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Abstract. - OBJECTIVE: This study aimed to
evaluate the anti-melanogenic activity of rasp-
berry ketone glucoside (RKG) and further ex-
plore the specific molecular mechanisms by
which RKG affects melanogenesis.

MATERIALS AND METHODS: The B16F10
cells model, the mushroom tyrosinase model
and the zebrafish model were used to assess
the whitening activity of RKG. We subsequent-
ly identified possible pathways related to RKG
inhibition of melanogenesis by RNA-seq anal-
ysis and gRT-PCR on the zebrafish model, and
further explored the effects of key genes on the
pathway on the melanogenic effect of RKG by
using related pathway inhibitors and Tg [mpeg:
EGFP] transgenic zebrafish line.

RESULTS: RKG could noticeably inhibit mela-
nogenesis in B16F10 cells in vitro and on zebrafish
in vivo. The RNA-Seq analysis and the qRT-PCR in
zebrafish embryos indicated that the inhibition of
melanogenesis by RKG could be achieved by ac-
tivating JAK1/STAT3 signal pathway and inhibit-
ing the expression levels of the MITFa, TYR, TYR-
P1a genes directly associated with melanogene-
sis. The inhibitor tests revealed that the inhibitory
effect of the RKG on melanogenesis was restored
by the IL6, JAK1/2, and STAT3 inhibitors, specifi-
cally STAT3 inhibitor. We further examine the re-
lationship between the JAK1/STAT3 signal path-
way and the MITFa. The achieved results indicate
that the RKG could activate the zebrafish macro-
phages via the JAK1, but the inhibition of macro-
phage activation by loganin did not affect the an-
ti-pigmentation effect of the RKG.

CONCLUSIONS: RKG showed remarkable
whitening activity on both B16F10 cells in vi-
tro and zebrafish model in vivo. Furthermore,
RKG could inhibit melanogenesis by activating
the IL6/JAK1/STAT3 pathway, inhibiting the tran-
scriptional activity of MITFa, and its downstream
expression levels of the TYR and TYRP1a genes.
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Introduction

Skin whitening agents are capable of lightening
the skin color and have a tremendous market in
Asia!, but common whitening agents such as hydro-
quinone, kojic acid, and arbutin, have been repor-
ted to take potential risks for side effects, including
dermatitis, cytotoxicity, and cancer?. Therefore, it
is of great significance to search for new kinds of
whiting agents. Raspberry ketone glucoside (RKG;
p-hydroxyphenyl-2-butanone-f3-D-glucoside), as an
active ingredient extracted from the raspberry fru-
it, can be used as an additive to beverages and food
products, and has been listed as a whitening in-
gredient for cosmetics in some regions’. However,
the whitening activity and the specific molecular
mechanism of action of RKG lack clear experi-
mental support. In a study, Ikemoto et al* reported
that RKG could inhibit melanogenesis in B16 cells
in vitro, but the whitening activity of RKG in vivo
and the mechanism of melanogenesis inhibition by
RKG were not further investigated.

Melanin is produced by melanocytes that are
derived from the neural crest’, and its genera-
tion involves a complex signal gene regulatory
network®. Three genes are closely related to me-
lanogenesis, tyrosinase (7TYR), tyrosinase-related
protein 1 (TYRPla), and dopachrome tautomerase
(DCT), which are transcriptionally regulated by
the microphthalmia transcription factor (MITFa)'.
The performed explorations have illustrated that
inflammatory cytokines and other mediators affect
melanogenesis®. For instance, interleukin-1 (/L-1),
interleukin-4 (/L-4), interleukin-6 (/L-6), inter-
leukin-17 (/L-17), and tumor necrosis factor-a
(TNF-a) could inhibit melanogenesis, while inter-
leukin-10 (/L-10), interleukin-18 (/L-18), interleu-
kin-33 (/L-33), and granulocyte-macrophage co-
lony-stimulating factor (GM-CSF) are capable of
promoting melanogenesis®'?. Recently, the Janus
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kinase (JAK)/signal transducer and activator of
transcription (S7AT) signal pathway associated
with the /L-6 family” is known to be involved
in melanin synthesis. The JAK/STAT signal pa-
thway regulates a variety of biological processes,
including cell proliferation, differentiation, and
apoptosis' >, It is reported'®" that the JAK/STAT
signal pathway plays a specific role in skin pig-
mentation-related disorders such as vitiligo and
melanoma. Some cytokines and active ingredien-
ts have also been reported to regulate melanoge-
nesis in normal human melanocytes via the JAK/
STAT signal pathway'®'.

