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Abstract: For years, clinical studies involving human volunteers and several known pre-clinical
in vivo models (i.e., mice, guinea pigs) have demonstrated their reliability in evaluating the
effectiveness of a number of depigmenting agents. Although these models have great advantages,
they also suffer from several drawbacks, especially involving ethical issues regarding experimentation.
At present, a new depigmenting model using zebrafish has been proposed and demonstrated.
The application of this model for screening and studying the depigmenting activity of many bioactive
compounds has been given great attention in genetics, medicinal chemistry and even the cosmetic
industry. Depigmenting studies using this model have been recognized as noteworthy approaches
to investigating the antimelanogenic activity of bioactive compounds in vivo. This article details
the current knowledge of zebrafish pigmentation and its reliability as a model for the screening and
development of depigmenting agents. Several methods to quantify the antimelanogenic activity of
bioactive compounds in this model, such as phenotype-based screening, melanin content, tyrosinase
inhibitory activity, other related proteins and transcription genes, are reviewed. Depigmenting
activity of several bioactive compounds which have been reported towards this model are compared
in terms of their molecular structure and possible mode of actions. This includes patented materials
with regard to the application of zebrafish as a depigmenting model, in order to give an insight
of its intellectual value. At the end of this article, some limitations are highlighted and several
recommendations are suggested for improvement of future studies.
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1. Introduction

Melanin, a pigment secreted by melanocytes in the basal layer of the epidermis, serves to protect
human skin from ultraviolet radiation, free radicals and reactive oxygen species [1]. Accumulation
of pigment in the skin causes pigmentation disorders, such as melasma, freckles, solar lentigo, and
post-inflammatory hyperpigmentation [1,2]. For years, clinical trials using human volunteers and
several known preclinical trials using in vivo models (i.e., mice, guinea pigs) have demonstrated
their reliability in evaluating the effectiveness of a number of depigmenting agents [3-8]. Although
these models have great advantages, they also suffer from several drawbacks especially related to
ethics, animal welfare and humane endpoints in animal experimental units. All research involving
in vivo models oblige to follow standard ethic committee guidelines, where the “3 Rs” principle
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should be fully implemented (i.e., Replacement, Refinement and Reduction). In accordance with these
principles, zebrafish as a new depigmenting model has been proposed [9-12]. The application of this
lower vertebrate has gained attention in the medicinal and cosmetic industry. At present, studies
have demonstrated its novelty and reliability for evaluating many depigmenting agents [3,6,13-15].
Previous and very recent evidence in genomics, molecular genetics, genetic development and molecular
biology on zebrafish pigmentation showed its correlation to human pigmentation [16-21]. For instance,
the pigmentation gene SLC24A5 (NCKX5) homologous to that in zebrafish golden mutants appears
to have an ortholog highly similar in sequence and more functionally significant in the evolution of
depigmentation in the ancestors of modern Europeans because of its effect on diminished melanosome
size, number and density during melanogenesis [19]. Polymorphism of the pigmentation gene
SLC24A5 is also associated with the darker skin of African ancestors. In addition, the SLC45A2
gene encodes a Membrane-Associated-Transporter-Protein which regulates melanosomal pH and
melanogenic enzyme activity as demonstrated in the zebrafish model [22]. Moreover, melanogenesis
in zebrafish is comparable to that of human melanogenesis, which enables functionality study and
protein interaction. For instance, the zebrafish model has been used to demonstrate the functionality of
endoplasmic reticulum (ER) calcium sensor protein STIM1 (stromal-interaction-molecule-1) domain in
regulating melanogenesis via interaction with cell membrane-localized adenylyl cyclase 6 (ADCY®6) [23].
Adenylyl cyclise is coupled to melanocortin (MC) receptors where hormones such as «-melanocyte
stimulating hormone (x-MSH) binds. In comparison, mammals have five MC receptors (MC1R-MC5R)
and one or two melanocyte-concentrating hormone (MCH) receptors while zebrafish have six MC
receptors, including two MC5R orthologues and three MCH receptors [1,10,24,25]. The function of
cyclic adenosine monophosphate (cAMP) in zebrafish melanogenesis is most likely different or has
more than one function as compared to that in mammals, where the former act as an intermediary for
pigment translocation and finding intact microtubules [26]. These processes are equally important for
both melanin dispersion and aggregation [26].

The zebrafish pigment pattern originates from the neural crest (NeC)-derived stem
cells to generate melanophores (melanocytes), xanthophores and iridophores via intermediate
progenitors [10,21,27-29]. Recent studies have shown that these progenitors are multipotent
without fate restriction, in order to give rise to three distinctive adult pigment cell types
during embryogenesis to metamorphosis [30]. Typical zebrafish embryogenesis is illustrated in
Figure 1. Several pigment-specific genes and proteins such as SOX9 and SOX10 are not only
present in mouse but also in zebrafish, influencing the differentiation of NeC during its generation
that is essentially important as developmental regulators of melanogenesis [31-33]. For instance,
SOX10 controls the transcription of microphthalmia-associated transcription factor (MITE), a regulator
for the expression of melanogenesis-related enzymes, including tyrosinase (TYR), tyrosinase-related
proteins 2 (TRP-2), pigment cell-specific pre-melanosomal protein (PMEL) and tyrosinase-related
proteins 1 (TRP-1) [29,30,34]. SOX10 also acts as a transactivator protein in the expression of TRP-2
genes required for melanogenesis, in which MITF cannot self-activate [30,35]. On the other hand,
PMEL is necessary for pre-melanosomal fibril formation and melanosomal shape where its defect in
PMEL-mutant zebrafish is suspected to cause loss in melanocyte viability [30]. Recent studies have
also shown that other regulatory proteins including Wnt signaling remain active in differentiating
melanophores and contribute to elevated transcription of MITFa, melanophore specification, and
morphology in Zebrafish embryos [36]. Other similarities shared by zebrafish and mammalian models
is that membrane protein of the zebrafish embryo chorion is identified to be homologous to proteins
ZP2 and ZP2 of mouse zona pellucida [30,37,38].
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Figure 1. Zebrafish embryogenesis. Blastula at 0 h-post fertilization (hpf) (A), Embryo at 12 hpf (B),
Embryo at 24 hpf (C), Embryo at 36 hpf (D), Larvae at 48 hpf (E), Larvae at 72 to 144 hpf (F). Note: hpf,
hour-post fertilization.

This new model serves as a reliable model and tool to study various depigmenting agents.
The present article discusses several methods that have been employed using this model to date,
such as phenotype-based screening, melanin content, TYR inhibitory activity, other related proteins and
transcription gene assays. The applications of this model towards several known and newly discovered
depigmenting agents are also compared and demonstrated. Evidence highlighting the relationship
between in vitro models and the molecular structure of bioactive compounds are illustrated to explain
their possible interaction and effectiveness on zebrafish depigmentation. Some discussion on patents
related to the zebrafish model as a depigmenting model are rarely reported in the literature but
still contain valuable information regarding its intellectual property, thus have been included in this
review. At the end of this article, some limitations regarding this model are discussed and several
recommendations are suggested for improvement of further studies.

2. Protocol and Assays

2.1. General Procedures

In brief, several important parameters are considered in depigmenting assays and experimentation
such as zebrafish strains, embryonic age, medium, temperature, inducers and experimental duration.
Most of the time, wild-type (WT) zebrafish was chosen as compared to other transgenic variant
or mutants where the experiment was initiated at embryonic stage at 2-12 h post fertilization
(hpf) [39-41]. During depigmenting assays, the embryo was commonly incubated in an egg-water
medium at an ambient temperature (25-30 °C) and pH ~7 [39,42]. Controlled temperature is one
of the important parameters during the process from husbandry to an assay which may affect the
overall zebrafish depigmenting analysis. For instance, it was found that the pigmentation of zebrafish
melanophore stripes was reduced at a very low temperature milieu (i.e., 17 °C), as compared to
that of zebrafish at 26.5 °C due to downregulation of gene expression levels for TYR and TRP-2,
during melanogenesis [9,35]. Observation on zebrafish skin (at 17 °C) via optical and high-resolution
transmission electron microscopy (TEM) showed a significant decrease in the number of melanophores,
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without affecting melanosomal aggregation [9]. On the other hand, a very acidic or basic pH can
significantly reduce the amount of eggs and their survival rate in egg-water [39,42].

2.2. Effect of Phenylthiourea and Stimulating Hormones

Meanwhile, no additional nutrient was added at earlier embryonic age as the embryo obtained
its nutrient from its yolk. Prior to any addition of bioactive compounds, the endogenous pigment
is removed using phenylthiourea (PTU), an organosulfur TYR inhibitor regularly used to block
pigmentation in zebrafish via inhibiting TYR-dependent melanogenesis pathway without any adverse
toxicity [15,43,44]. It was suggested that PTU at a concentration of 75 uM effectively reduced
pigmentation in the zebrafish, without considerably affecting mortality or exerting any teratogenicity
effect [31]. Other than being a TYR inhibitor, recent studies demonstrated that PTU also contributed
to zebrafish depigmentation via its anti-thyroidal effect [45]. In this particular, it was suggested
that thyroid hormones regulate zebrafish melanin synthesis in a gender-dependent manner [45].
On the other hand, it has been demonstrated that pigmentation in zebrafish embryos could be
stimulated via «-MSH but little is known about the effect of other stimulating hormones and
compounds (i.e., isobutylmethylxanthine, 8-methoxypsoralen, forskolin, adrenocorticotropic hormone,
3,4-dihydroxyphenylalanine, stem cell factor) [11,40,46]. Nevertheless, a hormone such as MCH
significantly reduced melanin dispersion and aggregation in zebrafish embryos [24,26,47]. The MCIR
in zebrafish allows stimulation of melanogenesis in the presence of x-MSH due to fact that MCIR has
the highest affinity for x-MSH [26]. In mammals, this is then stimulating melanogenesis via the G
protein-coupled receptor (GPCR)-cAMP-MITF pathway to up-regulate TYR, TRP-1 and TRP-2 [25,48].
In zebrafish, it has been established that MC1R mediates melanosomal dispersal as demonstrated
using knockdown MCI1R expression via morpholino oligonucleotides [26].

2.3. Other Consideration

The effect of light on zebrafish embryos has been demonstrated and needs to be considered.
Embryos at the age of 48 hpf showed an increased melanosomal dispersion when illuminated to visible
light, whereby its body pigmentation increases on a bright background [49,50]. The light-induced
melanosomal dispersion in zebrafish embryos may serve to protect it from the impact of ultraviolet
(UV) irradiation [49,50]. This recent discovery of the effect of light on zebrafish embryos could be used
as a new approach to investigate the capability of depigmenting agents to inhibit pigmentation in
zebrafish embryos under UV light. In addition, depigmenting assay was mainly conducted at an early
age of zebrafish embryos (24-72 hpf). This is due to the fact that within 14-24 hpf, different skin layers
representing the epidermis and dermis can be recognized, although the cutaneous basement membrane
zone at the dermal-epidermal junction is not yet developed. Hence, at this early age of a zebrafish
embryos, small biomolecules or compounds can passively diffuse or percutaneously be absorbed
via skin (i.e., epidermis and dermis) when oral structure has not been fully developed. However,
as it reaches maturation age (168 hpf), many organs have been fully developed and it starts to absorb
small compounds orally via different delivery routes which may give other implication on the effect of
bioactive compounds to the embryo [51]. Moreover, at an age of more than 72 hpf, exposure to light
will also induce an initial-rapid melanosomal dispersion, followed by a slow aggregation that will
eventually lead to a pale body color [49,50]. These effects may probably give false results or lead to
interference in depigmenting analysis.

2.4. Phenotypic Evaluation, Melanin Content and TYR Assays

Figure 2 exemplifies several known depigmenting assays using the zebrafish embryo model.
For phenotype-based observation, embryos were dechorionated using forceps, anesthetized in tricaine
mesylate (C1pH15NO5S) solution, and mounted in 3% (w/v) methyl cellulose [42,51,52]. The body
pigmentation of zebrafish (i.e., dorsal and lateral) was visualized using a stereomicroscope and
quantified by software (i.e., Image pro-plus (Media Cybernetics Inc., Rockville, MD, USA)) [6].
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Other microscopic analysis includes TEM and scanning electron microscopy (SEM). For melanin
content assay, zebrafish was commonly dissolved in NaOH, an alkaline solution with a combination
of high temperature while for TYR assay. Zebrafish was sonicated, harvested and incubated with
precursors (i.e., tyrosine, L-3,4-dihydroxyphenyl)alanine (L-DOPA)) which later quantified using
absorption spectroscopy (AS) at respective wavelength [39,42]. NaOH at 1 M is enough to cause plasma
membrane imbalance, breakdown and degrading of biomolecules which allow the solubilization of
melanin for quantification. Alternatively, Soluene-350 is also used to solubilize melanin in cell or tissue
samples for melanin quantification possibly suitable for zebrafish embryo melanin quantification.
Other methods includes oxidation of melanin via alkaline H,O, which later produces specific markers
of black melanin (i.e., pyrrole-2,3,5-tricarboxylic acid and pyrrole-2,3-dicarboxylic acid) and measured
using high-performance liquid chromatography (HPLC). In stark contrast to TYR assay, zebrafish
cells were disrupted via sonication at a certain amplitude and frequency at low temperature to allow
TYR protein release. The TYR activity quantification was only done after 7 hpf due to the fact that
the TYR gene transcription and TYR activity was only detected at as early as 3 to 7 hpf before visible
pigmentation in the retinal pigment epithelium (RPE) layer and then later followed by whole body
melanin-pigmentation (approximately after 24 hpf) [10,35].

