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Abstract  

Chemical leukoderma is a patchy hypopigmentation in the skin. Phenol derivatives such as  

raspberry ketone have been reported to cause the development of occupationally induced  

leukoderma. Recently, 2% (w/w) rhododenol, a reduced form of raspberry ketone used in a  

skin-lightening agent, also caused the development of leukoderma in >16,000 users, about 

2% of all users, in Asian countries including Japan. However, a method for assessing the risk  

of leukoderma caused by 2% rhododenol has not been established despite the fact that the 

development of leukoderma caused by 30% rhododenol was previously shown in animal 

experiments. Establishment of a novel technique for risk assessment of leukoderma in 

humans caused by external treatment with chemicals is needed to prevent a possible future 

chemical disaster. This study demonstrated that external treatment with 2% rhododenol and 

the same concentration of raspberry ketone caused the development of leukoderma in murine 

tail skin without exception with significant decreases in the amount of melanin and number 

of melanocytes in the epidermis. Thus, a novel in vivo technique that can assess the risk of 

leukoderma caused by 2% rhododenol was developed. The unique technique using tail skin 

has the potential to prevent chemical leukoderma in the future.  
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1. Introduction 

Chemical leukoderma, a patchy hypopigmentation in the skin, is caused by various 

chemicals such as phenol derivatives and catechol derivatives (Hariharan et al., 2010; Harris, 

2017; Lengagne et al., 2004). Leukoderma that is occupationally induced by raspberry 

ketone, 4-(4-hydroxyphenyl)-2-butanone (Fig. 1a), which is a phenol derivative, has been  

reported (Fukuda et al., 1998). In 2013, more than 16,000 patients developed leukoderma 

caused by using skin-lightening agents that contained 2% (w/w) rhododenol 

(4-(4-hydroxyphenyl)-2-butanol) (Fig. 1a), a reduced form of raspberry ketone (Nishigori et 

al., 2015; Sasaki et al., 2014). The rhododenol-induced leukoderma was improved or 

completely resolved in 72% of the patients (Nishigori et al., 2015), but the remaining 

patients were resistant to conventional therapy (Watabe et al., 2018). External treatment with 

2% rhododenol caused leukoderma in about 2% of the skin-lightning agent users (Nishigori 

et al., 2015), indicating that these patients with leukoderma must be hypersensitive to 

rhododenol. A previous study showed that external treatment with 30% but not 10% 

rhododenol caused the development of leukoderma in the dorsal skin of haired guinea pigs,  

in which skin pigmentation was induced by ultraviolet light irradiation before treatment with 

rhododenol (Kuroda et al., 2014). It was also shown that external treatment with 30% but not 

2% rhododenol caused the development of leukoderma in the dorsal skin of hairless 

transgenic mice carrying murine stem cell factor under control of the human keratin 14 



promoter (Abe et al., 2016). These previous studies are important for risk assessment of 

chemical leukoderma. However, cases of chemical leukoderma have been occurring for 

more than 75 years (Harris, 2017), indicating that there is no system that is sensitive enough 

to assess the risk for chemical leukoderma at present. To prevent a possible chemical disaster 

in the future, the development of a novel technique that can sensitively assess the risk for 

chemical leukoderma, even with a low rhododenol concentration of 2%, is needed.� 

 

2. Materials and Methods 

2.1. Mice and chemicals 

After hairless homozygous (Hr/Hr) mice (HOS:HR-1) purchased from Hoshino 

Laboratory Animals, Inc. had been backcrossed to C57BL/6-mice for 6 generations, an 

inbred line was developed by brother-sister mating for >10 generations. The hairless mice at 

10 weeks of age were used in this study. This study was approved by the Animal Care and 

Use Committee (approval no. 30258) in Nagoya University. Raspberry ketone (Cas# 

5471-51-2; Tokyo Chemical Industry Co., Ltd.) and rhododenol (Cas# 69617-84-1; Wako 

Pure Chemical Industries, Ltd.) were dissolved in 50% ethanol according to the method  

previously described (Abe et al., 2016). Each solution was applied to dorsal skin (6 µl/cm2) 

and tail skin (6 µl/cm2).  

