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The inhibiting effect of melanin synthesized from dihydroxyphenylalanine (DOPA), dopamine, adrenaline and adrenolutin on 
the ultraviolet- or the FeZ+-ascorbic acid-induced peroxidation of cardiolipin liposomes has been studied. All these melanins are 
able to inhibit both the ultraviolet- and the FeZ+-ascorbic acid-induced lipid peroxidation. Antioxidative activity of melanins 
enhances in the order: dopamine-melanin < melanin synthesized from dopamine in the presence of Cu2+< DOPA - melanin < 
melanin synthesized from adrenaline in the presence of Cu2+- = adrenolutin-melanin, and correlates with their ability to 
scavenge superoxide anion radical. The optical screening effect of the investigated melanins in the inhibition of lipid 
peroxidation was not higher than 15% for the most active melanins. 

Introduction 

There are many types of natural melanins produced 
from different original substrates. Eumelanins are de- 
rived from the tyrosine or DOPA metabolism, whereas 
pheomelanins are mainly the products of cysteinyl- 
DOPA oxidation [1]. Melanins are usually located in 
the tissues of the eye, hair and skin. There are indica- 
tions that melanins in these structures are involved in 
free radical reactions of lipid peroxidation, where they 
may act as natural radio- and photoprotectors [2-4]. 
The photoprotective role of the melanin pigment is 
realized by the ability to dissipate light energy either as 
heat or in chemical reaction, resulting in the consump- 
tion of molecular oxygen, and to scavenge active oxy- 
gen species (e.g., superoxide anion radical, singlet oxy- 
gen) [5-8]. It is known that melanin biopolymers easily 
react with free radical particles and form complexes 
with prooxidant Fe 2+ [9-13]. 

However, only little is known about melanins formed 
from catecholamines. These pigments are basically lo- 
cated in the cells of the substantia nigra and locus 
coeruleus of human brain (neuromelanins) and in hu- 
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man blood plasma (rheomelanins) [14-16]. Their  func- 
tion is still unclear. However, it is speculated that 
neuromelanins may participate in bioelectronic pro- 
cesses in pigmented neurons of the human brain 
through phonon-electron coupling [17]. Neuromlanins 
are known to disappear from the middle brain struc- 
tures during natural development of Parkinson disease 
[18] or artificially induced disease (Mn 2+ or MPTP, 
1-methyl-4-phenyl-l,2,3,6-tetrahydropyridine) [19]. It is 
suggested that neuromelanin also participate in free 
radical processes in these structures of brain [20,21]. 

For this reason the comparison of the antioxidative 
activity of synthetic neuromelanins obtained from cate- 
cholamines and the suggested antioxidative activity of 
DOPA-melanin is of great interest. Such comparison 
may improve the understanding of the biological func- 
tion of natural neuromelanins. 

Materials and Methods 

Preparation of melanins 
Melanins were obtained by oxidative polymerization 

of DOPA, dopamine, adrenaline and adrenolutin solu- 
tions (5 raM) in Tris-HC1 buffer (0.05 M, pH 7.4), in 
the absence or presence of copper ions, as described 
previously [22]. The melanins prepared from cate- 
cho lamine /copper  mixtures (catecholamine/Cu 2 + ra- 
tio of 2: 1) were treated with 0.1 M hydrochloric acid 
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until the bound copper ws completely removed. The 
obtained preparations were stored as aqueous suspen- 
sions of known melanin concentration. 

Liposome preparation and induction of the lipid per- 
oxidation 

Multilamellar liposomes from commercial bovine 
heart cardiolipin were prepared by the method de- 
scribed by Ostrovsky et al. [2]. Ethanol solution of 
cardiolipin was evaporated under vaccum in nitrogen 
atmosphere. The thin film of cardiolipin obtained was 
shaken with 0.05 M Tris-HCl buffer at pH 7.4 (control 
liposomes) or with melanin suspension in this buffer. 
The liposome suspension contained 2.5 or 1.25 mg 
cardiolipin per ml. 

