
length range of 300—400 nm. That study suggested that the
presence of melanin plays an important role in inducing mela-
noma. Noonan et al. (70) used a mouse model to show that mel-
anoma induction by UVA requires the presence of melanin
pigment and is associated with oxidative DNA damage within
melanocytes. In contrast, UVB radiation initiates melanoma in a
pigment-independent manner that is associated with direct UVB
DNA damage. Their study used C57BL/6-HGF mice that pro-
duce mostly (>90%) eumelanin in the skin. Surprisingly, neona-
tal mice were irradiated only with a single dose of UVA at
150 kJ m~2 (15 J cm™?), which is a relatively low and physio-
logical dose (70). In the nuclei of pigmented melanocytes in
UV-irradiated skin, 8-oxodGuo was detected, which is consid-
ered the most abundant oxidative product in UVA-induced DNA
damage. Interestingly, the black C57BL/6-HGF mice produced
spontaneous melanomas without UV exposure, although UVA
tumors arose more rapidly than spontaneous tumors. Spontaneous
melanomas were not found in their albino counterparts. Melanin
pigment, most likely eumelanin in these studies, is likely to
induce melanoma development, and the process is accelerated by
UVA irradiation.

How about the role of pheomelanin in inducing melanoma
development? Pheomelanin is phototoxic, amplifying the UV-
induced generation of ROS (64,67,71,72). Individuals with pale

Analyzed by

® Spectrophotometry (A500, A650)

® H,0, - K,CO, (Total PTCA,
PTeCA, TTCA, TDCA)

® K,CO, (Free PTCA)

® HI (4-AHP, 3-AHP)

Photoprotection l
Cytoprotection

= I

Figure 6. Photo-induced “aging” of melanin and its possible consequences. How the process of “aging” can be evaluated is also summarized. This fig-

ure is based on Fig. 3 of reference 25 with some modifications.
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skin, red hair, freckles and an inability to tan (the red hair—fair skin
phenotype) are at the highest risk of developing melanoma, com-
pared to all other pigmentation types (73). Genetically, this pheno-
type is the product of inactivating polymorphisms in the
melanocortin 1 receptor (MCIR) gene, which encodes MCIR, a
cyclic AMP-stimulating G-protein-coupled receptor that controls
pigment production. Minimal MCI1R receptor activity produces
pheomelanin, as occurs in the red hair—fair skin phenotype,
whereas increasing MCI1R activity stimulates the production of
eumelanin (74). Mitra et al. (65) demonstrated an UV radiation-
independent pathway to melanoma carcinogenesis in the red hair—
fair skin background using a mouse model. Using a conditional,
melanocyte-targeted allele of the melanoma oncoprotein,
BRAFY®E in red-haired mice carrying an inactivating mutation
in the Mclr gene, a high incidence of invasive melanomas was
observed without additional gene aberrations or UV radiation
exposure. The selective absence of pheomelanin in albino mice
was protective against melanoma development. These data suggest
that the pheomelanin pigment pathway produces UV radiation-
independent carcinogenic contributions to melanomagenesis. In a
subsequent study (75), two mechanisms by which the pheomelanin
pathway could mediate oxidative stress and melanomagenesis
were postulated: (1) it might generate ROS that cause oxidative
DNA damage, and (2) it might consume cellular antioxidant stores
and make cells more vulnerable to elevated ROS levels. These
studies were followed by studies on the UV-independent pro-oxi-
dant activity of pheomelanin (see above, 25,60).

These studies using mouse models (65,70) raised at least two
fundamental issues: (1) Is eumelanin and/or pheomelanin more
likely to induce melanoma development? And (2) is UVA radia-
tion not required in this process? In connection to the first issue,
pigment in human epidermis is comprised of approximately 75%
eumelanin and 25% pheomelanin, regardless of the degree of
pigmentation, the pheomelanin being mostly of the benzothiazole
type (27). Our study using 60 different human melanocyte cell
lines showed that eumelanin is the predominant pigment irre-
spective of MCIR loss-of-function mutations (76). Therefore, the
issue of how much pheomelanin contributes to melanoma devel-
opment in humans seems to depend on the photochemistry of
benzothiazole-type pheomelanin, which is mostly unknown at
present. Regarding the second issue, the previous studies do not
necessarily exclude the possible participation of UVA in acceler-
ating melanoma development. Our new finding (10) that syn-
thetic eumelanins and pheomelanins photogenerate singlet
oxygen suggests that the potentially damaging effects of singlet
oxygen occur in human skin exposed to UVA. More studies are
needed to address these issues.

Irradiation with UVA or visible light induces the photodegrada-
tion of eumelanin and pheomelanin. Eumelanin is the major pig-
ment determining the color of human skin (27,76). During
irradiation, eumelanin undergoes a progressive photodegradation
to produce “aged” eumelanin, which leads to decreased absorbance
in the UVA region (12,33) despite the increase in visible absor-
bance. This raises a serious health concern that the persistent pig-
ment darkening induced by UVA may deteriorate the
photoprotective function of (eu)melanin because of its decreased
ability as a sunscreen against UV light. In fact, Miyamura et al.
(77) showed that when human skin was repeatedly exposed to
suberythemal doses of UVA and/or UVB over 2 weeks after which
a challenge dose of UVA/UVB was given, UVA tanning
contributed essentially no photoprotection, although all types of

UV-induced tanning resulted in DNA and cellular damage. These
studies (77,78) and those by Noonan ez al. (70) suggest that mini-
mally protected melanocytes in fair skin are vulnerable not only to
UVB but, stimulated to carry out melanin synthesis, are also vul-
nerable to UVA-induced melanoma. These results are in line with
an epidemiological observation that artificial UVA tanning is a sig-
nificant melanoma risk, particularly for young women. Women
younger than 30 years were six times more likely to develop mela-
nomas than the control group if they tanned indoors (79).

