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The First Epidemiological Report of Rhododenol-induced Leukoderma in Japan
Based on a Nationwide Survey

The Special Committee on the Safety of Cosmetics Containing Rhododeno! in the Japanese
Dermatological Association

Yumi Aoyama', Akiko Ito? Kayoko Suzuki®, Tamio Suzuki*, Atsushi Tanemura®,

Chikako Nishigori®, Masaaki Ito’, Ichiro Katayama®, Shinichi Sugiura®, Kayoko Matsunaga'®

Depigmentation developed in a large number of people in Japan who had used cosmetics containing 2%
of 4-(4-hydroxyphenyl)}-2 butanol (Rhododenol). The total number of patients is estimated to be at least
18,909 in June 2014. To clarify the clinical and epidemiological features of Rhododenol-induced leukoderma
in Japan, a nation wide survey was performed from July 17, 2013 to September 7, 2013. The clinical data of
1,338 cases were analyzed. Hypopigmented spots were observed on the sites of application of Rhododenol
in 96% of the cases. The face (92.9%) and the neck (58.8%) were frequently involved sites. The most com-
mon pattern was of incompletely depigmented spots (42%). The completely depigmented spot type and the
mixed type comprised 17% and 28%, respectively. Inflammation was observed in 43.8% of the cases. Most
of the cases (85%) were clinically indistinguishable from idiopathic vitiligo. A second investigation in the
future would further deepen our understanding about the course and the prognosis of this disease.

(Jon J Dermatol 124: 2095-2109, 2014)
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Background: Tyrosinase, the rate-limiting enzyme required for melanin production, has been targeted to
develop active brightening/lightening materials for skin products. Unexpected depigmentation of the
skin characterized with the diverse symptoms was reported in some subjects who used a tyrosinase-
competitive inhibiting quasi-drug, rhododendrol.

Objective: To investigate the mechanism underlying the depigmentation caused by rhododendrol-
containing cosmetics, this study was performed.

Methods: The mechanism above was examined using more than dozen of melanocytes derived from
donors of different ethnic backgrounds. The RNAi technology was utilized to confirm the effect of

Keywords:
Depigmentation
‘White blotching

Rhododendrol . ‘ o e

Hydroxyl-rhododendrol tyrosinase to induce the cytotoxicity of rhododendrol and liquid chromatography-tandem mass
Melanocyte spectrometry was introduced to detect rhododendrol and its metabolites in the presence of tyrosinase.
Tyrosinase Results: Melanocyte damage was related to tyrosinase activity at a certain threshold. Treatment with a

tyrosinase-specific siRNA was shown to dramatically rescue the rhododendrol-induced melanocyte
impairment. Hydroxyl-rhododendrol was detected only in melanocytes with higher tyrosinase activity.
When an equivalent amount of hydroxyl-rhododendrol was administered, cell viability was almost
equally suppressed even in melanocytes with lower tyrosinase activity.
Conclusion: The generation of a tyrosinase-catalyzed hydroxyl-metabolite is one of the causes for the
diminishment of the melanocyte viability by rhododendrol.
© 2014 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights
reserved.

1. Introduction

The wide variation of skin color associated with ethnic skin
diversity is predominantly determined by the amount and types of
epidermal melanin produced in melanosomes, unique lysosome-
related organelles derived from the endosomal compartment in
melanocytes [1]. In the process of melanin biosynthesis, tyrosine is
used as a precursor that is catalyzed by a series of melanogenic
enzymes, including tyrosinase, dopachrome tautomerase and

Abbreviations: LC-MS/MS, liquid chromatography-tandem mass spectrometry;
NHEM, normal human epidermal melanocyte; ROS, reactive oxygen species; Tyrp1,
tyrosinase-related protein-1; UV, ultraviolet.
* Corresponding author. Tel.: +81 285 68 7490; fax: +81 285 68 7360.
E-mail address: hachiya.akira@kao.co.jp (A. Hachiya).

http://dx.doi.org/10.1016/j.jdermsci.2014.07.001

tyrosinase-related protein-1 (Tyrp1), mutations of which cause
hypopigmentation or diluted color of the skin [2-4]. Following the
maturation of pigmented melanosomes, which are regulated by
various membrane trafficking factors, they are translocated
through the dendrites of melanocytes [5] and are then transferred
to neighboring keratinocytes [6] in the course of skin color
development. After their transfer to keratinocytes, melanosomes
are distributed above the nuclei to form supranuclear melanin
caps that protect Kkeratinocytes from the harmful effects of
ultraviolet (UV) exposure, which can produce DNA damage and
free radicals [7-9]. Related to this melanin function, it has been
shown that human skin color is one of the characteristics
evolutionarily and geographically acquired to protect the skin
from UV irradiation [10,11].