Lipid peroxidation in cardiolipin liposomes was in- 
duced by: (a) 15 ~M Fe 2+ and 0.8 mM ascorbic acid in 
0.05 M Tris-HCl buffer (pH 7.4); (b) ultraviolet radia- 
tion (120 W mercury lamp; intensity 50 mW cm 2). 
The accumulation of cardiolipin peroxidation products 
was estimated by the determination of 2-thiobarbituric 
acid (TBA)-reactive products in the incubation medium 
[23], and expressed as the increase of absorbance at 
535 nm (AA 535). 

The interaction of melanin with superoxide anion radical 
(09  

Generation of superoxide anion radical was deter- 
mined by the method of Beauchamp and Fridovich [24] 
with modifications made by Sakina et al. [25]. The 
assay medium contained 5.15 /~M riboflavin, 10 mM 
methionine, 0.009% cethyltrimethylammonium bro- 
mide (CTAB), 70 ~M tetranitroblue tetrazolium 
(TNBT) in 0.05 M potassium phosphate buffer (pH 7.8) 
(control system) and melanin in a concentration of 50 
/_~g/ml in this buffer. The reaction was initiated by 
illumination with halogen lamp (12 V/100 W) equipped 
with filter transmitting in the riboflavin absorption 
region (An,~ × = 380 nm). Under these conditions the 
TNBT reduction caused by the superoxide anion and 
the formazan formation (Amax=560 nm) were ob- 
served. In order to investigate the effect of different 
melanins on the TNBT reduction, the reaction medium 
contained 70 ~M TNBT, 0.009% CTAB and 50/.Lg/ml 
of melanin in 0.05 M potassium phosphate buffer (pH 
7.8). 

The result of superoxide anion interaction with vari- 
ous melanins was expressed as the increase of ab- 
sorbance at 560 nm (AA 560) after the subtraction of 
this part of absorbance at 560 nm which is connected 
with the TNBT reduction by melanin. 

Results  and Discuss ion  

The effect of melanins on the ultraviolet-induced 
cardiolipin peroxidation is shown in Figs. 1 and 2. Fig. 

1 describes the influence of various concentrations of 
melanin synthesized from dopamine in the presence of 
Cu 2+ on the TBA-reactive products accumulation. It is 
evident that this melanin has the inhibiting action on 
the cardiolipin peroxidation in liposomal membranes 
and that the extent of this inhibition depends directly 
on melanin concentration. 

Comparative investigation of the inhibiting effect of 
different melanins on the ultraviolet induced cardi- 
olipin peroxidation demonstrated that all melanins de- 
crease significantly the rate of the lipid peroxidation. 
The relationship of the inhibition degree to melanin 
concentration is shown in Fig. 2. Among the analyzed 
biopolymers, the most effective inhibitors were 
melanins synthesized from adrenaline in the presence 
of Cu 2+, from adrenolutin and from DOPA, whereas 
the least active were melanins synthesized from 
dopamine both in the presence and in the absence of 
Cu 2+. As can be seen from Fig. 2, melanins prepared 
from adrenaline in the presence of Cu 2+ and from 
adrenolutin, at a concentration of 100 ~g/ml  in the 
reaction medium inhibited cardiolipin peroxidation by 
about 65% and 56%, respectively, whereas melanins 
prepared from dopamine did not show any significant 
effect. 

