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Abstract

Melanin is one the most common biological pigments. In humans, specialized cells
called melanocytes synthesize the pigment from tyrosine and 3,4-dihydroxyphenyla-
lanine via enzyme-catalyzed reactions and spontaneous processes. The formed mela-
nin granule consists of nanoaggregates of oligomers containing different monomers.
Although the main biological function of melanin is protection against damage from
solar radiation, melanin may also be involved in protection against oxidative stress.
In the latter function, sequestration of redox-active metal ions and scavenging of
reactive oxygen species are of importance. The paper reviews basic physicochemical
properties of melanin responsible for binding of metal ions and discusses specific
conditions that may induce cytotoxicity of metal ions such as iron and copper by
facilitating their redox activation and release from melanin. While the value of EPR
spectroscopy and other EPR-related techniques for the study of melanin is empha-
sized, the concomitant use of other physicochemical methods is the most efficient
approach.

1 Introduction

Melanin is widely present in most or all complex animals. Basic building blocks of
melanin are nanoaggregates of relatively small oligomers formed not only via enzy-
matic process but also spontaneously from the reactions of active precursors, such
as dopaquinone [1-5]. So-called eumelanin is the main naturally occurring mamma-
lian melanin pigment, responsible for brown—black coloration of pigmented tissues.
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Key monomer units of the eumelanin oligomers are 5,6-dihydroxyindole (DHI) and
5,6-dihydroxyindole-2-carboxylic acid (DHICA), as well as their oxidized forms [6].
Although dopachrome, one of the main intermediates of melanogenesis, spontane-
ously converts to DHI, the biosynthesis of eumelanin pigments involves enzymatic
tautomerization of dopachrome to DHICA, which significantly increases the per-
centage of DHICA monomers in natural eumelanin [7]. Interestingly, the interac-
tion of metal ions with melanin precursors could affect the result of melanogenesis.
Indeed, it was shown that Cu(Il) ions stimulated the rearrangement of dopachrome
to DHICA [8, 9]. A mechanism of dopachrome tautomerization into DHICA cata-
lyzed by Cu(Il), based on quantum chemical calculations, indicated the important
role of Cu(Il) coordination to the oxygen of quinoids of dopachrome [10]. While
some of the functions of melanin, especially protection against damage from light,
have evolved by natural selection, other functions seem to have arisen from the myr-
iad physical-chemical properties intrinsic to melanin, especially interactions with
metal ions and related oxidation/reduction reactions. These additional properties
have been incorporated into natural defenses and also have been a potential source
of pathophysiology. In this manuscript we have attempted to provide a systematic
examination of these properties with a particular emphasis on how they modulate
cytotoxic processes of both melanin and pathways influenced by melanin.

Melanin is very resistant to conventional chemical-physical characterization
because of its insolubility in most solvents, heterogeneity of structure, and many
different reactive groups [1, 2]. These groups give rise to the redox and metal bind-
ing by melanin. Fortunately, one of the properties of these complex polymers are the
presence of unpaired electrons, which can be studied non-destructively by electron
paramagnetic resonance (alternatively termed electron spin resonance and usually
abbreviated as EPR or ESR). In addition, further information can be obtained by
the addition of paramagnetic ions to melanin using EPR to characterize their physi-
cal and chemical interactions. The senior authors of this manuscript have published
more than 100 manuscripts using EPR to characterize melanin and its interactions.
Therefore, we have drawn extensively but not exclusively on this body of literature
to try to provide a systematic analysis of some of the relevant properties of mela-
nin and their consequences. Although interactions of metal ions with so-called
pheomelanin (a pigment derived from cysteinyldopas) are also very important, due
to the fact that only limited relevant data are currently available, we decided to omit
pheomelanin in this review.

2 Key Physicochemical Properties of Eumelanin that Determine Its
Interaction with Metal lons

Among various physicochemical properties of melanin, its ability to bind redox-
active metal ions, might be especially important biologically [11-13]. Over half a
century ago it was demonstrated that melanin, interacting with metal ions, behaved
as a weak acid cation exchanger [14]. Subsequent studies, focusing on determina-
tion of the molecular parameters of melanin—metal ion complexes [15-19], were to
a large extent stimulated by our work that explained the unusual effect of bound to

@ Springer



Interaction of Melanin with Metal lons Modulates Their Cytotoxic... 107

melanin paramagnetic metal ions on the melanin free radical signal [20]. The effect,
purely physical in nature, was due to magnetic dipolar interaction between the mela-
nin radicals and paramagnetic metal ions bound to melanin. Using selected transi-
tion metal and lanthanide ions with different spin—lattice relaxation times, and view-
ing melanin radicals as natural probes that enabled the detection of metal ions bound
to melanin, the existence of several specific types of metal binding sites in melanin
were demonstrated.