Melanin
content

Phenotype o Tyrosinase
based assay . A e ¥ | assay

.

Protein Gene
expression expression
—

Figure 2. Depigmenting assays using zebrafish embryo model.

2.5. Protein and Gene Expression Assays

For protein expression assays (i.e., TYR, TRP-1, TRP-2, MITF), proteins were separated with
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), blotted onto membranes
(i.e., polyvinylidene fluoride), saturated with non-fat dried milk mixtures, exposed to specific primary
antibodies and followed by incubation with a horseradish peroxidase (HRP)-conjugated secondary
antibody to allow blot development i.e., via enhanced chemiluminescence detection system) [53].
The bands were physically observed or alternatively measured via densitometric analysis using
software (i.e., Image MasterTM 2D Elite, G:BOX Chemi, LAS-1000 lumino-image analyzer) [53-55].
For gene expression assay, analysis was performed via qRT-PCR where total RNA was extracted
and detailed protocol related to temperature, time, chemicals (i.e., oligo (dT), reverse transcriptase,
oligonucleotides primers for TYR and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
an internal standard) and cycles have been previously described [53,56]. TRP-2 is an early marker
for NeC-derived melanocytes (melanophores) and other melanin-synthesizing cells in the RPE as
compared to TYR and TRP-1, which were expressed a bit later [35]. In WT zebrafish embryos,
expression of TRP-1 paralogs (i.e., TRP-1a and TRP-1b) overlaps in the RPE and in melanocytes
(melanophores) [35,55]. Alteration of amino acid “ARG” to amino acid “CYS” in the amino-terminal
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part of the TRP-1a in mutant zebrafish is similar to mutations in humans which lead to blond hair in
Melanesians [55]. These are the most general and largest number of assays that have been implemented
so far although many other assays could be performed in the future.

3. Application of Zebrafish Model

The evaluation of antimelanogenic activity of several depigmenting agents using zebrafish
embryos has been increasingly reported. The application of zebrafish depigmenting assay was
supported by the effect of well-known bioactive agents such as kojic acid and arbutin on embryo
depigmenting activity [40,57,58]. Connections with many previous and current data of kojic acid and
arbutin depigmenting assay in vitro (i.e., melanocytes) and in vivo (i.e., mice) help to support current
investigation and better understanding using zebrafish embryo [13,57]. For instance, compound
bis(4-hydroxybenzyl)sulfide reduces pigmentation level to about 41% (a percentage relative to
untreated control), lower than arbutin and kojic acid, which indicates that bis (4-hydroxybenzyl)sulfide
had a better depigmenting activity as compared to that of arbutin and kojic acid [13]. In addition,
it was revealed that the bis(4-hydroxybenzyl)sulfide reduces melanogenesis in zebrafish comparably
as effective as indicated by reduced melanin content, TYR, TRP-1, MITF in melanocytes in vitro [6,13].
These findings have gained enormous interest from the cosmetics industry to develop the most
powerful and safe depigmenting agents [59].

3.1. The Effect of Small Molecular Weight Compounds on Zebrafish Depigmentation

Bioactive compounds subjected to zebrafish embryo depigmenting assay can be divided into
several categories and molecular size. In general, the increasing mass number of the atoms or the chain
length can increase the molecular weight and overall size of the molecules. Table 1 shows bioactive
compounds of lower molecular weight (100-300 g/mol) and their depigmenting activity towards
zebrafish embryo. For instance, gallic acid strongly reduced pigmentation of zebrafish embryo to about
40% (percentage in relative to untreated control) at concentration of 40 M, comparably similar to
bis(4-hydroxybenzyl)sulfide, but had higher depigmenting activity than kojic acid and arbutin [6,13].
On the other hand, raspberry ketone reduced melanin content and TYR activity in zebrafish embryo
to about 60% (percentage in relative to untreated control) at 600 uM comparable to kojic acid [60].
On the contrary, ascorbic acid had no significant reduction of melanin content and TYR activity relative
to untreated control [61]. Glabridin, a reversible noncompetitive TYR inhibitor as demonstrated
via mushroom tyrosinase assay, also had no significant inhibitory effects on melanin synthesis in
zebrafish [62]. In contrast, sesamol, a bioactive lignan of Sesamum indicum, concentration-dependently
inhibited melanin biosynthesis in zebrafish embryo. The decrease of zebrafish pigment formation by
sesamol can be explained by reduced TYR activity and melanogenesis-related gene expression [63].
Results from zebrafish depigmenting assay were in agreement with a decreased level of TYR, TRP-1,
TRP-2, MITF activity, cAMP and MCIR in melan-a cells [63]. The p38 mitogen-activated protein
kinase (p38 MAPK) and c-Jun N-terminal kinase (JNK) were also some major proteins involved in
melanogenesis pathways. Thus, further evaluation explained that sesamol inhibited melanogenesis
in melan-a cells via p38 MAPK and JNK pathway [63]. On the other hand, 3-Lapachone of Tabebuia
avellanedae at concentration of 0.8 uM remarkably inhibited melanin synthesis and TYR activity in
zebrafish embryo which led to its pale phenotypic body pigmentation [64]. The depigmentation in
zebrafish embryos can be further explained by reduced expression of TYR and TRP-1 at transcriptional
gene and translational protein levels in melan-a cells [64]. The decreased level of MITF was
coupled with delayed activation of extracellular signal-regulated kinase (ERK) by (-lapachone
treatment [64,65]. Activation and acceleration of the degradation of ERK has a significant effect
on MITF expression [54,65]. Furthermore, 3-lapachone reduced melanogenesis in the reconstituted
3D human skin tissue culture, MelanoDermTM (MEL-300-B, MatTek Corporation, Ashland, USA)
as indicated by brightness value (L*) within 2-3 weeks [64].
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Table 1. The bioactive compounds (low molecular weight, 100-300 g/mol) and their antimelanogenic activity.

Bioactive Compounds Description ICp Icm ICt References

OH

o X Formula: CgHgOy4
MW: 142.11
o ~ Origin: Apergillus/Penicillium
Log P: —2.45

~80% (50 M)

~50% (20 mM) ~60% (20 mM) [13,44,52,66]

~90% (50 M)
Kojic acid
s Formula: C;HgN,S
)L MW: 152.22 ~55% (30 ug/mL) ~45% (30 ug/mL) [45,44,67]
HaN N Origin: Synthetic ~30% (200 ppm) ~20% (200 ppm) Y
Log P: 0.73

HO:

Formula: C1oH;607
o oH MW: 272.25
Origin: Bearberry plant
wd o Log P: —0.58
Arbutin

HOln

~75% (10 mM) - - [13]

P Formula: C;H¢Os
Ho MW:170.12
OH Origin: Plant
Log P: 0.47

~40% (50 M) - - [6]

Gallic acid

Formula: C19Hp,0;
MW: 164.20
Origin: Raspberry
Log P:2.07

PO ~60% (600 M) ~60% (600 M) [60]

HO

Raspberry ketone
OH HO

Formula: C4HgOgq
MW:176.12
Origin: Plant
Log P: —3.36

- No effect (0.5 mM) No effect (0.5 mM) [61]

Formula: C;H19NaOg
MW: 213.14
Origin: Synthetic
Log P:-

- ~60% (300 mM) ~60% (300 mM) [61]

Sodium erythorbate

”"\@\/ \/@/w Formula: C14H,0,S
MW: 246,32 .
° Origin: Gastrodia elata ~50% (53 uM) - - [13]

Bis(4-hydroxybenzyl)sulfide Log P: 3.50
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Bioactive Compounds Description ICp Icm ICt References
oo
O aw Formula: C15H;003
MW: 238.24 N
Origin: Synthetic ~50% (5-25 ug/mL) : - [68]
Log P: 2.04
4-phenyl hydroxycoumarms
A O Formula: C14H1,04
MW: 24424
O Origin: Morus alba Wood ro - B 1511
Log P: 2.67
Oxyresveratrol
OH
OH O Formula: C14Hy403
MW: 230.26
Origin: Morus alba Wood PO ) ) (1
Log P: 3.38
24, 3’ Trlhydroxydlhydrostllbene
Formula: CoHgO3
MW: 164.05 o . ,
Origin: Plant ~40% (100 uM) Pigment eye - [43,69]
p-Coumaric acid LogP: 1.54
o on Formula: C;HgO3
MW: 138.12 _ero Ao o120
< Origin: Sesamuum indicum 55% (50 uM) 30% (50 uM) 20-30% (50 uM) [63]
Sesamol LogP:1.42

CHy

Q O
Q °

-lapachone

Formula: C15H1403
MW: 242.27
Origin: Tabebuia avellandedae
Log P:1.68

PO

~70% (3.2 uM)

~40% (3.2 uM)

[64]
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Table 1. Cont.

Bioactive Compounds Description ICp Icm ICt References

CHs
HO. \ {0}
Formula: C14H1603
MW: 256.11 /
Origin: Synthetic ro - - [41]
Log P: 4.02

OCHs

2-Methylphenyl-E-(3-hydroxy-
5-methoxy)-styryl ether

o
Formula: C4¢HzON,
N NH, MW: 122.12 PO ) } [41]
Origin: Plant
Z Log P: —0.35
N
Niacinamide
o
Formula: C19HpO,
NN N MW: 286.41 - _ i 1]
Origin: Natural /Synthetic
Tretinoin Log P 447
OH
KV\S/O Formula: C14H,;0,NS
MW: 267.39

" Origin: Plant ro - - [41]
i j Log P:2.24
0

2-Morpholinobutyl)-4-thiophenol

Note: MW, molecular weight (g/mol); ICp, phenotype pigmentation level; ICm, melanin content level; ICt, tyrosinase activity level; PO, Phenotype observation. ICp, ICm and ICt in
percentage (%) as compared to untreated control.
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3.2. The Effect of Intermediate Molecular Weight Compounds on Zebrafish Depigmentation

The depigmenting activities of bioactive compounds having molecular weight of 300-500 g/mol
are presented in Table 2. The depigmenting activity of Biochanin-A seen in zebrafish depigmenting
assay was related to in vitro cell line and mice dermal depigmenting assays although the concentration
and time may vary [3]. Biochanin-A reduced zebrafish embryo pigmentation in a dose-dependent
manner. It inhibited 50% pigmentation relative to untreated control at concentration of 176 uM.
This is consistent with the reduction of melanin content and cellular TYR activity in B16 cells [3].
Moreover, Biochanin-A (2%, w/w) cream formulation applied on mice skin in twice-daily basis
significantly increased the skin-lightening index (L* value) within 2 weeks [3]. In comparison,
omeprazole reduced pigment area density in zebrafish embryo to 63% (by 37% inhibition) at low
concentration (60 uM). In addition, intracellular TYR activity was also decreased by 48% (relative to
untreated zebrafish embryo) upon omeprazole treatment [53]. Moreover, molecular analysis via
qRT-PCR confirmed the reduction TYR, TRP-1a, TRP-2 and MITFb mRNA expression levels in
a concentration-dependent manner upon omeprazole treatment [53,56]. MITF is well-known for
its important role in the development of melanocytes and melanin. It is worth noting that the zebrafish
genome contains two MITF (i.e., MITFa and MITFb), in lieu of one MITF in the mammalian model [70].
NeC-derived melanophores require MITFa for differentiation and are absent in nacre/MITFa zebrafish
mutants [30,66]. Zebrafish mutants for the MITF ortholog MITFa show a complete absence of
body pigmentation and melanophores [70]. Zebrafish genomes also contain two TRP-1 paralogs
(i.e., TRP-1a and TRP-1b) [55]. Knockdown of both TRP-1a and TRP-1b results in the formation
of brown pigments instead of black eumelanin coupled by severe melanosome defects in zebrafish
embryos [55]. Therefore, it is worth demonstrating the effect of depigmenting compounds to all MITF
and TRP-1 ortho/paralogs in order to understand better its mechanism of actions.
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Table 2. The bioactive compounds (intermediate molecular weight, 300-500 g/mol) and their antimelanogenic activity.
Bioactive Compounds Description ICp ICm ICt References
F
F Formula: C]7H18F3NO
-~ MW: 309.33
N 2 309. o ~80% )
¢ Origin: Synthetic PO 50% (10 M) 80% (10 M) [46]
o Log P:4.27
Fluoxetine
HO. 0.
O ‘ Formula: C17H1805
MW:302.12 . )
‘ Origin: Trifolium pratense . ~50% (176 uM) ~40% (176 tM) 3]
o e oo, Log P: 0.92

Biochanin A

OH
0] \
Formula: Cy;H3405
CysHaq o. N MW:380.52 B 409 ~379 4
\”/ o Origin: Synthetic 40% (62.5 ug/mL) 37% (62.5 ug/mL) [40]
Log P: 3.86
o
Kojic acid palmitate
N——
NN s
N . 0, ~609 ~50%
- />7S\\ Origin: Synthetic 63% (60 uM) 60% (60 uM) 50% (60 uM) [53]
° " © o Log P:2.17
Omeprazole
Formula: C19H3,03
CH,)1,CH3 o 4MW: 308.46 ' PO ) B [71-73]
Origin: Cinnamomum subavenium
Log P: 4.91

Linderanolide B

11 of 31
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Table 2. Cont.

ICm

ICt

12 of 31

References

Bioactive Compounds

Description

ICp

wo™

OH

HO.