In the present investigation, we first examined
the whitening activity of the RKG in B16F10
cells in vitro and zebrafish models in vivo, and
after that, we further investigated the molecular
mechanism of melanogenesis inhibition activity
by the RKG by RNA-seq, qRT-PCR, and inhi-
bitor tests. These results provide evidence that
the RKG acts as a whitening agent and helps us
appreciate the molecular mechanism by which
RKG inhibits melanogenesis.

Materials and Methods

Chemical Teagents

RKG (CAS: 537-42-8; purity >98%) and
polyphenol oxidase (mushroom tyrosinase,
CAS: 9002-10-2; 1100 U/mg) were purchased
from Yuanye Bio-Technology (Shanghai, Chi-
na). a-arbutin (CAS: 84380-01-8; purity >99%)
was obtained from Teelar Bio-technology (Guan-
gzhou, China). L-DOPA (CAS: 59-92-7; puri-
ty>99%) and L-Tyrosine (CAS: 60-18-4; purity:
99%) were purchased from Aladdin (Shanghai,
China). Static (SC, CAS: 19983-44-9; purity:
98.92%), LMT-28 (CAS: 1239600-18-0; purity:
98.85%), ruxolitinib (RB, CAS: 941678-49-5; pu-
rity: 99.83%), and loganin (CAS: 18524-94-2;
purity: 99.82%) were obtained from MedChe-
mExpress LLC (Shanghai, China). Other chemi-
cals and reagents used were of analytical grade.

Cell Culture

The murine B16F10 melanoma cell line was
purchased from BNCC (Beijing, China), cultured
at 37°C in the presence of a moist 5% CO, incu-
bator in DMEM medium (Gibco, Grand Island,
NY, USA), and supplemented with 10% (v/v) he-
at-inactivated fetal calf serum (FBS, ExCell Bio,
China), penicillin (100 U/mL), and streptomycin
(100 g/mL) (Gibco, Grand Island, NY, USA).

Cell Viability Assay

The cell viability was assessed using a CCKS8
Cell Counting Kit (Trans Gen, Beijing, China)
according to the manufacturer’s instructions per
the previous description??.

Cell Tyrosinase Activity and Melanin
Content Assay

Tyrosinase activity and melanin content assay
were determined as described with minor mo-
difications®. The cells were seeded into six-well
plates and incubated at a density of 3x10° for 24
hours, and the medium was removed and placed
in a fresh medium containing various concen-
trations of RKG for an additional 48 hours. The
cells were washed with Phosphate-buffered saline
(PBS) solution (PH=6.8, Leagene Bio, Shanghai,
China) and were lysed by implementing a Total
Protein Extraction Kit (BestBio, Shanghai, China)
to obtain the supernatant for tyrosinase activity
assays and the precipitation for melanin content
assays. A portion of the resulting total protein
solution was employed in the BCA Protein Quan-
titative Kit (BestBio) to achieve total protein le-
vels, and a fraction was utilized for measuring the
tyrosinase activity by employing L-DOPA oxi-
dation*. 150 pL L-DOPA (1 mg/mL) and 50 pL
of supernatant were added to 96-well plates and
incubated at a dark chamber of 37°C for 30 min,
and the absorbance at 475 nm was determined via
a plate reader (TriStar2 LB942, Germany). The
absorbance per microgram of the protein (A/ug)
represents the relative cell tyrosinase activity. It
was the relative percentage content of the control.

The total melanin oven in the cell precipitate was
dried and resuspended in 60 pL 1 N NaOH, and in
a 95°C metal bath for 30 min. After cooling, the
absorbance at 405 nm was measured by means of 1
N NaOH solution as a background, the absorbance
per microgram of the protein (A/ug) denotes the
relative melanin content. It was the relative percen-
tage content of the control. All the experiments were
conducted at least three times with similar results.

Mushroom Tyrosine Activity Assay

The tyrosinase enzyme inhibition experiment
using L-Tyrosine as substrate and mushroom
tyrosinase as enzyme source was performed to
assess the inhibitory effect of the RKG on the
mushroom tyrosinase activity?. 40 pL L-Tyro-
sine (0.5 mg/mL), 40 puL gradient concentration
RKG, and 30 pL PBS (PH=6.8) were then added
to the 96-well plate in sequential order, fully
mixed, incubated at 37°C at constant temperature
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for 10 min before successively adding 20 pL. mu-
shroom tyrosinase (500 U/mL) in each well, and
then all drugs were diluted in PBS (PH=6.8).
The tyrosinase activity was measured at 475
nm, representing the relative percentage content
of the control.