This led to the development of so-called multiprobe approach to study melanin.
In this method, a suitably chosen molecular probe such as a paramagnetic metal ion
(or as later shown also diamagnetic metal ions) is introduced into the melanin struc-
ture, where it is subjected to the influence of local environment and/or where it can
affect redox equilibria of melanin subunits. The interaction between the probe and
the local milieu of the melanin structure, detected by application of the appropriate
spectroscopy, can provide unique information about the type of ligands, geometry of
the complexes, and their spatial distribution.

X-band EPR spectroscopy and application of the isotope **Cu(II) to probe metal-
ion binding sites of synthetic catechol and dopa-melanin, revealed that below pH 5.0
in both melanins only monodentate carboxyl complexes were formed, while at pH
above 6.0 both melanins had bidentate phenolic hydroxy complexes [17]. At higher
pH, the copper ions also formed bidentate nitrogen—carboxyl complexes. While at
pH below 5, copper complexes with natural melanin from the choroid of bovine
eyes were the same as in synthetic dopa-melanin, at pH above 7 the correspond-
ing EPR spectra of natural melanin suggested possible involvement of bidentate
nitrogen complexes [18]. A follow-up study employing S-band EPR spectroscopy,
Mossbauer spectroscopy and atomic absorption measurements, and using copper
(II), iron(I1I) and zinc(Il) as molecular probes, enabled detailed pH-dependent deter-
mination of the binding capacity of dopa-melanin for copper and zinc ions [19]. The
study also demonstrated that chemical modification of melanin, with agents block-
ing specific binding groups, reduced the amount of copper ions bound to melanin,
with the strongest effect observed for diazomethane and dimethyl sulfate, which effi-
ciently block phenolic hydroxy and carboxyl groups. On the other hand, acetylation
and ethylation of melanin obtained by the treatment with acetic anhydride and thio-
nyl chloride, which predominantly block the melanin amine and carboxyl groups,
respectively, had much smaller effects on the copper-binding capacity of dopa-mela-
nin. Based on Mossbauer measurements it was concluded that Fe (III) ions predomi-
nantly bound to ortho-phenolic hydroxy groups, forming high-spin complexes with
distorted octahedral symmetry. A uniform distribution of metal-ion-binding sites
in the melanin structure was inferred by comparing theoretical estimates with the
experimentally determined quenching of the melanin radical signal by an increasing
concentration of Mn(II).

On the other hand, the use of diamagnetic Zn(II) as a molecular probe of ion-
exchange properties of melanin, revealed a rapid increase in the melanin signal
intensity between pH 4 and 6, which coincided with significant uptake of zinc ions
bound to melanin. The enhancement of the melanin EPR signal induced by certain
multivalent diamagnetic metal ions, particularly zinc, was first reported in Ref. [21].
The molecular mechanism of this phenomenon was satisfactorily explained in Ref.
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[16]. A thorough EPR study of the effect of several dipositive alkali earth metal
ions, dipositive, and tripositive transition metal and lanthanides ions on intensity,
and the linewidth of the melanin radical signal revealed the formation of melanin
radical-metal ion complexes. The broadening of the melanin signal depended on
the nuclear spin of the metal ions indicating unresolved hyperfine splitting, consist-
ent with a very strong interaction between melanin radicals and the metal ion. The
postulated comproportionation equilibrium between melanin subunits determined
the concentration of the observable free radicals. Because the interaction of metal
ions with the radical is assumed to be much stronger than with either the oxidized
(ortho-quinones) or reduced (ortho-hydroquinone) melanin subunit, by removing the
uncomplex radical from the system, chelation of metal ions shifts the equilibrium to
the right:

0-H,Q + 0-Q «— 2H"+ 20-SQ;0-SQ + M™ «— M" --0-SQ

where 0-H,Q: fully reduced; o-Q: fully oxidized; o-SQ: semi-oxidized [16, 22]

In eumelanin, the corresponding melanin subunits are 5,6-dihydroxyindole (DHI)
and 5,6-dihydroxyindole-2-carboxylic acid (DHICA), their fully oxidized forms, and
the corresponding free radicals.