5-iodotubercidin

Trans-Dihydromorin

Formula: CpoHzeOy
MW: 340.50

Origin: Cinnamomum subavenium

Log P: 5.68

Formula: C13H2]IN404
MW: 424.23
Origin: Marine red alga
Log P: —0.75

Formula: C1gH3707
MW:358.43
Origin: Ginseng
Log P: 0.89

Formula: C;5H1,07
MW: 304.25
Origin: Morus alba Wood
Log P: 0.58

PO

PO

PO

PO

[71-73]

[74]

[75]

[51]
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Table 2. Cont.

Bioactive Compounds

Description

ICp

ICm

ICt

References

HaC CHy

R =2,4-di-OH

CHy

(i.e., Glyceollin I)

0.
(o)

O/ \O
Lo
Arctigenin

Y

iy,
!

Gomisin N

Formula: Cp1Hp4NOy
MW:344.41
Origin: Synthetic
Log P: ~4

Formula: CypH;505
MW:338.35
Origin: Soybean
Log P: 2.53

Formula: C21H2406
MW:372.41
Origin: Fructus Arctii
Log P:3.51

Formula: Cy3Hpg04
MW:400.46
Origin: Schisandra chinensis
Log P: 4.95

~40-55%, 50 uM

PO

PO

PO

~30% (10 uM)

40% (30 pM)

~60% (10 uM)

[52]

[76]

[58]
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Table 2. Cont.

Bioactive Compounds Description ICp ICm ICt References
OCHg
e O . Formula: Cy7H;405
MW:300.31 o
o~ Origin: Lespedeza cyrtobotrya PO ) ~55% (4 M) (771
Log P: 2.45
HO’ [}
Haginin A
H
N
\/\OH .
Formula: C;Hy3NO
MW:325.57 67% (100 uM) ) B (78]
Origin: Intestine 49.5% (150 uM)
Log P: 6.31
Oleoylethanolamide
Formula: C20H2004
MW:324.37
Origin: Glycyrrhiza glabra No effect ) B [62]
Log P:3.73
Glabridin
OH
H\ Formula: C3gHs5NOS
CigHar MW:477.83
)\ Origin: Synthetic PO ) . (7]
s Log P: 9.56
Suloctidil
N
NH, 4 NH,
s Formula: C]gH]gNGS
N Ny MW:362.45 PO ] i [41]
" Origin: Synthetic
NH; .
N& 2 Log P: 1.48
MEK-1
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Note: MW, molecular weight (g/mol); ICp, phenotype pigmentation level; ICm, melanin content level; ICt, tyrosinase activity level; PO, Phenotype observation. ICp, ICm and ICt in

percentage (%) as compared to untreated control.
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In zebrafish, other proteins such as Sox10 and Wnt signals are also involved as positive regulators
of MITFa and a transcription factor directly drives melanophore cell fate via the MITFa promoter
in multiple NeC lineages while Foxd3, a winged helix transcription factor, was suggested for being
a negative regulator of melanophore development [36,80]. It has been demonstrated that the zebrafish
embryo treated with glyceollin showed a significant reduction of in situ expression of Sox10, in the
neural tubes of the trunk region of the embryo. Meanwhile, in vitro study showed that glyceollin
inhibited stem cell factor (SCF)/c-KIT signaling pathways in B16 cells as well as significantly impaired
expression and activity of MITF as analyzed via immunoblots analysis [76]. It has been previously
demonstrated that SCF/c-KIT greatly influenced melanin pigmentation and effectively upregulated
intracellular cAMP levels in mammalian cells [24,81]. Thus, evidence that showed the inhibition
of glyceollin towards SCF/c-KIT signaling pathways, Akt phosphorylation and downregulation of
cAMP levels in B16 cells may be a possible explanation of its mechanism of action in zebrafish embryo
depigmentation [76]. In zebrafish, KIT signaling is also essentially required for development and
survival of embryonic and early metamorphosis of melanophores progenitors as demonstrated from
sparse/KITa and sparse-like/KIT ligand-a analysis [81].

In zebrafish, KITa and KITb are two orthologues of mammalian KIT and only KITa is expressed
in the melanophore lineage [81]. In KITa homozygous null zebrafish mutant; the melanophores
appear to differentiate normally but they were decreased in number by about 40%, less migration,
and ultimately experience apoptosis in relative to WT control. A very recent study demonstrated the
overlapping controls of other transcription factors (i.e., Transcription Factor Activator Protein 2 alpha
(TFAP2a) and epsilon (TFAP2e)) on KITa expression level and melanophore characteristics (i.e., viability
and differentiation) in zebrafish embryos [70,81]. In zebrafish TFAP2a homozygous null mutants,
KITa expression was reduced and embryonic melanophores demonstrate limited migration [81,82].
On the other hand, TFAP2a/e embryonic double mutants showed small and under-melanized
melanophores, even though it retains some MITFa expression level [70,82]. Forcing expression of
MITFa in TFAP2a/e double mutants partially restores their melanophore differentiation [70,83].

On the other hand, Gomisin at a concentration of 30 uM reduced protein levels of TYR, TRP-1,
TRP-2 and MITF in zebrafish embryos to about 40%, 80%, 80% and 80% respectively as quantified
using Image MasterTM 2D Elite software for densitometric analysis of the bands. This is in relation
to downregulation of MC1R, adenylyl cyclase 2, MITE, TYR, TRP-1, and TRP-2 in vitro. Moreover,
Gomisin treated melan-a cells exhibit elevated p-Akt and p-ERK levels, which imply that melanogenesis
inhibition was via the activation of the PI3K/Akt and MAPK/ERK pathways [54].

Also, it has been demonstrated that hydroxylated amide derivatives compound known as 6d
had a high-potency inhibitory activity in zebrafish embryo melanogenesis as compared to kojic acid,
which was mainly due to the formation of irreversible complexes with the target TYR enzyme [52].
This is supported by the fact that compound 6d also inhibited TYR activity in A375 cells by 91% in
relative to untreated control at a concentration of 50 ng/mL [52]. As compared to compound 6d,
the Haginin-A is a non-competitive inhibitor that exhibits relatively strong depigmenting activity in
the zebrafish model and decreased its intracellular TYR activity [52,73]. Other compounds such as
oleoylethanolamide reduced the body pigmentation in the zebrafish model to about 49.5% (in relative
to untreated control) at concentration of 150 uM [78]. This is supported by the in vitro study where
Haginin-A and oleoylethanolamide substantially downregulated MITF, TYR, and TRP-1 protein
expression via induction of ERK and Akt/PKB in a concentration-dependent manner in melan-a cells
and B16 cells respectively [77,78]. Haginin A also decreased UV-induced the skin pigmentation in vivo
model using brown guinea pigs [77]. Arctigenin also reduced pigmentation in zebrafish embryos,
correlated with reduction of melanin content and TYR activity on B16 and melan-a cells [58]. In vitro
analysis showed that arctigenin had better depigmenting activity as compared to kojic acid and arbutin
and modulate melanogenesis via decreasing the cAMP level and promoted the phosphorylation of
ERK (p-ERK) [58]. Interestingly, evidence shows that arctigenin modulates melanogenesis (i.e., lowers
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TYR, increases p-ERK expression) by both dose and time-dependent manner, which describes its
cellular pharmacodynamic behavior and efficiency [58].

3.3. The Effect of High Molecular Weight Compounds on Zebrafish Depigmentation

Table 3 shows the antimelanogenic activity of bioactive compounds of molecular weight
between 500-1000 g/mol. For instance, Floralginsenoside-A (MW of 786 g/mol) at concentration of
80 mM reduced melanin content and TYR activity in zebrafish embryo to about 80-84% (relative to
untreated control) [42]. Antimelanogenic activity of Floralginsenoside-A was comparatively similar
to that of Ginsenoside-Rb2 [39,42]. The 4,5-O-Dicaffeoylquinic Acid inhibited pigmentation in the
zebrafish embryo in a dose dependent manner [31]. At the highest concentration tested (25 uM) of
4,5-O-Dicaffeoylquinic Acid, depigmentation level in zebrafish embryos was reduced to about 30%
(relative to untreated control) whereby significant shrinkage of the melanocytes in the head region
of the embryos was observed. This is correlated with partial inhibition of TYR activity in zebrafish,
which led to decreasing melanogenesis activity in various body parts, including the head region of
the embryos [31]. Other high molecular weight compounds such as Octaphlorethol-A also reduced
melanin content and TYR activity in zebrafish embryos in a dose-dependent manner [84]. Most high
molecular weight bioactive compounds significantly inhibited melanogenesis in zebrafish embryos
only at high concentration as compared to small molecular weight molecules. Moreover, intermolecular
forces (i.e., London dispersion, van der Waals forces) of high molecular weight molecules are high,
which later influences their viscosity and dispersion in solution.
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Table 3. The bioactive compounds (high molecular weight, 500-1000 g/mol) and their antimelanogenic activity.
Bioactive Compounds. Description ICp ICm ICt References

HO,

Formula: C49HgO15
MW: 786.44 PO 82% (80 uM) 83% (80 uM) (4]
Origin: Panax ginseng 79% (160 uM) 78% (160 uM)
. Log P:-
HO, 5
o
HO
HO OH

Floralginsenoside A

OH
°. AN
o Y\/@iw Formula: Cp5H74015
MW:516.13
PO

WO
' Origin: Artemisia capillaris Thunberg (Oriental

* o
+ g G OH Wormwood)
Log P: 0.49
° OH

4,5-O-Dicaffeoylquinic Acid

HO.

50% (75 ug/mL) 60% (75 ug/mL)

[31]
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Table 3. Cont.
Bioactive Compounds. Description ICp ICm ICt References
OH___¢o
OH
HO
Formula: C48H78022
HO MW: 1007.12 o o
o Origin: Panax ginseng PO 80% (80 uM) 78% (80 uM) [39]
OH Log P:-
HO
HO Q
0,
OH
HO
HO
Ginsenoside Rb2
- [ . P [ . /Ej/ﬁ\ Formula: C4gH34054
\Q/:@U\Q/:@/@@ L MW: 994.77 PO ~75% (25 uM) ~67% (25 uM) [84]

Origin: Ishige foliacea
Octaphlorethol A Log P:-

Note: MW, molecular weight (g/mol); ICp, phenotype pigmentation level; ICm, melanin content level; ICt, tyrosinase activity level; PO, Phenotype observation. ICp, ICm and ICt in

percentage (%) as compared to untreated control.



Medicina 2018, 54, 35 19 of 31

3.4. The Effect of Crude Extract on Zebrafish Depigmentation

Another crude extract and formulation containing several bioactive compounds was also
reported in several studies (Table 4). For instance, Salix alba extract at concentration of 400 ug/mL
reduced melanin content in zebrafish embryos to about 40% (relative to untreated control) [85].
This is due to the presence of high phenolic content and depigmenting compounds, majorly lupeol,
3,3'-di-O-methyl ellagic acid and hydrolysable tannins [85]. These depigmenting compounds were
known to inhibit TYR activity in vitro [85]. Other crude extracts such as Anoectochilus extract inhibited
the production of melanin in zebrafish embryos [56,86]. The mRNAs of melanin-related genes,
such as PMEL, TYR, TRP-1a, were downregulated by the Anoectochilus extracts temporally and
spatially in zebrafish embryos [56]. The Anoectochilus extracts also inhibited TYR enzymatic activity
in a concentration-dependent manner [56]. Herbal prescription LASAP-C containing several plant
extracts such as Angelicae Dahuricae Radix, Rehmanniae Radix Crudus, Lycii Fructus, and Scutellariae
Radix showed a remarkable decrease in zebrafish embryo pigmentation [87]. Ganoderma formosanum
mycelium extract (400 ppm) and Blumea balsamifera L. flavonoid (300 ug/mL) reduced melanin
content to about 50% and 42% respectively, relative to untreated control [44,66]. Other extracts
from marine Pseudomonas, Anoectochilus and Narcissus had a potent effect on zebrafish embryo
depigmentation [56,86,88,89].
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Table 4. The bioactive compounds, crude and formulation and their antimelanogenic activity.
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Bioactive Compounds/Crude/Formulation Description ICp ICm ICt References
Origin: four herbal medicines-Rehmanniae Radix
Herbal prescription LASAP-C Crudus, Lycii Fructus, Scutellariae Radix, Angelicae PO - - [87]
Dahuricae Radix
Salix alba bark extract Origin: Salix alba - 40% 400 ug/mL - [85]
(+)-Dehydrovomifoliol,

(3(Sér;{1’5g{?fg:;:giif;}:;;i;z;izﬁ%ﬁ?} gg{?:g-r:;e, Origin: Silkworm (Bombyx mori L.) dropping PO - - [7]
roseoside, and citroside A

Magnolia officalis extract Origin: Magnolia officalis PO Melanin 70-80%, 6.25 ug/mL 60-70%, 6.25 ug/mL [67]

Ganoderma formosanum mycelium extract Origin: Ganoderma formosanum - 50% (400 ppm) 50%, (400 ppm) [44,90]

Flavonoid Origin: Blumea balsamifera L. - 42% (300 ug/mL) - [66]

Marine Pseudomonas Extract Origin: Pseudomonas sp PO - - [88]

Anoectochilus extract Origin: Anoectochilus PO - - [86]

Anoectochilus roxburghii extract Origin: Anoectochilus roxburghii PO - - [56]

Alcohol extracts of Narcissus bulb Origin: Narcissus PO - - [89]

Ethanol Extract of Discorea Origin: Discorea nipponica PO 50% (25 ug/mL) - [91]

nipponica Makino

Note: MW, molecular weight (g/mol); ICp, phenotype pigmentation level; ICm, melanin content level; ICt, tyrosinase activity level; PO, Phenotype observation. ICp, ICm and ICt in
percentage (%) as compared to untreated control.
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By using the National Center for Biotechnology Information Search database (NCBI), Espacenet
and a combination of other bioinformatics and search tools available, about 51 bioactive compounds,
crude extract and formulations have been subjected to zebrafish embryo depigmenting analysis to
date as presented in Tables 1-4. Out of these, about 70% has been studied using phenotype-based
analysis, 44% assessment on their effect on melanin content, 39% measured via TYR inhibition assay
and only about 5% have been studied in detail via molecular work on gene-protein expression
(Figure 3). Phenotype-based evaluation provides rapid evaluation on depigmenting activity of
bioactive compounds due to ease of observing zebrafish as compared to in vitro and other in vivo
models. Melanin content and TYR assays are relatively easy to implement while protein-gene
expression is rarely conducted probably due to limited availability of markers, proteins, antibodies
and molecular instruments for studies.
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Figure 3. Statistical analysis of number of studies for type of assays.

