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Abstract: The novel synthetic compound Di (isoquinolin-1-yl) sulfane (DIQS) was identified by
zebrafish larva screening during the development of an agent to inhibit abnormal hyperpigmentation.
In this study, we investigated the inhibitory effect of DIQS on melanogenesis and its underlying
mechanism. DIQS inhibited melanin production and tyrosinase activity in B16F10 cells stimulated
with α-melanocyte-stimulating hormone (α-MSH), as well as zebrafish embryos and reconstituted
human skin tissue containing melanocytes. DIQS decreased the mRNA and protein expression of
microphthalmia-associated transcription factor (MITF) and tyrosinase at a concentration of 10 µM.
DIQS also inhibited the phosphorylation of cAMP response element-binding protein (CREB) and
p-p38 and p-JNK stimulated by α-MSH. These results suggest that DIQS attenuates hyperpigmenta-
tion via inhibition of the cAMP/PKA/CREB/MITF/tyrosinase axis and MAPK pathways. Liquid
chromatography–tandem mass spectrometry analysis revealed that DIQS blocked the conversion of
tyrosine to L-3,4-dihydroxyphenylalanine (L-DOPA) in zebrafish embryos. Finally, we confirmed
that DIQS was non-toxic in reconstituted human tissues such as the epidermis, used to test skin
sensitization, and the cornea, used to test eye irritation. In summary, the results of this study suggest
the potential of DIQS as a small-molecule agent for skin-whitening cosmetics and the treatment of
hyperpigmentation disorders without biological toxicity.
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1. Introduction

Melanocytes are skin cells that produce black pigment, also known as melanin.
Melanins form a complex group of heterogeneous biopolymers that are widely distributed
in nature. Melanin is synthesized in melanosomes, which are organelles within melanocytes
that can be transported to nearby keratinocytes to induce pigmentation [1,2]. Accumulated
melanin in keratinocytes plays a crucial role in skin protection. For example, ultraviolet
radiation from sunlight results in epidermal DNA photodamage, which can lead to mu-
tations, immunosuppression, and consequent skin cancer [3]. Despite the skin-protective
function of melanin, alterations in melanogenesis can also lead to various skin disorders.
Hyper-pigmentation, such as senile lentigo, melanoderma, melasma, pigmented freckles,
and pockmarks, involves the overproduction of melanin on the skin [4]. Hyperpigmen-
tation is usually treated with melanin-specific laser equipment [5,6]. Nevertheless, these
treatments are still associated with various side effects and have the disadvantage of being
expensive. Therefore, the management of melanogenesis using cosmetic skin-whitening
agents to inhibit pigmentary processes without unwanted side effects is an important target
of cosmetic research [7].
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Melanogenesis is regulated by several proteins including tyrosinase, tyrosine-related
protein (TRP)-1, and TRP-2 (also known as dopachrome tautomerase). Melanin biosyn-
thesis is initiated by the oxidation of L-tyrosine to dihydroxyphenylalanine (DOPA) and
subsequent catalysis of DOPA to DOPAquinone by tyrosinase. The resulting DOPAquinone
serves as a substrate for the synthesis of eumelanin (black/brown) and pheomelanin
(red/yellow) pigments. In eumelanin synthesis, DOPAchrome is catalyzed to dihydroxyin-
dole-2-carboxylic acid by TRP-2, and TRP-1 subsequently catalyzes the oxidation of
dihydroxyin-dole-2-carboxylic acid to eumelanin [8]. Although three enzymes are in-
volved in the melanogenesis pathway, tyrosinase activity is the most important protein in
the melanin synthesis process. Transcription of tyrosinase, TRP-1, and TRP-2 is regulated
by microphthalmia-associated transcription factor (MITF), a transcription factor essential
for melanocyte development, via a highly conserved motif [9–11]. CREB has been reported
to regulate the expression of MITF in melanosomes, and the phosphorylation of CREB
is regulated by the activation of cAMP/protein kinase A (PKA) cascades that play key
roles in melanin synthesis [12]. Mitogen-activated protein kinase (MAPK) family proteins,
including extracellular signal-regulated kinase (ERK) 1/2, c-Jun N terminal kinase (JNK)
1/2, and p38, also play important roles in melanogenesis [13].

In our previous study, zebrafish (Danio rerio) larvae were introduced as an animal
replacement test model to identify the anti-melanogenic effects of various compounds
and their mechanisms of action [14]. Di (isoquinolin-1-yl) sulfane (DIQS), one of the
isoquinolin derivatives, was selected as a compound with an anti-melanogenic effect after
the phenotype-based screening using zebrafish for 1000 compounds in Korea Chemical
Bank. Various physiological effects of isoquinolin alkaloid derivatives are known in
some studies. For example, scoulerine and cheilanthifoline, which are isoquinalkaloid
derivatives, are known to exhibit the activities of anti-inflamatory, anti-bacterial effect, and
anti-acetylcholinease [15]. Berberine, one of isoquinoline alkaloid derivatives, are known
not only to have pharmacological properties such as anti-bacterial, anti-inflammatory, and
anti-cancer, but also to inhibit melanin synthesis in α-MSH-stimulated B16F10 cells [16].
Moreover, the mechanism of action of berberine was associated with the inhibition of
phosphorylation of PI3K/AKT, ERK, and GSK3β, suggesting that the physiological activity
of isoquinolin derivatives was associated with MAPK pathway.

