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Skin color is determined mainly by epidermal melanin pigments 
produced by highly specialized cells, the melanocytes. The latter 
produce two chemically distinct types of melanin in organelles 
called melanosomes: the insoluble, black to brown eumelanin, 
and the alkaline- soluble, yellow to reddish pheomelanin (Alaluf 
et al., 2002; Barsh, 2003; Taylor, 2002). Both pigments are derived 
from the common precursor dopaquinone produced from tyrosine 
by the action of tyrosinase (Ito & Wakamatsu, 2008). The kind of 
pigment produced in melanosomes is determined by the availability 

of cysteine (Ito & Wakamatsu, 2011). Cysteine reacts rapidly and 
quantitatively with dopaquinone to produce 5- S- cysteinyldopa 
(5SCD) and 2- S- cysteinyldopa (2SCD) in a ratio of 5.3:1 (Ito & 
Prota, 1977). Dopaquinone then oxidizes cysteinyldopas to give 
benzothiazine (BT) intermediates, which gradually polymerize to 
form pheomelanin pigment. The benzothiazine moiety is gradu-
ally converted to benzothiazole (BZ) moiety in the late stage of 
pheomelanin production (Wakamatsu et al., 2009). When cysteine 
is depleted in melanosomes, dopaquinone spontaneously reacts to 
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Abstract
Human skin contains two distinct components: brown to black, insoluble eumelanin and 
light colored, alkaline- soluble pheomelanin. Eumelanin consists of 5,6- dihydroxyindole 
(DHI) and 5,6- dihydroxyindole- 2- carboxylic acid (DHICA) moieties, while pheomela-
nin consists of benzothiazine (BT) and benzothiazole (BZ) moieties. These melanin 
monomer units can be quantitatively analyzed through specific degradation prod-
ucts by high- performance liquid chromatography (HPLC). Alkaline hydrogen peroxide 
oxidation (AHPO) of eumelanin gives rise to pyrrole- 2,3,5- tricarboxylic acid (PTCA) 
and pyrrole- 2,3- dicarboxylic acid (PDCA) as specific degradation products of the 
DHICA and DHI moieties, respectively. BZ moiety in pheomelanin can be analyzed as 
thiazole- 2,4,5- tricarboxylic acid (TTCA). By reductive hydrolysis with hydroiodic acid, 
BT moieties in pheomelanin can be analyzed as 4- amino- 3- hydroxyphenylalanine (4- 
AHP). As a recently improved AHPO– HPLC method enabled a better characteriza-
tion of PDCA, this prompted us to address the question of DHI to DHICA ratio in 
human skin samples with varying degrees of constitutive pigmentation ranging from 
very light to dark. Results showed for the first time the ratio of 4 moieties: DHI 35%, 
DHICA 41%, BZ 20%, and BT 4%. The ratio is constant regardless of the degree of 
pigmentation. The high content of DHICA moiety may impart an antioxidant property 
to the epidermis melanin.
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give, 5,6- dihydroxyindole (DHI) and 5,6- dihydroxyindole- 2- carbo
xylic acid (DHICA), via dopachrome. The production of DHICA is 
accelerated by dopachrome tautomerase (also called tyrosinase- 
related protein 2) or copper ions (Ito, Suzuki, et al., 2013). Further 
oxidation of these 5,6- dihydroxyindoles produce then the eumela-
nin polymer.

The total amount of melanin can be estimated by spectropho-
tometry, after dissolving melanin with Soluene- 350 plus water and 
measuring absorbance at 500 nm (A500; Ozeki et al., 1996). The 
relative ratio of eumelanin to pheomelanin can be estimated by the 
ratio of absorbances A650/A500 (Ozeki et al., 1996). Furthermore, 
electron paramagnetic resonance spectroscopy allows the detec-
tion and characterization of different melanin pigments (Sarna & 
Swartz, 1978; Sealy, Hyde, Felix, Menon, & Prota, 1982; Sealy, Hyde, 
Felix, Menon, Prota, Swartz, et al., 1982; Swartz et al., 1979). The 
total amount of melanin and the type of eumelanin and pheomela-
nin in tissue samples can also be analyzed through specific degrada-
tion products by high- performance liquid chromatography (HPLC; 
Figure 1). Alkaline hydrogen peroxide oxidation (AHPO) of eumela-
nin gives rise to pyrrole- 2,3,5- tricarboxylic acid (PTCA) and pyrrole- 
2,3- dicarboxylic acid (PDCA) as specific degradation products 
of the DHICA and DHI moieties, respectively (Ito & Fujita, 1985; 
Ito et al., 2011). AHPO of BZ moiety in pheomelanin can be ana-
lyzed as thiazole- 2,4,5- tricarboxylic acid (TTCA) and thiazole- 4,5- 
dicarboxylic acid (TDCA; Ito et al., 2011). BT moieties in pheomelanin 
can be analyzed as 4- amino- 3- hydroxyphenylalanine (4- AHP) and 
3- amino- 4- hydroxyphenylalanine (3- AHP) after reductive hydrolysis 
with hydroiodic acid (HI; Ito & Fujita, 1985; Wakamatsu et al., 2002). 
The TTCA/4- AHP ratio is used as a marker for the conversion of 
BT into the BZ moiety in pheomelanin (Ito et al., 2011; Wakamatsu 
et al., 2012). Furthermore, AHPO of eumelanin was shown to pro-
duce, in addition to PTCA and PDCA, pyrrole- 2,3,4,5- tetracarboxylic 
acid (PTeCA) that derives from cross- linking of the C2 and C3 posi-
tions of the DHI moiety in eumelanin (Ito, Wakamatsu, et al., 2013) 
and is marker of photoaging of eumelanin.