0923-1811/© 2014 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights reserved.
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Many studies have proposed detailed mechanisms that
underlie ultraviolet B (UVB)-induced pigmentation, where three
major steps in the epidermis, melanocyte proliferation, the synthesis
and activation of tyrosinase and melanosome transfer to keratino-
cytes, have been reported to be activated [12,13]. Apart from
findings about keratinocyte-derived paracrine cytokines in collabo-
ration with their corresponding receptors in melanocytes [14-25],
tyrosinase has been vigorously targeted to develop active
brightening materials to satisfy the desires of many people who
believe fair/bright skin to be ideal, since many laboratories have
demonstrated that the activity of this rate-limiting enzyme
correlates closely with melanin content, resulting in its critical
contribution to cutaneous pigmentation [26]. At least in humans,
tyrosinase activity has been suggested to be regulated largely at the
post-translational level [27]. Following this trend, rhododendrol
(Fig. 1), whose chemical name is 4-(4-hydroxyphenyl)-2-butanol,
was uniquely developed and its use as an active quasi-drug
ingredient was approved in 2008. It is also known to be a natural
ingredient present in many plants, such as the Nikko maple tree.
Rhododendrol was demonstrated to compete with tyrosine for
hydroxylation by tyrosinase and to interfere with melanin synthesis
as do derivatives of phenols and catechols [28,29], resulting in the
effective prevention of melanin biosynthesis and decreasing the
appearance of pigmented spots and freckles on the skin.

In 2013, depigmentation (also called white blotching), charac-
terized in particular with one or more blotches which can overlap,
occurred on the skin of some consumers who used rhododendrol-
containing brightening cosmetics. This sort of depigmentation was
thought to be possibly categorized to a chemical leukoderma
accompanied by an acquired hypopigmentation induced by
repetitive exposure to specific chemicals. Partial depigmentation
was reported to appear on the neck, the hands and the face at the
application sites of the affected products, with or without
inflammation, in advance of the manifestation of white blotching.
Some consumers who used a rhododendrol-containing product
continue to suffer from such symptoms, despite the fact that those
symptoms have been reported to disappear or begin to improve
after ceasing to use the products in many cases. These observations
are consistent with the condition of chemical leukoderma, which is
distinct from contact/occupational vitiligo characterized by the
extension of depigmentation from the initial site of chemical
contact and the subsequent development into progressive and
generalized vitiligo [30]. It has been suggested that the loss of
cutaneous pigmentation can result not only in susceptible skin
[31,32] but also in psychological and social problems of self-
esteem and personal interactions [33].

The aim of this study was to understand how rhododendrol
causes depigmentation or white blotching of the skin. It has been
reported that the largest class of chemicals known to trigger
contact/occupational vitiligo includes aromatic or aliphatic deri-
vatives of phenols and catechols [30], such as phenolic antiox-

Rhododendrol
o]
HO.
0.
jo U
ou Tyrosinase
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idants and phenolic germicidal detergents [34] contained in
rubber [35] and industrial oils [36]. Many other chemicals also
have the capacity to induce comparable depigmentation repre-
sented by sulfhydryls, mercurials, arsenic, etc. This investigation of
the mechanism underlying the rhododendrol-induced depigmen-
tation was initiated considering limited reports on its plausible
mechanisms although the etiology of vitiligo itself remains poorly
understood [37]. Based on our observation of the rhododendrol-
induced damage of melanocytes with a certain threshold of
tyrosinase activity, we hypothesize that a tyrosinase-catalyzed
metabolite from rhododendrol is one of the causes of melanocyte
impairment and we validated that mechanism using several
analytical approaches including mass spectrometry analysis.