 

2.2. Histological analysis 

Immunohistochemical analysis was performed according to the method previously 

described (Iida et al., 2016; Kato et al., 2004). Paraffin sections were treated with 10 mM 

sodium citrate (pH 6.0) for antigen retrieval as previously reported (Ohgami et al., 2010). 



Anti-TRP2 antibody (1:100; Santa Cruz) and alexa Fluor 594 anti-goat IgG (1:1000; Thermo 

Fisher Scientific Inc.) were used as a first antibody and a secondary antibody, respectively. 

Fontana-Masson staining was performed according to the protocol of the manufacturer  

(40592, Muto Pure Chemicals Co., Ltd.). 

 

2.3. Semiquantitative analysis 

 

2.3.1. Evaluation of the skin colors of dorsal skin and tail skin 

L*-values (worldwide standard values for lightness) of the dorsal skin were analyzed 

by using a reflectance spectrophotometer (CR-400; Konica Minolta Sensing, Inc.) according 

to the method previously described (Kato et al., 2011). Darkness of the tail skin was 

analyzed by the software program WinROOF (Mitani Corp., Japan) after capturing digital 

images of the tail skin with a darkness standard because a reflectance spectrophotometer for  

tail skin with a round shape is not available.  

 

2.3.2. Evaluation of melanin density 

Digital images of epidermal melanin detected by Fontana-Masson staining were traced 

by binarization using the software program WinROOF, and the total amounts of traced dots 

(digitally traced melanin) in the epidermis were divided by the area of the epidermis in the 

analyzed field.   

 

2.4. Statistical analysis  

Paired Wilcoxon’s signed rank test (Fig. 1) and the chi-square test (Fig. 3) were used   

for comparison between two groups. Comparisons among three groups were performed by  

using the Steel-Dwass test (Fig. 2). JMP Pro (version 11.0.0; SAS Institute) was used in all  



statistical analyses in this study.  

  

3. Results  

Following the usual method for assessing the risk of external treatment with chemicals  

(Abe et al., 2016; Kuroda et al., 2014), dorsal skin (Fig. 1) was treated with 2% (w/w)  

rhododenol and the same concentration of raspberry ketone in addition to their solvent in  

wild-type hairless mice crossed with C57BL/6N previously described (Yajima et al., 2017).   

Unfortunately, however, no macroscopic hypopigmentation developed in the dorsal skin    

even 14 weeks after the treatment (Fig. 1b, c). Correspondingly, our microscopic analyses   

showed comparable amounts of melanin and numbers of tyrosinase-related protein-2   

(TRP-2)-positive cells (melanocytes) in the epidermis of dorsal skin in mice treated with   

rhododenol and raspberry ketone and control mice treated with the solvent even 14 weeks   

after the treatment (Fig. 1d-g). Our macroscopic and microscopic results indicate that   

sensitive risk assessment for chemical leukoderma by using dorsal skin of mice is difficult.    

Generally, it is very rare to use tail skin for risk assessment of external treatment with   

chemicals. However, the tail skin of mice was used to assess the risk of leukoderma caused   

by 2% rhododenol and the same concentration of raspberry ketone because of our failure in  

risk assessment using dorsal skin. At 4 weeks after treatment (Fig. S1), mild but   

macroscopically detectable hypopigmentation (early stage of leukoderma) had developed in  

tail skin treated with 2% raspberry ketone and rhododenol but not with their solvent. An  



advanced stage of hypopigmentation limited to areas treated with 2% raspberry ketone and  

2% rhododenol was observed in the tail skin of all mice up to 14 weeks after treatment (Fig.  