It is suggested that the inhibiting effect of melanin 
on the ultraviolet-induced lipid peroxidation is due to 
both passive screening of light and chemical interaction 
with products of lipid peroxidation [26]. It is well 
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Fig. 1. The inhibiting effect of melanin synthesized from dopamine in 
the presence of Cn :+ on the ultraviolet-induced cardiolipin per- 
oxidation. Melanin concentrations: control, 0 g g / m l  (1), 200/xg/ml  
(2), 400 ~ g / m l  (3), 800 ~ g / m l  (4); cardiolipin concentration, 2.5 

mg/ml .  
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Fig. 2. Comparison of the inhibiting effect of synthetic melanins on 
the ultraviolet-induced cardiolipin peroxidation. Melanins obtained 
from: adrenaline in the presence of Cu 2+ (1), adrenolutin (2), 
DOPA (3), dopamine in the presence of Cu 2+ (4), dopamine (5). 
Cardiolipin concentration, 2.5 mg/ml ;  the ultraviolet light intensity, 

50 mW cm -2. 

known that melanin absorbs the ultraviolet light and, 
thus, decreases the light intensity by simple screening 
action. In order to determine the optical screening 
effect of investigated melanins, the relationship of the 
ultraviolet-induced cardiolipin peroxidation rate against 
the ultraviolet light intensity was studied. As it is seen 
in Fig. 3, lower light intensity (up to 20% of original 
level) does not lead to alteration of the rate of TBA-re- 
active products accumulation under the described ex- 
perimental conditions. The optical screening effect of 
melanins was calculated as previously presented [2]. It 
is apparent from Table I that the melanin screening 
effect (i.e., reduction in the amount of the ultraviolet 
irradiation reaching the cardiolipin) was not higher 
than 80% at almost all melanin concentrations under 
the experimental conditions used. When the screening 
effect was higher than 80% (i.e., for DOPA-melanin, 
melanin synthesized from adrenaline in the presence of 
Cu 2+, and adrenolutin-melanin in the highest concen- 
trations) the correction for deceleration of lipid per- 
oxidation products accumulation caused by decrease of 
the ultraviolet light intensity should be applied. It was 
estimated that the contribution of optical screening 
effect in the inhibition of lipid peroxidation process for 
the above-mentioned most effective melanins in the 
highest concentrations (700-800 ~g/ml)  is only about 
15%. 

Ferrous ions are known to be a strong stimulators of 
lipid peroxidation [27]. The inhibiting effect of differ- 
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Fig. 3. Dependence of the cardiolipin photooxidation rate on the 
ultraviolet light intensity. Cardiolipin concentration, 2.5 mg/ml .  

ent melanins on dark, Fe2+-ascorbic acid-induced sys- 
tem of cardiolipin peroxidation in liposomal mem- 
branes is shown in Fig. 4. In this case, the most active 
inhibitors were melanins synthesized from adrenolutin, 
adrenaline in the presence of Cu 2+ and DOPA, 
whereas the least inhibiting ability possessed melanins 
prepared from dopamine both in the presence and in 

TABLE I 

The screening effect of synthetic melanins 

Melanin Melanin 
synthesized concentration 
from ( tzg/ml)  

Screening effect 
(% of ultraviolet irradiation) 
absorbed by melanin) 

Adrenolutin 100 46.7 
200 63.6 
400 77.8 
700 86.1) 

Adrenaline in the 100 43.7 
presence 200 60.8 
of Cu 2+ a 400 75.6 

800 86.1 

DOPA 100 39.8 
200 57.0 
400 72.6 
800 84.1 

Dopamine in the 100 25.2 
presence 200 40.3 
of Cu 2+ a 400 57.4 

800 73.0 

Dopamine 100 14.0 
200 24.5 
400 39.4 
800 56.5 

a Copper was removed by treatment with 0.1 M HCI. 
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the absence of CU 2+. AS can be seen from Fig. 4, at low 
concentrations of melanin in the reaction medium (100 
~ g / m l )  melanins prepared from dopamine did not 
show any significant effect on cardiolipin oxidation, 
whereas adrenolutin-melanin and melanin synthesized 
from adrenaline in the presence of Cu 2+ inhibited 
cardiolipin peroxidation by about 30%. It is postulated 
that melanins chelate prooxidant Fe 2+ and, thus, in- 
hibit lipid peroxidation. The formed melanin-Fe 2+ and 
melanin-Fe 3+ complexes, even in the presence of 
ascorbic acid, have not ability to initiate the lipid 
oxidation reaction [2]. 