Zebrafish Maintenance and
Ethic Statements

The zebrafish were raised and maintained in
accordance with the standard procedure®. Wild-
type AB stock and transgenic zebrafish line wi-
th fluorescent labeled macrophages Tg [mpeg:
EGFP] were purchased from China Zebrafish
Resource Center (Wuhan, China).

Acute Toxicity Test of the Zebrafish

The 24 hours post-fertilization (hpf) synchro-
nized embryos were collected in 96-well plates,
and the zebrafish embryo acute toxicity assay?*
was exploited to determine the toxicity within
96 hours. During the course of the present re-
search, we modified some testing conditions to
meet our objectives. In each well, one embryo
was treated with 12 biological replicates. Holt
Buffer?” was utilized for various concentrations
of the RKG or a-arbutin. The consisting control
groups were exposed to the Holt Buffer as de-
scribed. At 48, 72, and 96 hpf, the viability of
embryos was assessed based on the number of
live and dead embryos. All tests were indepen-
dently conducted in duplicate.

Zebrafish Body Surface Melanin
Quantification Test

The synchronized zebrafish embryos were
collected by accounting for 15 embryos per well
in 24-well plates containing 1 mL of the Holt
Buffer. The RKG was dissolved in the Holt Buf-
fer. The experimental zebrafish were exposed to
varying concentrations of the RKG from 24 to
72 hpf, while the buffer was exploited as a con-
trol. The embryos were subsequently fixed on
glass slides with 4% methylcellulose (Yuanye,
Shanghai, China), and the melanin phenotype
was recorded by employing an upright micro-
scope (Axio Lab. Al, Carl Zeiss, Germany).
Dorsal view image data were imported into the
Imagel software (version, V1.53q) to quantify
the relative phenotype melanin content of zebra-
fish embryos. The relative phenotype melanin
content was evaluated as a percentage of the
control. All the trials were performed at least
three times with similar results.
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Zebrafish Tyrosinase Activity and
Melanin Content Assay

Zebrafish tyrosinase activity and melanin content
determination were consistent with the prior cell
processing procedure, except for the pretreatment
procedure. Synchronized 24 hpf embryos were col-
lected in 24-well plates, 15 embryos/well, and expo-
sed to various concentrations of RKG until 72 hpf.
Embryos were collected with 1.5 mL EP tubes and
washed with PBS (PH=6.8). All the experiments we-
re conducted at least three times with similar results.

RNA Isolation, cDNA Library Preparation,
and RNA-Seq

Total RNA was extracted from 72 hpf zebra-
fish embryos collected at various concentrations
by utilizing the Total RNA Isolation Kit (RC101,
Vazyme, Nanjing, China), according to the manu-
facturer’s protocol. Assays of total RNA quality
were carried out on an Agilent 2100 Bioanalyzer
(Agilent, CA, USA), agarose gel electrophoresis,
and nanophotometer. The first strand of cDNA was
synthesized in the M-MuLV reverse transcriptase
system using fragmented mRNA as a template and
casual oligonucleotide as a primer, and the RNA
strand was subsequently degraded with RNaseH.
Further, the second strand of cDNA was synthe-
sized from dNTPs in the presence of the DNA
polymerase I system. The purified double-stranded
c¢DNA underwent end repair, a tail, and ligation of
sequencing adaptors to finally establish 12 ¢cDNA
libraries consisting of three repeats in each set and
were sequenced in paired-end 150 bp mode using
the Illumina HiseqTM 2500/4000 platform. RNA
library sequencing was assisted by Gene Denovo
Biotechnology, Ltd (Guangzhou, China).

Global and Differential Gene Expression
Analysis

The differential expression analysis was conducted
using DESeq2?, and the differentially expressed genes
(DEGs) were selected according to the fold change
greater than 1.5 and p-value less than 0.05. The fun-
ctions of genes with significantly differentially expres-
sed manners were classified based on the KEGG®
database. The KEGG pathways with a p-value less
than 0.05 were considered and remarkably enriched.