2a).  Semiquantitative analysis of macroscopic images also showed that dark levels in the  

tail skin treated with raspberry ketone and rhododenol were more than 99% decreased  

compared to those in tail skin treated with their solvent (Fig. 2b). Microscopic analysis  

further showed that the level of melanin (Fig. 2c, d) in the epidermis of tail skin treated with  

2% raspberry ketone and 2% rhododenol was undetectably low even by Fontana-Masson  

staining, a sensitive method for histologically detecting melanin (Kato et al., 2011). The   

number of TRP-2-positive cells (melanocytes) in the epidermis of tail skin treated with 2%  

raspberry ketone and 2% rhododenol was less than 12% of that in tail skin treated with their  

solvent (Fig. 2e, f).   

Melanin production activities of dorsal skin melanocytes and tail skin melanocytes  

were analyzed. Morphological analysis (Fig. 3a-h) showed that the melanin production level  

in TRP-2-positive cells was higher in tail skin than in dorsal skin. Further analysis (Fig. 3i)  

also showed that 13% and 83% of TRP2-positive cells in the dorsal skin and tail skin were  

positive for melanin, respectively.  

� 

4. Discussion   

Generally, there is a limited number of dermal melanocytes in humans (Hoerter et al.,  



2012). It has been reported that rhododenol-induced leukoderma in humans was caused by  

depletion of epidermal melanocytes (Tokura et al., 2015). Since the main purpose of this  

study was to develop a novel system to sensitively assess the risk for leukoderma, we  

focused on epidermal melanocytes.  

There are several possible reasons why tail skin is more suitable than dorsal skin for  

risk assessment of chemical leukoderma. We first showed that melanin density and number  

of melanocytes in the epidermis of tail skin were >50-fold and >4.5-fold greater than those  

in dorsal skin, respectively. These results suggest that there are quantitative differences for  

melanin production and melanocyte number between dorsal skin and tail skin. We also   

showed that the number of melanin-producing melanocytes in tail skin was 6.2-fold larger  

than that in dorsal skin. Melanocytes with dendrites in tail skin morphologically seem to be  

more differentiated than those with a limited number of dendrites in dorsal skin, because  

fully differentiated melanocytes are characterized by melanin-producing activity as well as  

by well-developed dendrites (Hirobe, 2005). In addition, the proportion of  

TRP2-positive/Ki67-positive cells in dorsal skin was shown to be only 3% in our previous  

study, in which the same hairless mice were used, indicating that most melanocytes in dorsal  

skin are TRP2-positive/Ki67-negative cells with limited melanin production (Yajima et al.,  

2017). These results suggest that there are qualitatively different melanocytes with different  

degrees of differentiation in dorsal skin and tail skin. Since previous studies showed that   



rhododenol-induced melanocyte cytotoxicity is dependent on tyrosinase activity that  

regulates melanin production in melanocytes (Giebel et al., 1990; Kasamatsu et al., 2014;  

Sasaki et al., 2014), the qualitative differences as well as the quantitative differences  

between dorsal skin and tail skin may result in the different sensitivities of dorsal skin and  

tail skin to rhododenol. On the other hand, the thicknesses of dorsal skin and tail skin of the  

hairless mice used in this study were about 30 µm and about 90 µm, respectively (data not  

shown). However, leukoderma was induced by rhododenol in tail skin but not in dorsal skin,  

although tail skin is about 3-fold thicker than dorsal skin. These results suggest that different  

levels of chemical penetration based on the different thicknesses of dorsal skin and tail skin  

have a limited effect on sensitivity to leukoderma.  

