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Specific phenol compounds including rhododendrol (RD), a skin-brightening ingredient in cosmetics, are reported to induce
leukoderma, inducing a social problem, and the elucidation of mechanism of leukoderma is strongly demanded. This study
investigated the relationship among the cytotoxicities of six phenol compounds on B16F10melanoma cells andHaCaT keratinocytes
and generated reactive oxygen species (ROS). As a result, the cytotoxicity of RD on B16F10 cells was higher than that on HaCaT
cells, and RD significantly increased intracellular ROS and hydrogen peroxide (H

2
O
2
) levels in B16F10 cells. Furthermore, although

raspberry ketone (RK), RD derivative, also increased intracellular ROS in B16F10 cells, increase in ROSwas suppressed by disodium
dihydrogen ethylenediaminetetraacetate dehydrate (EDTA). The amounts of increased ROS with RK in HaCaT cells without
melanocyte were further increased by tyrosinase. Therefore, tyrosinase, a metalloprotein having copper, was speculated to be one
of causative agents allowing phenol compounds to work as a prooxidant. Hydroxyl radical was generated by adding a mixture of
tyrosinase andH

2
O
2
to RD, and the amount of the radical was further increased byUVB, indicating that RD cytotoxicity was caused

by intracellularly increased ROS, which possibly related to phenol induced prooxidants.

1. Introduction

In 2013, leukoderma has been reported to appear on the
skin of women who use particular skin-brightening cosmetic
products in Japan. The damage has been found widely not
only in Japan but also in Asia, inducing a major social
problem. More than 5,000 people have leukoderma in Japan
at August 2013. Since skin-brightening cosmetic products
containing a specific phenol compound, called rhododen-
drol (4-(4-hydroxyphenyl)-2-butanol (RD)) (Figure 1(a)), are
reported to induce leukoderma, the elucidation of possi-
ble mechanism of leukoderma induced by RD is strongly
demanded. Although leukoderma is reported to be induced
by the death of melanocytes [1], RD is still unknown to show
a specific cytotoxicity to melanocytes.

Melanocytes produce melanin actively as their character-
istic features, and the cells have an indispensable enzyme,
tyrosinase [2]. Tyrosinase is known to have copper in its
active center [3–5]. Further, proteins containing copper are
known to enhance oxidation reactions and induce apoptosis
[6, 7]. Moreover, a metal chelating agent such as disodium
dihydrogen ethylenediaminetetraacetate dehydrate (EDTA)
inhibits the oxidation reaction of transition metals such as
iron and copper with hydrogen peroxide (H

2
O
2
), which

induces Fenton reaction [8, 9].
On the other hand, phenolic compounds including RD

are used as building blocks for preparing various pharmaceu-
tical compounds, cosmetic ingredients, and food additives
because of their special characters in oxidation-reduction
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Figure 1: Chemical structures of phenolic compounds. (a) Rhododendrol (RD), (b) raspberry ketone (RK), (c) hydroquinone monomethyl
ether (MEHQ), (d) p-hydroxyphenylacetamide (pHPA), (e) 2-(p-hydroxyphenyl)isovaleric acid (2pHP-IA), (f) p-hydroxyphenylethanol
(pHPE), and (g) L-tyrosine.

(redox) reactions. However, some phenolic compounds are
known to show specific cytotoxicities to melanocytes. For
instance, raspberry ketone (4-(4-hydroxyphenyl)-2-butan-
one (RK)) (Figure 1(b)), which is made by replacing the hy-
droxyl group of RD with ketone group, hydroquinone (HQ),
hydroquinone monomethyl ether (MEHQ) (Figure 1(c)),
4-tertiary-butylphenol (4-TBP), 2-phenylphenol, and p-
octylphenol have been known to cause leukoderma [10–16].

There are a few studies that directly detect the generation
of reactive oxygen species (ROS) generated bymetalloprotein
in vitro. Actually, the authors have already confirmed that
oxidation reactions promoted with iron proteins such as
hemoglobin enhance the toxicity in ultraviolet- (UV-) ray-
irradiation induced inflamed cutaneous tissues by comparing
generated ROS quantitatively with electron spin resonance
(ESR) spectroscopy [17].

Recently, the cytotoxicity of RD in melanocyte has been
reported to be suppressed by phenylthiourea, a copper
chelating agent, and the knockdown of tyrosinase [18]. This
report indicates that the cytotoxicity of RD in melanocytes
appears through the intermediary compounds of tyrosinase.
Furthermore, the cytotoxicity of RD in melanocytes has been
found to be involved in the oxidation of RDby tyrosinase [19].
For elucidating the cytotoxicity mechanism in melanocytes
by RD, difference in the cytotoxicities between cells with and
without melanin should be investigated.

This study, therefore, investigated the relationships
among generated ROS and the cytotoxicities of RD in
B16F10 melanoma cells and HaCaT keratinocytes having
no melanin and compared the results to those of RK,
MEHQ, p-hydroxyphenylacetamide (pHPA) (Figure 1(d)),
2-(p-hydroxyphenyl)isovaleric acid (2pHP-IA) (Figure 1(e)),
and p-hydroxyphenylethanol (pHPE) (Figure 1(f)). This
study also investigated whether RD could induce the genera-
tion of H

2
O
2
, which is known to induce directly the Fenton

reaction in B16F10 cells. Hydroxyl radical (OH∙) was directly
measured by ESR for confirming that the Fenton reactionwas
induced by H

2
O
2
and copper with tyrosinase. Furthermore,

the oxidation pathway of RD to catechol derivatives by

tyrosinase was also investigated by high performance liquid
chromatography (HPLC) analysis.