Potentiometric titration was used in combination with EPR and absorption
UV-Vis spectroscopy to quantify the acidic functionalities in a synthetic colloidal
DHI-melanin [23]. The study concluded that quinone—imine functionality played a
substantial role in binding of copper(Il) and zinc(Il) ions by DHI melanin. At neu-
tral pH values, binding of metal ions was driven by quinone imine, and catechol
groups yielding a mixed group of donor complexes. At slightly acidic pH values,
lower than 6, Zn(II) ions preferred to bind to quinone imine in 1:1 and 1:2 ratio, but
Cu(II) retained a preference for the mixed complexation by both ligand types. At
alkaline pH values, both metals bound to two catechol groups. Although the deter-
mined equilibrium constants for the interaction for DHI melanin—Cu(II) and DHI
melanin—Zn(II) may be used to predict the complexation between melanin and other
complexing ligands for copper and zinc ions, the study is not very representative
for natural melanins, which contain significant amount of DHICA subunits [1, 2].
Unlike natural eumelanin and synthetic melanin derived from dopa, DHI melanin
has few or no carboxylic groups, which have been demonstrated to play an important
role in binding of copper ions by natural eumelanin and dopa-melanin at acidic pH
values and of alkaline earth metal ions [17-19, 24].

The role of catechol groups in binding of iron(IIl) by Sepia melanin was con-
firmed by resonance Raman spectroscopy [25]. In contrast to the natural eumela-
nin, Fe(Ill)-enriched samples exhibited absorption features, which were attributed to
ligand-to-metal charge-transfer (LMCT). Resonance Raman spectra obtained after
exciting the LMCT bands revealed bands that were assigned to Fe—OR stretching
and ring deformation modes, substantiating that the Fe(Il) melanin binding site is
composed of catechol-like structural units. In a follow-up study, the binding capac-
ity of Sepia melanin was compared for several alkali earth and transition metal ions
[24]. The study concluded that at neutral and mildly acidic pH values, Ca(II) and
Mg(II) bind to carboxyl groups of Sepia melanin with high capacity, low affinity,
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and show pH dependence near the pK, of the COOH group. In contrast, Fe(III)
binds to 0-diOH, with high capacity high affinity and no pH dependence over the
range of pH examined. The data indicate that the bound metal cations are distrib-
uted throughout the melanin granules. This and the high degree of reversible metal
binding may imply, according to the authors of the cited paper, the existence of ion
diffusion channels within the melanin granules. The ability of iron ions to change
their location within the melanin granules after initial binding, was inferred from the
changes in microwave power saturation of the melanin free radical signal that gradu-
ally occurred after the binding of the iron [26].

The involvement of the catechol hydroxy, amine, and carboxylic groups in bind-
ing of monovalent and divalent alkali metal ions, divalent, and trivalent transi-
tion metal ions and lanthanide ions by natural and synthetic melanins was recently
reviewed [27]. The authors emphasized that factors determining the binding sites
of each metal ion are the type of eumelanin and pH. The main features of binding
of selected metal ions by melanins are compiled in Table 1. The typical effect of
zinc, copper and iron ions on EPR signal of melanin radicals is shown in Fig. la.
Although Zn(II) at high concentration is able to increase EPR signal of DOPA—mel-
anin even 40 times, at the selected concentration (0.09 mM), zinc increases the sig-
nal intensity by almost a factor of two. At such concentration, copper and iron ions
markedly reduce the EPR signal of melanin radicals.

