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ARTICLE INFO ABSTRACT
Keywords: Common tyrosinase (TYR) inhibitors used in cosmetics, such as hydroquinone, kojic acid, and
White birch sap arbutin, can cause side effects including erythema, skin peeling, and dryness. Therefore, the
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Anti-melanogenesis
Tyrosinase

Zebrafish

development of natural whitening agents that offer excellent permeability, minimal irritation,
and high safety has become a primary focus in the field of TYR inhibitors. In this study, we
demonstrate that White birch sap (WBS), within a safe concentration range, effectively reduces
TYR activity and melanin content in both B16F10 mouse melanoma cells and zebrafish larvae.
Importantly, WBS exhibits minimal irritation to neutrophils in fluorescent zebrafish and does not
affect the behavior of adult zebrafish. Furthermore, WBS downregulates the gene expression
levels of microphthalmia-associated transcription factor, TYR, tyrosinase-related protein-1, and
tyrosinase-related protein-2 in B16F10 cells. In conclusion, our research confirms that WBS, a
naturally derived substance, offers high safety and mild effects, making it a promising candidate
for a skin-whitening agent.

1. Introduction

The demand for cosmetic ingredients, including skin lighteners, sunscreens, acne treatments, and skin moisturizers, has surged in
recent years [1]. Concurrently, skin whitening has emerged as a growing trend in the cosmetics market [2]. The crucial step to skin
whitening is to inhibit the production of melanin, and enzymes are one of the key factors affecting all biochemical reactions in the
body. Hence, inhibiting the action of key enzymes in the melanin production process of cells is considered to be an effective way to
prevent melanin production and reduce the amount of melanin.

Microphthalmia-associated transcription factor (MITF), a principal protein controlling melanin synthesis, upregulates tyrosinase
(TYR), tyrosinase-related protein-1 (TYRP-1) and tyrosinase-related protein-2 (TYRP-2) to promote the synthesis of melanin [3]. The
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copper-containing metal enzyme TYR, also known as polyphenol oxidase, is widely found in different organisms [4] and is the first and
only rate-limiting step in the catalytic production of melanin [5,6]. Therefore, the development of tyrosinase inhibitors could be a
viable approach for creating whitening products or treat hyperpigmentation [7]. In recent years, various tyrosinase inhibitors have
been developed for skin whitening and skin pigmentation regulation in the pharmaceutical and cosmetic industries [8-10]. However,
commonly used tyrosinase inhibitors such as kojic acid [11], hydroquinone [12] and arbutin [13] have significant drawbacks. For
instance, kojic acid storage is unstable, skin permeability and skin irritation, the use of cosmetics is limited [14]. Arbutin chemically
unstable is considered a precursor to hydroquinone which increases cancer risk by causing DNA damage [15,16], and is associated with
many adverse reactions including contact dermatitis, irritation, erythema and leukoderma [17]. Consequently, natural whitening
agents with excellent permeability, little irritation and high safety [18] have become the main research direction of tyrosinase in-
hibitors at present. In this context, we develop a neglected plant into natural skin whitening agent which is more effective and safter
than common skin whitening chemicals.

White birch sap (WBS) is a colorless or yellowish liquid containing a variety of nutrients required by organisms, which is extracted
from the birch tree and widely applied in the food and beverage industry. WBS has excellent water mobility [19]. The WBS in this
experiment contained vitamin C, total phenols, 13 amino acids, 5 mineral nutrients and 7 essential trace elements. WBS can be utilized
to prevent hepatitis, skin rashes, intestinal worms and scurvy. In addition, its cosmetic applications are mainly for hair growth and
freckles removal [20]. However, there is still a gap in the research of its skin whitening function and biocompatibility. The zebrafish is
widely recognized as a valuable model organism for drug screening due to its high throughput capabilities and cost-effectiveness [21].
Moreover, the transparency of zebrafish embryos allows for direct visualization of melanin in the entire body compartment. Therefore,
we employed zebrafish in this study to investigate the depigmentation effect of WBS.