2. Methods

2.1. Materials. RK, pHPA, 2pHP-IA, pHPE, and H
2
O
2
were

purchased from Wako Pure Chemical Industries (Osaka,
Japan). RD and EDTA were purchased from Nacalai Tesque
(Kyoto, Japan). MEHQ was purchased from Tokyo Chem-
ical Industry (Tokyo, Japan), respectively. Tyrosinase from
mushroom, neutral red, and Triton X-100 reduced were
purchased from Sigma-Aldrich (St. Louis, MO, USA), and
2,7-dichlorofluorescin diacetate (DCFDA) was purchased
from EMD Millipore (Billerica, MA). Hoechst33342 was
purchased from Life Technologies (Carlsbad, CA). 5,5-
Dimethyl-1-pyrroline-N-oxide (DMPO) was purchased from
Labotec (Tokyo). Dimethyl sulfoxide (DMSO) was pur-
chased from Pierce Biotechnology (Rockford, IL). Ferrous
sulfate was purchased from United States Pharmacopeial
Convention (Rockville, MD). Dulbecco’s modified Eagle
medium (DMEM) was purchased from Nissui Pharmaceu-
tical (Tokyo). Fetal bovine serum (FBS) was purchased from
Biological Industries Israel (Kibbutz Beit-Haemek, Israel).

2.2. Cell Culture. B16F10 cells were cultured in DMEM
containing 10% FBS at 37∘C at a 5%-CO

2
condition. HaCaT

cells were cultured in DMEM containing 5% FBS at 37∘C at a
5%-CO

2
condition.

2.3. Cell Viability. B16F10 and HaCaT cells were cultured in
DMEM containing 5.0mM RD, RK, MEHQ, pHPA, 2pHP-
IA, pHPE, or 10.0mM MEHQ and pHPA individually, and
for measuring the survival rates, the medium was replaced
withDMEMcontaining 0.165mg/mLneutral red. After being
cultured for 2 h, the cells were washed with phosphate
buffered saline (PBS), and neutral red incorporated in the
cells was extracted with NR extraction solution, which was
a mixture of methanol, acetic acid, and water at a ratio
of 50 : 1 : 49. The absorbance of neutral red in a well was



BioMed Research International 3

measured at 550 nm with a reference absorbance of 650 nm
by a microplate reader (VMax Kinetic ELISA Microplate
Reader) (Molecular Devices, Sunnyvale, CA). The cell sur-
vival rates were expressed as percent values of those of the
cells incubated without test compounds described above.

2.4. Intracellular ROS Level. B16F10 cells were cultured in
Hanks’ balanced salt solution (HBSS) containing 1.0mMRK,
20.0𝜇MDCFDA, and 4.0 𝜇MHoechst33342 for 30min.After
being incubated for 30min, the cells were washed with HBSS
and observed with a fluorescence microscope (EVOS FLoid
Cell Imaging Station) (Life Technologies, Carlsbad, CA).

B16F10 and HaCaT cells were cultured in HBSS con-
taining 1.0mM RD, RK, MEHQ, pHPA, 2pHP-IA, or pHPE
and 20.0𝜇M DCFDA for 30min, washed with HBSS, and
solubilized with 0.5% Triton X-100 reduced.The fluorescence
intensity of the medium containing the solubilized cells was
measured at an exciting wavelength of 485 nm and an emis-
sion wavelength of 530 nm with a fluorescence microplate
reader (Gemini EM fluorescence microplate reader) (Molec-
ular Devices). The intracellular ROS level was expressed
as a relative value, which was calculated from fluorescence
intensity per 1.0 𝜇g protein of the control cells incubated
without test samples.

The effects of tyrosinase and EDTA on change in intra-
cellular ROS by exposure to RK were investigated by the
following procedure. HaCaT cells were cultured in HBSS
containing 50.0, 75.0, or 100.0 units/mL tyrosinase with
1.0mM RK and 20.0 𝜇M DCFDA for 30min. B16F10 cells
were cultured in HBSS containing 0.25, 0.5, or 1.0mM EDTA
with 1.0mM RK and 20.0𝜇M DCFDA for 30min. The
fluorescence intensity of the medium was measured by the
same method described above. The intracellular ROS level
was expressed as a relative value, which was calculated from
fluorescence intensity per 1.0𝜇g protein of the control cells
incubated without tyrosinase, EDTA, and RK.

2.5. Intracellular H2O2 Level. After being cultured in HBSS
containing 5.0mM RD or RK for 30min, B16F10 cells were
washed with HBSS and solubilized with 0.5% Triton X-100
reduced, and the intracellular amount of H

2
O
2
wasmeasured

with Amplite fluorimetric hydrogen peroxide assay kit “Red
Fluorescence” (ATT Bioquest, Sunnyvale, CA). The amount
of H
2
O
2
was expressed as a relative value, which was calcu-

lated fromfluorescence intensity per 1.0𝜇g protein of the con-
trol cells incubated without test samples such as RD and RK.

