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Abstract: 

Natural melanin, a pigment produced in melanocytes, does not have a unique structure 

but comprises a class of conjugated polymers that are commonly referred to collectively as 

melanins. Melanins (eumelanins and pheomelanins) are synthesized from a two-electron 

oxidation process involving tyrosine catalyzed by the enzyme tyrosinase. They contain both in 

vitro and in vivo free radicals that can interact with hydroxyl radicals, singlet oxygen and 

superoxide. In humans, melanins are thought to play an important role in photoprotection based 

on their radical scavenging abilities, especially true of eumelanin. On the other hand, they can 

also be degraded by oxidations induced by superoxide to produce reactive species such as 

semiquinones. Since all known melanins contain stable organic free radicals, they can easily be 

detected by electron paramagnetic resonance spectroscopy. Continued research into the 

interactions and detection of melanins will advance the studies forward to aid in the 

determination of their true relevancy as physiologically important cellular protectors.
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Introduction: 

Melanins are naturally occurring pigments found in animals and plants. They are 

complex heterogeneous polymers whose chemical structure has not been satisfactorily 

determined [1-2]. There are two major classes of natural melanins, the black-brown eumelanin 

found in human black hair and in the retina of the eye and the yellow-red pheomelanin found in 

red hair and red feathers [1,3].  Two biological  functions of melanins have been identified. First, 

they have been shown to increase optical efficiency of the eye, and secondly, they are 

responsible for the production of color patterns in hair and superficial epidermis [1].  

Melanin synthesis or melanogenesis occurs via enzymatic and non enzymatic pathways 

[1, 4]. During melanin synthesis and polymerization, unpaired electrons are left over from the 

process and in this respect melanin can be thought of as a free radical [4]. Research has shown 

that melanins may serves as antioxidants in various ways. For instance, in skin, high melanin 

levels contributes to protection from melanoma where it serves to absorb ultraviolet (UV) light. 

Melanins also bind transition metals preventing fenton type reactions and the production of the 

highly reactive hydroxyl radical (HO•) [4]. On the other hand, illumination of eumelanins 

generates O2
•− that is quickly scavenged, but O2

•− can also reduce melanin intermediates such as 

quinones to semiquinones (free radicals) as well as oxidizing semiquinones [4].  It is not clear 

whether melanins are established antioxidants or pro-oxidants in the cell. This review will focus 

on melanogenesis, antioxidant and pro-oxidant properties and detection of melanins. 

Melanogenesis: 

Melanogenesis is the production of color pigments eumelanin and pheomelanin in 

melanocytes. Raper in the 1920’s laid the ground work that was later extended by Mason for 

understanding the mechanisms of tyrosine conversion into melanin by the actions of the enzyme 
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tyrosinase [1]. The most significant outcome of their work was the derivation of the Raper-

Mason scheme of melanogenesis (Figure 1). The two initial steps involve the tyrosine-mediated 

hydroxylation of tyrosine to 3, 4-dihydrophenyalanine (DOPA), and the oxidation of DOPA to 

Dopaquinone (DQ). It has been presumed that the backwards reactions from DOPA and 

Dopaquinone are so small compared to the forward reactions that they can be neglected.  

Figure 1. The Raper-Mason scheme of melanogenesis. Adapted from [1]. 

The Raper-Mason scheme has been further updated as ongoing studies developed new  

elucidations into the metabolic pathways of melanin synthesis. An updated comprehensive 

scheme (Figure 2) depicts the two major pathways of synthesis that are divided into eumelanin 

and pheomelanin pathways.  

The major steps in eumelanin formation are the cyclization of dopaquinone to 

leucodopachrome which is immediately oxidized to form dopachrome (DC).  DC is a relatively 

stable intermediate with a half-life of approximately 30 minutes. After which it is tautomerically 

rearranged to form 5,6-dihydroxylindole-2-carboxylic acid (DHICA). DC may also 
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spontaneously decarboxylate to 5,6-dihydroxyindole (DHI) which will rapidly oxidize to form 

 

indole 5,6-quinone. The final step is the polymerization to eumelanin (Figures 1, 2). 

Figure 2. Comprehensive scheme of metabolic pathways leading to melanins and 
related metabolites. Adapted from [1]. 

 
The ph addition of thiols such as glutathione and 

cystein

eomelanin pathway is initiated by the 

e to DQ [1,5]. The glutathionyldopa is rapidly converted to cysteinyldopa by γ-glutamyl 

transpeptidase (GTP). Oxidation of cysteinyldopa to cyclic quinine-imine intermediates that 

rearrange into benzothiazine derivatives occur. The benzothiazine derivatives rearrange into 

pheomelanin (Figure 2). The exact mechanisms that occur in the pheomelanin pathway in the 

latter conversions are not clearly understood. 