     To our knowledge, rhododenol is the only chemical for which a leukoderma-inducible  

concentration (2%) has been detected in a large number (>16,000) of people (Nishigori et al.,  

2015; Sasaki et al., 2014). In this study, we chose rhododenol as a concentration-known  

leukoderma inducer and raspberry ketone as a concentration-unknown leukoderma inducer  

in humans. The same concentrations (2%) of rhododenol and raspberry ketone induced  

leukoderma in all cases in our risk assessment system of tail skin. Further study of higher  

concentrations of chemicals showed that an early stage of leukoderma was already  

detectable in tail skin treated with 30%, but not 10%, raspberry ketone and rhododenol at 2  

weeks after treatment (Fig. S2). Leukoderma caused by 30% raspberry ketone and  



 

rhododenol was more severe than that caused by 10% raspberry ketone and rhododenol at 2   

weeks and 10 weeks after treatment (Fig. S2). Our results suggest that these chemicals have  

comparable risks for leukoderma. The results are reasonable since raspberry ketone and  

rhododenol are analog chemicals. Thus, our system can sensitively assess the risk for the  

development of leukoderma in only 2% of users of skin-lightning agents including 2%  

rhododenol (Nishigori et al., 2015). Our results encourage us to assess the risks of various  

previously reported chemical inducers for leukoderma by our assessment system in the  

future.  

In this study, we demonstrated for the first time a unique technique that can assess the  

risk of chemical leukoderma induced by 2% rhododenol by using murine tail skin. Our risk  

assessment system does not require either ultraviolet light irradiation or gene modification.   

Our system has the potential to prevent chemical leukoderma due to its convenience as well  

as sensitivity. Further study to clarify the mechanism of chemical leukoderma by using our  

system in vivo might lead to the development of a novel in vitro system for sensitively  

assessing the risk for leukoderma.   
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Figure legends 

Fig. 1. Limited effect of chemicals on pigmentated level of dorsal skin  

(a) Chemical structures of raspberry ketone (RK) and rhododenol (RD) are presented. (b-g)  

Macroscopic and microscopic results of the dorsal skin of 24-week-old hairless mice treated 

with 2% (w/w) RK, 2% (w/w) RD and their solvent (Sol) of 50% ethanol once a day for 5 

days per week for a period of 14 weeks are presented. (b) Representative macroscopic 

images of murine dorsal skin. Dots in the skin indicate the corners of the area treated with 

the chemicals. (c) L*-values (mean ± standard deviation) of 9 dorsal skin areas (3 skin areas 

in 3 mice) treated with Sol, 2% RK and 2% RD according to the previously described 

method (Kato et al., 2011). L*-values analyzed by using a reflectance spectrophotometer 

(CR-400; Konica Minolta Sensing, Inc.) show digitalized levels of pigmentation in dorsal 

skin (Kato et al., 2011). A representative result is shown (b, c) after the same experiments 

were independently repeated 3 times. (d) Level of melanin in the epidermis of dorsal skin  

evaluated by Fontana-Masson staining is shown. Nuclei were stained with nuclear fast red 

(pink). White arrowheads indicate melanin. (e) Melanin density (melanin-containing area per 

analyzed field) of 15 sections (5 sections in 3 mice) in the dorsal skin (mean ± standard 

deviation) treated with Sol, 2% RK and 2% RD was analyzed by WinROOF. (f) 

Representative results of immunohistochemical analyses of TRP2-positive cells (red 

immunofluorescent cells indicated by white arrowheads) in the epidermis. White broken 

lines show the border between the epidermis and dermis. Nuclei were stained with DAPI 

(blue). (g) Number of TRP2-positive cells per analyzed field (600 µm along the border 

between the epidermis and dermis) in the epidermis of dorsal skin (mean ± standard  

deviation) in 12 sections (4 sections in 3 mice) treated with Sol, 2% RK and 2% RD is   

shown. ns, not significant. Bars, 10 µm.  

  



 

Fig. 2. Hypopigmented effect of chemicals on the tail skin   

(a-f) Macroscopic and microscopic results of the tail skin of 24-week-old hairless mice  

treated with 2% (w/w) raspberry ketone (RK), 2% (w/w) rhododenol (RD) and their solvent  

(Sol) of 50% ethanol once a day for 5 days per week for a period of 14 weeks are presented.  