2.6. ESR Signal Measurement. A JES-FA200 ESR spectrom-
etry (JEOL, Tokyo) was used for ESR signal measurement.
ESR spectrometry conditions used for estimating radical
species with adequate spin-trap reagents were as follows:
microwave frequency, 9414.499 ± 5.000MHz; microwave
power, 4.00mW; field center, 335.32 ± 0.5mT; sweep width,
±5.00mT; modulation frequency, 100.00 kHz; sweep time,
0.5∼5min; amplitude, 1.500∼2.500; and time constant, 0.03∼
0.5 s, at room temperature. This study used an ESR univer-
sal cavity (ES-UCX2: TE011-mode cavity) (JEOL) with X-
bandmicrowave units (8.750–9.650GHz), an aqueous sample
cell (ES-LC12, JEOL) with a sample volume of 20∼100𝜇L,

and a quartz cell (Labotec) with a home-made cover glass
(40 × 5 × 0.5mm). As an ESR standard marker, manganese
oxide (MnO) powder (MO7-FB-4, JEOL) was used. As a
spin-trap agent, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO,
100w/w% liquid) and 10w/w% DMSO solution were used.
The following test samples were solved in 0.1M PBS (pH 7.5).
RD (100 𝜇M) was added to 100 units/mL tyrosinase. DMPO
(20𝜇L) was added to the sample solutions (20𝜇L) immedi-
ately, and the radical signals were measured by ESR. UVB
(290∼340 nm) irradiation was introduced to samples at a
dose of 200∼1000 J/m2 by a USHIO Optical Modulex (Ushio,
Tokyo). To identify observed peaks, signals were analyzed by
specialized ESR analysis software (A-System vl.40 ISAJ, FA-
manager vl.20) (JES, Tokyo), which was installed in the ESR
device, and allowed to determine 𝑔-value and calculated hfcc
from the distance between peaks. To identify ESR signals,
the 𝑔-value and hfcc of the measurable peaks were compared
with the peak values of the standard OH∙. The standard
OH∙ was generated by the reaction of ferrous sulfate solution
(100 nM) and H

2
O
2
(30mM).

2.7. HPLC Analysis. After 100.0 𝜇M RD was added to
100.0 units/mL tyrosinase, the sample mixture was incubated
for 0, 1.5, and 30min at 37∘C and was injected into an HPLC
instrument. Sample (50.0 𝜇L) was separated on an octade-
cylsilane (ODS) reverse-phase column (Shodex C18P-4E
column) (Showa Denko, Tokyo) at 40∘C. The mobile phase,
which was a mixture of acetonitrile and 0.03M KH

2
PO
4
at a

ratio of 60 : 40, was used at a flow rate of 0.7mL/min. The
HPLC system consisted of a SCL-10A system controller, a
LC-10AD pump, a SPD-10A UV/VIS detector, a CTO-10AC
column oven, and a SIL-10A injector (Shimadzu, Kyoto).The
separated peaks were monitored at 300 nm with the detector.

2.8. Protein Assay. Protein concentration was determined
with bicinchoninic acid- (BCA-) protein assay kit (Pierce
Biotechnology).

2.9. Statistical Analysis. Comparison between two groups
was performed by Student’s t-test, and the probability less
than 0.05 (𝑃 < 0.05) was considered statistically significant.
Correlations were analyzed by calculating Pearson correla-
tion coefficients (𝑟).

3. Results

3.1. The Cytotoxicities of Phenol Compounds to B16F10 and
HaCaT Cells. Figure 2 shows the survival rates of B16F10 and
HaCaT cells treated with RD, RK, MEHQ, pHPA, 2pHP-IA,
or pHPE for 24 h. The survival rates of HaCaT cells treated
with 5.0mMRDandRKwere found to be significantly higher
than those of B16F10 cells. The survival rates of HaCaT cells
treated with 10.0mM MEHQ were found to be significantly
higher than those of B16F10 cells. The results indicated that
RD, RK, and MEHQ had a specific cytotoxicity to B16F10
cells. However, the survival rates of B16F10 cells treated with
5.0mM 2pHP-IA, pHPE, and 10.0mM pHPA were found to
be significantly higher than those of HaCaT cells, indicating
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Figure 2: Effects of phenol compounds on the survival rates of B16F10melanoma cells andHaCaT keratinocytes. B16F10 andHaCaT cells were
treated with 5.0mM rhododendrol (RD), raspberry ketone (RK), hydroquinone monomethyl ether (MEHQ), p-hydroxyphenylacetamide
(pHPA), 2-(p-hydroxyphenyl)isovaleric acid (2pHP-IA), p-hydroxyphenylethanol (pHPE), 10.0mMMEHQ, or pHPA for 24 h. Cell survival
rates were determined by using neutral red. The black and gray columns indicate the averaged survival rates of B16F10 and HaCaT cells,
respectively. The lines on the columns show the standard deviations (𝑛 = 5). Two asterisks (∗∗) indicate that the probabilities of significance
levels are less than 0.01 (𝑃 < 0.01).

that 2pHP-IA, pHPE, and pHPA showed no B16F10 cells-
specific cytotoxicity.

3.2. Effects of Phenol Compounds on the Intracellular ROS
Levels of B16F10 and HaCaT Cells. After B16F10 cells were
treated with 1.0mM RK, which is made by replacing the
hydroxyl group of RDwith ketone group, for 30min, the gen-
eration of ROS was clearly confirmed in the cells (Figure 3).
Since the intensity of fluorescence emitted from B16F10 cells
treated with 5.0mM RK was too high to be measured with
the instrument for measuring intracellular ROS level, RK
concentration was reduced from 5.0 to 1.0mM and the
experiment which used B16F10 cells treated with 0.1mM RK
was performed. Similarly, after B16F10 and HaCaT cells were
treated with phenolic compounds including 1.0mM RD, RK,
MEHQ, pHPA, 2pHP-IA, or pHPE for 30min, the generated
amounts of ROS in the cells were determined, and only
by the treatments with RD, RK, and MEHQ, the increased
amounts of ROS in B16F10 cells were found to be higher than
those of HaCaT cells (Figure 4). The correlations between
the cell viabilities of B16F10 and HaCaT cells, which were
treated with 5.0mM RD, RK, MEHQ, pHPA, 2pHP-IA, and
pHPE, and the generated amounts of ROS in both cells, which
were treated with 1.0mM of the phenolic compounds, were
investigated (Figure 5). Although a significant negative corre-
lationwas found between the cell viabilities and the generated
amounts of ROS in B16F10 cells (Figure 5(a)), no significant
correlation was confirmed in HaCaT cells (Figure 5(b)),
indicating that only B16F10 cells showed decrease in cell
viability with increasing the generated amounts of ROS.

