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Abstract 25 

Pheomelanin, the sulfurated form of melanin pigment, is known to produce reactive 26 

oxygen species (ROS) and oxidative stress-mediated cytotoxicity. Previous studies have 27 

shown a conversion of the benzothiazine moiety of pheomelanin to the benzothiazole 28 

moiety under heat or energetic radiation exposure, but it is unknown whether endogenous 29 

conditions can also produce this structural change. Here we experimentally induced an 30 

endogenous free radical production by exposing male zebra finches Taeniopygia guttata to 31 

diquat dibromide in drinking water during the development of pheomelanin-pigmented 32 

flank feathers. The benzothiazine-to-benzothiazole ratio of feather pheomelanin decreased 33 

more and was significantly lower in diquat-treated birds than in controls. Therefore, 34 

endogenous free radicals, and not only environmental radiation, can also promote 35 

structural changes in pheomelanin. While it was previously assumed that benzothiazine is 36 

responsible for the redox reaction of pheomelanin, recent findings suggest that 37 

benzothiazole has a greater ability to deplete antioxidants. It should therefore be 38 

considered the possibility that the supplementation of antioxidants to limit the effects of 39 

endogenous free radicals can contribute to prevent melanoma, a disease that is favored 40 

by oxidative stress produced by pheomelanin.  41 
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Introduction 51 

Melanins are biological pigments found in the integument and internal structures of 52 

virtually all organisms. Melanin pigmentation is based on the synthesis of two 53 

compounds: eumelanins, black-brown polymers of indole units, and pheomelanins, 54 

reddish oligomers of sulfur-containing heterocycles. Melanogenesis is an oxidative 55 

process that in vertebrates takes place in specialized suborganelles of cells 56 

(melanocytes) termed melanosomes. The confinement of this biosynthetic process 57 

within melanosomes protects melanocytes from the toxicity of reactive oxygen species 58 

(ROS) that are generated during the formation of the subunits that form the large 59 

eumelanin molecules [1].  60 

However, the synthesis of pheomelanin molecules also entails considerable ROS 61 

production. In the case of pheomelanin, ROS production occurs after the pigments are 62 

formed, and this limits the protective role of melanosomes because pheomelanin-related 63 

ROS could affect cells before the pigment is transfered to epidermal keratinocytes and 64 

associated skin structures such as hairs and feathers [2]. When ROS production 65 

exceeds the availability of antioxidant compounds, it leads to oxidative stress, which is 66 

the ultimate cause of aging and the death of organisms [3]. When dihydrobenzothiazine 67 

(DHBT), an intermediate in the pheomelanin synthetic pathway, is oxidized to the 68 

quinone-imine form, superoxide anions are generated from molecular oxygen. The 69 

superoxide anions can react rapidly with antioxidants such as glutathione (GSH), 70 

producing H2O2 and oxidative stress, which from the basis of pheomelanin cytotoxicity 71 

[4].  72 

However, the ability to produce ROS differs between the two moieties of 73 

pheomelanin: benzothiazine and benzothiazole (Figure 1). It was generally believed that 74 

benzothiazine is responsible for the redox reaction of pheomelanin due to having a 75 

greater reducing ability than benzothiazole, which is rather stable towards oxidation 76 
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[5,6]. It was thus thought that pheomelanins with higher relative contents of 77 

benzothiazoles are more stable and less toxic under exposure to energetic radiation [5]. 78 

It is known that heat or energetic radiation irreversibly convert benzothiazine to 79 

benzothiazole, as seems to occur in human and mouse hair exposed to UVA radiation 80 

[4,6] and in bird feathers exposed to ionizing radiation [7]. Recent findings suggest that, 81 

as opposed to previous thoughts, benzothiazole has a greater pro-oxidant activity and 82 

ability to deplete antioxidants than benzothiazine [4,8]. Therefore, the irreversible 83 

benzothiazine to benzothiazole shift opens the possibility that controlling the 84 

environmental factors that mediate the conversion represents a measure to prevent 85 

diseases related to pheomelanin-mediated oxidative stress, particularly melanoma [4]. 86 

This is relevant for skin pheomelanin, which is mainly composed of benzothiazole 87 

moieties [9], but also for pheomelanin in associated structures such as hairs and 88 

feathers because environmental factors promoting structural changes can affect 89 

follicular melanocytes. 90 

However, it is unknown whether, in addition to environmental radiation, 91 

endogenous conditions can also induce the benzothiazine-to-benzothiazole structural 92 

change. Here, we show the results of a experiment in which male zebra finches 93 

Taeniopygia guttata, a bird displaying orange flank feathers pigmented by pheomelanin 94 