Using both methods, spectrophotometry after solubilization 
in Soluene- 350 and HPLC after chemical degradation, we ana-
lyzed for the first time the “chemical” melanin phenotype, that is, 
the total melanin amount and eu/pheomelanin content in a large 
number of skin samples, representative of a broad range of con-
stitutive pigmentation intensities, rigorously classified according 
to their Individual Typology Angle (ITA°; Del Bino et al., 2015). 
Results showed a good correlation between constitutive pig-
mentation measured by ITA° and total melanin content assessed 
by both methods. They also showed a good correlation between 
ITA° and PTCA (DHICA eumelanin), TTCA (BZ moiety of pheom-
elanin) but not 4- AHP (BT moiety of pheomelanin). Interestingly, 
HPLC analysis revealed for the first time that the human epidermis 
comprises approximately 74% eumelanin and 26% pheomelanin, 
regardless of the degree of pigmentation, the pheomelanin being 
mostly of the BZ type.

Alkaline hydrogen peroxide oxidation quantification of the 
five markers PTCA, PDCA, and PTeCA from eumelanin and TTCA 
and TDCA from pheomelanin by HPLC using the original method 

of 0.1 M potassium phosphate buffer (pH 2.1):methanol = 99:1 
(85:15 for PTeCA) faced some problems. The markers were oc-
casionally overlapped by interfering peaks in samples containing 
only trace levels of these markers, except for the major eumelanin 
marker PTCA. By taking advantage that all markers, PDCA, TDCA, 
PTCA, TTCA, and PTeCA, contain a vicinal dicarboxylic acid group, 
which makes them strongly acidic among carboxylic acids with low 
pKa, the AHPO- HPLC method was improved by the addition of 
an ion pair reagent for anions, tetra- n- butylammonium bromide 
(TBA+Br−) (1 mM) (Napolitano et al., 2000; Tavazzi et al., 2005) re-
tarded the elution of di- , tri- , and tetracarboxylic acids affording 
a better separation. The methanol concentration was increased to 
17% (30% for PTeCA). This improved HPLC method was compared 
to the original and showed excellent correlations between both 
HPLC methods for PTCA and TTCA (Ito et al., 2020). With the im-
proved AHPO method, the other markers showed an attenuation 
of the interfering peaks, as exemplified by the HPLC chromato-
grams (Figure S1).

Eumelanin consists of brown soluble in alkali DHICA moi-
eties and black insoluble DHI moieties. Until now, only analysis of 
DHICA content in skin samples with varying pigmentation levels 
has been possible (Del Bino et al., 2015). As the improved AHPO 
method allows a better characterization of PDCA (Ito et al., 2020), 
this prompted us to quantify the DHI eumelanin content in a selec-
tion of human skin samples (n = 18) with varying degrees of con-
stitutive pigmentation ranging from very light to dark identical to 
those used previously (n = 35; Del Bino et al., 2015). PTCA is the 
degradation product of DHICA units and DHI units linked at the 2 
position. PDCA originates from only DHI units not linked at the 2 
position. PTCA recovery is more than 10- fold greater than PDCA re-
covery, these conditions make it impossible to calculate conversion 
factors for DHICA units and DHI units, solely based on the PTCA 
and PDCA values. For PTCA, TTCA, and 4- AHP, the conversion 
factors used were as follows: eumelanin (EM): PTCA × 38 (Del Bino 
et al., 2015); benzothiazole- pheomelanin (BZ- PM): TTCA × 34 (Del 
Bino et al., 2015); benzothiazine- pheomelanin (BT- PM): 4- AHP × 9 
(Wakamatsu et al., 2002) and total melanin: A500 × 135 (Del Bino 
et al., 2015). DHICA mol% were estimated based on the correla-
tion graphs for DHICA mol% versus PDCA/PTCA and PTCA/A500 

Significance

The most adapted method that allows qualitative analysis 
of the composition of eumelanin and pheomelanin pig-
ments involves the measurement of chemically degraded 
melanin products using HPLC and has become the ac-
cepted standard for the determination of melanin compo-
sition in biological tissues. Until recently, for eumelanin, 
only the DHICA content could be estimated. Thanks to 
the improvement of the HPLC method, here, we report the 
quantification of DHI eumelanin content in skin of varying 
pigmentation.
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(Figure 2a; Hirobe et al., 2016). As there are considerable differences 
between those values, we used averages of those two values. DHI 
mol% was thus calculated by: 100% − (DHICA % from PDCA/PTCA 
ratio + DHICA % from PTCA/A500 ratio)/2.