3.3. Effect of Tyrosinase on Intracellular ROS Induced by RK.
Tyrosinase was investigated to be involved in the increase

in intracellular ROS level. As a result, 50.0, 75.0, and
100.0 units/mL tyrosinase were confirmed to further promote
increase in the intracellular ROS level in HaCaT cells treated
with 1.0mM RK (Figure 6).

3.4. Effect of EDTA on Intracellular ROS Induced by RK.
EDTA, a metal chelating agent, was investigated to decrease
ROS generated in B16F10 cells with RK intracellularly. As a
result, 0.5 and 1.0mM EDTA were confirmed to reduce the
intracellular ROS level increased with 1.0mM RK (Figure 7).

3.5. Effect of RD on the Intracellular H2O2 of B16F10 Cells.
B16F10 cells were treated with RD and RK, and the intra-
cellular H

2
O
2
level in the cells was measured. As a result,

5.0mM RD and RK were found to increase the H
2
O
2
level

significantly (Figure 8).

3.6. ESR Experiment. After RD was added to a sample mix-
ture of tyrosinase and H

2
O
2
and irradiated by UVB at a dose

of 1000 J/m2, DPMO-radical adduct spectra of the samples
were detected by ESR (Figure 9). The heights of ESR peaks,
which are marked with downward arrow heads (), were
found to increase with RD (Figure 9(c)) and further increase
byUVB irradiation (Figure 9(d)).These four waveformswere
found to be derived from hydroxyl radical (OH∙) by their
𝑔-values and hfcc values in the measurable peaks in ESR.
Figure 10 indicates the relative values of the peak intensities
in the secondary waves of OH∙ spectra. The samples were
irradiated with UVB at 200, 500, and 1000 J/m2, and the peak
intensity of OH∙ spectra of a sample mixture of tyrosinase,
H
2
O
2
, and RD was significantly increased at a dose of

1000 J/m2. Further, the peak intensity of OH∙ spectra was
found to increase with UVB irradiation dose-dependently.
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3.7. HPLC Experiment. After 100.0 𝜇M RD was added to
100.0 units/mL tyrosinase, the sample mixture was incubated
for 1.5 or 30min at 37∘C and was analyzed by HPLC. The
separated peaks were monitored at 310 nm. Although the
sample gave a peak derived from RD at a retention time (RT)
of 5.8mm (Figure 11(a)), a 1.5-minute incubation also gave
unknown peaks at 4.7, 5.0, 5.5, and 6.4min (Figure 11(b)). On
the contrary, a 30-minute incubation gave only an unknown
peak at 5.5min, which was found to be different from the
RD peak (Figure 11(c)). Since a mixture of acetonitrile and
0.03M KH

2
PO
4
at a ratio of 60 : 40 was used as a mobile

phase in the reverse-phase HPLC column for analyzing the
samples, observed RT was expected to be slower for higher
hydrophobic substances.Therefore, unknown peaks found at
earlier than 5.8min were thought to be higher water-soluble
substances than RD. Also, an unknown peak at 6.4min,
whichwas obtained fromRDbybeing reactedwith tyrosinase
for 1.5min (Figure 11(b)), was found to be identical with RK
peak (data not shown).

4. Discussion

RK andMEHQare reported to show their cytotoxicitiesmore
strongly in B16 cells than human fibrosarcoma HT1080 cells
[20].However, there is no study investigating themelanocyte-
specific cytotoxicities of other phenolic compounds including
RD, pHPA, 2pHP-IA, and pHPE. This study evaluated the
melanocyte-specific cytotoxicities of phenolic compounds by
investigating the effects of RD, RK, MEHQ, pHPA, 2pHP-IA,
and pHPE on the survival rates against B16F10 and HaCaT
cells. As a result, RD, RK, and MEHQ, which are already
reported to cause leukoderma on the skin, were found to
reduce the survival rate of B16F10 cells more strongly than
that of HaCaT cells, and the B16F10 cells-specific cytotoxici-
ties of these phenolic compounds were confirmed (Figure 2),
indicating that the cause of leukoderma in the skin due to
RD was speculated to be a melanocytes-specific cytotoxicity,
which was similar to those of RK and MEHQ.

The productions of ROS inside melanocytes could possi-
bly contribute to the appearance of the melanocytes-specific
cytotoxicity, because normalmelanocytes treatedwith 4-TBP,
which shows a melanocytes-specific cytotoxicity, for 30min
are reported to increase the intracellular amounts of ROS
[21]. Moreover, the amounts of ROS in the melanocytes
of the patients with leukoderma on the skin are reported
to be higher than those of normal melanocytes of healthy
people [22]. Naturally, this study investigated changes in the
intracellular amounts of ROS in B16F10 and HaCaT cells
that were treated with RD, RK, MEHQ, pHPA, 2pHP-IA, or
pHPE and observed that the amounts of ROS in B16F10 cells
treated with RD, RK, andMEHQ, which are already reported
to give leukoderma on the skin, were increased significantly
compared to those ofHaCaT cells (Figure 4). Remarkably, RK
was found to increase the intracellular amount of ROS more
in B16F10 than HaCaT cells by 157.4%. These results showed
that the B16F10 cells-specific cytotoxicities of phenolic com-
pounds including RD, RK, and MEHQ were speculated to
be originated from the increased amounts of ROS in B16F10
cells.