RNA Isolation, cDNA Synthesis and
Quantitative Real-Time Polymerase Chain
Reaction (gRT-PCR)

RNA isolation was performed employing To-
tal RNA Isolation Kit of 72 hpf zebrafish em-
bryos as previously described. The HiSuper®
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IIT RT SuperMix for gPCR (RC323-01, Vazyme,
Nanjing, China) is employed for cDNA synthesis.
The gRT-PCR was performed by means of ChamQ
Universal SYBR qPCR Master Mix (Vazyme,
Nanjing, China) and self-designed primers (refer to
the primer sequence in Supplementary Table I).
A StepOnePlus Real-Time PCR system (Applied
Biosystems, Foster City, CA, USA) was implemen-
ted to perform PCR in triplicate for each RNA sam-
ple with 0.5 uL of cDNA and 10 pL of 2X ChamQ
Universal SYBR qPCR Master Mix. The relative
mRNA expression levels were evaluated by utili-
zing the 272 formula, and -actin gene expression
was then normalized to target gene expression.

Statistical Analysis

Statistical analysis was performed using
GraphPad Prism 8 (GraphPad Software Inc., La
Jolla, CA, USA). All data were presented as mean
+ S.D. One-way ANOVA was used to count for
significant differences between multiple groups,
Student’s #-test was used to determine the dif-
ferences between each group. p-values less than
0.05 were considered statistically significant.

Results

Effect of the RKG on the Melanin Content
and Tyrosinase Activity in BI6F10 Cells

CCKS tests revealed that when the concentra-
tion of the RKG reached 25 mM, the growth of
B16F10 cells was inhibited, while 15 mM RKG
exhibited no effect on the growth of BI6F10 cells
(i.e., no increase or decrease in the number of cel-
Is was detected; see Supplementary Figure 1A).
As a result, the concentration of the RKG was set
to less than 15 mM in all subsequent experiments.

The obtained results indicated that the non-toxic
RKG treatment altered the color of BI6F10 cells to
lighten them (Figure 1A) and noticeably inhibited
B16F10 cell melanin content (Figure 1B). Neverthe-
less, at the corresponding concentration, the RKG
did not have a remarkable inhibition of intracellular
tyrosinase activity (Supplementary Figure 1B),
indicating that the anti-melanogenic activity of the
RKG in vitro models could not be achieved by di-
rect inhibition of cellular tyrosinase activity.

Effect of the RKG on the Melanin
Content and Tyrosinase Activity in The
Zebrafish Model

After verifying that the RKG could inhibit
B16F10 Cells melanogenesis in vitro, we performed

an in vivo zebrafish assay to examine the anti-me-
lanogenic activity of the target compound. First,
we tested RKG for acute toxicity in zebrafish
embryos, finding that zebrafish embryos survi-
ved better at 48, 72, and 96 hpf than a-arbutin.
A commonly exploited whitening agent (Supple-
mentary Figure 2), and the LC, (median lethal
concentration) of the RKG was larger than a-arb-
utin in all three time periods. Among them, at 72
hpf, the LC, of the RKG was 442.578 mM, which
was about 1.6 times that of a-arbutin (Supple-
mentary Table II). The results obtained above
indicate that the RKG possesses high safety in
the zebrafish model.

The phenotypic validity of the melanin in
the zebrafish embryos at 72 hpf was observed
by analyzing the body pigments via an upright
microscope. The achieved results demonstrated
that the non-toxic RKG concentration could
considerably inhibit the phenotype of melanin
in 72 hpf zebrafish embryos, reaching about 12%
at 5 mM compared to the non-treated zebrafish
embryos (Figures 1C and 1D). Embryos at the
corresponding concentrations were lysed to de-
termine the melanin content and tyrosinase acti-
vity in vivo. The obtained results indicated that
the zebrafish internal melanin content and the
tyrosinase activity were noticeably reduced by
the RKG at 0.2, 5-, and 125-mM concentrations
compared to the non-treated zebrafish embryos
(Figures 1E and 1F).