(a) Representative macroscopic images of murine tail skin. Green tattoos (white arrowheads)  

in the tail skin indicate the ends of the areas treated with the chemicals. A representative  

result is shown after the same experiments were independently repeated 3 times. (b) Dark 

levels (mean ± standard deviation) of 9 tail skin areas (3 skin areas in 3 mice) treated with  

Sol, 2% RK and 2% RD were analyzed by the software program WinROOF (Mitani Corp.). 

(c) Melanin levels in the epidermis of tail skin evaluated by Fontana-Masson staining are 

shown. Nuclei were stained with nuclear fast red (pink). White arrowheads indicate melanin. 

(d) Melanin density (melanin-containing area per analyzed field) of 15 sections (5 sections 

in 3 mice) in the tail skin (mean ± standard deviation) treated with Sol, 2% RK and 2% RD 

was analyzed by WinROOF. (e) Representative results of immunohistochemical analyses of 

TRP2-positive cells (red immunofluorescent cells indicated by white arrowheads) in the 

epidermis. White broken lines show the border between the epidermis and dermis. Nuclei 

were stained with DAPI (blue). (f) Number of TRP2-positive cells per analyzed field (600 

µm along the border between the epidermis and dermis) in the epidermis of 12 sections (4  

sections in 3 mice) in the tail skin (mean ± standard deviation) treated with Sol, 2% RK and 



 

2% RD is shown. **p < 0.01, *p < 0.05. Bars, 50 µm.

 

Fig. 3. Different morphologies and different melanin production activities of dorsal 

skin melanocytes and tail skin melanocytes 

(a-i) Results of morphologic (a-h) and quantitative analyses (i) of TRP2-positive cells 

(melanocytes) in dorsal skin and tail skin from 24-week-old hairless mice are presented. 

Results of immunohistochemical analyses of TRP2-positive cells (red immunofluorescent 

cells indicated by arrowheads) in the epidermis of dorsal skin (a, b) and tail skin (c, d) are 

shown. Nuclei were stained with DAPI (blue) (a-d). Representative merged images of bright  

fields showing melanin (brown) and immunofluorescent fields showing TRP2-positive cells 

(orange) in the epidermis of dorsal skin (e, f) and tail skin (g, h) are presented. Magnified 

images (b, d, f, h) of TRP2-positive cells in the presence (d, h) or absence (b, f) of dendrites 

in the dotted boxed areas (a, c, e, g) are shown. A limited amount and a large amount of 

melanin production in TRP2-positive cells were obtained in dorsal skin (white arrowheads) 

and tail skin (yellow arrowheads), respectively. (i) Percentages (n=60) of melanin-negative 

and melanin-positive TRP2-positive cells in the epidermis of dorsal skin and tail skin from 3 

mice were analyzed. *p < 0.01. Bars, 25 µm. 
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Figure 2 Iida et al.
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Figure 3 Iida et al.
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Figure S1 23 

Fig. S1. Development of leukoderma caused by 2% chemicals 24 

Macroscopic results of tail skin treated with 2% raspberry ketone (RK) and rhododenol (RD) 25 

and their solvent (Sol) of 50% ethanol. Representative images of tails before and 4 weeks 26 

(wks) after treatments are presented. Green tattoos with white arrowheads indicate the areas 27 

treated with solvent and 2% chemicals. Representative results are shown after the same 28 

experiments were independently repeated 3 times. 29 
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Figure S2 39 

 40 

 41 
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 51 

Fig. S2. Kinetics of leukoderma development caused by 10% and 30% chemicals 52 

(a, b) Macroscopic results of the tail skin of 12-week-old (top), 14-week-old (intermediate) 53 

and 22-week-old (bottom) hairless mice treated with 10% and 30% raspberry ketone (RK) 54 

(a), 10% and 30% rhododenol (RD) (b) and their solvent (Sol) of 50% ethanol three times a 55 

day for 5 days per week for a period of 10 weeks are presented. Green tattoos with white, 56 

yellow and magenta arrowheads indicate the areas treated with the solvent and 10% and 30% 57 



 4 

chemicals, respectively. Representative results are shown after the same experiments were 58 

independently repeated 3 times. 59 
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