Zebrafish, which are small teleosts, have characteristic body striping patterns that
contain three types of pigment cells: melanophores (black), xanthophores (yellow), and
iridophores (containing reflecting platelets that result in the color blue). During embryonic
development, melanocytes (called melanophores in fish) initially derive from the neural
crest lineage, and molecular factors such as Sox10, Mitf, tyrosinase, and dopachrome
tautomerase (Dct) are highly conserved in vertebrates including zebrafish [17]. And
melanophores can be observed on the zebrafish surface during embryonic development
allowing simple observation of the pigmentation process under microscopy. For this
reason, anti-melanogenic compounds screening using zebrafish embryos is already well-
established as an in vivo model [18]. A recent study using zebrafish models to demonstrate
rhododendrol-induced leukoderma showed that zebrafish can be widely applied in skin
pigmentation studies [19]. In this study, we demonstrated the anti-melanogenic effects
of DIQS in a variety of experimental systems such as zebrafish- and human-derived
artificial skin tissues, as well as mammalian melanoma cells. In addition, a fundamental
mechanism for regulating anti-melanogenic activity was presented. The findings suggest
that DIQS, which inhibits melanin production in a dose-dependent manner, could be used
as a whitening agent in cosmetics.

2. Materials and Methods
2.1. Reagents

Arbutin, α-MSH, 1-phenyl 2-thiourea (PTU), L-DOPA and all other reagents were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies specific to MITF, tyrosinase,
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TRP-1, TRP-2, and glyceraldehyde 3 phosphate dehydrogenase (GAPDH) were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

2.2. Cell Culture

B16F10 murine melanoma cells were purchased from the American Type Culture
Collection. Cells were grown as monolayers in Dulbecco’s modified Eagle’s medium (Gibco-
BRL, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (Gibco-BRL,
Grand Island, NY, USA) and 1% penicillin/streptomycin (Gibco-BRL, Grand Island, NY,
USA) at 37 ◦C in a humidified atmosphere with 5% CO2 (NuAire, Plymouth, MN, USA).

2.3. Culture of Reconstituted Human Tissues

The Neoderm-ME, Neoderm-ED, and Neoderm-CD reconstituted human skin and
cornea models (Tego Science, Seoul, Korea) were maintained according to the manufac-
turer’s instructions. Briefly, the tissues were removed from medium-containing agar and
transferred to 12-well plates, followed by incubation at 37 ◦C in a 5% CO2 incubator (Nu-
Aire, Plymouth, MN, USA) for 24 h. Neoderm-ME was used to measure tyrosinase activity
and melanin content. Neoderm-ED and Neoderm-CD were used to determine skin and
eye irritation, respectively.

2.4. Maintenance of Zebrafish

Wild-type zebrafish were obtained from the Zebrafish Center for Disease Modeling
(ZCDM) of Chungnam University (Daejeon, Korea). Zebrafish were maintained under
standard conditions as described previously [20]. All experimental protocols involving
zebrafish were approved by the Animal Care and Use Committee of the Korea Research
Institute of Chemical Technology (KRICT-7B-ZF1).

2.5. Measurement of Melanin Content and Tyrosinase Activity in B16F10 Murine Melanoma Cells

To measure melanin content, B16F10 cells were washed with Dulbecco’s phosphate-
buffered saline (DPBS), detached using trypsin-EDTA, and counted using a hematocytome-
ter. Cells (5 × 105) were dissolved in 1 N NaOH at 80 ◦C for 2 h. The cell lysates were
centrifuged at 10,000× g for 10 min (Centrifuge 5415R, Eppendorf, Hamburg, Germany)
and the supernatants were transferred to a 96-well plate for optical density measurements
at 405 nm using a microplate reader (M1000PRO, TECAN, Mannedorf, Switzerland). For
the tyrosinase activity assay, B16F10 cells were lysed in 0.1% Triton X-100 (in DPBS) and
CelLyticTM M solution (Sigma-Aldrich, St. Louis, MO, USA), respectively. Lysates were
clarified by centrifugation for 5 min at 10,000× g. After protein determination, lysates
containing 2500 µg/100 µL protein were transferred to a 96-well plate, and 50 µL 10 mM
L-DOPA in DPBS was added. The mixtures were incubated for 3 h at 37 ◦C, and the
absorbance at 475 nm was measured.