Results were almost identical to those in Del Bino et al. (2015). This 
is because we used the same samples. But we obtained a better cor-
relation between total melanin values obtained by spectrophotome-
try and total melanin values obtained by HPLC (Figure 2b). Eumelanin 
and pheomelanin contents were 76% and 24%, respectively (Figure 3 
and Table S1). DHI mol% is 46% of total eumelanin on the average. 
DHI content was rather constant regardless of skin color, although 
DHI content in very light epidermis was slightly lower than the oth-
ers (not statistically significant). Taken together, our results confirm 
the eumelanin and pheomelanin content described previously in skin 
with varying pigmentation levels and show for the first time the ratio 
of 4 moieties: DHI 35%, DHICA 41%, BZ 20%, and BT 4%. The ratio 
is constant regardless of the degree of pigmentation, both in eumel-
anin to pheomelanin ratio and DHI melanin to DHICA melanin ratio 
(Figure 3b). The high content of DHICA moiety may impart an antiox-
idant property to the epidermis melanin (Jiang et al., 2010). Also, the 
ratios of eumelanin to pheomelanin and BZ to BT moieties in pheom-
elanin are important in affecting the pro- oxidant property of pheom-
elanin (Napolitano et al., 2014; Tanaka et al., 2018).

Knowledge on the different melanins content in human skin 
is relevant to their biological role in human skin photoprotection, 
knowing that the various melanins have not only distinct colors 
but also distinct properties. Eumelanin is known to be photopro-
tective, by limiting the extent of UV penetration within the epider-
mis, and antioxidant, due to its capabilities of scavenging reactive 
oxygen radicals (Corani et al., 2014; Hill et al., 1997; Kadekaro 
et al., 2003). In contrast, pheomelanin has photosensitizing prop-
erties, leading to the UV- induced production of reactive oxygen 

species (Bustamante et al., 1993; Hill & Hill, 2000; Napolitano 
et al., 2014; Sarna et al., 1985). Furthermore, within eumelanin, 
DHICA is poorly aggregated and has superior antioxidant and free 
radical scavenger properties than DHI melanin which is more com-
pact (Micillo et al., 2016; Panzella et al., 2013). DHI and DHICA 
have also significant differences from the standpoint of chromo-
phore (Micillo et al., 2017). In fact, DHI melanin gives A500 value 
of 12.0/mg while DHICA melanin 4.0/mg (Itou et al., 2019). Being 
able to better quantify eumelanin through DHICA and DHI and 
pheomelanin through BT and BZ will in the future allow a better 
understanding of melanin photooxidation related to immediate 
and persistent pigment darkening (IPD/PPD) and melanin syn-
thesis related to delayed tanning after exposure of human skin to 
solar light (Del Bino et al., 2018). Do both eumelanins (DHICA and 
DHI) and pheomelanin increase with tanning? What is the contri-
bution of their oxidation in hyperpigmentation (IPD/PPD)? These 
are questions that still need to be thoroughly addressed.

MATERIAL S AND METHODS

Eighteen human epidermal samples with varying degrees of pig-
mentation (3 each of very light, light, intermediate, tan, brown, and 
dark) were homogenized in water at a concentration of 10 mg/ml 
with a Ten -  Broeck glass homogenizer. Aliquots of 100 µl water (1 
mg sample) were subjected to Soluene- 350 solubilization (Ozeki 
et al., 1996) to analyze absorbance at 500 nm (A500) and 650 nm 
(A650), the AHPO to analyze PTCA, PDCA, TTCA, TDCA, and 
PTeCA (Ito et al., 2011), and the HI hydrolysis to analyze 4- AHP 
and 3- AHP (Wakamatsu et al., 2002). The improved HPLC condi-
tions for the AHPO mixtures using tetra- n- butylammonium bro-
mide as an ion pair reagent were described in Ito et al. (2020).

F I G U R E  1  Alkaline hydrogen peroxide oxidation (AHPO) and hydroiodic acid (HI) hydrolysis of eumelanin and pheomelanin. AHPO 
of the 5,6- dihydroxyindole (DHI) moiety gives pyrrole- 2,3- dicarboxylic acid (PDCA) and pyrrole- 2,3,5- tricarboxylic acid (PTCA), while 
5,6- dihydroxyindole- 2- carboxylic acid (DHICA) moiety gives PTCA. The benzothiazole (BZ) moiety of pheomelanin gives thiazole- 2,4,5- 
tricarboxylic acid (TTCA) and thiazole- 4,5- dicarboxylic acid (TDCA). Upon HI hydrolysis, the benzothiazine (BT) moiety gives 4- amino- 3- 
hydroxyphenylalanine (4- AHP) and 3- amino- 4- hydroxyphenylalanine (3- AHP). Taken from Ito et al. (2020).
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