The zebrafish embryo model in depigmenting assay has been regarded as a valuable intellectual
property. This technology has been patented by several institutions or companies covering
various aspects and areas of interest [41,46,71,92,93]. For instance, zebrafish embryos have been
used as a method to evaluate safety and their effectiveness of various depigmenting agents
via statistical zebrafish mortality and phenotypic pigmentation [92]. Other patents relate to the
application of suloctidil in the preparation of skin-lightening products [79]. The depigmenting
activity of suloctidil was proven via its inhibition potential against melanin and tyrosinase in
zebrafish embryos [79]. Other institutions patented on the application of transgenic zebrafish
TG (KIT: RAS) embryo, which exhibit overproliferation of melanophores as early as from 48 hpf [79,81].
In this recent technology, a melanoma transgenic zebrafish was generated by means of the
GAL4-UAS system to overexpress RAS in melanophores [81]. Using the combinatorial Gal4-UAS
system, a zebrafish transgenic line that expresses oncogenic HRAS under the KITa promoter was
developed [81]. At about 72 hpf, KITa-GFP-RAS transgenic mutants show a hyper-pigmenting
phenotype as the earliest evidence of abnormal melanophore growth. In a study, compound
2-methylphenyl-E-(3-hydroxy-5-methoxy)-styryl ether substantially inhibited the melanophore
overproliferation in transgenic embryos, within 24-48 hpf relative to untreated control [41,81].
Also, the application of other depigmenting compounds including tretinoin, kojic acid, gallic acid,
MEK-], 2-Morpholinobutyl)-4-thiophenol, arbutin, niacinamide, and Haginin-A have been described
in patents using zebrafish embryo [41,77].

Most of these compounds share a similarity in the way that they had a benzene ring structure
with varied number of hydroxyl groups (OH) attached to it. These attributes may tend their
biological activity towards reduction of pigmentation, melanin and TYR activity in zebrafish embryos.
Apparently, their molecular size, stability, hydrophilicity and hydrophobicity are also different,
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which possibly contributes to their penetrability, passive membrane permeability and bioavailability
in the process of embryo depigmentation. Hydrophobicity is needed for the compounds to permeate
via the various biological membranes. In the case of the zebrafish embryos, several biological
membranes should be considered including chorion, melanocytes cell membrane and melanosome
plasma membrane [37,38]. The chorion with pore channel of around 0.5 to 0.7 um diameter with gap at
1.5 to 2.5 um intervals, which surrounds the embryo reduces the diffusion rate of small molecules into
the embryo [37] (Figure 4). Hydrophobicity affects molecule absorption, bioavailability, hydrophobic
molecules-receptor interactions, molecule metabolism and their toxicological endpoints [90,94].
LogP is a measure of molecular hydrophobicity, an important parameter in designing molecules and
to determining its quantitative structure-activity relationship (QSAR) [94]. In particular, with a similar
partition coefficient (LogP), the permeability of a smaller molecule is relatively higher than that of
a larger molecule, thus allowing a number of smaller molecules to bind to TYR and inhibit its activity as
compared to larger molecules. For instance, glyceollin (MW, 338.35 g/mol; logP, ~2.53) at concentration
of 10 uM and Haginin-A (MW, 300.31 g/mol; logP, 2.45) at 4 uM inhibited TYR at about 60% and
55% respectively [76,77]. Hydrophobicity is a key factor in studies of the environmental fate and
degradation of molecules. It is also a crucial determinant of the pharmacokinetic behavior of molecules,
which influences their distribution into tissues, the binding characteristics of molecules and governing
passive membrane partitioning. In particular, kinetic studies and docking stimulation indicated that
compound 6d (logP, ~4) had better depigmenting activity than kojic acid (logP, —2) due to competitive
inhibition of the oxidation of L-DOPA and formed irreversible complexes with the target enzyme
TYR [52]. Lipophilic kojic acid derivative also showed better depigmenting activity than kojic acid
in vitro and in vivo [40]. LogP is also an important factor in determining the solubility of bioactive
compound [94]. Therefore, in a depigmenting assay, a suitable medium is necessary to solubilize
bioactive compounds and act as carrier and vehicle for respective bioactive compounds. In particular,
the use of dimethyl sulfoxide, a universal solvent at low concentration (0.1%, v/v), has been reported
suitable and non-toxic for study [40,53].
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Figure 4. Proposed schematic diagram explains possible mechanism of action of depigmenting agents
on zebrafish embryo depigmentation. Zebrafish embryo chorion had a specific nanoporosity on the
external membrane (500-700 uM in diameter) [37,38]. Chorion, organized as a three-layered structure
(i.e., extraembryonic mesoderm), with four major polypeptides (i.e., N-linked glycoproteins) [37,95,96].
Moreover, hydrophobic molecules and at slow rate very small uncharged polar molecules can diffuse
via lipid bilayer. The passive diffusion rate through a membrane is proportional to the LogP of the
molecules between the membrane (lipophilic milieu) and the external medium (aqueous environment).
Denotes symbols: 2\, depigmenting agent; —, inhibition; &, downregulation.
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4. Limitations

Although the zebrafish and mammalian models share similarities, there are also differences
which limit application. The most obvious drawback is the physiology property of zebrafish embryos
that differs to mammalian models. In particular, the mammalian epidermis has a true stratified
epithelium next to a basement membrane that divides the epidermis from dermis [29]. The main
divergence between zebrafish and human skin is that this fish model lacks mammalian appendages
(i.e., sebaceous glands and hair follicles) [97]. The way that depigmenting compounds are absorbed
into zebrafish embryos is different from that into mammalian skin. It has been reported that
chorion pore canal has a viscosity of more than 200 times higher than egg-water, and limits the
diffusion of even nanoparticles [37,38]. A very small molecule can diffuse slowly via the chorion,
especially at a high concentration. This explains why the concentration and duration time for
depigmentation process differs from these two models. These differences have greater implications
for the pharmacodynamic and pharmacokinetic interpretation of depigmenting agents on different
models. Moreover, the interpretation and correlation of the effect of depigmenting agents on these two
models are still lacking. In addition, other interpretations of the side effect of depigmenting agents
such as toxicity in zebrafish embryos to irritancy in human skin is still unknown [98]. Information
on bioavailability and permeability of depigmenting agents using zebrafish embryos is also scarcely
available. Ironically, the zebrafish embryo depigmenting assay is not a standalone model in which
must be supported by in vitro and in vivo models. Studies on melanogenesis and mechanisms
of action of various depigmenting agents are well documented using in vitro models, allowing
study of its action at various level of melanogenesis including genes and proteins levels. Although
modulation of the depigmenting agent at protein-gene expression level (i.e., TYR, TRP-1a, TRP-1,
MITEFb, Sox10) in the zebrafish embryo has been reported, and the number of studies regarding
these approaches is still low [55]. Other protein (i.e., TRP-1 and MITF) ortho/paralogs are also not
included in some protein-gene expression assays. In particular, for melanogenesis in mammalian
melanocytes, the melanogenic enzymes are transcribed from DNA to mRNA which are later translated
into proteins (i.e., TYR). Upon TYR translation and its introduction into the endoplasmic reticulum
(ER), it is subjected to some initial glycosylation and maturation which later enters the Golgi, where
it is transported to the melanosomes, by a vesicular transport system. This melanogenic enzyme
resides in the melanosome plasma membrane and TRP2 is probably complexed with TYR and
TRP-1 [34,69,99]. It can be only assumed that this typical process is also present during melanogenesis
in zebrafish melanophores.

Other processes related to melanogenic pathways, melanosome formation and maturation in
melanocytes (melanophore) of zebrafish embryo have not fully elucidated. Zebrafish melanocyte
contains only eumelanin and a lack of pheomelanin, while in mammalian melanocyte, the melanosomes
harbor two types of melanin (i.e., eumelanin and pheomelanin), which can separately be identified
via various methods (i.e., chemical treatment followed by HPLC analysis, spectrophotometric
method at ratio A650/A500, Raman spectroscopy, fluorimetric method, in vivo coherent Raman
imaging) [100,101]. The synthesis of eumelanin in zebrafish melanocyte most likely follows the
typical pathway of the hydroxylation of tyrosine to dihydroxyphenylalanine (DOPA) and later to
DOPAquinone enzymatically catalyzed by TYR. DOPAquinone is converted into DOPAchrome that
serves as a substrate for TRP-2 to catalyze the formation of 5,6 dihydroxyindole-2-carboxilic acid
(DHICA). TRP-1 mediates the last step of melanogenesis by oxidizing DHICA to melanin [20]. In this
particular pathway and due to the absence of pheomelanin, it is possible that the conversion of
DOPAquinone to cysteinylDOPA and 5-hydroxy-1,4-benzothiazinylalanine (HBTA) does not exist in
zebrafish melanocyte. Understanding of the relevant melanogenesis pathways in zebrafish embryos
could be used to predict the mechanisms of action of depigmenting agents in zebrafish embryo
pigmentation. For instance, melanogenesis in mammalian cells is also induced by the effect of free
radicals and inflammatory agents, which this not fully studied in zebrafish embryo. Many studies focus
on the effect of depigmenting compounds on melanocyte (black pigment) of zebrafish embryo. Studies
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on other types of pigment cells such as iridophores (pigment containing guanine) and xanthophores
(pigment containing pteridine) is still lacking.

5. Recommendations

Although studies using zebrafish embryos have generated considerable data to demonstrate
the depigmenting activity of various bioactive compounds, they are by no means comprehensive or
complete. Recommendations for future studies include investigation of depigmenting compounds
using embryos of other zebrafish variants (i.e., transgenic zebrafish with overproduction of melanin and
zebrafish golden mutants which resemble pigmentation in the ancestors of modern Europeans) [30,81].
Other variants could possibly be used to mimic the actions of depigmenting compounds on different
kinds of mammalian skin.

Furthermore, concerning depigmenting assays, other types of evaluation should be explored such
as the effect of depigmenting agents on size, number and distribution of melanophore melanin in
various parts of the body via TEM [20,21]. TEM Analysis could provide information on the average
melanosomal density and maturity. Recently, it has been demonstrated that fluorescence spectroscopy
method provides a more accurate and specific result for melanin quantification in zebrafish embryos
as compared to typical AS method [100]. This is due to the capability of fluorescence spectroscopy
method in distinguishing non-melanotic cells from those that are melanotic. [100]. Other mechanisms
of action, such as the prevention of TYR glycosylation, hindrance of binding of cooper ions for TYR
activation, inhibition on melanosome maturation, and melanosomal transportation to keratinocytes
should also be explored to show possible diverse effects of depigmenting agents in zebrafish embryo
depigmentation [97].

In the near future, studies on the interaction of melanocytes and keratinocytes could be possibly
conducted using zebrafish embryos. Recent studies reported a well-demarcated keratinocyte structure
with a surface contour consisting of microridges that can be observed via SEM in the developing skin
surface of 24 hpf old zebrafish embryos, and they are very well organized by 144 hpf [97]. At least
up to 144 hpf, the developing zebrafish epidermis has characteristics of marking features that can be
changed by perturbed keratinocyte gene expression [97]. In mammalian cells, vasoactive peptides
such as endothelins play major roles in pigmentation; for instance endothelin-1 (EDN1) of keratinocyte
is a mediator of melanocyte dendricity and a new melanogen to direct expression of the TYR gene in
UVB-exposed human epidermis [97,102]. In zebrafish, endothelins such as EDN3 are expressed in the
zebrafish epidermis, probably by the keratinocytes surrounding the melanophores. The endothelins
are known to act as key inducers of normal embryonic and mature melanophore formation by binding
to the Endothelin Receptor Type B [102].

Instead of just being a model limited for depigmenting compound screening purposes, zebrafish
embryos could be possibly used to study the effect of UV radiation, free radicals, oxidation and
inflammatory-related hyperpigmentation [7,103,104]. In human skin, tissue damage and repair also
frequently lead to alterations in skin pigmentation. Wounding of skin invites inflammatory cells to the
affected area, which release cytokines that direct the activities of other cells including keratinocytes and
melanocytes during the repair process [7,105]. Mechanisms of keratinocyte migration and melanocytes
during the re-epithelialization phase of cutaneous injury healing in mammalian cells have been studied
and well documented. A recent study also demonstrated the live-image of melanophores recruitment
and their precursors, melanoblasts, to injury sites of zebrafish embryos. These pigment cells came after
the inflammatory response which led to hyperpigmentation and scars [7,105]. This finding allows the
molecular connection between inflammatory agents and pigment cells during tissue repair and also
enables evaluation of depigmenting agents for wound hyperpigmentation treatments [1,2,7,106].