In the eyes

In the eyes, melanin acts as a cellular antioxidant and may pro-
tect RPE cells against the oxidative stress elicited by visible
light or by redox-active metal ions such as iron (80,81). The
oxidation of melanin and its irreversible bleaching can be
induced by the aerobic irradiation of melanin with UV or visible
light (82). This process is accompanied by the production of
superoxide anions and hydrogen peroxide (54,56,71). Examining
RPE cells from human donors of different ages, Sarna ef al.
(82) showed that the content of melanin in RPE cells undergoes
an age-related loss and changes in its composition and antioxi-
dant properties may be partly responsible for the dysfunction of
RPE cells.

Then, what would be the possible consequence of the struc-
tural modifications observed with RPE melanin as summarized
above (Figs 3 and 4)? RPE eumelanin is believed to exert cyto-
protection through the scavenging of ROS produced by visible
light or nonphotoic stress (80,81) and by sequestrating redox-
active metal ions, especially iron (83). The scavenging action of
eumelanin against superoxide anions appears to depend on the
dihydroxyindole and/or indolequinone moiety (34). Thus, the
loss of this structural integrity in the photodegraded eumelanin
(Fig. 1) would lead to a lowered capacity to scavenge ROS. The
chelating action of eumelanin against redox-active metal ions, in
particular iron, also depends on the dihydroxyindole moiety (84).
The cross-linking of the eumelanin structure at the C2 and C3
positions would give rise to a more crowded three-dimensional
structure. It can be speculated that this structural modification
would result in a lowered capacity to chelate metal ions. In fact,
the photodegradation of synthetic eumelanin and RPE melano-
somes induced by visible light (and by UV light) result in a
reduced capacity to bind iron ions and a loss of an inhibitory
effect on iron-mediated oxidation (50,51,85). In this connection,
there is another consequence of the photoaging of RPE melanin,
that is its increased photochemical reactivity, particularly mela-
nin’s ability to photogenerate superoxide anions and photocon-
sume oxygen (86). It was demonstrated that RPE melanosomes
from older human donors after phagocytosis by ARPE-19 cells
exhibited cytotoxicity upon irradiation with blue light (87).
Increased phototoxicity and photochemical reactivity was also
observed in the case of experimentally photoaged bovine RPE
melanosomes (50,88).

Human RPE melanin examined in our study (39) consists of
mainly eumelanin and in a minor part benzothiazole-type
pheomelanin (40) as judged from a high level of PTCA
(2860 ng mg™") and low levels of TTCA (438 ng mg™') and 4-
AHP (110 ng mg™") at birth. The TTCA/4-AHP, 4-AHP/3-AHP
and TTCA/PTCA ratios serve as markers for the photo-induced
degradation of (pheo)melanin. Figure 4 indicates that the 4-AHP/
3-AHP ratio in donors >80 years old was below 1.0, indicating

2509017 SUOLUWIOD) AR 8|G0l dce 8 AQ pouLeAA a8 ORI YO 8N 0 Sa NI 0 ARIdI1 BUIIUO AB]1M UO (SUOIPUOD-PUE-SULBIALIOD B | IW ATRIq1[pu1|Uo//SAN) SUONIPUOD PUE SULB 1 83 39S [7Z202/TT/v2] Uo AXeid i 8UIIUO AB|IM ‘PUBlod 8URIUR0D A ££82T dUd/TTTT'0T/10p/w00 /5| 1w ArRIqIpuluo//SdIY WoJy papeojumoq € ‘8T0Z ‘L60TTSLT



nearly complete degradation of the benzothiazine moiety to ben-
zothiazole at this age. Nevertheless, photobleached porcine and
bovine RPE melanosomes exhibit distinct pro-oxidant and photo-
toxic properties (51,88,89). These results are not compatible with
the general belief that it is the benzothiazine units that are pho-
toreactive and pro-oxidant in the pheomelanin structure (25).
Thus, the photochemical behaviors of the benzothiazole structure
in pheomelanin need to be studied in comparison with the struc-
ture of benzothiazine.

It can be speculated that the age-related degradation of melanin
in the human RPE may be partly responsible for the dysfunction
of this important retina-supporting tissue and, therefore, could con-
tribute to the development of age-related macular degeneration,
the primary cause of blindness in people over 60 (90).

CONCLUSIONS

Upon UVA irradiation, eumelanin undergoes immediate pigment
darkening as a result of the ROS-dependent oxidation of DHI to o-
indolequinone, accompanied by an increase in visible absorption
and a decrease in UVA absorption. This deteriorates the ability of
eumelanin to serve as a sunscreen. With higher (continuing) doses
of UVA, persistent pigment darkening develops in several hours.
Persistent pigment darkening is a complex, irreversible process
involving the oxidative cleavage of indolequinone and cross-link-
ing. With much higher doses of UVA, photobleaching may pro-
ceed. During the photoaging of RPE melanin caused by lifelong
exposure to blue light, eumelanin is progressively degraded. The
decrease in the quality of eumelanin would lead to a deterioration
of its ability to protect RPE cells against ROS-induced oxidative
stress. Pheomelanin also undergoes light-induced conversion from
benzothiazine to the benzothiazole moiety. However, the physio-
logical significance of this process remains to be clarified.
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