All phenolic compounds used in this study were exam-
ined for their cytotoxicities and ROS productions in B16F10
and HaCaT cells (Figures 2 and 4), and only RD, RK, and
MEHQ showed a higher cytotoxicity and a higher ROS
generating ability in B16F10 thanHaCaT cells, suggesting that
other phenolic compounds were unnecessary to be tested
in further experiments including that with tyrosinase. In
spite of their comparable B16F10 cell-specific cytotoxicities
and ROS generating abilities (Figures 2 and 4), the chemical
structure of RK is similar to that of RD, an approved
cosmetic ingredient, but that ofMEHQ is different from them
(Figure 1). Therefore, only RD and RK were used in further
experiments.

Melanocytes including B16F10 cells are known to produce
melanin for various physiological purposes, and the produc-
tion process is calledmelanogenesis. For performingmelano-
genesis actively, tyrosinase is known as an indispensable
enzyme and has copper in its active center [3–5]. Transition
metals including iron and copper are known to react with
redox molecules with generating ROS [23]. Since phenolic
compounds including RD have a chemical structure similar
to that of L-tyrosine (Figure 1(g)), it may act as a substrate
for tyrosinase. Actually, 4-TBP binds to the active center of
the enzyme and works as a competitive inhibitor [24]. By
considering the structures of these phenolic compounds, this
study assumed that the distance between the terminal oxygen
atom of the side chain and the benzene ring of phenolic
compounds was important. The distances in RD and RK
having a B16F10 cells-specific cytotoxicity are speculated to
be approximately 0.5 nm, and this distance was assumed to
be substantially the same as that of L-tyrosine. This distance
was speculated to be related to the depth of the pocket
of the active center in tyrosinase. Therefore, the phenolic
compounds having the same distance as that of L-tyrosine
could be easily oxidized by tyrosinase.

The reaction of RD or RK with copper in tyrosinase has
a possibility to induce the enhancement of oxidation, which
can generate reactive oxygen species (ROS), resulting in the
possible appearance of cytotoxicity eventually by the proox-
idant effects of RD and RK. Since (1) 50.0∼100.0 units/mL
tyrosinase further increased the intracellular amount of ROS,
which had been increased by 1.0mM RK, in HaCaT cells
by 144.2∼262.5% significantly (Figure 6), and (2) 0.5 and
1.0mM EDTA, a chelating agent, significantly suppressed the
intracellular amount of ROS, which had been increased by
1.0mM RK, in B16F10 cells by approximately 22.3 and 42.2%,
respectively (Figure 7), copper in tyrosinase was speculated
to be involved in generating ROS.Therefore, copper in tyrosi-
nase might contribute to the increase in the amount of ROS
generated by RD in B16F10 cells. Reaction of transitionmetals
such as iron and copper withH

2
O
2
is reported to induce Fen-

ton reaction, which is known as a reaction generating highly
and fatally cytotoxic ROS such asOH∙ [25–34]. In the authors’
previous study, iron proteins such as hemoglobin in the cuta-
neous tissue and ascorbic acid (AA) are reported to promote
Fenton reaction, which enhances UV-irradiation induced
cytotoxicity [17]. Reaction of copper and AA is reported to
promote Fenton reaction [23]. Since the intracellular amount
of H
2
O
2
in B16F10 cells was significantly increased by RD by
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Figure 4: Effects of phenol compounds on the intracellular reactive oxygen species (ROS) level of B16F10 melanoma cells and HaCaT ker-
atinocytes. After B16F10 and HaCaT cells were treated with 1.0mM rhododendrol (RD), raspberry ketone (RK), hydroquinone monomethyl
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(𝑛 = 5). One (∗) and two (∗∗) asterisks indicate that the probabilities of significance levels are less than 0.05 (𝑃 < 0.05) and 0.01 (𝑃 < 0.01),
respectively.

approximately 11.0% (Figure 8), RD also had a possibility to
induce Fenton reaction with copper in tyrosinase. As shown
in Figures 9 and 10, OH∙ was found to be generated by the
reaction of RD and tyrosinase, and OH∙ might be a cause of
the B16F10 cells-specific cytotoxicity of RD. In Figure 9(c),
specific 4 peaks derived from OH∙ were confirmed by ESR.
Furthermore, OH∙ generated by the reaction of RD and
tyrosinase was found to be increased by UVB irradiation
dose-dependently (Figure 10), and the increase agreed with

the fact that RD-induced leukoderma appears more strongly
on UV-exposed sites such as face, neck, and hands.