Overview of the RNA-seq Data

To identify potential signal pathways per-
tinent to the inhibition of melanin production
by the RKG, we first performed a screen for
differential genes using DESeq2. The paired
comparisons in the three groups identified the
same number of genes (26,529), including 25,116
known genes and 1,413 new genes (Supplemen-
tary Table III). In the comparison of blank to
0.2 mM, blank to 5 mM, and blank to 125 mM,
859, 2484, and 2499 DEGs were identified. In
these DEGs, 615, 1274, and 1495 were up-regu-
lated, and 244, 1210, and 1004 were down-regu-
lated, respectively (Supplementary Figure 3).
Pearson’s correlation coefficient (R?) for sample
expression was in the range of 99.6-99.8% for
blank-1, blank-2, and blank-3, 99.8-99.9% for
0.2 mM-1, 0.2 mM-2, and 0.2 mM-3, in the
interval of 99.7-99.8% for 5 mM-1, 5 mM-2,
and 5 mM-3, and in the range of 99.5-99.9% for
125 mM-1, 125 mM-2, and 125 mM-3 (Supple-
mentary Figure 3). The volcano scatter plots

4257


https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-I-48.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-1-20.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-1-20.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-2-13.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-2-13.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-II-28.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-II-28.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-III-17.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-III-17.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-3-9.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-3-9.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Figure-3-9.pdf

Q.-Q. Guo, Y.-Y. Yuan, T.-W. Sun, S.-J. Wu, et al

A B
£ 150
€
[]
€
S 100
'g ::;: *kk ks
3
\ | g 507 o
X z Q s:tazm
o Ol O 2
© ]
g 0~
0 02 1 375 = 0 02 1 3.75
RKG (mM) RKG (mM)
C D
Dorsal view Lateral view
pren 150 -
... ctrl 3§ 100 -
RKG02mM ¢ ¢
.‘Z‘ .E 50_
e, g T IS S~ ©
- s3>
RKG5mM X E "
i 0 02 5 125
RKG 125 mM RKG (mM)
E F
s 150 - ~ 150
€ s
(]
£ 2
8 1004 2 100
c 8
£ ©
o 2
“E’ 50— i . o 50—
g k=
S [7)
% 0 l m 0_ .....
x 0 02 5 125 0 02 5 125
RKG (mM) RKG (mM)

Figure 1. Effect of BI6F10 cells in vitro and the zebrafish model in vivo on the whitening activity of RKG: (A) the photos of
BI16F10 cells color of samples from (B), (B) relative melanin content in BI6F10 cells treated with different concentrations of
RKG, (C) effect of RKG on the melanin phenotype in 72 hpf zebrafish embryos, (D) the imagel relative quantification results
of dorsal view photographs of zebrafish embryos from (C), (E) effect of the RKG on melanin content in 72 hpf zebrafish
embryos, (F) effect of the RKG on tyrosine activity in vivo in 72 hpf zebrafish embryos (note: ** p<0.01, *** p<0.001, ****
p<0.0001; compared vs. non-treated cells or zebrafish embryos; error bars, S.D.).

illustrate the variations in these DEGs (Supple- Differential Gene Expression Analysis

mentary Figure 3). These results revealed that KEGG pathway enrichment analysis was sub-
the sequencing data generated in the present in- sequently performed on these DEGs. According
vestigation were reliable and could be employed to the KEGG database’s first- and second-tier
for further analysis. classifications, pathways enriched for, and genes
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included were counted (Supplementary Table
IV). The achieved results indicated that in the top
15 of KEGG enrichment, a large number of DEGs
were enriched in pathways associated with the en-
docrine system in organismal systems and signal
transduction system in environmental information
processing (Figure 2A and 2B). This issue reveals
that the mechanism of RKG-inhibited melanoge-
nesis is closely related to pathways related to the
endocrine and signal transduction systems.

The enrichment plots specified by circle mar-
kers revealed that in the endocrine system, the
most enriched pathway is that associated wi-
th melanogenesis (ko04916, p=3.60E-05), which
is directly related to melanogenesis. In the si-
gnal transduction system, the most enriched pa-
thway is the JAK/STAT signal pathway (ko04630,
p=5.67E-06) (Figure 2C and 2A). As we have
previously explained, there exist many reports!®-!
demonstrating that the JAK/STAT signal pathway
is involved in the mechanisms of inhibiting or
promoting melanogenesis through its activation
by cytokines or active components.

gRT-PCR Validation

The relative expression level heatmap and
gRT-PCR of the melanogenesis pathway-related
DEGs results indicated that the expression levels
of key genes such as MITFa, TYR, and TYRPla
were remarkably lessened and consistent with
the melanin phenotype in zebrafish embryos (Fi-
gure 3A-3D). The relative expression heatmap
of key genes related to the JAK/STAT signal
pathway and the qRT-PCR results illustrated that
the expression levels of /L6, signaling subunit
glycoprotein 130 (GPI30, IL6ST), Janus kinase
1 (JAK1), signal transducer and activator of tran-
scription 3 (STAT3), and suppressor of cytokine
signaling 3 (SOCS3b) were up-regulated (Figure
4A-4F). The results mentioned above reveal that
the mechanism by which the RKG suppresses
melanogenesis is closely related to melanogenesis
and IL6/JAK1/STAT3 pathways.