The obtained results demonstrate  that cate- 
cholamine-melanins occupy a double position owing to 
their properties: antioxidative activity of melanins syn- 
thesized from adrenolutin and from adrenaline in the 
presence of copper ions is comparatible with or even 
above the antioxidative activity of DOPA-melanin. At 
the same time, the antioxidative ability of melanins 
prepared from dopamine both in the presence and in 
the absence of Cu 2+ is significant lower than for 
DOPA-melanin. 

The differences in the antioxidative activity of inves- 
tigated melanins mainly depend on the differences in 
their ability to react with peroxide radicals. In order to 
determine the melanin interaction with superoxide an- 
ion radicals, the 0 2 mediated, reduction of TNBT with 
the formation of diformazan was studied. Superoxide 
anion was generated by illumination of riboflavin- 
methionine system. The photoreduction of nitroblue 
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Fig. 4. Comparison of the inhibiting effect of synthetic melanins on 
the Fe2+-ascorbic acid-induced cardiolipin peroxidation. Melanins 
obtained from: adrenolutin (1), adrenaline in the presence of Cu 2+ 
(2), DOPA (3), dopamine in the presence of Cu 2+ (4), dopamine (5). 

Cardiolipin concentration, 1.25 m g / m l .  
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Fig. 5. Photoreduction of tetranitroblue tetrazolium by melanins (50 
p~g/ml) synthesized from adrenolutin (1), DOPA (2), adrenaline in 
the presence of Cu 2+ (3), dopamine in the presence of Cu 2+ (4), 

dopamine (5). 

tetrazolium in the presence of riboflavin and methion- 
ine is known to be inhibited by SOD [24]. It was 
previously found that the xanthine-xanthine oxidase 
system is not applicable for studying the reaction of 
superoxide anion with melanins, as the enzymatic activ- 
ity of xanthine oxidase is considerably inhibited by 
melanin [10]. 

It was found that all tested melanins reduced TNBT 
both during illumination of the reaction medium and 
without illumination, and the formation of diformazan 
was not, or only slightly, affected by SOD. As can be 
seen from Fig. 5, the largest activity in this respect is 
associated with melanins synthesized from adrenolutin, 
DOPA and adrenaline. The direct reduction of nitrob- 
lue tetrazolium by DOPA-melanin and black hair 
melanin was reported by Persad et al. [28] and Tomita 
et al. [29]. Melanins and superoxide anion radicals 
( 0  2) may compete with TNBT which is reduced by 
both to diformazan [29]: 

melanin-red. + TNBT ~ melanin-ox. + diformazan 

O 3 + TNBT -~ 0 2 + diformazan 

Fig. 6 illustrates the dynamic of diformazan forma- 
tion during the TNBT reduction by O2 in the control 
system (curve 1) and in the presence of melanins 
(curves 2-6). It was demonstrated that all examined 
melanins caused the decrease of diformazan formation 
rate and, this effect is probably associated with scav- 
enging of superoxide radicals by melanin. Among the 
analyzed melanin biopolymers, the preparation ob- 
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Fig. 6. The  k inet ics  of d i fo rmazan  fo rmat ion  dur ing  the T N B T  

reduc t ion  by superox ide  an ion  radical  ( 0 2 )  g e n e r a t e d  in the ri- 

boflavin-methionine irradiated system, in the absence (1) and in the 
presence of various synthetic melanins in concentration of 50/zg/ml 
(2-6). Melanins synthesized from: dopamine (2), dopamine in the 
presence of Cu 2+ (3), adrenaline in the presence of Cu 2÷ (4), 
DOPA (5), adrenolutin (6). The result of reaction was expressed as 
the increase of absorbance at 560 nm after the subtraction of this 
part of absorbance at 560 nm which is connected with the TNBT 

photoreduction by melanins. 

tained from adrenolutin was the most effective scav- 
enger of superoxide radical, whereas melanins synthe- 
sized from dopamine were the least active scavengers. 
The obtained results demonstrate  that there is a simple 
correlation between the inhibiting action of investi- 
gated melanins in both the ultraviolet and the Fe 2+- 
ascorbic acid-induced cardiolipin peroxidation and their 
activity in scavenging of superoxide radicals. 