Antioxidant and Pro-oxidant Properties: 

a. Melanin as an Antioxidant 

An important physiological function of melanin is related to its ability to protect against 

photochemical stress as evidenced by its increased generation in response to UV damage  [6, 7]. 
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The ch

f monomers within DHI melanin. Adapted from [7]. 

b. elanin as a Prooxidant:

emical basis for melanin’s reactivity is believed to be due to the quinol/quinone redox 

transformation of the DHI form which undergoes two-electron oxidation to the corresponding 

quinone form (Figure 3) [5]. The DHI form can act as a superoxide dismutase by catalyzing the 

disproportionation of O2
•− to hydrogen peroxide (H2O2) and oxygen (O2) [6]. Experimentally it 

has been shown that normal melanocytes exposed to oxidative stress vary in their extracellular 

buildup of H2O2 that was proportional to their initial melanin content. This provided a means for 

the melanin rich melanocytes to inhibit the initial buildup of H2O2. In malignant melanocytes 

(melanomas), there was a decreased ability for them to neutralize the H2O2 indicating a 

protective effect of melanin.  

 

Figure 3. Speciation o

M  

cytes is under 

continuous low grade oxidative insult [6]. Within the melanocyte, the synthesis of melanin also 

results 

the polymer by promoting the production of the highly 

reactive HO• in a Fenton Type reaction. 

The melanocyte whose primary function is to deliver melanin to keratino

in the production of H2O2 that when inefficiently reduced by antioxidant enzymes 

(catalase, glutathione peroxidase) could lead to deleterious pathological conditions such as 

cancer. Excess H2O2 decomposes melanin in a process known as bleaching in vitro and induces 

higher tyrosinase levels in vivo [5, 6].  

Melanins also absorb cationic metal ions such as iron and copper in vivo that can 

dramatically affect the redox state of 
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Detection Method: 

a. Electron Spin Resonance (ESR) 

All known melanins contain free radicals that can be detected by EPR and melanin is the 

er with a relatively high concentration of free radical centers in vivo and in 

vitro. T R signal, a single structure-less slightly asymmetric 

line, is

Figure 4  synthetic DOPA melanin (A), 
human RPE es (C). Adapted from [8]. 

The amount of me hν = 2∆E = gµBB) where the 

spectra of acidified (pH 1) melanin samples are measured at liquid nitrogen temperatures in the g 

= 2 region usi ped 

with 1

only known biopolym

he highly characteristic melanin EP

 depicted in Figure 4 and is based on results generated in a study concerning the loss of 

retinal pigmented epithelium (RPE) melanin in human eyes with aging. Signals A, B and C are 

from 1 mg mL-1 of synthetic DOPA melanin (standard), pooled human RPE cell extract and 

melanosomes from RPE pooled samples, respectively. The similarity of the EPR spectra from 

the three different sources off melanin rule out artifacts in the detection method. 

 

. ESR spectra obtained for 1 mg mL-1

cell extracts (B) and human melanosom
 

lanin was determined by an ESR assay (

ng a Bruker ESP 300E ESR spectrometer operating in the X band and equip

00 kHz field modulation. The settings were microwave power 20 µW, modulation 
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amplitude 2.0 G and scan range 50 G. The acidic pH is used to release bound-to-melanin 

paramagnetic and diamagnetic metal ions thereby minimizing their effects on the EPR signal.  

To illustrate that the EPR method is a reliable quantitative measure for melanins, 

researchers establish a linear relationship between melanosome number and melanin in the 

particular vehicle that is being tested. 

Conclusion: 

Melanin’s redox activity has been linked to both pro and antioxidant reactions with 

dical implications [7]. In pigmented cells, melanins act as powerful antioxidants in 

the seq

significant me

uestration of metal ions and in serving as radical sinks for superoxide for which eumelanin 

is more efficient [3-4]. In humans melanin is considered an efficient photoprotector as reported 

in cases of skin cancer (melanoma) and retinal damage [1]. Melanins also have the ability to 

serve as a source of damaging radical intermediates as illumination of pheomelanins generates 

superoxide that is able to reduce melanin quinones to semiquinones and oxidize hydroquinones 

to semiquinones [4]. It is still controversial whether melanins that are produced in vivo are 

physiologically important antioxidants. Nevertheless, evidence suggests that melanins serve as 

photoprotectors in humans. 
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