Recently, computational molecular dynamics (MD) and the umbrella sampling simulations model
has been demonstrated as a comprehensive model for evaluating passive permeability of bioactive
compounds via a lipid bilayer [72,94]. This computational model has been demonstrated as a functional,
predictive tool for permeability prediction [68,94]. The results from the developed computational
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model has significant improved agreement and synergistic relationship with in vitro parallel artificial
membrane permeability assay (PAMPA), relative to other existing methods (i.e., immobilized artificial
membrane technique, and immobilized liposome chromatography) [52,90,94]. This new model
could possibly be used to evaluate permeability of depigmenting compounds through zebrafish
embryo membranes.

Replacing the mammalian model with the zebrafish embryo model for evaluation of
efficacy and safety of depigmenting compounds is an interesting topic of discussion in the
skin-care industry [73-75,92,107-114]. However, in the cosmetic or even dermatological industry,
these compounds are formulated in combination of a carrier or vehicle to facilitate its effect on human
skin [73,74,79,86,115]. So far, no studies or patents have been reported on the protocols and possibility
of how such methods could be performed using zebrafish embryo models.

6. Skin Depigmentation: Pros and Cons

Regardless of its applications and benefits, skin depigmentation may also give adverse effect
especially over long period of time. Melanin is a photoprotective component, and plays a physiological
role as a UV absorbent, which is known to protect skin from harmful and excessive UV radiation
intensity, DNA damage as well as development of cancer cells [1,16,114,116]. Melanin during
melanogenesis, enzymes such as catalase, glutathione peroxidase and superoxide dismutase are
synthesized and dedicated to removing radicals [i.e., reactive oxygen radical (ROS), superoxide anion
(02*), hydrogen peroxide (H,0), and singlet oxygen (1O5)] [1,16]. Modulation of melanogenesis may
cause other health implications and problems. Long-term consequences of depigmentation agents in
mammals and humans are normally related to hypersensitivity to UV light, development of contact
dermatitis, leukoderma, redness and itching [104]. In comparison, these skin reactions were difficult or
merely impossible to be seen using the zebrafish embryo model, especially to the naked eye [104,117].
Recent study showed that itch-stimulating pruritogens induce slightly different itch-like responses
in the zebrafish and mammalian models [117]. The metabolisms and excretion in and out from the
mammalian body is way too different from the fish model [72,106]. Moreover, cosmetic or medical
formulation ingredients can be a complex mixture of several ingredients due to the presence of many
components, which include steroids (i.e., fluocinolone acetonide and other corticosteroids) [5,20,79,110].
Such steroids aim to reduce sensitivity to cosmetic or medical formulation and skin discomforts.
Those formulations also contain one or a mixture of several chemical (i.e., Avobenzone, oxybenzone) or
physical (i.e., zinc oxide, titanium dioxide) sunscreen agents to absorb or block UV up to certain level
(i.e., Sun Protection Factor (SPF)), depending on its amount and concentration. Even though some
depigmenting compounds contain antioxidant properties, their formulation is normally accompanied
by well-known antioxidants such as vitamin C and E. These components, together with depigmenting
compounds, can effectively reduce melanogenesis in abnormal melanocytes in skin, protect against
UV radiation and reduce the toxic effect to the normal melanocytes.

7. Conclusions

The zebrafish embryo is a powerful model, proven to be efficient in the evaluation of various
depigmenting agents. Nevertheless, it also has some limitations and differences as compared to
mammalian models. Known for its advantages, it facilitates and accelerates the screening and
assessment process of various bioactive compounds. Recent progress, knowledge and evidence
on zebrafish pigmentation, as well as its interaction with various internal and external factors, have
allowed better evaluation and understanding of its mechanism of action. Therefore, this model
is deemed to make a significant impact with regard to its contribution to the knowledge and
development of cosmetic product formulation as well as to provide better alternative safer drugs for
the pharmaceutical industry.

Author Contributions: Ahmad Firdaus B. Lajis conceived and designed the review paper.



Medicina 2018, 54, 35 26 of 31

Acknowledgments: Author was previously supported by CRDF-MTDC grant no. 6364704 and my Ph.D.
from Ministry of Higher Education (MOHE). Images in this article are purely from author’s unpublished materials,
neither used nor reported elsewhere. Thanks to N.H Ismail, a pharmacist, graduated from Manchester University
for her kindness help in grammar checking and medical terminology.

Conflicts of Interest: Author(s) claims that there is no conflict of interest in this article.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Slominski, A. Melanin pigmentation in mammalian skin and its hormonal regulation. Physiol. Rev. 2004, 84,
1155-1228. [CrossRef] [PubMed]

Briganti, S.; Camera, E.; Picardo, M. Chemical and Instrumental Approaches to Treat Hyperpigmentation.
Pigment Cell Res. 2003, 16, 101-110. [CrossRef] [PubMed]

Lin, V.C,; Ding, H.-Y,; Tsai, P-C.; Wu, J.-Y;; Lu, Y.-H.; Chang, T.-S. In vitro and in vivo melanogenesis
inhibition by biochanin A from Trifolium pratense. Biosci. Biotechnol. Biochem. 2011, 75, 914-918. [CrossRef]
[PubMed]

Mustafa, R.; Nazir, S.-U.-R.; Akhtar, N.; Sultana, M.; Mufti, A.-U.-R.; Ahmad, N.; Nadeem, M.; Ameer, M.;
Mustafa, G. Depigmenting efficacy of commercially available skin-lightening creams: Comparative analysis
and in vivo evaluation. Open Conf. Proc. ]. 2014, 5, 11-17. [CrossRef]

Rizza, L.; Bonina, C.; Frasca, G.; Puglia, C. Skin-whitening effects of Mediterranean herbal extracts by in vitro
and in vivo models. . Cosmet. Sci. 2012, 63, 311-320. [PubMed]

Senthil Kumar, K.J.; Gokila Vani, M.; Wang, S.-Y.; Liao, J.-W.; Hsu, L.-S;; Yang, H.-L.; Hseu, Y.-C.
Depigmenting effects of gallic Acid: A novel skin lightening agent for hyperpigmentary skin diseases.
Int. Union Biochem. Mol. Biol. 2013, 39, 259-270. [CrossRef]

Lee, B.; Moon, K.M.; Kim, S.J.; Kim, S.H.; Kim, D.H.; An, H]; Jeong, JW.; Kim, Y.R.; Son, S.; Kim, M.].;
et al. (Z)-5-(2,4-Dihydroxybenzylidene)thiazolidine-2,4-dione prevents UVB-induced melanogenesis and
wrinkle formation through suppressing oxidative stress in HRM-2 hairless mice. Oxidtive Med. Cell. Longev.
2016, 2016. [CrossRef] [PubMed]

Tobiishi, M.; Haratake, A.; Kaminaga, H.; Nakahara, M.; Komiya, A.; Koishikawa, H.; Uchiwa, H.;
Kawa, Y.; Mizoguchi, M. Changes in responses of UVB irradiated skin of brownish guinea pigs with
aging. Pigment Cell Res. 2005, 18, 278-284. [CrossRef] [PubMed]

Kulkeaw, K.; Ishitani, T.; Kanemaru, T.; Ivanovski, O.; Nakagawa, M.; Mizuochi, C.; Horio, Y.; Sugiyama, D.
Cold exposure down-regulates zebrafish pigmentation. Genes Cells 2011, 16, 358-367. [CrossRef] [PubMed]
Singh, A.P.; Nii Sslein-Volhard, C. Review Zebrafish Stripes as a Model for Vertebrate Colour Pattern
Formation. Curr. Biol. 2015, 25, R81-R92. [CrossRef] [PubMed]

Choi, T.-Y,; Kim, J.-H.; Ko, D.H.; Kim, C.-H.; Hwang, J.-S.; Ahn, S.; Kim, S.Y,; Kim, C.-D.; Lee, J.-H;
Yoon, T.-]. Zebrafish as a new model for phenotype-based screening of melanogenic regulatory compounds.
Pigment Cell Res. 2007, 20, 120-127. [CrossRef] [PubMed]

Jin, E.-J.; Thibaudeau, G. Effects of lithium on pigmentation in the embryonic zebrafish (Brachydanio rerio).
Biochim. Biophys. Acta Mol. Cell Res. 1999, 1449, 93-99. [CrossRef]

Lee, Y.R,; Park, ].-H.; Castaneda Molina, R.; Nam, Y.H.; Lee, Y.-G.; Hong, B.N.; Baek, N.-I.; Kang, T.H. Skin
depigmenting action of silkworm (Bombyx mori L.) droppings in zebrafish. Arch. Dermatol. Res. 2018, 310,
245-253. [CrossRef] [PubMed]

Chen, W.-C.; Tseng, T.-S.; Hsiao, N.-W.; Lin, Y.-L.; Wen, Z.-H.; Tsai, C.-C. Discovery of highly potent tyrosinase
inhibitor, T1, with significant anti-melanogenesis ability by zebrafish in vivo assay and computational
molecular modeling. Sci. Rep. 2015, 5, 7995. [CrossRef] [PubMed]

Li, Z.; Ptak, D.; Zhang, L.; Walls, E.K.; Zhong, W.; Leung, Y.F. Phenylthiourea specifically reduces zebrafish
eye size. PLoS ONE 2012, 7, e40132. [CrossRef] [PubMed]

McNeill, M.S.; Paulsen, J.; Bonde, G.; Burnight, E.; Hsu, M.-Y.; Cornell, R.A. Cell death of melanophores in
zebrafish trpm7 mutant embryos depends on melanin synthesis. J. Investig. Dermatol. 2007, 127, 2020-2030.
[CrossRef] [PubMed]

Hsu, C.-H.; Jiang, Y.-]. Zebrafish nicastrin deficiency leads to a Tyrosinase-dependent depigmentation.
Mech. Dev. 2017, 145, S99. [CrossRef]


http://dx.doi.org/10.1152/physrev.00044.2003
http://www.ncbi.nlm.nih.gov/pubmed/15383650
http://dx.doi.org/10.1034/j.1600-0749.2003.00029.x
http://www.ncbi.nlm.nih.gov/pubmed/12622786
http://dx.doi.org/10.1271/bbb.100878
http://www.ncbi.nlm.nih.gov/pubmed/21597196
http://dx.doi.org/10.2174/2210289201405020011
http://www.ncbi.nlm.nih.gov/pubmed/23089353
http://dx.doi.org/10.1002/biof.1064
http://dx.doi.org/10.1155/2016/2761463
http://www.ncbi.nlm.nih.gov/pubmed/27242917
http://dx.doi.org/10.1111/j.1600-0749.2005.00246.x
http://www.ncbi.nlm.nih.gov/pubmed/16029421
http://dx.doi.org/10.1111/j.1365-2443.2011.01498.x
http://www.ncbi.nlm.nih.gov/pubmed/21392186
http://dx.doi.org/10.1016/j.cub.2014.11.013
http://www.ncbi.nlm.nih.gov/pubmed/25602311
http://dx.doi.org/10.1111/j.1600-0749.2007.00365.x
http://www.ncbi.nlm.nih.gov/pubmed/17371438
http://dx.doi.org/10.1016/S0167-4889(98)00176-1
http://dx.doi.org/10.1007/s00403-018-1804-1
http://www.ncbi.nlm.nih.gov/pubmed/29356892
http://dx.doi.org/10.1038/srep07995
http://www.ncbi.nlm.nih.gov/pubmed/25613357
http://dx.doi.org/10.1371/journal.pone.0040132
http://www.ncbi.nlm.nih.gov/pubmed/22761952
http://dx.doi.org/10.1038/sj.jid.5700710
http://www.ncbi.nlm.nih.gov/pubmed/17290233
http://dx.doi.org/10.1016/j.mod.2017.04.255

Medicina 2018, 54, 35 27 of 31

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Wiznia, L.E.; Elbuluk, N. Differences in skin structure and function in ethnic populations.
In Dermatoanthropology of Ethnic Skin and Hair; Springer: Berlin, Germany, 2017; pp. 35-48.