2.6. Measurement of Melanin Content and Tyrosinase Activity in Neoderm-ME

Melanin content and tyrosinase activity were measured according to the slightly
modified methods in previous studies [14,21]. Neoderm-ME was washed with DPBS and
dissolved in 1 N NaOH at 95 ◦C for 45 min. The debris was clarified by centrifugation at
10,000× g for 10 min. The optical density of the supernatants was measured at 405 nm using
a microplate reader. For the tyrosinase activity assay, Neoderm-ME tissue was lysed in
0.1% Triton X-100 (in DPBS) and CelLyticTM M solution, respectively. Lysates were clarified
by centrifugation for 5 min at 10,000× g. After protein determination, lysates containing
2500 µg/100 µL protein were transferred to a 96-well plate, and 50 µL 10 mM L-DOPA
in PBS was added. The mixtures were incubated for 3 h at 37 ◦C, and the absorbance at
475 nm was measured.
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2.7. Measurement of Melanin Content and Tyrosinase Activity in Zebrafish Embryos

Phenotype-based evaluation using zebrafish embryos was conducted as described previ-
ously, with modifications [14,22]. To measure melanin content, approximately 200 zebrafish
embryos were dissolved in 1 mL 1 N NaOH at 100 ◦C for 30 min and then vigorously
vortexed to solubilize the melanin. The sample was transferred to a 96-well plate, and
absorbance was measured at 490 nm. The results were calibrated using a standard curve
constructed from known concentrations of synthetic melanin. For the tyrosinase assay,
zebrafish embryos were lysed in CelLyticTM M solution. The lysate was separated by
centrifugation at 12,000× g for 5 min. The concentration of the protein was measured
using the Bradford assay. The supernatants (2500 µg/100 µL protein) were transferred to
a 96-well plate, and 100 µL 1 mM L-DOPA was added to each well. The microplate was
incubated at 37 ◦C for 1 h, and absorbance was measured at 475 nm.

2.8. Measurement of Tyrosine and L-DOPA in Zebrafish Embryo

Triplicates of 20 embryos at 10 h post-fertilization were exposed to 0.2 mM PTU or
various concentrations of DIQS (1, 5, 10, or 20 µM) in medium and incubated at 28 ◦C for
24 and 48 h. The embryos were manually detached from the chorion and anesthetized
on ice for 10 min, washed three times with ice-cold PBS, and carefully removed from the
supernatant. Wet embryos were lysed by snap-freezing three times in liquid nitrogen,
followed by the addition of 300 µL distilled water and then ultrasonic probe sonication for
5 s on ice. Each embryo homogenate contained the same amount of total protein (µg/mg,
whole embryo) for each sample, and protein was precipitated by adding an equal amount
of methanol. Internal tyrosine and L-DOPA were extracted by vortexing for 5 min and
centrifuging for 10 min at 13,000× g and 4 ◦C; the final supernatants were stored at −20 ◦C
until analysis.

2.9. Liquid Chromatography Mass Spectrometry (LC-MS/MS) Analysis

Quantitative analysis of tyrosine and L-DOPA was performed by high-performance
liquid chromatography combined with hybrid triple quadrupole mass spectrometry (LIT
QTRAP 4000; AB Sciex, Foster City, CA, USA). The mobile phase consisted of 0.1% formic
acid in water (eluent A) and 0.1% formic acid in acetonitrile (eluent B), followed by lin-
ear gradient elution (v/v) as follows: 2% A from 0 to 0.01 min, increasing to 60% A; at
5 min, equilibration to initial condition within 3.5 min at a flow rate of 300 µL/min and
a run time of 9 min. Chromatographic separation was conducted using an Amide col-
umn (50 × 2.1 mm i.d., 3.5 µm; Waters, Milford, MA, USA) with an Amide guard column
(3.9 × 5 mm i.d., 3.5 µm; Waters) at 35 ◦C. The multiple reaction monitoring mode and
electrospray positive ionization were used for quantification of tyrosine and L-DOPA as
follows: 182.1→ 136.1, 198.1→ 152.1 of ionic transition [23]. The optimized mass parame-
ters included an ion spray voltage of 5500 V, source temperature of 550 ◦C, curtain gas of
50 psi, nebulizing gas (GS1) of 50 psi, and heating gas (GS2) of 50 psi.

2.10. In Vitro Skin Irritation Test

We maintained the Neoderm-ED reconstituted human skin model (Tego Science, Seoul,
Korea) according to the manufacturer’s instructions. Neoderm-ED was used to determine
the skin irritation potential of test compounds in experiments performed according to
Organization for Economic Cooperation and Development (OECD) Guideline 439 [24].
Briefly, Neoderm-ED was exposed to 90 µL fresh medium containing the test compound
and incubated for 60 min at 37 ◦C in a 5% CO2 incubator. After treatment, the tissues
were stringently rinsed with PBS to completely remove the test compound. The inserts
were transferred to cell culture plates containing fresh medium and incubated for 42 h
at 37 ◦C in a 5% CO2 incubator. At the end of the incubation period, tissue viability was
determined by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) assay.
Inserts containing tissues were transferred to cell culture plates containing 2 mL MTT
solution (0.3 mg/mL) and incubated for 3 h at 37 ◦C in a 5% CO2 incubator. To terminate
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the reaction, tissues were detached using an 8-mm biopsy punch (Kai Industries, Gifu,
Japan) and submerged in 500 µL 0.04 N isopropanol. After 4 h of extraction, the optical
density of the isopropanol extracts was determined photometrically at 570 nm.