The IL6/JAK1/STAT3 Signal Pathway
Related Inhibitors Attenuated
the Inhibitory Effect of RKG on
Melanogenesis in Zebrafish Embryos

To further verify whether the /L6/JAKI/STAT3
pathway is involved in the molecular mechanism
of RKG inhibiting melanogenesis, synchronized
zebrafish embryos treated with RKG were cotre-
ated with 15 pM stattic (STAT3 target)™, 15 uM
LMT-28 (GPI30 target)’!, and 15 uM ruxolitinib

(JAK1/2 target)®, respectively (Figure 5A). Me-
lanin phenotype was recorded from 24 to 72
hpf. According to the achieved results, the inhi-
bitor-treated groups of zebrafish embryos had a
deeper melanin phenotype compared to the RKG
200 uM group (Figure 5B). This fact proves our
conjecture that the RKG inhibits melanogenesis
via the activation of the /L6/JAK/STAT pathway.

Independency of the Melanogenesis
from RKG-activating macrophages

It was reported that the JAK/STAT signal pa-
thway activation would be capable of promoting
macrophage activation**3% and inducing inflam-
mation. Additionally, macrophages were reported
to be involved in melanogenesis in melanocytes
through paracrine effects®*. The macrophage
fluorescent-labeled zebrafish embryos, JAKI/2
inhibitor, and macrophage activation inhibitor
loganin®™*® were exploited to clarify how J4K1/
STAT3 signal pathway affects melanogenesis in
the zebrafish. Macrophage fluorescent-labeled
zebrafish treated with RKG were cotreated with
ruxolitinib and loganin from 24 to 72 hpf. Pho-
tographs were taken by means of a fluorescence
upright microscope, and fluorescent macrophages
with end-to-tail yolk in 72 hpf zebrafish embryos
were counted by employing Imagel software.
The obtained result revealed that the RKG could
activate macrophages in zebrafish embryos and
ruxolitinib could inhibit this phenomenon (Figure
6A and 6B). Then, to verify whether the activated
macrophages inhibit melanogenesis in zebrafish
embryos, synchronized zebrafish embryos were
treated with the RKG and loganin. The achieved
results illustrated that loganin did not affect me-
lanogenesis in the zebrafish. It implies that the
RKG could activate macrophages in the zebrafish
embryos but did not affect embryonic melanoge-
nesis (Figure 6C and 6D).

Discussion

Previous explorations® revealed that RKG has
a whitening activity and could be utilized as a
whitening agent in cosmetic products. Neverthe-
less, the mechanism by which the RKG inhibits
melanin production has not been fully elucidated.
To the best of our knowledge, only one study
examined whether the RKG could inhibit mela-
nogenesis, while this research only employs the
B16 cells in vitro for activity evaluation, and not
involved the mechanism of direct inhibition of
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Figure 2. Differential gene expression analysis: (A) statistical plot of the grade B classification of each pathway of the
differentially enriched genes, (B) bubble diagram of the top 15 noticeably enriched pathways. The graph is plotted with
p-values of significance for various pathways. The abscissa denotes the gene-rich factor (i.e., the number of differential genes
enriched to the current pathway/the number of that species enriched to the current pathway), and the ordinate represents the

pathway. Bubble size represents the number of genes enriched in different pathways, and bubble color represents the degree of

enrichment in different pathways, (C) circle-marker plots of the top 15 significantly enriched differential pathways. Outside

the circle is a sitting ruler of the gene number. Different colors represent different KEGG A Class.
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Figure 3. The qRT-PCR validation results of differential genes related to the melanogenesis pathway: (A) heatmap of relative
expression of differential genes pertinent to the melanogenesis pathway, (B-D) qRT-PCR validation results of differential
genes related to the melanogenesis pathway (note: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001; compared vs. non-treated

groups; error bars, S.D.).

melanogenesis activity by the RKG*. Therefore,
the in vivo test and the mechanism study are re-
quired to further support the conclusions of the
current study. In our research works, we com-
prehensively explored the whitening activity of
the RKG as well as the specific molecular mecha-
nism of its inhibition of melanogenesis (Figure 7).