Lamason, R.L.; Mohideen, M.-A.PK,; Mest, ].R.; Wong, A.C.; Norton, H.L.; Aros, M.C.; Jurynec, M.].; Mao, X.;
Humphreville, V.R.; Humbert, ].E.; et al. SLC24A5, a putative cation exchanger, affects pigmentation in
zebrafish and humans. Science 2005, 310, 1782-1786. [CrossRef] [PubMed]

Gillbro, ].M.; Olsson, M.]. The melanogenesis and mechanisms of skin-lightening agents-existing and new
approaches. Int. J. Cosmet. Sci. 2011, 33, 210-221. [CrossRef] [PubMed]

Kelsh, R.N.; Schmid, B.; Eisen, ].S. Genetic analysis of melanophore development in zebrafish embryos.
Dev. Biol. 2000, 225, 277-293. [CrossRef] [PubMed]

Bin, B.-H.; Bhin, J.; Yang, S.H.; Shin, M.; Nam, Y.-].; Choi, D.-H.; Shin, D.W,; Lee, A.-Y,; Hwang, D.; Cho, E.-G;
et al. Membrane-associated transporter protein (MATP) regulates melanosomal ph and influences tyrosinase
activity. PLoS ONE 2015, 10, e0129273. [CrossRef] [PubMed]

Motiani, R K.; Tanwar, J.; Raja, D.A.; Vashisht, A.; Khanna, S.; Sharma, S.; Srivastava, S.; Sivasubbu, S.;
Natarajan, V.T.; Gokhale, R.S. STIM1 activation of adenylyl cyclase 6 connects Ca?* and cAMP signaling
during melanogenesis. EMBO ]. 2018, 37, €97597. [CrossRef] [PubMed]

Berman, J.R.; Skariah, G.; Maro, G.S.; Mignot, E.; Mourrain, P. Characterization of two melanin-concentrating
hormone genes in zebrafish reveals evolutionary and physiological links with the mammalian MCH system.
J. Comp. Neurol. 2009, 517, 695-710. [CrossRef] [PubMed]

Logan, D.W.; Bryson-Richardson, R.J.; Pagan, K.E.; Taylor, M.S.; Currie, P.D.; Jackson, L.]. The structure
and evolution of the melanocortin and MCH receptors in fish and mammals. Genomics 2003, 81, 184-191.
[CrossRef]

Logan, D.W.; Burn, S.E; Jackson, 1.]. Regulation of pigmentation in zebrafish melanophores. Pigment Cell Res.
2006, 19, 206-213. [CrossRef] [PubMed]

Kelsh, R.N.; Brand, M.; Jiang, Y].; Heisenberg, C.P,; Lin, S.; Haffter, P.; Odenthal, J.; Mullins, M.C;
van Eeden, EJ.; Furutani-Seiki, M.; et al. Zebrafish pigmentation mutations and the processes of neural crest
development. Development 1996, 123, 369-389. [PubMed]

Hirata, M.; Nakamura, K.-I.; Kondo, S. Pigment cell distributions in different tissues of the zebrafish,
with special reference to the striped pigment pattern. Dev. Dyn. 2005, 234, 293-300. [CrossRef] [PubMed]
Neuhauss, S.C.F. Zebrafish vision: Structure and function of the zebrafish visual system. In Fish Physiology:
Zebrafish, 1st ed.; Elsevier: Amsterdam, The Netherlands, 2010; p. 101.

Singh, A.P,; Dinwiddie, A.; Mahalwar, P,; Schach, U.; Linker, C.; Irion, U.; Nii Sslein-Volhard, C. Pigment cell
progenitors in zebrafish remain multipotent through metamorphosis developmental cell article pigment cell
progenitors in zebrafish remain multipotent through metamorphosis. Dev. Cell 2016, 38, 316-330. [CrossRef]
[PubMed]

Tabassum, N.; Lee, J.-H.; Yim, S.-H.; Batkhuu, G.J.; Jung, D.-W.,; Williams, D.R. Isolation of 4,5-O-
dicaffeoylquinic acid as a pigmentation inhibitor occurring in Artemisia capillaris Thunberg and its validation
in vivo. Evid. Based Complement. Altern. Med. 2016, 2016, 7823541. [CrossRef] [PubMed]

D’'Mello, S.A.N.; Finlay, G.J.; Baguley, B.C.; Askarian-Amiri, M.E. Signaling pathways in melanogenesis.
Int. J. Mol. Sci. 2016, 17, 1144. [CrossRef] [PubMed]

Braasch, I; Liedtke, D.; Volff, ].-N.; Schartl, M. Pigmentary function and evolution of tyrp1 gene duplicates
in fish. Pigment Cell Melanoma Res. 2009, 22, 839-850. [CrossRef] [PubMed]

Watabe, H.; Valencia, J.C.; Yasumoto, K.-1.; Kushimoto, T.; Ando, H.; Muller, J.; Vieira, W.D.; Mizoguchi, M.;
Appella, E.; Hearing, V.J. Regulation of tyrosinase processing and trafficking by organellar pH and by
proteasome activity. J. Biol. Chem. 2004, 279, 7971-7981. [CrossRef] [PubMed]

Camp, E.; Lardelli, M. Tyrosinase gene expression in zebrafish embryos. Dev. Genes Evol. 2001, 211, 150-153.
[CrossRef] [PubMed]

Vibert, L.; Aquino, G.; Gehring, I.; Subkankulova, T.; Schilling, T.F.; Rocco, A.; Kelsh, R.N. An ongoing
role for Wnt signaling in differentiating melanocytes in vivo. Pigment Cell Melanoma Res. 2016, 30, 219-232.
[CrossRef] [PubMed]

Bonsignorio, D.; Perego, L.; Del Giacco, L.; Cotelli, F. Structure and macromolecular composition of the
zebrafish egg chorion. Zygote 1996, 4, 101-108. [CrossRef] [PubMed]

Lee, J.-W.; Na, D.-S.; Ju, B.-K. Zebrafish chorion as an extracellular matrix for cell culture. In World Congress on
Medical Physics and Biomedical Engineering 2006; Springer: Berlin/Heidelberg, Germany, 2007; pp. 3379-3381.


http://dx.doi.org/10.1126/science.1116238
http://www.ncbi.nlm.nih.gov/pubmed/16357253
http://dx.doi.org/10.1111/j.1468-2494.2010.00616.x
http://www.ncbi.nlm.nih.gov/pubmed/21265866
http://dx.doi.org/10.1006/dbio.2000.9840
http://www.ncbi.nlm.nih.gov/pubmed/10985850
http://dx.doi.org/10.1371/journal.pone.0129273
http://www.ncbi.nlm.nih.gov/pubmed/26057890
http://dx.doi.org/10.15252/embj.201797597
http://www.ncbi.nlm.nih.gov/pubmed/29311116
http://dx.doi.org/10.1002/cne.22171
http://www.ncbi.nlm.nih.gov/pubmed/19827161
http://dx.doi.org/10.1016/S0888-7543(02)00037-X
http://dx.doi.org/10.1111/j.1600-0749.2006.00307.x
http://www.ncbi.nlm.nih.gov/pubmed/16704454
http://www.ncbi.nlm.nih.gov/pubmed/9007256
http://dx.doi.org/10.1002/dvdy.20513
http://www.ncbi.nlm.nih.gov/pubmed/16110504
http://dx.doi.org/10.1016/j.devcel.2016.06.020
http://www.ncbi.nlm.nih.gov/pubmed/27453500
http://dx.doi.org/10.1155/2016/7823541
http://www.ncbi.nlm.nih.gov/pubmed/27528883
http://dx.doi.org/10.3390/ijms17071144
http://www.ncbi.nlm.nih.gov/pubmed/27428965
http://dx.doi.org/10.1111/j.1755-148X.2009.00614.x
http://www.ncbi.nlm.nih.gov/pubmed/19659755
http://dx.doi.org/10.1074/jbc.M309714200
http://www.ncbi.nlm.nih.gov/pubmed/14634018
http://dx.doi.org/10.1007/s004270000125
http://www.ncbi.nlm.nih.gov/pubmed/11455427
http://dx.doi.org/10.1111/pcmr.12568
http://www.ncbi.nlm.nih.gov/pubmed/27977907
http://dx.doi.org/10.1017/S0967199400002975
http://www.ncbi.nlm.nih.gov/pubmed/8913023

Medicina 2018, 54, 35 28 of 31

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Lee, D.Y,; Jeong, Y.T.; Jeong, S.C.; Lee, M.K,; Min, J W.; Lee, JW.; Kim, G.S.; Lee, S.E.; Ahn, Y.S.; Kang, H.C.;
et al. Melanin Biosynthesis Inhibition Effects of Ginsenoside Rb2 Isolated from Panax ginseng Berry.
J. Microbiol. Biotechnol. 2015, 25, 2011-2015. [CrossRef] [PubMed]

Lajis, A.E.B.; Hamid, M.; Ahmad, S.; Ariff, A. Lipase-catalyzed synthesis of kojic acid derivative in bioreactors
and the analysis of its depigmenting and antioxidant activities. Cosmetics 2017, 4, 22. [CrossRef]

Huang, C.-C.; Monte, A.P. Skin Lightening Compounds. U.S. Patent WO2016014529A1, 21 July 2014.

Lee, D.Y,; Lee, J.; Jeong, Y.T.; Hee Byun, G.; Kim, ].H. Melanogenesis inhibition activity of floralginsenoside
A from Panax ginseng berry. |. Ginseng Res. 2017, 41, 602-607. [CrossRef] [PubMed]

Kim, D.-C.; Kim, S.; Hwang, K.-S.; Kim, C.-H. p-coumaric acid potently down-regulates zebrafish embryo
pigmentation: Comparison of in vivo assay and computational molecular modeling with phenylthiourea.
Biomed. Sci. Lett. 2017, 23, 8-16. [CrossRef]

Hsu, K.-D.; Chen, H.-J.; Wang, C.-S.; Lum, C.-C.; Wu, S.-P; Lin, S.-P; Cheng, K.-C. Extract of Ganoderma
formosanum mycelium as a highly potent tyrosinase inhibitor. Sci. Rep. 2016, 6, 32854. [CrossRef] [PubMed]
Guillot, R.; Muriach, B.; Rocha, A.; Rotllant, J.; Kelsh, R.N.; Cerda-Reverter, ].M. Thyroid Hormones regulate
zebrafish melanogenesis in a gender-specific manner. PLoS ONE 2016, 11, e0166152. [CrossRef] [PubMed]
Shang, J.; Zhou, L.; Wu, H.; Zhou, J.; Jin, Y.; Liao, S. Application of fluoxetine to treatment of depigmentation
disease. U.S. Patent 9,833,424, 5 December 2017.

Richardson, J.; Lundegaard, PR.; Reynolds, N.L.; Dorin, J.R.; Porteous, D.]J.; Jackson, L].; Patton, E.E.
mclr pathway regulation of zebrafish melanosome dispersion. Zebrafish 2008, 5, 289-295. [CrossRef]
[PubMed]

Kawasaki, A.; Kumasaka, M.; Satoh, A.; Suzuki, M.; Tamura, K.; Goto, T.; Asashima, M.; Yamamoto, H. Mitf
contributes to melanosome distribution and melanophore dendricity. Pigment Cell Melanoma Res. 2008, 21,
56-62. [CrossRef] [PubMed]

Mueller, K.P.; Neuhauss, S.C.E. Sunscreen for Fish: Co-option of UV light protection for camouflage.
PLoS ONE 2014, 9, e87372. [CrossRef] [PubMed]

Shiraki, T.; Kojima, D.; Fukada, Y. Light-induced body color change in developing zebrafish.
Photochem. Photobiol. Sci. 2010, 9, 1498. [CrossRef] [PubMed]

Chaita, E.; Lambrinidis, G.; Cheimonidi, C.; Agalou, A.; Beis, D.; Trougakos, I.; Mikros, E.; Skaltsounis, A.-L.;
Aligiannis, N. Anti-melanogenic properties of greek plants. A novel depigmenting agent from Morus alba
wood. Molecules 2017, 22, 514. [CrossRef] [PubMed]

Abbas, Q.; Ashraf, Z.; Hassan, M.; Nadeem, H.; Latif, M.; Afzal, S.; Seo, S.-Y. Development of highly potent
melanogenesis inhibitor by in vitro, in vivo and computational studies. Drug Des. Dev. Ther. 2017, 11,
2029-2046. [CrossRef] [PubMed]

Baek, S.H.; Lee, S.H. Omeprazole inhibits melanin biosynthesis in melan-a cells and zebrafish. Exp. Dermatol.
2016, 25, 239-241. [CrossRef] [PubMed]

Chae, J.K; Subedi, L.; Jeong, M.; Park, Y.U.; Kim, C.Y.; Kim, H.; Kim, S.Y. Gomisin N Inhibits melanogenesis
through regulating the PI3K/Akt and MAPK/ERK signaling pathways in melanocytes. Int. |. Mol. Sci. 2017,
18, 471. [CrossRef] [PubMed]

Krauss, J.; Geiger-Rudolph, S.; Koch, I.; Niisslein-Volhard, C.; Irion, U. A dominant mutation in fyrp1A leads
to melanophore death in zebrafish. Pigment Cell Melanoma Res. 2014, 27, 827-830. [CrossRef] [PubMed]

Xu, J.J.; Zhang, W.J.; Wang, J.Y.; Yao, L.Y,; Pan, Y.T.; Ou, Y.X.; Xue, Y. The active component screening of
Anoectochilus roxburghii and the functional study on inhibition of melanogenesis in zebrafish. Yi Chuan 2017,
39, 1178-1187. [CrossRef] [PubMed]

Lajis, A.F. B.; Hamid, M.; Ariff, A.B. Depigmenting effect of kojic acid esters in hyperpigmented B16F1
melanoma cells. |. Biomed. Biotechnol. 2012, 2012, 952452. [CrossRef] [PubMed]

Park, H.; Song, K.H.; Jung, PM.; Kim, J.-E.; Ro, H.; Kim, M.Y.; Ma, ].Y. Inhibitory effect of arctigenin from
Fructus arctii extract on melanin synthesis via repression of tyrosinase expression. Evid. Based Complement.
Altern. Med. 2013, 2013, 965312. [CrossRef] [PubMed]