3 Modulation by Melanin of the Reactivity and Availability of Metal
lons

Iron and copper are the biologically most relevant redox-active transition metal
ions. These ions, in the presence of common oxidants or reductants, can undergo
reversible oxidation and reduction. As specific complexes with sulfur and nitrogen
ligands, these metal ions are involved in electron transfer responsible for energy gen-
eration by the mitochondrial electron transport chain [33]. However, “free” copper
and iron ions can be quite toxic due to their ability to catalyze free radical decom-
position of hydrogen peroxide [34]. Of course, there are no really free metal ions in
the cytoplasm for they always form complexes with available ligands such as water
and low molecular weight constituents of the cell. Nevertheless, such complexes can
also be involved in the so-called Fenton reaction yielding hydroxyl radicals or highly
reactive metal ions in their higher oxidation state [35, 36]. The effect of melanin
on iron-associated generation of hydroxyl radicals from hydrogen peroxide was ana-
lyzed by EPR-spin trapping and absorption UV-Vis spectrophotometry [37]. The
study clearly demonstrated that melanin affected the yield of hydroxyl radical in a
complex way, depending on the experimental conditions. For low concentrations of
Fe(Il) ions, synthetic dopa-melanin dramatically reduced the yield of OH genera-
tion due to binding of iron to melanin. Later it was reported that even under anaero-
bic conditions, upon binding by melanin Fe(Il) ions were oxidized to the Fe (III)
state [38]. It was also shown that binding of Fe (III) ions by melanin substantially
modified redox properties of the ions in that Fe (III) ions bound to melanin were
much more difficult to reduce by biological reductants in comparison with “free”
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Fig. 1 EPR spectra of melanin radicals (a), copper (II) (b) and iron (III) (¢) detected in samples of
DOPA-melanin with and without indicated metal ions. a: melanin concentration 0.5 mg/ml, metal ion
concentration 0.09 mM. b and ¢: melanin concentration 1 mg/ml, metal ion concentration 0.18 mM,
rose Bengal concentration 0.5 mM, B-NADH concentration 2.5 mM (except dotted line in ¢). Metal
ion is copper (b) or iron (c). Continuous line: in dark, broken and dotted line: after 20 min. irradiation
with green light (516-586 nm, 50 mW/cm?), dotted line: -NADH concentration 12.5 mM. All spectra
recorded at 77 K

Fe (IIT) ions [39]. Unlike Cu (II), which could be easily reduced by strong reduct-
ants, formed by a photosensitized reaction involving rose Bengal and f-NADH [40],
Fe (III) bound to synthetic DOPA-melanin was much more difficult to reduce. To
achieve significant reduction of Fe(IlI), five times greater concentration of p-NADH
was needed in comparison with the concentration of B-NADH needed to reduce
Cu(II) bound to melanin [38]. The different sensitivity of Cu(Il) and Fe(IIl) bound
to melanin to be reduced is illustrated in Fig. 1b and c. On the other hand, melanin
increased the rate of hydroxyl radical production if the predominant form of iron was
Fe (III). The effect was due to the ability of melanin to reduce Fe (III) ions to Fe(II)
ions and was particularly pronounced if Fe (IIT) ions were bound to strong chelators,
which efficiently competed for iron with melanin or when the ions occurred in the
excess in comparison to melanin [37]. The two effects, i.e., the reduction by melanin
of unbound Fe (III) ions and oxidation of Fe(Il) ions, accompanying their binding,
could be explained by difference in the exposure of the reduced (o-quinol) and oxi-
dized (o-quinone) melanin subunits to external reagents. The reduced subunits are
expected to exhibit greater hydrophilicity, than the oxidized subunits, making them
more exposed to the extragranular environment.

Cu (I) complexes with melanin were easily oxidized by dioxygen and hydrogen
peroxide yielding hydroxyl radicals; however, almost 99% of the radicals were inter-
cepted by the melanin [40]. This is an example of a site-specific reaction, in which
reactive species formed by a system are very efficiently sequestered by the system
itself. There is no doubt that site-specific formation and decay of reactive oxygen
species that may occur in melanin, which by limiting the diffusion radius of the
reactive species, significantly reduces their cytotoxicity. Thus, binding by melanin
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of redox-active metal ions, is a powerful protective mechanism, which reduces the
availability and reactivity of the metal ions and limits the escape of formed radicals
from the melanin granule.