2.11. In Vitro Eye Irritation Test

We maintained the Neoderm-CD reconstituted human cornea model (Tego Science,
Seoul, Korea) according to the manufacturer’s instructions. Neoderm-CD was used to
determine the eye irritation potential of test compounds in experiments performed ac-
cording to OECD Guideline 492 [25]. Briefly, Neoderm-CD was exposed to 30 µL test
compounds diluted with fresh Ca2+/Mg2+-free PBS and incubated for 30 min at 37 ◦C in a
5% CO2 incubator. Following treatment, tissues were rinsed twice with PBS to completely
remove the test compound. The inserts were transferred to cell culture plates containing
fresh medium and incubated for 30 min at 37 ◦C in a 5% CO2 incubator. At the end of
the incubation period, tissue viability was determined by MTT assay. Inserts containing
tissues were transferred to cell culture plates containing 2 mL MTT solution (1 mg/mL)
(Sigma-Aldrich, St. Louis, MO, USA) and incubated for 3 h at 37 ◦C in a 5% CO2 incubator.
To terminate the reaction, tissues were detached from the insert well and submerged in
1.5 mL isopropanol. After 4 h of extraction, the optical density of the isopropanol extracts
was determined photometrically at 570 nm.

2.12. Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-PCR)

B16F10 melanoma cells (5 × 105) were seeded in a 60-mm cell culture plate and incu-
bated at 37 ◦C for 24 h. Cells were treated with 500 µM Arbutin and various concentrations
of DIQS (1, 5, and 10 µM) for 48 h. Total RNA was isolated from B16F10 cells using the
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The concentration of the isolated RNA
was measured using the NanoQuant plate and microplate reader (M1000PRO, TECAN,
Mannedorf, Switzerland). The reactions were conducted in the MicroAmp Fast Optical
96-Well Reaction Plate sealed with MicroAmp optical adhesive film (Life Technologies,
Carlsbad, CA, USA). The primer pairs used are shown in Table 1. Reverse-transcription
quantitative polymerase chain reaction (qRT-PCR) analysis was performed using Verso
SYBR Green 1-Step qRT-PCR Low ROX Mix (Thermo Scientific, Cambridge, MA, USA)
on the 7500 Fast Real-Time PCR System (Applied Biosystems, Life Technologies, Carls-
bad, CA, USA). Expression levels were analyzed using the ∆∆CT method normalized to
GAPDH (mouse).

Table 1. Primer sequences for RT-PCR analysis.

Gene Sequence

MITF Forward
Reverse

5′-AACAAGGGAACCATTCTCAAGG-3′

5′-AGATCAGGCGAGCAGAGACC-3′

Tyrosinase Forward
Reverse

5′-CTCTGGGCTTAGCAGTAGGC-3′

5′-GCAAGCTGTGGTAGTCGTCT-3′

TRP-1 Forward
Reverse

5′-GCTGCAGGAGCCTTCTTTCTC-3′

5′-AAGACGCTGCACTGCTGGTCT-3′

TRP-2 Forward
Reverse

5′-GTCCTCCACTCTTTTACAGACG-3′

5′-ATTCGGTTGTGACCAATGGGT-3′

GAPDH Forward
Reverse

5′-GAGAACTTTGGCATTGTGG-3′

5′-ATGCAGGGATGATGTTCTG-3′

2.13. Western Blot Analysis

B16F10 melanoma cells (5 × 105) were seeded in a 60-mm cell culture plate and
incubated at 37 ◦C for 24 h. Cells were treated with 500 µM Arbutin and various concentra-
tions of DIQS (1, 5, and 10 µM) for 48 h. Radioimmunoprecipitation lysis buffer (Thermo
Scientific, Rockford, IL, USA) containing protease inhibitor cocktail (Thermo Scientific,
Waltham, MA, USA) was used to prepare whole-cell lysates, which were then centrifuged
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at 16,100× g for 30 min at 4 ◦C. The supernatants were collected, and the protein concen-
tration was determined using the Bradford assay. Proteins (60 µg) were resolved using
4–12% Bis-Tris and SDS–PAGE (Thermo Scientific, Rockford, IL, USA) and transferred to a
polyvinylidene fluoride membrane. The membranes were blocked with 5% skim milk in
Tris-buffered saline containing 0.1% Tween 20 (TBS-T) solution and then incubated with the
specific primary antibodies in TBS-T for 3 h at room temperature. Blots were washed with
TBS-T and then incubated for 30 min with a secondary antibody. Protein bands were visual-
ized using the SuperSignal West Femto Maximum Sensitivity substrate (Thermo Scientific,
Waltham, MA, USA) on the MyECL imager (Thermo Scientific, Waltham, MA, USA).