Ishak, N.; Lajis, A.F.B.; Mohamad, R.; Ariff, A.B.; Mohamed, M.S.; Halim, M.; Wasoh, H. Kinetics and
optimization of lipophilic kojic acid derivative synthesis in polar aprotic solvent using lipozyme RMIM and
its rheological study. Molecules 2018, 23, 501. [CrossRef] [PubMed]


http://dx.doi.org/10.4014/jmb.1505.05069
http://www.ncbi.nlm.nih.gov/pubmed/26437949
http://dx.doi.org/10.3390/cosmetics4030022
http://dx.doi.org/10.1016/j.jgr.2017.03.005
http://www.ncbi.nlm.nih.gov/pubmed/29021710
http://dx.doi.org/10.15616/BSL.2017.23.1.8
http://dx.doi.org/10.1038/srep32854
http://www.ncbi.nlm.nih.gov/pubmed/27611175
http://dx.doi.org/10.1371/journal.pone.0166152
http://www.ncbi.nlm.nih.gov/pubmed/27832141
http://dx.doi.org/10.1089/zeb.2008.0541
http://www.ncbi.nlm.nih.gov/pubmed/19133827
http://dx.doi.org/10.1111/j.1755-148X.2007.00420.x
http://www.ncbi.nlm.nih.gov/pubmed/18353143
http://dx.doi.org/10.1371/journal.pone.0087372
http://www.ncbi.nlm.nih.gov/pubmed/24489905
http://dx.doi.org/10.1039/c0pp00199f
http://www.ncbi.nlm.nih.gov/pubmed/20886157
http://dx.doi.org/10.3390/molecules22040514
http://www.ncbi.nlm.nih.gov/pubmed/28333105
http://dx.doi.org/10.2147/DDDT.S137550
http://www.ncbi.nlm.nih.gov/pubmed/28740364
http://dx.doi.org/10.1111/exd.12915
http://www.ncbi.nlm.nih.gov/pubmed/26660505
http://dx.doi.org/10.3390/ijms18020471
http://www.ncbi.nlm.nih.gov/pubmed/28241436
http://dx.doi.org/10.1111/pcmr.12272
http://www.ncbi.nlm.nih.gov/pubmed/24891189
http://dx.doi.org/10.16288/j.yczz.17-178
http://www.ncbi.nlm.nih.gov/pubmed/29258988
http://dx.doi.org/10.1155/2012/952452
http://www.ncbi.nlm.nih.gov/pubmed/23091364
http://dx.doi.org/10.1155/2013/965312
http://www.ncbi.nlm.nih.gov/pubmed/23781272
http://dx.doi.org/10.3390/molecules23020501
http://www.ncbi.nlm.nih.gov/pubmed/29495254

Medicina 2018, 54, 35 29 of 31

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Lin, V.C.-H.; Ding, H.-Y.; Kuo, S.-Y.; Chin, L.-W.; Wu, J.-Y; Chang, T.-S. Evaluation of in vitro and in vivo
depigmenting activity of raspberry ketone from Rheum officinale. Int. J. Mol. Sci. 2011, 12, 4819-4835.
[CrossRef] [PubMed]

Chen, W.; He, Q.; Peng, W.; Chen, X,; Liu, K.; Chu, J.; Han, L.; Wang, X. Zebrafish model based biological
activity evaluation for melanin inhibition of Vc and Sodium erythorbate. Shandong Sci. 2014, 27, 31-37.
[CrossRef]

Chen, J.; Yu, X.; Huang, Y. Inhibitory mechanisms of glabridin on tyrosinase. Spectrochim. Acta Part A Mol.
Biomol. Spectrosc. 2016, 168, 111-117. [CrossRef] [PubMed]

Baek, S.H.; Lee, S.H. Sesamol decreases melanin biosynthesis in melanocyte cells and zebrafish: Possible
involvement of MITF via the intracellular ;cAMP and p38/JNK signalling pathways. Exp. Dermatol. 2015, 24,
761-766. [CrossRef] [PubMed]

Kim, ].H.; Lee, S.M.; Myung, C.H.; Lee, K.R.; Hyun, S.M,; Lee, ].E.; Park, Y.S; Jeon, S.R.; Park, J., I; Chang, S.E.;
et al. Melanogenesis inhibition of 3-lapachone, a natural product from Tabebuia avellanedae, with effective
in vivo lightening potency. Arch. Dermatol. Res. 2015, 307, 229-238. [CrossRef] [PubMed]

Liu, W.-S,; Kuan, Y.-D.; Chiu, K.-H.; Wang, W.-K.; Chang, F-H.; Liu, C.-H.; Lee, C.-H. The extract of
Rhodobacter sphaeroides inhibits melanogenesis through the MEK/ERK signaling pathway. Mar. Drugs
2013, 11, 1899-1908. [CrossRef] [PubMed]

Thach, B.D.; Vu, Q.; Dao, T.; Thi, L.; Giang, L.; Nguyen, T.; Linh, T.; Thi, B.; Pham, N.; Uyen, A.; et al. Inhibitor
effect of flavonoid from Blumea balsamifera (L.) dc. leaves extract on melanin synthesis in cultured B16F10 cell
line and zebrafish. Eur. |. Res. Med. Sci. 2017, 5, 31-36.

Ding, H.-Y; Chang, T.-S.; Chiang, C.-M,; Li, S.-Y.; Tseng, D.-Y. Melanogenesis inhibition by a crude extract of
Magnolia officinalis. |. Med. Plants Res. 2011, 5, 237-244.

Veselinovié, ].B.; Veselinovi¢, A.M.; Ilic-Tomic, T.; Davis, R.; O’Connor, K.; Pavic, A.; Nikodinovic-Runig, J.
Potent anti-melanogenic activity and favorable toxicity profile of selected 4-phenyl hydroxycoumarins in the
zebrafish model and the computational molecular modeling studies. Bioorg. Med. Chem. 2017, 25, 6286—6296.
[CrossRef] [PubMed]

Raposo, G.; Marks, M.S. Melanosomes—Dark organelles enlighten endosomal membrane transport. Nat. Rev.
Mol. Cell Biol. 2007, 8, 786-797. [CrossRef] [PubMed]

Lister, J.A.; Lane, B.M.; Nguyen, A.; Lunney, K. Embryonic expression of zebrafish MiT family genes tfe3b,
tfeb, and tfec. Dev. Dyn. 2011, 240, 2529-2538. [CrossRef] [PubMed]

Hiu-Min, W.; Chung-Yi, C.; Zhi-Hong, W. Compositiion for Inhibiting Melanogenesis and Use Thereof.
U.S. Patent 8455023B2, 4 June 2013.

Pillaiyar, T.; Manickam, M.; Namasivayam, V. Skin whitening agents: Medicinal chemistry perspective of
tyrosinase inhibitors. J. Enzy. Inhib. Med. Chem. 2017, 32, 403—425. [CrossRef] [PubMed]

Wang, H.-M.; Chen, C.-Y.; Wen, Z.-H. Identifying melanogenesis inhibitors from Cinnamomum subavenium
with in vitro and in vivo screening systems by targeting the human tyrosinase. Exp. Dermatol. 2011, 20,
242-248. [CrossRef] [PubMed]

Kim, K.-I; Jeong, H.B.; Ro, H.; Lee, J.-H.; Kim, C.D.; Yoon, T.-J. Inhibitory effect of 5-iodotubercidin on
pigmentation. Biochem. Biophys. Res. Commun. 2017, 490, 1282-1286. [CrossRef] [PubMed]

Lee, D.-Y,; Chul Jeong, S.; Tae Jeong, Y.; Lee, M.-K.; Seo, K.-H.; Lee, J.-W.; Kim, G.-S; Lee, S.-E.; Baek, N.-L;
Hee Kim, J. Antimelanogenic Effects of Picrionoside A Isolated from the Leaves of Korean Ginseng.
Biol. Pharm. Bull. 2015, 38, 1663-1667. [CrossRef] [PubMed]

Shin, S.-H.; Lee, Y.-M. Glyceollins, a novel class of soybean phytoalexins, inhibit SCF-induced melanogenesis
through attenuation of SCF/c-kit downstream signaling pathways. Exp. Mol. Med. 2013, 45, e17. [CrossRef]
[PubMed]

Kim, J.H.; Baek, S.H.; Kim, D.H.; Choi, T.Y.; Yoon, T.J.; Hwang, J.S.; Kim, M.R.; Kwon, H.J.; Lee, C.H.
Downregulation of melanin synthesis by haginin a and its application to in vivo lightening model.
J. Investig. Dermatol. 2008, 128, 1227-1235. [CrossRef] [PubMed]

Zhou, J.; Ren, T,; Li, Y.; Cheng, A.; Xie, W.; Xu, L.; Peng, L.; Lin, J.; Lian, L.; Diao, Y.; et al. Oleoylethanolamide
inhibits a-melanocyte stimulating hormone-stimulated melanogenesis via ERK, Akt and CREB signaling
pathways in B16 melanoma cells. Oncotarget 2017, 8, 56868-56879. [CrossRef] [PubMed]

Li, C.; Zhu, X.; Zhu, F. Application of Suloctidil in Preparation of Cosmetics or Medicine. Patent CN103181860A,
9 April 2013.


http://dx.doi.org/10.3390/ijms12084819
http://www.ncbi.nlm.nih.gov/pubmed/21954327
http://dx.doi.org/10.3976/J.ISSN.1002-4026.2014.06.005
http://dx.doi.org/10.1016/j.saa.2016.06.008
http://www.ncbi.nlm.nih.gov/pubmed/27288962
http://dx.doi.org/10.1111/exd.12765
http://www.ncbi.nlm.nih.gov/pubmed/26010596
http://dx.doi.org/10.1007/s00403-015-1543-5
http://www.ncbi.nlm.nih.gov/pubmed/25663088
http://dx.doi.org/10.3390/md11061899
http://www.ncbi.nlm.nih.gov/pubmed/23736765
http://dx.doi.org/10.1016/j.bmc.2017.09.021
http://www.ncbi.nlm.nih.gov/pubmed/29042224
http://dx.doi.org/10.1038/nrm2258
http://www.ncbi.nlm.nih.gov/pubmed/17878918
http://dx.doi.org/10.1002/dvdy.22743
http://www.ncbi.nlm.nih.gov/pubmed/21932325
http://dx.doi.org/10.1080/14756366.2016.1256882
http://www.ncbi.nlm.nih.gov/pubmed/28097901
http://dx.doi.org/10.1111/j.1600-0625.2010.01161.x
http://www.ncbi.nlm.nih.gov/pubmed/21054558
http://dx.doi.org/10.1016/j.bbrc.2017.07.008
http://www.ncbi.nlm.nih.gov/pubmed/28684314
http://dx.doi.org/10.1248/bpb.b15-00410
http://www.ncbi.nlm.nih.gov/pubmed/26424028
http://dx.doi.org/10.1038/emm.2013.20
http://www.ncbi.nlm.nih.gov/pubmed/23559126
http://dx.doi.org/10.1038/sj.jid.5701177
http://www.ncbi.nlm.nih.gov/pubmed/18037902
http://dx.doi.org/10.18632/oncotarget.18097
http://www.ncbi.nlm.nih.gov/pubmed/28915638

Medicina 2018, 54, 35 30 of 31

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Curran, K; Raible, D.W,; Lister, J.A. Developmental Control Foxd3 controls melanophore specification in the
zebrafish neural crest by regulation of Mitf. Dev. Biol. 2009, 332, 408—417. [CrossRef] [PubMed]

Santoriello, C.; Gennaro, E.; Anelli, V.; Distel, M.; Kelly, A.; Koster, R W.; Hurlstone, A.; Mione, M. Kita
Driven expression of oncogenic HRAS leads to early onset and highly penetrant melanoma in zebrafish.
PLoS ONE 2010, 5, €e15170. [CrossRef] [PubMed]

Seberg, H.E.; Van Otterloo, E.; Loftus, S.K.; Liu, H,; Bonde, G.; Sompallae, R.; Gildea, D.E.; Santana, J.F.;
Manak, J.R; Pavan, WJ.; et al. TFAP2 paralogs regulate melanocyte differentiation in parallel with MITF.
PLo0S Genet. 2017, 13, €1006636. [CrossRef] [PubMed]

Van Otterloo, E.; Li, W.; Bonde, G.; Day, KM.; Hsu, M.-Y.; Cornell, R.A. Differentiation of zebrafish
melanophores depends on transcription factors AP2 Alpha and AP2 Epsilon. PLoS Genet 2010, 6, €1001122.
[CrossRef] [PubMed]

Kim, K.-N,; Yang, H.-M.; Kang, S.-M.; Ahn, G.; Roh, S.W.; Lee, W.; Kim, D.; Jeon, Y.-]. Whitening effect of
octaphlorethol A isolated from Ishige foliacea in an in vivo zebrafish model. ]. Microbiol. Biotechnol. 2015, 25,
448-451. [CrossRef] [PubMed]

Andre, M.; Grisola, C.; Fuentes, R.G. Phenotype-based screening of selected mangrove methanolic crude
extracts with anti-melanogenic activity using zebrafish (Danio rerio) as a model. ScienceAsia 2017, 43, 163-168.
[CrossRef]

Xue, H; Pan, Y.; Xu, J.-J.; Zhang, W.; Yao, Li.; Li, X. One Kind Anoectochilus Extract and Its Preparation
Method and Application. Patent CN107308087A, 10 August 2017.

Kim, M.K.; Bang, C.Y,; Kim, M.Y,; Lee, J.-H.; Ro, H.; Choi, M.-S.; Kim, D.-I; Jang, Y.P.; Choung, S.Y.
Traditional herbal prescription LASAP-C inhibits melanin synthesis in BI6F10 melanoma cells and zebrafish.
BMC Complement. Altern. Med. 2016, 16, 223. [CrossRef] [PubMed]

Kang, H.Y,; Yoon, T.-].; Lee, G.J. Whitening Effects of Marine Pseudomonas Extract. Ann. Dermatol. 2011, 23,
144-149. [CrossRef] [PubMed]

Zhang, WJ.; Xu, ].J.; Chen, X.Y,; Li, X.M.; Chen, ].M.,; Pan, Y.T.; Xue, Y. Alcohol extracts of Narcissus bulb
inhibits melanogenesis in zebrafish embryos. Acta Lab. Anim. Sci. Sin. 2017, 25, 1005-4847.