The substrates of tyrosinase are L-tyrosine, L-dopa, and
5,6-dihydroxyindole (DHI) [2]. L-tyrosine is oxidized to
L-dopa, a catechol derivative, by tyrosinase, and L-dopa
is also oxidized to dopaquinone, a quinone derivative, by
tyrosinase. Having a structure similar to that of L-tyrosine,
4-TBP is reported to be able to bind with the active center
of tyrosinase and work as an inhibitor [24]. Having a
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Figure 5: Relationships among the cell viabilities of (a) B16F10 melanoma cells and (b) HaCaT keratinocytes, which were treated with
5.0mM rhododendrol (RD), raspberry ketone (RK), hydroquinone monomethyl ether (MEHQ), p-hydroxyphenylacetamide (pHPA), 2-
(p-hydroxyphenyl)isovaleric acid (2pHP-IA), or p-hydroxyphenylethanol (pHPE), and the generated amounts of ROS in both cells, which
were treated with 1.0mM of the phenolic compounds. Pearson correlation coefficients (𝑟) were calculated, and the probability less than 0.05
(𝑃 < 0.05) was considered statistically significant.
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Figure 6: Effect of tyrosinase on intracellular reactive oxygen species (ROS) induced by raspberry ketone (RK). After HaCaT keratinocytes
were treated with 50.0∼100.0 units/mL tyrosinase, 1.0mM RK, and 20.0 𝜇M 2,7-dichlorofluorescin diacetate (DCFDA) for 30min, the
fluoresce intensities were measured. The black and gray columns indicate the averaged intracellular ROS levels in B16F10 treated with 0 and
1.0mM RK, respectively. The lines on the columns show the standard deviations (𝑛 = 5). Two asterisks (∗∗) indicate that the probabilities of
significant levels are less than 0.01 (𝑃 < 0.01).

structure more similar to that of L-tyrosine than that of
4-TBP, RD was speculated to bind with the active center
of tyrosinase. Therefore, RD, as well as L-tyrosine, was
speculated to be oxidized to catechol and quinone derivatives
by tyrosinase. Actually, 4-TBP and 4-tertiary-butyl cate-
chol (4-TBC) are reported to be converted into quinone

derivatives by tyrosinase [35]. HPLC analysis showed that
two substances at 4.7 and 5.0min, which were slower than
RD peak at 5.8min, were found to be generated by the
reaction of RD and tyrosinase for 1.5min (Figure 11(b)).
As the property of reverse-phase HPLC column, RT is known
to be inversely proportional to the number of hydroxyl
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Figure 8: Effect of rhododendrol (RD) on the intracellular hydrogen peroxide (H
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2
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treated with 5.0mMRD and raspberry ketone (RK) for 15min, the intracellular H
2
O
2
level of the cells was measured by Amplite fluorimetric

hydrogen peroxide assay kit “Red Fluorescence.” The black columns indicate the averaged intracellular H
2
O
2
levels in B16F10 treated with

5.0mM RD and RK. The lines on the columns show the standard deviations (𝑛 = 5). One (∗) and two (∗∗) asterisks indicate that the
probabilities of significance levels are less than 0.05 (𝑃 < 0.05) and 0.01 (𝑃 < 0.01), respectively.

groups. Therefore, two substances which appeared at 4.7
and 5.0min, which were made from RD by reacting with
tyrosinase for 1.5min, were speculated to havemore hydroxyl
groups than RD. A substance at 6.4min was also found to be
generated by the reaction of RD and tyrosinase for 1.5min

(Figure 11(b)) and might be derived from RK, because the RT
of this peak agreed with that of RK. Since RD is made by
adding a hydrogen atom to RK structure, RK was speculated
to be generated by the oxidization of RD by tyrosinase.
Furthermore, when RD reacted with tyrosinase for 30min, a
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(a) H2O2

(b) H2O2 + tyrosinase

(c) H2O2 + tyrosinase + RD

(d) H2O2 + tyrosinase + RD + 1000 J/m2 UVB

Figure 9: Electron spin resonance (ESR) spectra of 5,5-dimethyl-
1-pyrroline-N-oxide (DMPO) adduct signals in a sample mixture
of hydrogen peroxide (H

2
O
2
), tyrosinase, and rhododendrol (RD)

irradiated with ultraviolet B (UVB) at a dose of 1000 J/m2. After
100𝜇M RD was added to 100 units/mL tyrosinase, DMPO (20 𝜇L)
was added to the sample mixture (20 𝜇L), which was irradiated with
UVB immediately, and the radical signals weremeasured by ESR. (a)
H
2
O
2
, (b) a mixture of H

2
O
2
and tyrosinase, (c) a mixture of H

2
O
2
,

tyrosinase, and RD, and (d) a mixture of H
2
O
2
, tyrosinase, and RD,

and the mixture was irradiated with UVB.

substance at 5.5min was found to be generated (Figure 11(c)).
This substance was speculated to have fewer hydroxyl groups
than two substances made from RD by reacting with tyrosi-
nase for 1.5min. These results suggested that RD might be
converted into a substance at 5.5min through two interme-
diated substances appearing at 4.7 and 5.0min.

Figure 12 shows a possible pathway where RD was
eventually converted into a quinone derivative through
catechol and semiquinone derivatives by tyrosinase. A
catechol derivative of RD (RD-catechol, Figure 12(b)),
two semiquinone derivatives of RD (RD-semiquinone)
(Figures 12(c) and 12(c)), which are prooxidant molecules
of RD, and a quinone derivative of RD (RD-quinone)
(Figure 12(d)) were arranged in the descending order
of the number of hydroxyl groups; RD-catechol > RD-
semiquinone > RD-quinone. When these three substances
were assumed to be three substances appearing at 4.7, 5.0, and
5.5min (Figures 11(b) and 11(c)), the results of reverse-phase
HPLC analysis (Figure 11) were able to support a possible
pathway of oxidization of RD quite logically (Figure 12).

Because the oxidation of RD to its quinone derivatives was
speculated to be performed more possibly by intracellular
tyrosinase than extracellular autoxidation, the oxidation
process could closely relate to the intracellular production of
ROS in B16F10 melanoma cells. This speculation could agree
with the experimental results that the increased intracellular
amount of ROS in B16F10 cells having tyrosinase was higher
than that of HaCaT cells having no tyrosinase (Figure 4).