The first crucial point of our study is that the
RKG has excellent anti-melanin activity, which
could significantly inhibit melanogenesis in both
BI16F10 cells in vitro and zebrafish in vivo. In ad-
dition, compared to a-arbutin, a well-known an-
ti-pigmentation reagent®, the RKG has a higher
safety/effective window in the zebrafish model,
which indicates great potential for application

(Supplementary Figure 4 and Supplementary
Table V). Meanwhile, the results obtained by the
tyrosinase activity assay indicated that the RKG
only inhibited the tyrosinase activity in the zebra-
fish model in vivo (Figure 1F), but not in either
B16F10 cells or mushroom tyrosinase in vitro (Sup-
plementary Figure 5). This fact indicates that the
anti-melanin activity of the RKG was not achieved
by the direct inhibition of the tyrosinase activity
but exist other molecular mechanisms of action.

To further realize the specific molecular me-
chanism involved in RKG-mediated melanogene-
sis reduction, zebrafish embryos treated with the
RKG were subjected to transcriptome analysis. By
the KEGG enrichment analysis and the qRT-PCR
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Figure 4. The qRT-PCR validation results of differential genes related to the JAK/STAT pathway: (A) heatmap of relative
expression of genes associated with the JAK/STAT pathway, (B-F) qRT-PCR validation results of differential genes related to
the JAK/STAT pathway (note: * p<0.05, ** p<0.01, *** p<0.001; compared vs. non-treated groups; error bars, S.D.).

validation, we found a substantial enrichment
of the DEGs associated with the melanogenesis
pathway in the RKG-treated zebrafish embryos
(Figure 2). This includes MITFa (i.e., the most
critical transcription factor for melanogenesis),
TYR (i.e., the rate-limiting enzyme for melanoge-
nesis), and TYRPIa (i.e., the acritical enzyme for
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catalyzing tyrosine metabolism). All three genes
exhibit a descending trend and are consistent
with the melanin phenotype in zebrafish embryos
(Figure 3). This fact suggests that the RKG could
influence the melanin production in the zebrafish,
by regulating both MITFa and its downstream
gene expression levels of the TYR and TYRPIa.
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The enrichment analysis results also demon-
strated a remarkable enrichment of DEGS related
to the /L6/JAK/STAT signal pathway (Figure 2),
which essentially comprised the IL6R, GPI30,
JAKI, STAT3, and SOCS3b, which were all upre-
gulated compared to the control group. The qRT-
PCR also indicated that the RKG upregulated the
1L6 gene expression level (Figure 4). /L-6 has be-
en well-known as a cytokine with anti-melanoge-
nic activity. /L-6 was first demonstrated to inhibit
melanogenesis in melanocytes in 1991%. Since
then, several investigations have also proved that
IL-6 could inhibit melanogenesis*, and further
explorations revealed that the mechanism of /L-6
inhibited melanogenesis was chiefly related to the
downregulation of the MITF expression*’. The
IL-6 family signaling factors are closely related
to the JAK/STAT pathways*. More importantly,
the IL-6/IL-6R complex binds to the signal tran-
sducer GPI30 to activate the JAKI. Then, the
STAT3 is phosphorylated and dimerized by the
JAKI. After this, the STAT3 could be transported
into the nucleus through the nuclear membrane
to regulate the expression of related genes, inclu-
ding SOCS3b (i.e., a crucial negative regulator of
this pathway)***. The JAK/STAT signal pathway
was also previously reported to be involved in the
regulation of melanogenesis. Cytokines such as
interferon-gamma (/F'N-y), and interleukin-4 (/L-
4) inhibit melanogenesis in normal human me-
lanocytes via the JAK/STAT signal pathway's:'”.
Active components such as Ganoderma lucidum
polysaccharides could inhibit melanogenesis via
the IL-6/STAT3/FGF2 signal pathway®, and Age-
rarin can inhibit melanogenesis via the STAT3 pa-
thway?' Based on the above analyses, we propo-
sed that the RKG could inhibit melanogenesis in
zebrafish via the IL6/JAK1/STAT3 signal pathway.
The correlated inhibitors verify our conjecture. In
contrast to the 200 uM RKG group, the melano-
genic phenotype was all deepened by the LMT-
28, IL-6 inhibitor, RB, JAKI/2 inhibitor, and
SC, the STAT3 inhibitor in zebrafish embryos.
In particular, after inhibiting STAT3 via SC, the
melanin phenotypes of zebrafish embryos almost
completely recover (Figure 5).