2. Materials and methods
2.1. Materials

Normal human epidermal melanocytes (NHEMs) were obtained
from Kurabo Co. (Osaka, Japan). Rhododendrol was supplied by
Kanebo Cosmetics Co. (Tokyo, Japan) and hydroxyl-rhododendrol
was synthesized as detailed below. AlamarBlue was purchased
from Bio-Rad Laboratories (Hercules, CA, USA). The specific siRNA
directed against human tyrosinase and the control siRNA were
provided by Life Technologies (Carlsbad, CA, USA). TH NMR and '3C
NMR spectra (600 MHz) were obtained using CD3;0D on a Bruker
AVANCE IIl instrument. Liquid chromatography-mass spectrome-
try (LC-ESI-MS) analysis was performed using a Bruker Esquire
3000 Plus connected with an Agilent Series 1100 HPLC system.
Other chemicals were of reagent grade.

2.2. Synthesis of hydroxyl-rhododendrol (4-(3,4-dihydroxyphenyl)-2-
butanol)

To a solution of 4-(4-hydroxy-3-methoxyphenyl)-2-butanone
(1.01g, 5.19mmol) in ethanol (10ml), sodium borohydride
(100 mg, 2.65 mmol) was added and stirred at room temperature
for 1 h. Following the addition of water (20 ml), the mixture was
extracted 3 times with diethyl ether (10 ml each) and the
combined organic extract was dried with Na,SO4 and evaporated
under reduced pressure to give the crude product (0.84 g) of 4-(4-
hydroxy-3-methoxyphenyl)-2-butanol. Subsequently, a solution
of the crude product (0.49 g) in tetrahydrofuran (35 ml) was
cooled in an ice bath and aluminum chloride (1.1 g, 8.3 mmol) and
pyridine (2.7 ml) were added. The mixture was then heated and
refluxed for 14 h. After the mixture was cooled in an ice bath, it
was quenched by the addition of 20% hydrogen chloride (30 ml)
and then extracted 3 times with chloroform (30 ml each). The
combined organic extract was washed with water (10 ml) and
saline (10 ml). The organic layer was dried over MgSO, and
evaporated to dryness, and the residue was then purified by silica

Hydroxyl-rhododendrol

2 HO.
\©\/Y ---------- > ?
—__9 s
Tyrosinase OH

Fig. 1. Rhododendrol is catalyzed by tyrosinase to produce hydroxyl-rhododendrol in equilibrium with its related quinone form. The reactions catalyzed by tyrosinase that originate

from rhododendrol are shown.
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gel column chromatography (methanol-chloroform, 3:97 v/v) to
afford 4-(3,4-dihydroxyphenyl)-2-butanol (0.31g, 54%) as a
colorless solid. Analysis of the product gave the following
characteristics:

TH-NMR 81.21 (d, ] = 6.4 Hz, 3H), 1.62-1.76 (m, 2H), 2.48-2.55
(m, 1H), 2.58-2.64 (m, 1H), 3.72-3.76 (m, 1H), 6.54 (dd, J=1.9,
7.9 Hz, 1H), 6.66 (d, J = 1.9 Hz, 1H), 6.69 (d, ] = 7.9 Hz, 1H)

13C-NMR 823.52, 32.49, 42.33, 67.93, 116.21, 116.46, 120.54,
135.21, 144.14, 146.08.

ESI-MS m/z=181 [M — H]".

2.3. Cell culture

NHEMs from 6 lightly pigmented neonatal foreskins, from
3 moderately pigmented neonatal foreskins and from 4 darkly
pigmented neonatal foreskins were maintained as described
elsewhere [30]. Briefly, NHEMs were maintained in Medium
254 (Life Technologies) supplemented with 5 pg/ml insulin,
5 wng/ml transferrin, 3 ng/ml human recombinant basic
fibroblast growth factor, 0.18 pg/ml hydrocortisone, 3 pg/ml

A

heparin, 10 ng/ml phorbol 12-myristate 13-acetate (PMA),
0.2% (v/v) bovine pituitary extract (BPE), and 0.5% (v/v)
fetal bovine serum (FBS) (Kurabo) at 37 °C in an atmosphere
of 5% (v/v) CO,.