[10], were exposed to a chemical stressor that generates endogenous free radicals during 95 

feather development. We explored a potential change in the structure of pheomelanin in 96 

feathers by investigating the composition of the pigment before and after the endogenous 97 

free radical inducement (Figure 1). We hypothesized that, if endogenous free radicals can 98 

induce the conversion to benzothiazole, a decrease in the benzothiazine-to-benzothiazole 99 

ratio should be observed in the pheomelanin synthesized by birds to pigment their 100 

feathers. 101 

 102 
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Material and Methods 103 

The experiment consisted in the administration of diquat dibromide in the drinking water 104 

of birds. Diquat is a bipyridilium aquatic herbicide that produces a highly unstable diquat 105 

radical that transfers an electron to molecular oxygen to form a superoxide anion radical 106 

[11]. Diquat therefore increases ROS in cells by undergoing direct redox cycling 107 

independently of mitochondria [12]. The study was conducted with 40 captive adult male 108 

zebra finches at Estación Biológica de Doñana (Seville, Spain). All birds were marked 109 

with a numbered metal ring and housed in individual cages (60 x 40 x 25 cm) at 110 

controlled temperature (average: 24 ± 0.5 ºC) and light-dark daily cycle (13L: 11D). After 111 

an acclimation period of 10 days, the orange flank feathers were plucked to stimulate 112 

the growth of new ones that were used to determine the initial composition of feather 113 

pheomelanin. After this, half of the birds received diquat at a dose of 0.125 mL/L in 114 

drinking water, while the other half only received water and thus served as controls. 115 

After 15 days of treatment, the newly growing flank feathers were plucked to determine 116 

the final composition of feather pheomelanin. The treatment lasted for 15 days because 117 

at this time the pigmented part of the flank feathers is fully grown but feather growth is 118 

still ongoing, allowing for the isolation of melanocytes. This study was performed under 119 

the legal permits provided by the Bioethics Subcommittee of Consejo Superior de 120 

Investigaciones Cientificas (CSIC) (ref. 651/2018) and local authorities (Consejería de 121 

Agricultura, Pesca y Medio Ambiente, Junta de Andalucía; ref. 23/02/2018/016). Diquat 122 

exposure improved the antioxidant status of male zebra finches as reflected by a higher 123 

reduced-to-oxidized gluthatione ratio (GSH:GSSG) in erythrocytes of diquat-treated 124 

birds, probably due to an hormetic effect, and also upregulated the expression of a gene 125 

(AGRP) in feather melanocytes that led to the synthesis of greater amounts of 126 

pheomelanin [13]. 127 
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We tested a potential change in feather pheomelanin structure by the HPLC 128 

analysis of the ratio of 4-amino-3-hydroxyphenylalanine (4-AHP), a degradation product 129 

specific to the benzothiazine moiety, to thiazole-2,4,5-tricarboxylic acid (TTCA), a 130 

degradation product specific to the benzothiazole moiety (Figure 2). 4-AHP was 131 

analyzed by the reductive hydrolysis of pheomelanin with hydriodic acid (HI) [14], while 132 

TTCA was analyzed by the alkaline H2O2 oxidation of pheomelanin [15]. Feather 133 

samples were first homogenized with Ten-Broeck glass homogenizer at a concentration 134 

of 10 mg/mL water. Further details of these analyses in feathers are available elsewhere 135 

[7]. 136 

For the statistical analysis of the change in 4-AHP:TTCA ratio in feather 137 

pheomelanin, we employed a general linear model (GLM) using the R package lme4 138 

[16] in which the final 4-AHP:TTCA ratio was the response variable and the initial 4-139 

AHP:TTCA ratio was a covariate. The exposure to the chemical stressor (diquat-treated 140 

vs. control) was a fixed factor. The significance of this fixed factor (P-value) was 141 

calculated through the analysis of deviance of the model on the basis of a Wald "2 test 142 

using the R package car [17]. 143 

 144 

Results 145 

In both diquat-treated and control male zebra finches, the ratio 4-AHP:TTCA decreased 146 

in feathers developed under exposure to diquat, but this decrease was significantly 147 

more marked in diquat-treated birds than in controls (Figure 3). The GLM actually 148 

showed a significant effect of the experimental treatment on the change in pheomelanin 149 

structure ("2 = 4.38, P = 0.036). As a consequence, the final 4-AHP:TTCA ratio in the 150 

flank feathers of birds treated with diquat (mean ± SE: 13.95 ± 0.56) was lower than that 151 

of control birds (mean ± SE: 15.59 ± 0.50), indicating a higher content of benzothiazole 152 

in the pheomelanin synthesized by birds treated with diquat (Figure 3). 153 
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 154 