2.14. Statistical Analysis

Data are presented as means ± standard deviation (SD). An unpaired t-test was used
to analyze differences compared with the dimethyl sulfoxide (DMSO) group, and statistical
significance was determined at * p < 0.05 and ** p < 0.01. All statistical analyses were
performed using GraphPad Prism v.8.4.3 (GraphPad Software, 2020, San Diego, CA, USA).

3. Results
3.1. DIQS Induced Anti-Melanogenic Activity in B16F10 Melanoma Cells

DIQS is one of the derivatives containing two isoquinoline, as shown in Figure 1A.
DIQS was identified as a compound with an anti-melanogenic effect in phenotype-based
screening using zebrafish. Based on the results of various pharmacological activities
and anti-melanogenic effects by previously reported isoquinolin derivatives, this study
attempted to investigate the mechanism of action representing the anti-melanogenic ef-
fect of DIQS and its efficacy/safety for use in the cosmetics industry. First, we explored
any potential cytotoxic effects of DIQS in the context of its potential use as a cosmetic
agent. We performed cell viability assays to determine the in vitro cytotoxicity of DIQS
in B16F10 melanoma cells. Cells were treated with 0.1–20 µM DIQS for 48 h. No signifi-
cant cytotoxicity was observed in cells treated with DIQS at concentrations of 0.1–10 µM
(Figure 1B). To determine the effect of DIQS on α-MSH-induced melanin synthesis, we
evaluated the melanin content of the B16F10 cells photometrically. The melanin content of
α-MSH-stimulated B16F10 cells was markedly reduced after DIQS treatment (Figure 1C,D).
Tyrosinase is a key enzyme involved in melanin synthesis. The inhibition of tyrosinase
activity in cells is a prerequisite for candidates exhibiting anti-melanogenic effects. DIQS
significantly inhibited tyrosinase activity in α-MSH-stimulated B16F10 cells at a concentra-
tion of 10 µM (Figure 1E), at which tyrosinase activity induced by α-MSH was decreased
by approximately 37.2%. This inhibitory effect was similar to that of 500 µM arbutin used
as a positive control.

3.2. DIQS Affected the mRNA and Protein Levels of Melanogenesis-Related Factors

Next, we measured the mRNA and protein levels of MITF, tyrosinase, TRP-1, and
TRP-2 to evaluate the inhibitory mechanism of DIQS in melanogenesis. B16F10 cells were
stimulated with α-MSH for 48 h with or without DIQS at various concentrations. The
mRNA levels of MITF, tyrosinase, TRP-1, and TRP-2 were examined by qRT-PCR.
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was significantly inhibited by DIQS treatments. (E) Tyrosinase activity induced by α-MSH was decreased in B16F10 cells 
at a concentration of 10 μM after 48 h of DIQS treatment. DIQS inhibited tyrosinase activity in α-MSH-stimulated B16F10 
cells. Data are means ± standard deviation (SD). * p < 0.05; ** p < 0.01 (vs. the α-MSH treated group). 
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Figure 1. Di (isoquinolin-1-yl) sulfane (DIQS) induced an anti-melanogenic effect in B16F10 murine melanoma cells. (A) The
chemical structure of DIQS is shown. (B) B16F10 cells were treated with various concentrations of DIQS for 48 h. The
viability of B16F10 cells was determined using the Cell counting kit-8. (C) The cells were harvested to measure melanin
content. Cell lysates were photographed prior to measurement of the melanin content. (D) Melanin content in B16F10 cells
was significantly inhibited by DIQS treatments. (E) Tyrosinase activity induced by α-MSH was decreased in B16F10 cells at
a concentration of 10 µM after 48 h of DIQS treatment. DIQS inhibited tyrosinase activity in α-MSH-stimulated B16F10 cells.
Data are means ± standard deviation (SD). * p < 0.05; ** p < 0.01 (vs. the α-MSH treated group).