2.4. Transfection with siRNAs

NHEMs were transfected with total of 25 nM siRNA specific to
tyrosinase and/or a nonspecific control siRNA using TransIT-TKO
transfection reagent (Mirus Bio, Madison, WI, USA) according to
the manufacturer’s instructions. Following incubation for 48 h,
cells were treated with each reagent and incubated according to
each experimental design.

2.5. Western blotting analysis

NHEMs seeded in 12-well plates at a density of 1.3 x 10°
were treated with siRNA for 48 h, followed by solubilization
with cell lysis buffer (Cell Signaling Technology, Danvers, MA,
USA) supplemented with 1 mM phenylmethylsulfonyl fluoride
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Fig. 2. Rhododendrol specifically damages melanocytes according to their level of tyrosinase activity. Melanocytes with higher tyrosinase activity immediately show lower cell
viability within 1h after exposure to 1 mM rhododendrol accompanied by the phenomenon of apoptosis characterized with membrane blebbing (A). Scatter plots
demonstrate the negative correlation between tolerance to rhododendrol and level of tyrosinase activity assessed by DOPA oxidase activity (B).
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(Sigma-Aldrich, St. Louis, MO, USA). Five g protein in each
sample were separated using 4-15% SDS-polyacrylamide gels
(Bio-Rad Laboratories, Hercules, CA, USA) and were then
transferred to Sequi-Blot PVDF membranes (Bio-Rad Laborato-
ries). The membranes were incubated with a monoclonal mouse
anti-Tyrosinase-specific antibody (Clone: T311, Life Technolo-
gies) or with a monoclonal mouse anti-B-actin-specific antibody
(Clone: AC-15, Sigma-Aldrich) followed by incubation with
secondary mouse IgG antibodies (GE Healthcare UK Ltd.,
Buckinghamshire, UK). Subsequent visualization of bound
antibodies was performed using Enhanced ChemiLuminescence
Prime (GE Healthcare) according to the manufacturer's instruc-
tions. Densities of the detected bands were analyzed using ATTO
Densitograph (ATTO Co., Tokyo, Japan).

2.6. Measurement of DOPA oxidase activity

DOPA oxidase activity was measured as described elsewhere
[38]. Briefly, 2.0 x 10* NHEMs (no treatment) or 1.2 x 10* NHEMs
treated with siRNA in 96-well plates were washed twice with PBS
and then mixed with 20 w1 Buffer A (0.1 M Tris-HCl, pH 7.2, 1% NP-
40 and 0.01% SDS) and with 20 pl Buffer B (100 mM sodium
phosphate, pH 7.1) and 4% N,N'-dimethylformamide). After
incubation at 4 °C for 2 h, 80 ul of Buffer B, 60 wl of 20.7 mM
MBTH and 40 pl of 5 mM L-DOPA were added to each well. After
reaction for 30 min at 37 °C, the absorbance at 505 nm of each well

was measured with a Gen 5 Micro Plate Reader (BioTek
Instruments, Winooski, VT, USA)

2.7. Measurement of cell viability

In the presence of various concentrations of rhododendrol or
hydroxyl-rhododendrol, 1.0 x 10* NHEMs (no treatment) or
1.2 x 10* NHEM s treated with siRNA were cultured in melanocyte
culture medium without PMA in 96-well plates for 24-96 h.
Subsequently, the culture medium was changed to fresh medium
supplied with 10% AlamarBlue. After incubation for another 2 h,
the fluorescence (Excitation: 544 nm/Emission: 590 nm) of each
well was measured using a Wallac 1420 Multilabel Counter
(PerkinElmer, Waltham, MA, USA).