The production of superoxide is enhanced by adding
H
2
O
2
and dopa to tyrosinase solution [36]. Moreover, H

2
O
2

is reported to be generated in oxidization process from
phenol derivative to quinone derivative by copper [37].
2,3-Dihydroxybenzoic acid, which is a natural polyphenol
whose structure is similar to that of RD-catechol, enhances
oxidation reaction with copper in the presence of H

2
O
2
[38].

H
2
O
2
is now well-known to be produced in the generating

process of quinone by the oxidization of phenolic hydroxyl
group of anthrahydroquinone on industrial scale process,
which is called anthraquinone oxidation (AO) process [39].
The results of these reports agree with the speculation that
H
2
O
2
was generated in the oxidization process of RD in this

study (Figure 12), and RD-quinone might be converted into
RD-quinone radical (RD-quinone∙), through the conjugation
of allylic C-H bonds with the 𝜋-bond (𝜋-allylic conjugation)
[40, 41]. Therefore, since divalent metal oxidizes to univalent
metal with the oxidization of metalloprotein [23, 28–30], Cu
(II) in tyrosinase was assumed to be oxidized to Cu(I) with
generating hydrogen through the generating pathway of RD-
quinone∙ as indicated in the following:

Cu(II)-tyrosinase + RD

→ Cu(I)-tyrosinase + RD-quinone∙ +H+
(1)

Since the reaction of univalent metalloprotein with H
2
O
2

induces the generation of OH∙ [23, 28–30], copper in
tyrosinase was thought to be converted as indicated in the
following:

Cu(I)-tyrosinase +H
2
O
2

→ Cu(II)-tyrosinase +OH∙ +OH−
(2)

The formation of a 𝜋-allylic conjugation in phenolic com-
pounds suggested that the conjugated system extends to the
side chain of phenolic compounds, and electrons were able
to move between the terminal oxygen atom of the side chain
and the benzene ring of phenolic compounds. The distance
between the terminal oxygen atom of the side chain and the
benzene ring of RD or RK was speculated to be comparable
to that of L-tyrosine, indicating that the moving distance of
electrons in RDor RKmight be the same as that in L-tyrosine,
relating to amelanocytes-specific cytotoxicity induced by RD
or RK.

RD is approved to be used as a skin-brightening ingre-
dient in quasidrug category in Japan. Therefore, many safety
evaluation tests for RD have been carried out, and the
safety of RD is ensured at the same safety level as that of
medicine. However, RD has induced a strong adverse effect,
leukoderma, in 2013. There is a question why RD has passed
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Figure 10: Relative electron spin resonance (ESR) peak intensity values of 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) adduct signals in a
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After 100 𝜇M RD was added to 100 units/mL tyrosinase, DMPO (20 𝜇L) was added to the sample mixture (20 𝜇L), which was irradiated
with UVB (200∼1000 J/m2) immediately, and the radical signals were measured by ESR. The black columns indicate the averaged ESR peak
intensity.The lines on the columns show the standard deviations (𝑛 = 8). Two asterisks (∗∗) indicate that the probabilities of significant levels
are less than 0.01 (𝑃 < 0.01).
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many safety tests. This study confirmed that RD induced a
melanocytes-specific cytotoxicity and increased an intracel-
lular ROS level in B16F10 cells. Although three-dimensional
cultured skin models are used in safety evaluation tests, there
are no safety evaluation tests using melanocytes. Therefore,
for improving the safety of quasidrug or cosmetic ingredient,
safety evaluation tests, which investigate whether a test
compound shows a melanocytes-specific cytotoxicity and
increases an intracellular ROS level in melanocytes, are
suggested to be necessary. The authors hope that this study’s
results could contribute to the establishments of these safety
evaluation tests.

5. Conclusions

RD increased the intracellular H
2
O
2
level in B16F10 cells.

Since the structure of RD is similar to that of L-tyrosine,
RD is thought to react with copper in tyrosinase. Moreover,
the results of reverse-phase HPLC analysis suggested that
RD was oxidized to a quinone derivative through catechol
and semiquinone derivatives by tyrosinase. Therefore, H

2
O
2

was speculated to be generated in the oxidization process to
quinone derivative from RD in B16F10 cells. Furthermore,
ESR spectroscopy in this study confirmed that OH∙, which
is known to show a high cytotoxicity, was generated by the
reaction of tyrosinase and H

2
O
2
, indicating that reaction of

copper in tyrosinase andH
2
O
2
might induce Fenton reaction

simultaneously. This study proposed that the RD-induced
melanocytes-specific cytotoxicity could be caused possibly by
OH∙ generated by the reaction of copper in tyrosinase and
H
2
O
2
, and this reaction might be one of the mechanisms for

explaining RD-induced leukoderma.
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catalytic properties of copper and iron for Fenton chemistry in
human cerebrospinal fluid,” Redox Report, vol. 15, no. 1, pp. 29–
35, 2010.

[10] K. A. Arndt and T. B. Fitzpatrick, “Topical use of hydroquinone
as a depigmenting agent.,” Journal of the American Medical
Association, vol. 194, no. 9, pp. 965–967, 1965.

[11] E. Frenk and P. Loi-Zedda, “Occupational depigmentation
due to a hydroquinone-containing photographic developer,”
Contact Dermatitis, vol. 6, no. 3, pp. 238–239, 1980.

[12] Y. Fukuda, M. Nagano, andM. Futatsuka, “Occupational leuko-
derma in workers engaged in 4-(p-hydroxyphenyl)-2-butanone
manufacturing,” Journal of Occupational Health, vol. 40, no. 2,
pp. 118–122, 1998.