In this study, zebrafish were intended for embryo toxicity detection, determined the safe concentration range of WBS, evaluated its
whitening effect with in vitro and in vivo tests, and tested skin irritation whit neutrophils fluorescent zebrafish. To this end, we confirm
that WBS is a safe and effective skin whitening agent, showing promise as a safe and effective whitening ingredient in cosmetics. The
study design is summarized in Fig. 1.

2. Materials and methods
2.1. Preparation of embryo medium and WBS solution

The configuration of embryo medium is 20 L as an example: 75 g sodium chloride, 200 mL 0.5%w/w potassium chloride, 200 mL
1%w/w calcium chloride and 200 mL 0.25%w/w sodium hydroxide were mixed together, enough double distilled water was added to
dissolve them in a thermostat water bath, and then double distilled water was added to achieve a volume of 20 L. Finally, 26 mL of
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Fig. 1. Study design for the analysis of the whitening effect of white birch sap.
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methylene blue solution was added to the solution to produce the embryo medium.

WBS freeze-dried powder was purchased from Shaanxi Moore Biotechnology Co., Ltd. (Shanxi, China), sourced from the Lesser
Hinggan Mountains in Northeast China. WBS freeze-dried powder was dissolved in embryo medium or PBS to prepare WBS solution
with different concentrations and then treated aseptically through aqueous filtration membrane for subsequent experiment. In order to
better describe the characteristics of WBS, we observed and recorded the appearance of WBS freeze-dried powder and WBS solution.
The mean dynamic light scattering (DLS) and zeta potential (Litesizer 500, Anton Paar Trading Co., Ltd. Shanghai, China) of WBS
solution were determined to understand the dispersion coefficient of WBS in PBS. In addition, we analyzed the material composition of
WBS. We analyzed the vitamin C content using the 2, 6-dichlorophenol titration method, using a digital titrator (DE-M, Pland, Ger-
many) for titration readings. Total phenol content was analyzed using Folinphenol colorimetry and measured using a UV-visible
spectrophotometer (UV-3600, Shimadzu, Japan). The amino acid composition was analyzed by high performance liquid chroma-
tography (HPLC). A Shimadzu LC-20AD HPLC system equipped with a C18 column (4.6 x 250 mm, 5 pm particle size) was used. The
mobile phase A consisted of 0.1 mol/L sodium acetate solution (pH 6.50): ethyl ether = 93:7, and the mobile phase B consisted of
water:acetonitrile = 20:80. The flow rate was 1.0 mL/min and the column temperature was 40 °C. Inductively coupled plasma mass
spectrometr (ICP-MS) was used to determine the mineral composition of WBS. The ICP-MS (ICP-OES730, Agilent, USA) instrument
settings were as follows: the plasma gas flow rate was 15 L/min, the auxiliary gas flow rate was 1.5 L/min, and the atomizer flow rate
was 0.75 L/min. All tests were repeated three times, and monitoring data were obtained under normal operating conditions of the
instrument.

2.2. Maintenance of zebrafish

Wild-type zebrafish (purchased from Zebrafish resource center, Wuhan, China) were housed in a five-storey single-row Aquatic
System (Haisheng Marine Biological Equipment Co., Ltd. Shanghai, China) with a 14 h light:10 h dark cycle at a temperature of 28.5 +
1 °C. Breeding, mating and embryo collection methods of zebrafish as described by predecessors, collected embryos were placed in
incubators [22,23].

2.3. In vivo toxicity study

The experimental process of zebrafish embryo co-culture was referred to previous studies [24,25], and appropriate modifications
were made. In brief, after 6-8 h post fertilization (hpf) embryos were placed into 6-well plates (30 embryos per well) in groups of three
wells containing 10 mL embryo medium. The compound to be tested is dissolved in the embryo medium, added to each hole, and the
culture medium was changed every morning and evening. Embryos incubated with WBS (50, 100, 200, 300 pg/mL) and arbutin (250
pg/mL) purchased from Sigma-Aldrich (St. Louis, MO, USA) were used to observe the hatchability rate of zebrafish larvae on day 3 and
the total mortality rate over 7 days. At the same time, after the 48 h culture period, live embryos were anaesthetised in tricaine
methanesulfonate solution (0.03%w/w) and fixed in 3%w/w methylcellulose. Images were then taken with a type microscope for
phenotypic evaluation of anti-melanosis.