2.8. Treatment of rhododendrol with mushroom-derived tyrosinase

Rhododendrol was treated with mushroom-derived tyrosi-
nase to investigate how it was converted by the action of
tyrosinase in vitro. Rhododendrol (500 pg) and 2 or 4 units of
tyrosinase were placed into a test tube together with 1 ml
100 mmol/! Tris-HCI solution, pH 6.8. The mixture was
incubated at 37 °C for 0 to 120 min in a constant temperature
bath. The reaction was stopped by adding 10 wl formic acid and
then tyrosinase was completely removed from the solution by
ultrafiltration at 4800 rpm for 20 min The filtrate was injected

—

E=3 x 103 x 103 x 108

0. 80 —~ 8.0 —~ 80

Q) [} [} p2]

2 60 g 60 8 s0

o |2 z =

8 % 4.0 % 4.0 i38 g 4.0

©|E 20 E 201 £ 201 e

() e " ’ o - VU : ” “ b ol o

= 10 12 14 16_18 20 22 24 26 28 30 10 12 14 16 18 20 22 24 26 28 30 10 12 14 16_18 20 22 24 26 28 30
Time {min) Time (min) Time (min)

% x 108 x 108 x 103

[%2) 5 8.0 & 8.04 —. 8.01

,9_,') Q. Q. J 2197 8

1< 60 £ 6.0 L 6.04 2182

[S 1 ] 2 =

O |2 40 Q 4.04 2 4.0

Cls o) @

@ | E 20 £ 204 £ 2.0

Q e - * v bt - bty et . AT Al

= 10 12 14 16_18 20 22 24 26 28 30 10 12 14 16 _18 20 22 24 26 28 30 10 12 14 16_18 20 22 24 26 28 30
Time (min) Time (min) Time (min)

™

e x 103 x 103 x 103

§ ,g 8.01 Q 8.0 ,g 8.0

> 1L 6.0 £ 6.0 £ 6.0

Q1= Z o

8 g 4.0 g 4.0 ‘% 4.0

© | E 204 € 20 £ 20

3] y 4 ety _— — - '

= 10 12 14 16_18 20 22 24 26 28 30 10 12 14 16 _18 20 22 24 26 28 30 10 12 14 16_18 20 22 24 26 28 30
Time (min) Time {min) Time {min)

§ x 108 x 108 x 103

$ & 8.04 > 8.0 = 8.0

- | a Q =%

=1L 6.04 L 6.0 £ 6.0

[& 18 ) 2 2

(@] g 4.0 @ 4.0 @ 4.0

Clse & o)

®|E 20 € 20 £ 20/

[5) TN o A e " " " . .

= 10 12 14 16 18 20 22 24 26 28 30 10 12 14 716 _18 720 22 24 25 28 30 10 12 14 16_18 20 22 24 26 28 30
Time (min) Time (min) Time (min)

Fig. 3. Hydroxyl-rhododendrol is detected only in melanocytes with higher tyrosinase activity. LC-MS/MS detects hydroxyl-rhododendrol with a retention time of around 21 min
only in melanocytes with higher tyrosinase activity after the addition of 1 mM rhododendrol. Melanocyte lines no. 1 and 2 have higher tyrosinase activity while melanocyte
lines no. 3 and 4 have lower activity. Vertical and horizontal axes of LC-MS/MS chromatograms describe peak intensity (cps) and retention time (min).
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into a liquid chromatography-tandem mass spectrometry (LC-
MS/MS).

2.9. Detection of rhadodendrol and its metabolites using LC-MS/MS

Several concentrations of rhododendrol incubated with
2 x 105 NMEMs treated with tyrosinase-specific siRNA were
extracted in 500 wl 1% formic acid in water using a homogenizer
system (MS-100R, TOMY, Japan) at 5000rpm for 10 min
with zirconia beads and were kept at 4 °C. They were then
centrifuged at 4500 rpm for 6 min and the residues were treated
again as described above after the collection of supernatants.
The resulting supernatants were combined with the previously
collected ones and then were evaporated under N, gas.
The dried extracts were dissolved in 500 pl 1% formic acid in
water and then stored at 4 °C prior to the LC-MS/MS analysis
using an Agilent 1100 HPLC system (Agilent Technologies, Santa
Clara, CA, USA) coupled with a 4000 QTRAP (AB SCIEX,
Framingham, MA, USA) with an electrospray ionization (ES)
source. Samples from the reactions with mushroom tyrosinase
described above were also analyzed by LC-MS/MS. Separation
was achieved on a Unison UK~C18 column with a 3 um
particle size, 2.1 mm in inner diameter and 150 mm in length
(Imtakt, Kyoto, Japan). The solvent mobile phases consisted of:
(A) 0.1% formic acid in water, and (B) 0.1% formic acid in
acetonitrile. The eluent at a flow rate of 200 pl/min was
controlled as follows; 2% solvent B from 0 to 5 min, 2-40%
solvent B for 5 to 25 min, 98% solvent B for 25.1 to 35 min, and
2% solvent B for 35.1 to 50 min The conditions of positive ion
ESI-MS/MS were prepared as follows; ion spray voltage: 5000V,
ion source heater temperature: 600 °C, ion source gas (N;) for
nebulizing: 50 psi, ion source gas for drying solvent: 80 psi,
curtain gas (N,): 30psi, collision gas (Nz): 3 x 10-5 Torr,
declustering potentials: 36V and 46V for rhododendrol
and hydroxyl-rhododendrol, respectively, and collision energies:
17V and 15V for rhododendrol and hydroxyl-rhododendrol,
respectively. The analyses were performed in the selected
ion monitoring (SRM) mode and the selected MS transitions
were m/z 149 — 107 and m/z 165 — 123 for rhododendrol and
hydroxyl-rhododendrol, respectively. The LC-MS/MS system
was controlled and the data were collected by Analyst software
(ver. 1.4, AB SCIEX).