But how does the RKG via the IL6/JAKI/
STAT3 signal pathway affect melanogenesis in the
zebrafish? We believe that there are two possible
explanations for this question. The first possible
mechanism is that /L6/JAK1/STAT3 directly inhi-
bits the transcriptional activity of MITFa after
the RKG treatment, and therefore, is incorporated
into the reduction of melanogenesis. It has been
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Figure 5. /L6/JAK/STAT signal pathway-related inhibitors
attenuated the inhibitory effect of the RKG on the
melanogenesis in zebrafish embryos: (A) dorsal view of the
zebrafish embryos co-treated with RKG and the inhibitors,
at 72 hpf, (B) the image] relative quantification results of
dorsal view photographs of 72 hpf zebrafish embryos (note:
* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001; compared
vs. 200 uM RKG Group; error bars, S.D.).

reported that the MITF is regulated by the STAT3
in B16 melanoma cells, human cells, and the 3D
melanoma model. For instance, in the B16/F10.9
melanoma cells, the [L-6/IL-6R chimeras cause
rapid phosphorylation of the STAT3 through the
stimulation of GP130. The phosphorylated STAT3
downregulates P4X3 and indirectly lessens the MI-
TF promoter activity*. The results obtained in either
mouse or human cells demonstrated that the loss or
knockdown of the STAT3 leads to the upregulation
of the MITF**, Our STAT3 inhibitor experiments
illustrated that the STAT3 did play a critical role in
melanogenesis in RKG-treated zebrafish.

The second possible mechanism is that the RKG
indirectly inhibits melanogenesis by activating ma-
crophages through the J4K1/STAT3 signaling pa-
thway. It is reported that the JAK/STAT3 pathway
activation could promote macrophage activation,
and the macrophages could produce cytokines to af-
fect melanogenesis through paracrine action®*=¢. To
test this conjecture, Tg [mpeg: EGFP] transgenic ze-
brafish line with fluorescently labeled macrophages
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Figure 6. Independence of the melanogenesis from the RKG activating macrophages: (A) dorsal view of the 72 hpf
macrophage fluorescent-labeled zebrafish embryos co-treated with RKG and loganin or ruxolitinib (note: the red arrow points
to the enlarged part and the scale bar is set as 100 um), (B) number statistics of macrophages from the yolk end to the tail of
72 hpf macrophage fluorescent-labeled zebrafish embryos, (C) dorsal view of the 72 hpf zebrafish embryos co-treated with the
RKG and loganin, (D) the imagel] relative quantification results of dorsal view photographs of 72 hpf zebrafish embryos (note:
** p<0.01, *** p<0.001, **** p<0.0001; compared vs. RKG treated group; ns p>0.05; compared vs. 200 uM RKG group; error
bars, S.D.).

and macrophage activation inhibitor, loganin were RKG could activate the zebrafish macrophages
employed. The obtained results revealed that the via the JAKI, but the inhibition of macrophage
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Figure 7. RKG suppresses melanin synthesis through /L6/JAK1/STAT3 signal pathway (note: red arrow represents the activity
of the RKG, while the black arrow specifies the direct stimulatory modification).

activation by loganin did not affect the anti-pig-
mentation effect of the RKG (Figure 6). Thus, we
believed that the RKG could inhibit the transcrip-
tional activity of MITFa through the [L6/JAKI/
STAT3 pathway directly, thereby anti-melanoge-
nesis in zebrafish. However, further research is
required to realize whether STAT3 affects gene
transcription through the MITFa in zebrafish.

Conclusions

In summary, we found that the RKG showed
remarkable whitening activity on both B16F10
cells in vitro and zebrafish model in vivo. Fur-
thermore, the whitening activity of the RKG
in zebrafish could be achieved by activating
the IL6/JAKI/STAT3 pathway to inhibit the
transcriptional activity of the MITFa and then
downregulating the expression levels of the
TYR and TYRPIa and ultimately inhibiting the
generation of melanin. Our findings provide
pieces of evidence for the RKG application in
the pigmentation-related industry.
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