mRNA levels of MITF, tyrosinase, TRP-1, and TRP-2 were significantly decreased by
DIQS treatment at a concentration of 10 µM (Figure 2A). The effects of DIQS on MITF, tyrosi-
nase, TRP-1, and TRP-2 expression were determined by Western blot analysis (Figure 2B).
MITF protein levels were decreased by 5 and 10 µM DIQS treatment. The amount of tyrosi-
nase was clearly reduced by treatment with 10 µM DIQS. The increased protein expression
of TRP-1 and TRP-2 induced by α-MSH was slightly decreased by DIQS treatment. These
results suggest that DIQS suppressed MITF and tyrosinase at the mRNA and protein levels,
leading to reduced tyrosinase activity and melanin content at the cellular level. To further
confirm the pathways involved in the anti-melanogenic effects of DIQS, we analyzed CREB
and MAPK levels by Western blotting. As shown in Figure 2C, the level of p-CREB was
markedly reduced by 10 µM DIQS compared with the level in α-MSH-induced B16F10
cells. The phosphorylation of p38 and JNK was reduced at the same concentration of DIQS,
and the phosphorylation of ERK was slightly increased. These results were consistent
with substances having anti-melanogenic effects [26]. Our results indicate that the anti-
melanogenic activity of DIQS was associated with decreases in p-p38 and p-CREB levels,
and that the anti-melanogenic effects of DIQS are related to both p-CREB inhibition and
the activity of MAPKs such as p38, ERK, and JNK.
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Figure 2. DIQS affected the expression of melanogenesis-related proteins and upstream signaling
pathways. (A) B16F10 cells were incubated with the indicated concentrations of DIQS for 48 h. mRNA
levels of the melanogenesis-related genes MITF, tyrosinase, TRP-1, and TRP-2 were determined
by qRT-PCR. The results are expressed relative to untreated cells after normalization against the
GAPDH level. (B) B16F10 cells were incubated with the indicated concentrations of DIQS for 48 h.
Arbutin was used as a positive control. The protein levels of MITF, tyrosinase, TRP-1, and TRP-2
were determined by Western blot analysis. (C) Phosphorylation levels of CREB and MAPKs were
also determined by Western blot analysis. The phosphorylation level of each MAPK is expressed
relative to the respective total protein level. Protein levels were quantified using myImageAnalysis
v2.0 software. Data are means ± SD. * p < 0.05 and ** p < 0.01 (vs. the α-MSH-treated group).

3.3. DIQS Blocked Melanin Synthesis in Pigmented Human Skin Tissue

We used the reconstituted human melanocyte model Neoderm-ME to test the safety
and efficacy of skin whitening [14]. Neoderm-ME was treated with DIQS and arbutin and
incubated at 37 ◦C in a 5% CO2 incubator for 5 days. Microscopic evaluation revealed
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that DIQS and arbutin did not decrease the number of melanocytes (Figure 3A). However,
DIQS exhibited stronger inhibition of tyrosinase enzymatic activity than that observed in
the DMSO and arbutin treatment groups (Figure 3B). DIQS also showed reduced melanin
content in the artificial tissue (Figure 3C).
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Figure 3. DIQS treatment inhibited melanin synthesis in pigmented human skin tissue. (A) Rep-
resentative images of cultured human skin tissue. Melanin pellets were prepared as described in
the Materials and Methods, and photographs were taken prior to measurement of melanin content.
(B) Melanin content in the Neoderm-ME model was inhibited by 10 µM DIQS. (C) Tyrosinase activity
in the Neoderm-ME model was inhibited by 10 µM DIQS. Data are means ± SD. * p < 0.05 and
** p < 0.01 (vs. the α-MSH-treated group).

3.4. DIQS Inhibited Melanogenesis in Zebrafish Embryos

Zebrafish larvae have been used as phenotype-based models to evaluate anti-melanogenic
effects. To determine the effectiveness of DIQS as an anti-melanogenic compound, we com-
pared its effects with the tyrosinase inhibitors arbutin and PTU [27,28] as positive controls.
DIQS effectively reduced melanogenesis in zebrafish embryos in a dose-dependent manner
compared with the DMSO group. Developing zebrafish exhibited de-pigmentation after
treatment with 5 µM DIQS (Figure 4A, upper). Extracts were prepared from the zebrafish
embryos by centrifugation, and the pellet colors were compared visually (Figure 4A, lower).
The results confirmed that melanin content was clearly reduced at a DIQS concentration
of 5 µM. Melanin content was quantified by spectrophotometry and was found to have
decreased significantly as the concentration of DIQS increased (Figure 4B). Next, we exam-
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ined the enzymatic activity of tyrosinase in whole embryos followed by DIQS treatment.
DIQS treatment decreased tyrosinase enzymatic activity in zebrafish embryos (Figure 4C).
These data suggest that DIQS acts as a melanogenesis inhibitor by inhibiting tyrosinase
enzymatic activity.
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Figure 4. DIQS treatment inhibited melanogenesis in zebrafish embryos. Synchronized embryos
were treated with 0.08% dimethyl sulfoxide (DMSO), 0.2 mM PTU, 20 mM arbutin, and various
concentrations of DIQS. (A) Zebrafish embryos were photographed using the Leica MZ10 F stereomi-
croscope and edited using the Leica Application Suite software. Lysates from zebrafish embryos were
prepared as described in the Materials and Methods. Photographs were taken prior to measurement
of the melanin content. (B) Melanin content in zebrafish embryos was dose-dependently inhibited by
DIQS treatment. (C) For tyrosinase activity measurements, 2500 µg total protein was incubated with
100 µL of 1 mM L-DOPA for 1 h at 37 ◦C, and the absorbance was measured at 495 mm. Data are
means ± SD. * p < 0.05 and ** p < 0.01 (vs. the DMSO-treated group).