2.10. Statistics
The level of significance of differences was analyzed
by Student’s t-test. Differences in mean or raw values

among treatment groups are considered significant when
P < 0.05.
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Table 1
Summary of cell viabilities and tolerance to rhododendrol and to hydroxyl-
rhododendrol among melanocytes with different tyrosinase activities.

Cells DOPA oxidase ICsq of 1Cs0 of
activity AlamarBlue AlamarBlue
(absorbance activity with activity with
at 505nM) rhododendrol hydroxyl-
(mM) rhododendrol
(uM)
Melanocytes no. 1 1.54+0.06 0.19 20
Melanocytes no. 2 1.15:40.05 0.24 20
Melanocytes no. 3 0.40:0.02 over 8.0 70
Melanocytes no. 4 0.61:+0.02 7.2 58

3. Results

3.1. NHEMs with tyrosinase activity exceeding a certain threshold are
specifically sensitive to rhododendrol cytotoxicity

In order to consider the fact that not all consumers and not all
treated areas of the skin developed white blotching, several types
of NHEMs derived from donors of different ethnic backgrounds
were used to investigate their tolerance to rhododendrol.
Surprisingly, NHEMs investigated were clearly divided into two
groups according to their tolerance/sensitivity to rhododendrol
and their tolerance was dependent on their level of tyrosinase
activity. When NHEMs with higher tyrosinase activity were
exposed to 1 mM rhododendrol, they began to undergo apoptosis,
characterized by membrane blebbing, within 1h (Fig. 2A). A
correlation analysis between the ICsp values of melanocyte
viability tolerance to rhododendrol and tyrosinase (DOPA oxidase)
activity demonstrated that their tolerance to rhododendrol
was significantly correlated with tyrosinase activity and that
melanocytes with higher tyrosinase activity exceeding a certain
threshold were specifically damaged by rhododendrol immediate-
ly (Table 1, Fig. 2B).

3.2. NHEMs with higher tyrosinase activity produce a dramatically
toxic hydroxyl-metabolite within 1 h in a tyrosinase activity-
dependent manner.

Following the observation of specific melanocyte damage
caused by rhododendrol that was dependent on a threshold of
tyrosinase activity, the possible involvement of an increase in the
generation of reactive oxygen species (ROS) and/or oxidative stress
was investigated since the intracellular generation of ROS and
semiquinone free radicals have been reported to play a role in the
onset of vitiligo in patients exposed to vitiligo-inducing com-
pounds containing phenol skeletal structures [30,39,40]. In
addition to the lack of detection of ROS generation after the

Tyrosinase: 4 units/mL
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Fig. 4. Mushroom-derived tyrosinase catalyzes the conversion of rhedodendrol to hydroxy-rhododendrol in a dose-dependent manner. A mixture of rhododendrol and mushroom-
derived tyrosinase was incubated at 37 °C for 15 min and was then injected into the LC-MS/MS. LC-MS/MS demonstrates the peaks of hydroxyl-rhododendrol with a

retention time of around 21 min in a tyrosinase-dependent manner.
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