The antioxidant action of a synthetic and natural neuromelanin was studied in
a model system by monitoring the rate and extent of lipid peroxidation induced by
Fe(Il) ions and free radical initiators [41]. Although both free radical scavenging
activity of melanin and its metal-ion sequestering ability were considered, it was
concluded that in cells, where melanin is present as distinct pigment granules,
the predominant mechanism of melanin protection against oxidative damage was
sequestration of redox active metal ions, such as iron. The study provided experi-
mental support for the postulated role of neuromelanin as a modulator of the avail-
ability and reactivity of metal ions [42, 43]. EPR spectroscopy and total reflection
X-ray fluorescence spectroscopy was used to measure paramagnetic metal ions, neu-
romelanin, and total metal content in nine selected areas of the human brain [44].
Clear correlation between the content of iron and its EPR spectrum was observed
only for substantia nigra, which also exhibited a distinct EPR signal of neuromela-
nin. Binding of Fe (III) ions by neuromelanin from substantia nigra and by a syn-
thetic neuromelanin model was studied by EPR spectroscopy in a followed up study
[26]. It was demonstrated that when iron became bound to melanin this occurred
preferentially by catechol hydroxy groups forming a complex with rhombic symme-
try, and the iron was in the forms of high spin Fe (III) ions. Later, it was shown that
intraneuronal neuromelanin buffered reactive iron and blocked iron-mediated oxida-
tion of ascorbate and dopamine [45]. The study concluded that neuromelanin could
protect against iron-mediated oxidative damage in a system modeling iron overload
of brain and Parkinson’s disease. The role of the dysregulation of cytosolic dopa-
mine and reactive metal ions, most prominently iron, in pathogenesis of Parkinson’s
disease, was extensively discussed in a review paper [46]. The authors pointed out
to the potentially protective effects of neuromelanin biosynthesis and neuromela-
nin itself, which when formed, could protect the pigmented neurons against iron-
dependent oxidative stress by sequestering iron. It was emphasized that the equilib-
rium between iron, dopamine, and neuromelanin was crucial for cell homeostasis.
Its disruption, induced by overload of neuromelanin with certain toxins and iron
ions, could trigger a neurodegenerative process.

The protective effect of melanin against oxidative stress was demonstrated for the
first time in cell culture by adding hydrogen peroxide to ARPE-19 cells containing
porcine retinal pigment epithelium (RPE) melanosomes [47]. Following hydrogen
peroxide delivery as a pulse or by continuous generation, employing glucose oxi-
dase, greater resistance to critical concentrations of H,O, was seen for cells contain-
ing melanosomes than for cells with control latex beads. A follow-up study con-
firmed the postulated mechanism of antioxidant action of melanin—its ability to
bind metal ions [48]. Using EPR spectroscopy and the bathophenanthroline assay
for determination of the iron content of melanosomes before and after loadening the
cells, it was shown that the melanosomes could bind iron within living cells. The
outcomes indicated retention of prebound iron and accumulation of iron by granules
after iron delivery to cells via the culture medium, suggesting contributions to iron
homeostasis by melanosomes.
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4 Photodegradation of Melanin Decreases Its Metal lon
Sequestering Ability and Antioxidant Capacity and Increases
Prooxidant Properties of the Melanin

Although it was demonstrated that melanin could protect pigmented cells against
oxidative stress mediated by iron, an important issue that should be addressed is
whether physicochemical changes of melanin that occur with aging modify anti-
oxidant properties of the melanin and its protective ability [11]. This is particu-
larly relevant for melanin in the retinal pigment epithelium of the human eye,
where melanin is formed early during fetal development and shows little or no
metabolic turnover throughout life [49, 50].

Considering the localization of RPE melanin and the high metabolic activity
of the retina [51], it is apparent that this pigment can be exposed to high fluxes of
intense visible light from focal irradiation, elevated oxygen concentrations, and
photosensitizing molecules. These factors may lead to photochemical processes
that result in chronic oxidative stress in the RPE. As a result, oxidative modifi-
cation of the long-lived RPE melanin is likely to occur. Indeed, the content of
melanin in human retinal pigment epithelium was shown to substantially decrease
with age [52], and a more recent study demonstrated distinct chemical changes in
the RPE melanin of older human donors, consistent with the observed experimen-
tal photoaging of melanin [53]. The latter study concluded that such oxidative
modification of RPE melanin would reduce its metal ion binding ability.

To study in vitro age-related changes that in human RPE occur over many
years, a simple model of photoaging of RPE melanin was developed, in which
bovine or porcine RPE melanosomes were exposed, under controlled conditions,
to high doses of visible light to induce different degree of photobleaching of
the pigment granules [54-57]. Although aerobic irradiation of melanin leads to
generation of superoxide anion, hydrogen peroxide [58, 59] and singlet oxygen
[60-62], which might be involved in photodegradation of melanin, a recent study
suggested the key role of singlet oxygen in melanin photobleaching [63].