12 BioMed Research International

[13] O. James, R. W. Mayes, and C. J. Stevenson, “Occupational
vitiligo induced by p-tert-butylphenol, a systemic disease?”The
Lancet, vol. 310, no. 8050, pp. 1217–1219, 1977.

[14] P. Kersey and C. J. Stevenson, “Vitiligo and occupational
exposure to hydroquinone from servicing self-photographing
machines,” Contact Dermatitis, vol. 7, no. 5, pp. 285–287, 1981.

[15] N. Nishitani and I. Hara, “Cases of leucomelanodermatosis
caused by phenylphenol,” Sangyo Igaku, vol. 13, no. 3, pp. 218–
219, 1971.

[16] J. J. O’Sullivan and C. J. Stevenson, “Screening for occupational
vitiligo in workers exposed to hydroquinonemonomethyl ether
and to paratertiary-amyl-phenol,” British Journal of Industrial
Medicine, vol. 38, no. 4, pp. 381–383, 1981.

[17] S. Ito, K. Itoga, M. Yamato, H. Akamatsu, and T. Okano, “The
co-application effects of fullerene and ascorbic acid on UV-B
irradiated mouse skin,” Toxicology, vol. 267, no. 1–3, pp. 27–38,
2010.

[18] M. Sasaki, M. Kondo, K. Sato et al., “Rhododendrol, a depig-
mentation-inducing phenolic compound, exerts melanocyte
cytotoxicity via a tyrosinase-dependent mechanism,” Pigment
Cell & Melanoma Research, vol. 27, no. 5, pp. 754–763, 2014.

[19] S. Ito, M. Ojika, T. Yamashita, and K. Wakamatsu, “Tyrosinase-
catalyzed oxidation of rhododendrol produces 2-methylchro-
mane-6,7-dione, the putative ultimate toxic metabolite: impli-
cations for melanocyte toxicity,” Pigment Cell & Melanoma
Research, vol. 27, no. 5, pp. 744–753, 2014.

[20] Y. Fukuda, M. Nagano, K. Tsukamoto, and M. Futatsuka, “In
vitro studies on the depigmenting activity of 4-(p-hydroxyphen-
yl)-2-butanone,” Journal of Occupational Health, vol. 40, no. 2,
pp. 137–142, 1998.

[21] P. Manga, D. Sheyn, F. Yang, R. Sarangarajan, and R. E. Boissy,
“A role for tyrosinase-related protein 1 in 4-tert-butylphenol-
induced toxicity in melanocytes: implications for vitiligo,” The
American Journal of Pathology, vol. 169, no. 5, pp. 1652–1662,
2006.

[22] M. L. Dell’Anna, M. Ottaviani, V. Albanesi et al., “Membrane
lipid alterations as a possible basis for melanocyte degeneration
in vitiligo,” Journal of Investigative Dermatology, vol. 127, no. 5,
pp. 1226–1233, 2007.

[23] J. M. C. Gutteridge and S. Wilkins, “Copper-dependent
hydroxyl radical damage to ascorbic acid: formation of a
thiobarbituric acid-reactive product,” FEBS Letters, vol. 137, no.
2, pp. 327–330, 1982.

[24] F. Yang and R. E. Boissy, “Effects of 4-tertiary butylphenol on
the tyrosinase activity in human melanocytes,” Pigment Cell
Research, vol. 12, no. 4, pp. 237–245, 1999.

[25] A. Aroun, J. L. Zhong, R. M. Tyrrell, and C. Pourzand, “Iron,
oxidative stress and the example of solar ultraviolet a radiation,”
Photochemical andPhotobiological Sciences, vol. 11, no. 1, pp. 118–
134, 2012.

[26] P. Biemond, A. J. G. Swaak, H. G. van Eijk, and J. F. Koster,
“Superoxide dependent iron release from ferritin in inflamma-
tory diseases,” Free Radical Biology and Medicine, vol. 4, no. 3,
pp. 185–198, 1988.

[27] M. J. Borda, A. R. Elsetinow, M. A. Schoonen, and D. R.
Strongin, “Pyrite-induced hydrogen peroxide formation as a
driving force in the evolution of photosynthetic organisms on
an early earth,” Astrobiology, vol. 1, no. 3, pp. 283–288, 2001.

[28] C. A. Cohn, M. J. Borda, and M. A. Schoonen, “RNA decom-
position by pyrite-induced radicals and possible role of lipids
during the emergence of life,” Earth and Planetary Science
Letters, vol. 225, no. 3-4, pp. 271–278, 2004.

[29] C. A. Cohn, A. Pak, D. Strongin, and M. A. Schoonen,
“Quantifying hydrogen peroxide in iron-containing solutions
using leuco crystal violet,” Geochemical Transactions, vol. 6, no.
3, pp. 47–51, 2005.

[30] C. A. Cohn, R. Laffers, and M. A. A. Schoonen, “Using yeast
RNA as a probe for generation of hydroxyl radicals by earth
materials,” Environmental Science and Technology, vol. 40, no.
8, pp. 2838–2843, 2006.

[31] J. P. Famaey, “Free radicals and activated oxygen,” European
Journal of Rheumatology and Inflammation, vol. 5, no. 4, pp.
350–359, 1982.

[32] M. Hermes-Lima, P. Ponka, and H. M. Schulman, “The iron
chelator pyridoxal isonicotinoyl hydrazone (PIH) and its ana-
logues prevent damage to 2-deoxyribose mediated by ferric
iron plus ascorbate,” Biochimica et Biophysica Acta—General
Subjects, vol. 1523, no. 2-3, pp. 154–160, 2000.
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