3.5. DIQS Blocked Melanin Synthesis in Pigmented Zebrafish Embryos

We also tested the effects of DIQS treatment on zebrafish embryos with complete
melanopore formation to determine whether DIQS reduces melanin content via melanopore
damage. Because zebrafish embryo melanophores are completely differentiated and con-
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tinuously produced by 2 days post-fertilization [29], we exposed zebrafish embryos at
2.5 days post-fertilization to DIQS for 12 h. As a result, DIQS did not seem to change the
shape of melanophores or decrease the number of melanophores (Figure 5A). However,
tyrosinase activity and melanin content were decreased compared with the DMSO and
arbutin treatment groups (Figure 5B,C). These results indicate that newly synthesized
melanin is attenuated without toxicity in fully pigmented cells following DIQS treatment.
The initial step of melanin synthesis is hydroxylation of tyrosine to DOPA, followed by
the oxidation of DOPA to DOPAquinone. Tyrosinase is the key enzyme involved in this
biosynthesis pathway via the binding of copper ions [8]. To determine whether DIQS
affects these biosynthesis pathways, we quantitatively analyzed tyrosine and DOPA in
zebrafish embryos using liquid chromatography–tandem mass spectrometry (LC–MS/MS).
We determined the total amounts of tyrosine and L-DOPA in the zebrafish embryos and
calculated the L-DOPA/tyrosine ratio for tyrosinase activity. DIQS treatment for 48 h
decreased the L-DOPA/tyrosine ratio in a dose-dependent manner compared with DMSO.
As a positive control, PTU treatment also decreased the L-DOPA/tyrosine ratio (Figure 5D).
These data suggest that DIQS blocks the conversion of tyrosine to DOPA by inhibiting
tyrosinase activity.
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Figure 5. DIQS treatment attenuated melanin content without melanophore damage. (A) Zebrafish
were treated with DIQS at 2.5 days post-fertilization to evaluate its effects on melanophore morphol-
ogy. Melanophores in DMSO-, arbutin-, and DIQS-treated zebrafish embryos were visualized using
the Leica MZ10 F stereomicroscope. (B) Melanin pellets were prepared and photographed for com-
parisons between groups. (C) Melanin content was analyzed in zebrafish embryos. (D) Tyrosinase
activity was measured as described in the Materials and Methods. (E) Tyrosine and L-DOPA in ze-
brafish embryos were quantitatively analyzed by liquid chromatography–tandem mass spectrometry
(LC–MS/MS). Data are L-DOPA/tyrosine ratios. * p < 0.05; ** p < 0.01 (vs. the DMSO-treated group).
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3.6. DIQS Treatment Did Not Irritate Human Skin or Eye Tissues

The use of test animals is prohibited in all tests involved in the development of cos-
metics in European countries [30]. Various artificial skin [31–33] and cornea models [34,35]
have been developed to mimic the structure and function of human tissues. We evaluated
the irritation effect of DIQS in human tissues and in reconstituted human skin and eye
tissues (Neoderm-ED and -CD, respectively). In the skin irritation test, the cell viability
in the reconstituted tissues was 3.52 ± 0.19% in the 5% SDS-treated group, which served
as a positive control. The effect of DIQS on the cell viability in the reconstituted tissues
was evaluated at concentrations of 10, 20, and 50 µM. DIQS resulted in dose-dependent
inhibition of viability: 95.8 ± 22.3% at 10 µM, 91.4 ± 0.76% at 20 µM, and 79.9 ± 0.26%
at 50 µM (Figure 6A). At all tested concentrations, viability exceeded 50% after 60 min of
exposure and 42 h of incubation [24]. The reconstituted human cornea model Neoderm-CD
was used to test acute ocular irritation induced by DIQS. The cell viability of reconstituted
tissues was 21.1 ± 10.3% in the 10% acetic acid treatment group, which served as a posi-
tive control. However, no significant decrease in cell viability was observed at 10, 20, or
50 µM DIQS (Figure 6B). These results suggest that DIQS is a non-corrosive or non-irritant
substance for human skin and eyes.
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Figure 6. DIQS did not exhibit irritable effects in artificial human skin and cornea tissues. DIQS
toxicity assays were performed using artificial skin and cornea models in accordance with the
Organization for Economic Cooperation and Development (OECD) guidelines. (A) The effect of
DIQS on skin irritation was tested using the Neoderm-ED reconstituted human skin model. (B) The
effect of DIQS on acute cornea irritation was tested using the Neoderm-CD reconstituted human
cornea model.