Changes in melanin structure accompanying photobleaching of melanin mod-
ify its metal ion binding properties. It was shown that photodegradation of RPE
melanosomes isolated from porcine eyes reduced their affinity to bind iron ions
and their efficiency to inhibit generation of hydroxyl radicals by iron-catalyzed
decomposition of hydrogen peroxide [54]. On the other hand, weak photodegra-
dation of melanin increased the capacity of melanin to bind organic cations and
significantly enhanced the effect of paramagnetic metal ions such dysprosium (III)
or iron (IIT) bound to melanin on the spin—lattice relaxation time of melanin radi-
cals [57, 64]. This phenomenon can be explained by morphological changes of
pigment granules and structural modification of melanin nanoaggregates, enhanc-
ing the penetration of reagents into the melanin structure. Weakly degraded mela-
nosomes exhibited a reduced ability to inhibit peroxidation of lipids induced by
iron/ascorbate [55]. A similar effect was also observed in human RPE melano-
somes; experimental photobleaching of the melanosomes resulted in substantial
reduction of their efficiency to inhibit peroxidation of lipids induced by ADP-Fe/
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ascorbate [65], where ADP is adenosine 5’-diphosphate. Although human RPE
melanosomes obtained from older donors inhibited iron-induced peroxidation of
lipids, the inhibitory effect was smaller than that in bovine RPE melanosomes, so
the bovine RPE could be viewed as model of human melanosomes for the young.

It was shown that photobleached melanin, exhibiting a free radical EPR signal
comparable with human RPE melanin from donors aged 80 years and older, retained
some ability to bind iron. However, such iron bound to melanin could be precipi-
tated by phosphate or replaced by zinc ions, indicating that iron binding in pho-
tobleached melanin was relatively weak and nonspecific [63, 64]. It suggests that in
photobleached melanin, carboxyl groups rather than catechol hydroxy groups par-
ticipate in iron binding. A change in the relative population of catechol hydroxy and
carboxyl groups in photobleached melanin may result from oxidative degradation
and ring opening of the melanin DHI and DHICA subunits [40]. Similar oxidative
modifications of melanin may occur in human RPE due to chronic exposure of the
melanin to visible light, especially its short-wavelength component, leading to sig-
nificant reduction of the efficiency of antioxidant activity in melanin.

In humans neuromelanin principally occurs in the substantia nigra and locus
coeruleus, and its content increases with age [66]. Although neuromelanin is not
exposed to light, this polymer can be subjected to a high flux of hydrogen peroxide
formed during oxidative deamination of dopamine catalyzed by monoamine oxidase
[34]. In vitro studies showed that hydrogen peroxide at relatively high concentra-
tions was able to induce oxidative degradation of melanin and that redox active
metal ions such as iron and copper significantly accelerated this process [40, 45,
63]. In situ oxidative degradation of neuromelanin may be particularly important
in the case of neuromelanin with accumulated high amounts of iron. The release of
iron ions could occur from degradation of neuromelanin which could contribute to
oxidative stress and degeneration of neurons in the substantia nigra, setting of onset
of Parkinson Disease [43].