Hsu, K.-D.; Chan, Y.-H.; Chen, H.-].; Lin, S.-P; Cheng, K.-C. Tyrosinase-based TLC Autography for
anti-melanogenic drug screening. Sci. Rep. 2018, 8, 401. [CrossRef] [PubMed]

Ding, H.-Y,; Lin, P-W.; Wang, H.-W.; Chang, T.-S. Methanol Partition Fraction of ethanol extract of discorea
nipponica makino inhibits melanogenesis. Trop. J. Pharm. Res. 2014, 13, 719-726. [CrossRef]

Chen, J; Yu, X. A Skin-Whitening Ingredient Safety and Efficacy of the Detection Method. Patent
CN104977399B, 7 July 2015.

Wen, Z.-H.; Wu, P-S,; Liu, W.-S.; Chang, E-H.; Chen, T.-W. Method and System for Screening of
a To-Be-Analyzed Candidate as a Skin-Whitening Agent. U.S. Patent 8494269B2, 23 July 2013.

Bennion, B.].; Be, N.A.; Mcnerney, M.W.; Lao, V.; Carlson, E.M.; Valdez, C.A.; Malfatti, M.A.; Enright, H.A;
Nguyen, T.H.; Lightstone, F.C.; et al. Predicting a drug’s membrane permeability: A computational model
validated with in vitro permeability assay data. J. Phys. Chem. B 2017, 121, 5228-5237. [CrossRef] [PubMed]
Setty, S.R.G.; Tenza, D.; Sviderskaya, E.V.; Bennett, D.C.; Raposo, G.; Marks, M.S. Cell-specific ATP7A
transport sustains copper-dependent tyrosinase activity in melanosomes. Nature 2008, 454, 1142-1146.
[CrossRef] [PubMed]

Johnson, S.L.; Nguyen, A.N.; Lister, J.A.; Edu, J. Mitfa is required at multiple stages of melanocyte
differentiation but not to establish the melanocyte stem cell. Dev. Biol. 2011, 350, 405-413. [CrossRef]
[PubMed]

He, Y.; Cai, C; Sun, S.; Wang, X.; Li, W,; Li, H,; He, Y,; Cai, C.; Sun, S.; Wang, X.; et al. Effect of JNK
inhibitor SP600125 on hair cell regeneration in zebrafish (Danio rerio) larvae. Oncotarget 2016, 7, 51640-51650.
[CrossRef] [PubMed]

Makarova, K.; Siudem, P.; Zawada, K.; Kurkowiak, J. Screening of toxic effects of bisphenol A and products
of its degradation: zebrafish (Danio rerio) embryo test and molecular docking. Zebrafish 2016, 13, 466-474.
[CrossRef] [PubMed]

Sitaram, A.; Marks, M.S. Mechanisms of protein delivery to melanosomes in pigment cells. Physiology 2012,
27,85-99. [CrossRef] [PubMed]

Fernandes, B.; Matama, T.; Guimaraes, D.; Gomes, A.; Cavaco-Paulo, A. Fluorescent quantification of
melanin. Pigment Cell Melanoma Res. 2016, 29, 707-712. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.ydbio.2009.06.010
http://www.ncbi.nlm.nih.gov/pubmed/19527705
http://dx.doi.org/10.1371/journal.pone.0015170
http://www.ncbi.nlm.nih.gov/pubmed/21170325
http://dx.doi.org/10.1371/journal.pgen.1006636
http://www.ncbi.nlm.nih.gov/pubmed/28249010
http://dx.doi.org/10.1371/journal.pgen.1001122
http://www.ncbi.nlm.nih.gov/pubmed/20862309
http://dx.doi.org/10.4014/jmb.1409.09033
http://www.ncbi.nlm.nih.gov/pubmed/25341462
http://dx.doi.org/10.2306/scienceasia1513-1874.2017.43.163
http://dx.doi.org/10.1186/s12906-016-1209-7
http://www.ncbi.nlm.nih.gov/pubmed/27424198
http://dx.doi.org/10.5021/ad.2011.23.2.144
http://www.ncbi.nlm.nih.gov/pubmed/21747611
http://dx.doi.org/10.1038/s41598-017-18720-0
http://www.ncbi.nlm.nih.gov/pubmed/29321636
http://dx.doi.org/10.4314/tjpr.v13i5.10
http://dx.doi.org/10.1021/acs.jpcb.7b02914
http://www.ncbi.nlm.nih.gov/pubmed/28453293
http://dx.doi.org/10.1038/nature07163
http://www.ncbi.nlm.nih.gov/pubmed/18650808
http://dx.doi.org/10.1016/j.ydbio.2010.12.004
http://www.ncbi.nlm.nih.gov/pubmed/21146516
http://dx.doi.org/10.18632/oncotarget.10540
http://www.ncbi.nlm.nih.gov/pubmed/27438150
http://dx.doi.org/10.1089/zeb.2016.1261
http://www.ncbi.nlm.nih.gov/pubmed/27486708
http://dx.doi.org/10.1152/physiol.00043.2011
http://www.ncbi.nlm.nih.gov/pubmed/22505665
http://dx.doi.org/10.1111/pcmr.12535
http://www.ncbi.nlm.nih.gov/pubmed/27770559

Medicina 2018, 54, 35 31 of 31

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Galvan, I; Jorge, A.; Ito, K; Tabuchi, K.; Solano, F.; Wakamatsu, K. Raman spectroscopy as a non-invasive
technique for the quantification of melanins in feathers and hairs. Pigment Cell Melanoma Res. 2013, 26,
917-923. [CrossRef] [PubMed]

Kim, I.S; Heilmann, S.; Kansler, ER,; Zhang, Y.; Zimmer, M.; Ratnakumar, K.; Bowman, RL,;
Simon-Vermot, T.; Fennell, M.; Garippa, R.; et al. Microenvironment-derived factors driving metastatic
plasticity in melanoma. Nat. Commun. 2017, 8, 14343. [CrossRef] [PubMed]

Ko, S.-C.; Cha, S.-H.; Heo, S.-].; Lee, S.-H.; Kang, S.-M.; Jeon, Y.-]. Protective effect of Ecklonia cava on
UVB-induced oxidative stress: In vitro and in vivo zebrafish model. J. Appl. Phycol. 2011, 23, 697-708.
[CrossRef]

Cha, S.-H.; Ko, C.-I; Kim, D.; Jeon, Y.-J. Protective effects of phlorotannins against ultraviolet B radiation in
zebrafish (Danio rerio). Vet. Dermatol. 2012, 23, 51. [CrossRef] [PubMed]

Lévesque, M.; Feng, Y.; Jones, R.A.; Martin, P. Inflammation drives wound hyperpigmentation in zebrafish by
recruiting pigment cells to sites of tissue damage. Dis. Model. Mech. 2013, 6, 508-515. [CrossRef] [PubMed]
Saima, S.; Ali, S.A. Vertebrate melanophores as potential model for drug discovery and development:
A review. Cell Mol. Biol. Lett. 2011, 16, 162-200. [CrossRef]

Li, T.; Snyder, WK.; Olsson, J.E.; Dryja, T.P. Transgenic mice carrying the dominant rhodopsin mutation
P347S: Evidence for defective vectorial transport of rhodopsin to the outer segments. Proc. Natl. Acad.
Sci. USA 1996, 93, 14176-14181. [CrossRef] [PubMed]

Opitz, R.; Maquet, E.; Zoenen, M.; Dadhich, R.; Costagliola, S. TSH receptor function is required for normal
thyroid differentiation in zebrafish. Mol. Endocrinol. 2011, 25, 1579-1599. [CrossRef] [PubMed]

Cha, S.-H.; Ko, 5.-C.; Kim, D; Jeon, Y.-J. Screening of marine algae for potential tyrosinase inhibitor: Those
inhibitors reduced tyrosinase activity and melanin synthesis in zebrafish. J. Dermatol. 2011, 38, 354-363.
[CrossRef] [PubMed]

Baek, S.H.; Park, ].H.; Kim, ].H. Screening of medicinal herbs against melanin biosynthesis inhibition in vivo
zebrafish model. Korea . Aesth. Cosmetol. 2013, 11, 505-511.

Wang, T.-].; An, J.; Chen, X.-H.; Deng, Q.-D.; Yang, L. Assessment of Cuscuta chinensis seeds’ effect on
melanogenesis: Comparison of water and ethanol fractions in vitro and in vivo. . Ethnopharmacol. 2014, 154,
240-248. [CrossRef] [PubMed]

Yim, S.-H.; Tabassum, N.; Kim, W.-H.; Cho, H.; Lee, ] -H.; Batkhuu, G.J.; Kim, H.].; Oh, WK; Jung, D.-W,;
Williams, D.R. Isolation and Characterization of Isofraxidin 7-O-(6'-O-p-Coumaroyl)-B-glucopyranoside
from Artemisia capillaries Thunberg: A Novel, Nontoxic Hyperpigmentation Agent That Is Effective In Vivo.
Evid. Based Complement. Altern. Med. 2017, 2017, 1401279. [CrossRef] [PubMed]

Colanesi, S.; Taylor, K.L.; Temperley, N.D.; Lundegaard, PR.; Liu, D.; North, T.E.; Ishizaki, H.; Kelsh, R.N.;
Patton, E.E. Small molecule screening identifies targetable zebrafish pigmentation pathways. Pigment Cell
Melanoma Res. 2012, 25, 131-143. [CrossRef] [PubMed]

Bonchak, J.G.; Eby, ].M.; Willenborg, K.A.; Chrobak, D.; Henning, SW.; Krzywiec, A.; Johnson, S.L.;
Le Poole, I.C. Targeting melanocyte and melanoma stem cells by 8-hydroxy-2-dipropylaminotetralin.
Arch. Biochem. Biophys. 2014, 563, 71-78. [CrossRef] [PubMed]

Garcia-Jimenez, A.; Teruel-Puche, J.A.; Berna, J.; Rodriguez-Lopez, ] N.; Tudela, ].; Garcia-Canovas, F. Action
of tyrosinase on alpha and beta-arbutin: A kinetic study. PLoS ONE 2017, 12, e0177330. [CrossRef] [PubMed]
Azam,M.S,; Choi, J.; Lee, M.-S.; Kim, H.-R. Hypopigmenting Effects of Brown Algae-Derived Phytochemicals:
A Review on Molecular Mechanisms. Mar. Drugs 2017, 15, 297. [CrossRef] [PubMed]

Esancy, K.; Condon, L.; Feng, J.; Kimball, C.; Curtright, A.; Dhaka, A. A zebrafish and mouse model for
selective pruritus via direct activation of TRPA1. Elife 2018, 7, e32036. [CrossRef] [PubMed]

® © 2018 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1111/pcmr.12140
http://www.ncbi.nlm.nih.gov/pubmed/23890020
http://dx.doi.org/10.1038/ncomms14343
http://www.ncbi.nlm.nih.gov/pubmed/28181494
http://dx.doi.org/10.1007/s10811-010-9565-z
http://dx.doi.org/10.1111/j.1365-3164.2011.01009.x
http://www.ncbi.nlm.nih.gov/pubmed/22040269
http://dx.doi.org/10.1242/dmm.010371
http://www.ncbi.nlm.nih.gov/pubmed/23104990
http://dx.doi.org/10.2478/s11658-010-0044-y
http://dx.doi.org/10.1073/pnas.93.24.14176
http://www.ncbi.nlm.nih.gov/pubmed/8943080
http://dx.doi.org/10.1210/me.2011-0046
http://www.ncbi.nlm.nih.gov/pubmed/21737742
http://dx.doi.org/10.1111/j.1346-8138.2010.00983.x
http://www.ncbi.nlm.nih.gov/pubmed/21544943
http://dx.doi.org/10.1016/j.jep.2014.04.016
http://www.ncbi.nlm.nih.gov/pubmed/24746484
http://dx.doi.org/10.1155/2017/1401279
http://www.ncbi.nlm.nih.gov/pubmed/28626485
http://dx.doi.org/10.1111/j.1755-148X.2012.00977.x
http://www.ncbi.nlm.nih.gov/pubmed/22252091
http://dx.doi.org/10.1016/j.abb.2014.07.033
http://www.ncbi.nlm.nih.gov/pubmed/25132642
http://dx.doi.org/10.1371/journal.pone.0177330
http://www.ncbi.nlm.nih.gov/pubmed/28493937
http://dx.doi.org/10.3390/md15100297
http://www.ncbi.nlm.nih.gov/pubmed/28946635
http://dx.doi.org/10.7554/eLife.32036
http://www.ncbi.nlm.nih.gov/pubmed/29561265
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Protocol and Assays 
	General Procedures 
	Effect of Phenylthiourea and Stimulating Hormones 
	Other Consideration 
	Phenotypic Evaluation, Melanin Content and TYR Assays 
	Protein and Gene Expression Assays 

	Application of Zebrafish Model 
	The Effect of Small Molecular Weight Compounds on Zebrafish Depigmentation 
	The Effect of Intermediate Molecular Weight Compounds on Zebrafish Depigmentation 
	The Effect of High Molecular Weight Compounds on Zebrafish Depigmentation 
	The Effect of Crude Extract on Zebrafish Depigmentation 

	Limitations 
	Recommendations 
	Skin Depigmentation: Pros and Cons 
	Conclusions 
	References