4. Discussion

Various model such as B16F10 cells, artificial skin, and zebrafish models have been
used to identify the anti-melanogenic effects, toxicity, and action mechanisms of DIQS. In
this study, we demonstrated the anti-melanogenic effect of DIQS using α-MSH-stimulated
B16F10 cells. Tyrosinase is a key enzyme in melanin synthesis in mammalian cells [36]. The
transcription of tyrosinase is regulated by MITF in melanogenic signaling pathways [37,38].
The expression levels of MITF and tyrosinase were significantly suppressed at a DIQS con-
centration of 10 µM in α-MSH-stimulated B16F10 cells (Figure 2). These results suggest that
DIQS inhibits melanin synthesis by controlling the expression of tyrosinase by inhibiting
MITF gene expression. To further investigate the upstream mechanisms by which DIQS
inhibits melanogenesis, we examined the cAMP–PKA–CREB–MITF–tyrosinase axis and
MAPK pathways. The MAPK family comprises three types of protein kinases: ERK, JNK,
and p38. MAPKs have been reported to modulate melanogenesis [39,40], and p38 activa-
tion contributes to melanin production by activating CREB and sequentially increasing
MITF expression [41]. The data shown in Figure 2 provide evidence that DIQS inactivates
CREB, in turn inhibiting MITF expression. These results also suggest that DIQS shows
anti-melanogenic effects by regulating the phosphorylation of ERK, JNK, and p38.

DIQS inhibits tyrosinase enzymatic activity in human tissue models and zebrafish
without producing developmental defects. DIQS treatment resulted in de-pigmentation
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in embryos, mainly via temporal inhibition of melanin synthesis. This de-pigmentation
occurred not only in the melanophores of developing zebrafish but also in fully developed
melanocytes. In our previous study, we defined the internal concentrations of chemical
compounds after treatment in embryos/larvae, and the results suggested a correlation
between the phenotype and chemical strength in the zebrafish model [14]. In the present
study, we found that the whitening effect occurred in zebrafish at a lower concentration
(5 µM) compared with that in cells. This phenomenon suggests that DIQS accumulation in
zebrafish may result in melanophore exposure to high DIQS concentrations. Therefore, we
also measured the actual concentration of DIQS using LC–MS/MS in zebrafish embryos
after treatment. Indeed, DIQS dose-dependently accumulated in zebrafish embryos, indi-
cating that the DIQS treatment produced an anti-melanogenic phenotype corresponding
to the actual DIQS concentration in zebrafish embryos (data not shown). The amounts of
tyrosine and L-DOPA after DIQS treatment were analyzed by LC–MS/MS, and a decrease
in tyrosinase activity was observed. Because tyrosinase is a key enzyme catalyzing tyrosine
to L-DOPA, we expected the amount of L-DOPA to be decreased by tyrosinase inhibition
in the DIQS-treated embryos. After 48 h of DIQS treatment, the ratio of L-DOPA/tyrosine
in zebrafish was decreased (Figure 5E). This finding indicates that DIQS mainly decreases
the expression of tyrosinase and consequently retards the catalysis of tyrosine to L-DOPA.

In fact, it is very limited to measure protein levels such as various MAPK, MITF,
tyrosinase, TRP-1, and TRP-1 using the zebrafish model. Therefore, an experiment was not
performed on the mechanism of action of DIQS using the zebrafish model. Instead, since
zebrafish embryos are easy to observe phenotypical changes, morphological observations
of melanophores containing melanin pigments were carried out. Morphological changes in
melanophore were observed after exposure of DIQS to embryos in which the expression of
melanin pigment was completed. In previous studies, it is known that melanophores are
completely differentiated at 2 dpf during the maturation process of zebrafish embryos [29].
Therefore, melanophores were observed after exposure of DIQS to 2.5 dpf zebrafish em-
bryos for 12 h in which melanophores were stably maintained. As a result, morphological
changes in melanophores after DIQS treatment were not observed. However, we found
that tyrosinase activity and melanin content were decreased compared with the DMSO
and arbutin treatments (Figure 5C,D). These results suggest that DIQS may inhibit the
newly synthetic process of melanin rather than reducing melanin content by slowing cell
growth or inducing cell damage. In addition to zebrafish, safety tests using artificial tissue
were also performed in this study. The development of skin-whitening cosmetics entails
assessing the clinical efficacy of molecules and validating their safety [4]. Artificial skin
tissues, human keratinocytes, or melanocytes are typically used to evaluate the safety
of skin-whitening candidates [42,43]. In this study, we used reconstituted human skin
and eye tissue models for irritancy testing based on OECD guidelines [24,25]. Although
DIQS slightly decreased the cell viability of human skin tissue, based on OECD TG439, we
concluded that DIQS was a non-irritant material.

5. Conclusions

We found that DIQS, a novel anti-melanogenic agent, inhibits melanin synthesis via
the inhibition of tyrosinase enzymatic activity. We used human melanocytes, keratinocytes,
and cornea tissue to demonstrate that DIQS is a non-toxic/non-irritant substance. To-
gether, our findings suggest that DIQS is an excellent skin-whitening candidate for the
cosmetic industry.
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