In summary, from the in vitro studies discussed, it is apparent that melanin exhib-
its potent antioxidant properties [37, 39, 41, 45, 54, 67]. Melanosomes isolated from
human RPE and bovine RPE melanosomes protected against iron-induced, photoin-
duced, and photosensitized lipid peroxidation [55-57, 65]. On the other hand, mela-
nosomes subjected to experimental photobleaching exhibited substantially reduced
antioxidant and photoprotective properties [54—56, 65]. Perhaps even more remark-
able was that RPE melanosomes, isolated from human and bovine eyes, became
prooxidant after partial photobleaching, i.e., they accelerated iron-induced lipid per-
oxidation in a Fe(IlT)-ADP/ascorbate system [55, 65]. Interestingly, photodegraded
melanosomes, with a 50% reduction of the melanin EPR signal accelerated lipid per-
oxidation in the presence of ascorbate even without exogenous iron. This prooxidant
effect was partly reduced by desferrioxamine, indicating a role of weakly bound iron
ions that had accumulated in the pigment granules in situ [55]. Similarly, photode-
graded bovine RPE melanosomes were shown to accelerate light-induced peroxida-
tion of liposomal lipids extracted from bovine retinas [56]. The extracted lipids may
contain endogenous photosensitizers such as all-trans-retinal and lipid hydroperox-
ides that exhibit residual absorption in visible region. Photoexcitation of such lipids
leads to the formation of reactive oxygen species [68] and can induce cytotoxicity
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[69]. Although it cannot be ruled out that the prooxidant action of photodegraded
melanin results from its increased yield of singlet oxygen photoformation and
decreased ability to quench this reactive oxygen species, the observed prooxidant
action may be due to the presence of endogenous iron that becomes redox labile in
photodegraded melanin, especially in the presence of hydrogen peroxide that accu-
mulates at higher concentration during irradiation of photobleached melanosomes.

It is important to stress that RPE has metabolically active postmitotic cells,
and therefore, they accumulate age-dependent changes, including the age pigment
lipofuscin, a product of incomplete digestion of phagocytized photoreceptor outer
segments [70, 71]. Lipofuscin exhibits substantial aerobic photoreactivity; irradi-
ated with short wavelength visible light, it can generate singlet oxygen, superoxide
anion and hydrogen peroxide [72]. These reactive oxygen species could contribute
to chronic oxidative stress in the outer retina leading to tissue dysfunction over time
that predisposes to the development of degenerative processes, such as age-related
macular degeneration [73, 74]. One of the key roles of RPE cells is phagocytosis of
photoreceptor outer segments membranes, which are rich in polyunsaturated fatty
acids [70]. Thus, RPE lipofuscin granules also contain high amounts of polyunsatu-
rated fatty acids. RPE melanosomes, by fusion with lipofuscin, form complex gran-
ules called melanolipofuscin [75]. It can be postulated that in such a system lipid
peroxides can oxidatively modify melanin and that this process can be accelerated
by redox active transition metal ions bound to the melanin. To study such interac-
tions, a simplified model system was used, in which tert-butyl hydroperoxide (TBH)
was used as a model organic peroxide resembling lipid hydroperoxide [76]. TBH
was shown to induce chemical degradation of both synthetic eumelanin and mela-
nosomes isolated from bovine RPE. Although zinc bound to synthetic melanin had
no significant effect on the kinetics of such degradation, copper and iron accelerated
this process and iron was more effective than copper. The higher efficiency of iron
to mediate the degradation of melanin could be due to a more efficient oxidation of
melanin induced by iron. These transition metal ions had negligible effect on antiox-
idant properties of examined nondegraded melanins. However, copper-enriched and
iron-enriched melanins degraded by TBH accelerated light-induced peroxidation of
liposomal lipids extracted from bovine retinas. Such pro-oxidant effects increased
with the degree of melanin degradation. The data suggest that iron, weakly bound
to carboxyl groups originating from destruction of DHI and DHICA subunits, is
able to induce a Fenton type reaction. In the absence of melanin or in the presence
of degraded melanin without metal ions, lipid peroxidation decreased to zero after
cessation of irradiation. On the other hand, in the sample with lipids and degraded
melanin with iron, lipid peroxidation continued even after the termination of irradia-
tion, which indicates that such degraded melanin exhibits decreased ability to scav-
enge free radicals. It can be assumed that melanolipofuscin formed in the aging RPE
provides conditions that facilitate oxidative modification of the melanin component,
which may increase the risk of oxidative stress in the outer retina.

Binding of metal ions to melanin can affect aerobic reactivity of the melanin, as
shown by examining the ability of Sepia melanin with several different metal ions
to cause strand breaks in supercoiled pUC18 DNA [77]. The study reported that
Cu(II) and Fe(III) enriched melanins induced the greatest amount of DNA damage.
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Interestingly, while EDTA reduced the amount of DNA damage induced by Cu(Il)-
enriched melanin, the damaging effect of Fe(Ill)-enriched melanin was actually
higher in the presence of this chelator. Although the exact mechanism of this phe-
nomenon remains unknown, an independent study suggested that binding of divalent
copper and zinc ions to melanin, could induce a pro-oxidant response under oxygen,
generating superoxide anion and hydroxyl radicals, as shown by EPR-spin trapping
[78]. In the same work, the authors observed similar pro-oxidant behavior in mela-
noma cell lines under external peroxide stress.