It is well known that melanins are redox polymers 
containing high concentrations of o-quinone (oxidiz- 
ing) and o-hydroquinone (reducing) groups [30]. Since 
superoxide radical can act both as an oxidizing and a 
reducing agent, the following reactions should be as- 
sumed considering the melanin scavenging activity [10]: 

0 2  + melan in-ox .  ---, 0 2  + me lan in  radical  

2H + 
O~- + me lan in - r ed .  , H 202  + me lan in  radical  

It has been calculated that approx. 30% of the 
reaction between superoxide anion and DOPA-melanin  
occurs via the reduction of superoxide to hydrogen 
peroxide, and the rest (approx. 70%) of the reaction 
occurs via oxidation of superoxide to molecular oxygen 
[31]. 
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The results presented above indicate that the antiox- 
idative activity of examined melanins depends on the 
nature of the precursor used for melanin polymeriza- 
tion, and in consequence on the molecular structure of 
the formed melanin polymer. The similar and the high- 
est antioxidative effect was obtained for adrenolutin- 
melanin and melanin prepared from adrenaline in the 
presence of Cu 2+. 

As it was shown previously on the basis of pyrolysis 
data [22], melanins formed from dopamine and 
adrenaline in the presence of copper ions and also 
from adrenolutin are mainly composed from indole 
type monomer  units, whereas melanins prepared in the 
absence of Cu z+ contain additionally substantial 
amount of unindolized precursor-derived units, e.g., 
catecholamines and their quinones. A great similarity 
between the infrared spectra of melanins obtained 
from adrenolutin and adrenaline in the presence of 
copper  ions was observed [22]. The investigation of 
semiconductor properties of catecholamine-melanin 
also revealed that the electric parameters  (conductivity 
and photocurrent  intensity) of melanin prepared from 
adrenaline in the presence of copper ions were very 
similar to those of adrenolutin-melanin [32]. The as- 
sumption of a similarity of chemical structure of both 
melanins is also supported by a study on the rearrange- 
ment of adrenochrome, the first isolable intermediate 
in the oxidation of adrenaline. Palumbo et al. [33] 
found that Cu 2+ significantly directed the reaction 
course towards the formation of adrenolutin, while 
without of metal ions a dimeric compound consisting of 
an adrenolutin moiety covalently linked to the angular 
9-position of adrenochrome was the major product of 
adrenochrome rearrangement.  

Recently, d'Ischia et al. [34] have isolated and iden- 
tified two hitherto unknown products of adrenolutin 
autoxidation: 5,6-dihydroxy- 1-methyl-2,3-indoledione 
and its 4,4'-dimer. But in the literature no evidence 
exist that such compounds can be formed during 
melanin preparat ion by oxidative polymerization of 
adrenolutin. 

Conclusion 

Synthetic analogues of natural neuromelanins, cate- 
cholamine-melanins exert effective protection against 
both the ultraviolet- and the Fe2+-ascorbic acid-in- 
duced lipid peroxidation. The protecting ability de- 
pends on conditions of melanin synthesis (presence or 
absence of copper  ions) and on the nature of cate- 
cholamine precursors used, as well as on melanin con- 
centration. 

Intensive biochemical processes, accompanied prob- 
ably by the appearance of free radical oxidation prod- 
ucts, take place in the brain structures containing neu- 
romelanins [20,35]. So far, it is not clear whether 
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neuromelanin is physiologically inactive product of free 
radical oxidation of neuromediators (dopamine, 
adrenaline, noradrenaline) or fulfils some physiological 
function in these structures. 

The data obtained suggest that neuromelanins may 
actively participate in the inhibition of lipid peroxida- 
tion processes in brain structures. 
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