2.4. Behavioral testing

To further evaluate the safety of WBS, we performed an experimental analysis of the behavior of adult fish. Behavioral testing was
performed using the novel tank test (NTT), which was used to assess the anxiety-like response [26]. Briefly, the NTT was a trapezoidal
tank (1.5 L, 15 height x 28 top/22 bottom x 7 width cm) that was essentially divided into top and lower halves [27]. The fish was
transferred to the tank and kept for 15 min to adapt to the new environment. The experimental group was immersed in WBS (300
pg/mL) for ten days (20 min/day). Ten zebrafish were used in each group. In our experiment, each fish was placed in novel tank and
video was recorded immediately for 5 min. The videos were analyzed using Fish Track (Zebrafish Analysis Software, XinRuan In-
formation Technology Co., Ltd. Shanghai, China).

2.5. Engyme-linked immunosorbent assay (ELISA)

Tyrosinase activity and melanin content of zebrafish were determined using an ELISA kit purchased from Shenzhen Zike
Biotechnology Co., Ltd. (Shenzhen, China). The sample solutions for the determination of tyrosinase activity and melanin content were
treated in the same way as described by the reagent vendor. Specifically, about 120 zebrafish larvae were taken from each group and
homogenized in an ice bath with 0.9%w/w normal saline after rinsing with PBS three times and draining the PBS solution. The sample
homogenate was separated by centrifugation at 2500 rpm for 10 min. The supernatant after centrifugation was collected for the
detection of tyrosinase activity and melanin content, and the corresponding results were calculated by using an enzyme marker at the
wavelength of 450 nm.

2.6. Cell cultures and MTT assay
B16F10 murine melanoma cells (Henan, China) were grown in RPMI 1640 (Cellgro Mediatech, Inc., Manassas, VA) medium

containing 10%w/w foetal bovine serum (FBS, Gibco) with 100 U/mL penicillin and 100 pg/mL streptomycin in a humidified at-
mosphere with 5%v/v CO, at 37 °C. Human keratinocyte (HaCat) cells (purchased from American Type Culture Collection) were
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cultured in Dulbecco’s modified Eagle’s medium (DMEM) and the same conditioned medium used to culture B16F10 cells. The 3-(4,5-
dimethythiazol- 2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to evaluate the effects of WBS on cell viability.

2.7. Determination of melanin content

The method for the determination of melanin content in B16F10 cells was as described previously [28], and slightly modified.
B16F10 cells (6.8 x 10* cells/mL, 2.0 mL) were cultured in 6-well plates for 24 h, and then incubated with WBS (50-300 pg/mL) and
arbutin (250 pg/mL) solutions of different concentrations for 48 h. The cells were collected and washed twice with PBS, then dissolved
in 200 pL 1 N NaOH (containing 10%w/w dimethy] sulfoxide) at 70 °C for 2 h. The cell lysates were added to 96-well plates, and the
absorbance values were measured at 470 nm using a microplate reader to determine the melanin content of each lysate. Melanin
content was calculatedby comparing the sample to the blank control group, with the percentage of the blank control group being
considered the melanin content of the sample.

2.8. Tyrosinase activity measurement

As previously stated [29,30], tyrosinase activity was estimated by measuring the oxidation rate of L-DOPA purchased from McLean
(Shanghai, China), with minor modifications. In brief, murine-derived B16F10 melanoma cells were incubated for 48 h with different
concentrations of WBS (50-300 pg/mL) and arbutin (250 pg/mL) solutions. The cells were collected and cleaned twice with PBS, and
then 1 mL RIPA lysis buffer (Beyotime Biotechnology Co., Ltd. Shanghai, China) was added for lysis at 4 °C for 1 h. The supernatant was
obtained by centrifugation at 10,000 g and 4 °C for 15 min. The total protein content was determined with BCA kit (purchased from
Solebaol Technology Co., Ltd. Beijing, China). The lysate was adjusted to ensure uniform total protein concentrations for all samples by
adding the lysate buffer. 80 pL of the above mixture was taken into 96-well plates and added with 80 pL of 0.1%w/w L-DOPA (prepared
with 0.1 M, pH = 6.8 phosphoric acid buffer, the reaction mixture should be used in 2 h after preparation), incubated at 37 °C for 10
min, and the reaction was detected at 492 nm wavelength. Data were expressed as a percentage of the control value.