Discussion 155 

Our results provide the first in vivo evidence of conversion of benzothiazine to 156 

benzothiazole under an experimental inducement of endogenous free radicals. Previous 157 

studies showed that benzothiazine is converted to benzothiazole in human and mouse 158 

hair exposed to heat or UVA radiation [4,6] and in bird feathers exposed to ionizing 159 

radiation [7]. Here we show that chemical stressors such as diquat can also produce the 160 

same effect, resulting in pheomelanin with a higher content of benzothiazole. Thus, 161 

male zebra finches exposed to diquat potentially increased the cytotoxicity of the 162 

pheomelanin pigment being synthesized.  163 

Our results confirm that free radicals endogenously generated by an organism 164 

can induce a structural change in the pheomelanin pigment being synthesized, 165 

promoting the conversion of benzothiazine to benzothiazole. This conversion was only 166 

known to be mediated by environmental factors such as heat and energetic radiation 167 

[6,7], but the present study shows that endogenous conditions can also promote the 168 

structural change in pheomelanin. As the 4-AHP:TTCA (benzothiazine-to-benzothiazole) 169 

ratio determines the color expressed by pheomelanin pigments in hairs and feathers 170 

[18], the conversion to benzothiazole mediated by environmental and endogenous 171 

factors should now be considered a source of phenotypic plasticity for mammals and 172 

birds.  173 

It is now essential to firmly determine if the ability to produce oxidative stress is 174 

higher in the benzothiazine or the benzothiazole moiety of pheomelanin to determine if 175 

the irreversible conversion to benzothiazole is advantageous or damaging to organisms. 176 

This is relevant, because pheomelanin-related oxidative stress can favor melanoma 177 

[19,20]. A biochemical recent study shows that the benzothiazole moiety promotes a 178 

greater depletion of GSH than benzothiazine [4], and another in vitro study shows that 179 
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benzothiazole has a higher efficiency to generate single oxygen under UV-visible light 180 

[8]. However, it must be noted that the birds used in the present experiment improved 181 

the redox status of GSH (i.e., higher GSH:GSSG ratios) after exposure to diquat [13]. 182 

This opens the possibility that the induced change in the pheomelanin structure could 183 

have actually contributed to a possible hormetic effect allowing birds to avoid oxidative 184 

stress. Further studies are thus necessary to determine the cytotoxicity of pheomelanins 185 

with different benzothiazine-to-benzothiazole ratios in vivo. If the benzothiazole moiety 186 

makes pheomelanin more cytotoxic as recent studies suggest [4], and if benzothiazine 187 

is converted to benzothiazole by endogenous free radicals as the present study shows, 188 

antioxidant supplementations to limit the effects of free radicals could represent an 189 

additional protective measure against pheomelanin-related melanomagenesis even at 190 

the absence of energetic environmental radation. Indeed, it is known that pheomelanin 191 

favors melanoma progression even without UV radiation [21], which may be related to 192 

the results of the present experiment.  193 
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Legend to figures: 281 

 282 

Figure 1. Chemical structure of pheomelanin pigment moieties: a benzothiazine (here 283 

exemplified as 1,4-benzothiazine-3-carboxylic acid (BTCA)) and the corresponding 284 

benzothiazole. In the present study, an experimental endogenous free radical 285 

inducement was made in vivo in male zebra finches by exposing these birds to diquat 286 

dibromide in drinking water during the development of feathers pigmented by 287 

pheomelanin. This experimental treatment increased the content of the benzothiazole 288 

moiety in the pheomelanin pigment synthesized by birds. 289 

 290 

Figure 2. HPLC chromatograms for 4-AHP (A, peak 1, retention time: 10.1 min) and 291 

TTCA (B, peak 2, retention time: 13.9 min) in flank feathers of a control male zebra finch 292 

used in the study. Chromatograms corresponding to feather samples before (left) and 293 

after (right) the experimental procedure are shown. In A, peak 1 was obtained with an 294 

injection volume of 10 µL in the left chromatogram and an injection volume of 5 µL in the 295 

right chromatogram.  296 

 297 

Figure 3. Benzothiazine-to-benzothiazole (TTCA:4-AHP) ratio of pheomelanin in flank 298 

feathers of male zebra finches before (initial) and after (final) the experimental 299 

procedure. Grey symbols: diquat-treated birds. Black symbols: control birds. The box-300 

plots show median, inter-quartile range and non-outlier range.  301 
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