Copper ions complexed with synthetic dopa-melanin accelerated degradation of
the melanin induced by a high concentration of hydrogen peroxide both in the dark
and upon irradiation with UVA-Vis light [40]. The possible involvement of hydroxyl
radicals, generated by free radical decomposition of hydrogen peroxide catalyzed by
copper-melanin complexes, was inferred from the detection of salicylate hydroxyla-
tion products, using salicylate as a molecular probe. A similar conclusion about the
catalytic role of iron bound to neuromelanin in its degradation, induced by hydro-
gen peroxide, was reached based on a study, in which neuromelanin isolated from
human substantia nigra before and after treatment with deferoxamine was exposed
to high concentration of H,0, [45]. It was concluded that neuromelanin contain-
ing higher amount of iron was degraded by hydrogen peroxide with higher rate.
Using EPR spectroscopy, EPR-oximetry, UV—-Vis absorption spectroscopy, atomic
force microscopy and dynamic light scattering, oxidative changes in synthetic dopa-
melanin and bovine RPE melanosomes induced by tertbutyl hydroperoxide, were
analyzed [76]. The study revealed that copper and iron ions bound to melanin accel-
erated the degradation of the melanin, confirming the metal ion pro-oxidant action.

5 Conclusions

In addition to the information summarized in the various sections above, it is also
possible to draw some over-arching conclusions for this review.

1. This review makes clear the value of EPR for the study of melanin. The use of
EPR has contributed to an understanding of the biological properties in several
important and sometimes unique ways. The value stems in part from the versa-
tility of EPR for this application, because it can follow both the free radical of
melanin and the magnetic state of metal ions and in addition their interactions.
No other technique could make these measurements. There is further added value
because of the resistance of melanin to characterization by many of the usual
physical-chemical approaches.

2. While the EPR studies were quite valuable in themselves, the significance of
many of the results was significantly advanced by the concomitant use of other
techniques, such as electrochemical detection of salicylate hydroxylation products
and lipid hydroperoxides, UV-Vis, absorption and emission spectroscopy, IR
absorption and resonance Raman spectroscopy, potentiometric titration, atomic
force microscopy and dynamic light scattering, energy dispersive X-ray analysis,
total reflection X-ray spectroscopy, and various cellular and molecular biology
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techniques. In general, this is an important way to most effectively use EPR,
building on it strengths while recognizing the limitations of the information that
is obtained.

3. Some of the key interactions of melanin with metal ions e.g., the types of bind-
ing that occurred, were able to be resolved using model melanins with a known
set of reactive groups. In general, the use of model systems can be very valuable
for understanding EPR studies. But also, as is the case with melanin interactions
with metals, the use of only models may not provide unambiguous information
for the more complex naturally occurring biological structures.

4. This review has shown how melanins can impact the availability and reactivity
of metal ions, in ways that impact biological effects. In particular are the studies
on the RPE, where it has been shown that the interaction of melanin and metal
ions appears to explain some of the known pathophysiology of aging eyes.

5. While the pathways from changes in the redox properties of melanin are not as
well documented as the interactions with metals, the bulk of the evidence appears
to show a relationship between alterations in the redox properties of melanin
and possible pathophysiology. This is particularly apparent in case of melanin
photoaging that changes redox equilibrium of the melanin subunits by reversible
and nonreversible oxidation [53, 79-82].

6. While much has already been learned, there remain many areas of importance
that need further investigation. One of them is the elucidation of the exact role of
photoreactivity of the skin melanin in adverse reactions that could contribute to
melanoma pathogenesis. This is an important issue for it has been shown that in
experimental animals melanoma induction by ultraviolet A (320—400 nm) requires
the presence of melanin pigment and is associated with oxidative DNA damage
within melanocytes [83]. Another intriguing issue that needs to be resolved is
the mechanism of energy transfer from melanin nanoaggregates (excited with
UVA) to DNA nucleotides, postulated to be responsible for the dark formation
of cyclobutane pyrimidine dimers, which are typically formed upon excitation of
the DNA nucleotides with short wavelength UVB (290-320 nm) [84].
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