2.9. Skin irritation of zebrafish by WBS

3 dpf neutrophils fluorescent zebrafish (cms Tg/+) were divided into 6-well plates with three zebrafish in each group and three
parallel wells in each group. Control group, WBS (50-300 pg/mL) group and arbutin (250 pg/mL) group were divided into untreat and
different concentrations. The test product was dissolved into embryo medium and ingested into the zebrafish. After skin absorption for
a period of time (24 h, 48 h and 72 h), transgenic zebrafish with neutrophils fluorescent were directly observed with a microscope after
anesthesia with 0.02%w/w tricaine, and images were obtained for subsequent analysis [31]. Compared with the model control group,
the green spot was neutrophils. The more green fluorescence, the more neutrophils, the stronger the skin irritation.

2.10. Quantitative real-time polymerase chain reaction (qRT-PCR)

B16F10 cells used for RNA extraction were cultured in the same way as 2.7. After the treated cells were removed from the culture
medium and collected, they were washed with PBS. To extract total RNA, Trizol (Takara, Japan) was used to lysate the cells, according
to the manufacturer’s instructions. Following that, 1 pL total mRNA was reverse transcribed to cDNA using MonScriptTm RTIIl Super
Mix (Mona Biotechnology Co., LTD., Suzhou, China) in accordance with the manufacturer’s protocol, followed by preparation of
fivefold dilutions of the cDNA samples. Finally, a 1 pL final cDNA sample was prepared for qRT-PCR using the CFX Connect (Bole Life
Medicine Products (Shanghai) Co., Ltd. Shanghai, China) and the following primers: MITF: 5-CTGATGGACGATGCCCTCTC-3' and 5-
TCCGTTTCTTCTGCGCTCAT-3; TYR: 5-CTCTGGGCTTAGCAGTAGGC-3' and 5- GCAAGCTGTGGTAGTCGTCT-3; TYRP-1: 5-
CCCCTAGCCTATATCTCCCTTTT-3' and 5-TACCATCGTGGGGATAATGGC-3’; TYRP-2: 5-GTCCTCCACTCTTTTACAGACG-3' and 5'-
ATTCGGTTGTGACCAATGGGT-3; B-actin : 5-GGCTGTATTCCCCTCCATCG-3' and 5-CCAGTTGGTAACAATGCCATGT-3' equipped
with Taq SYBR green fluorescent dyes (Mona Biotechnology Co., LTD., Suzhou, China). Relative gene expression was normalized to the
mRNA expression of the housekeeping gene f-actin and calclated by using the 2—AACt method [32].

2.11. Western blot analysis

Cells were lysed in strong RIPA lysis buffer (Beyotime, PO013B) at 4 °C for 1 h then each supernatant fraction was retained after
centrifugation at 12,000xg for 30 min at 4 °C. Supernatant proteins in the extract was determined by the Coomassie brilliant blue
method. After the protein content in each sample was balanced, the protein was denatured by heating for 10 min in a 100 °C water
bath. Proteins were separated by electrophoresis on 10%w/v PAGE gels (YEASEN, 20326ES62) then transferred onto PVDF mem-
branes (Beyotime, FFP24). The PVDF membrane was placed into Tris-buffered saline plus Tween-20 (TBST) (Beyotime, ST673-100 mL)
sealing solution containing 5%w/v skimmed milk powder and sealed for 1 h then incubated with TYRP-1 (Sanying, 16672-1-AP),
TYRP-2 (Abcam, ab221144), MITF (Boster, A00269-3) and GAPDH (Boster, BM3874) primary antibodies overnight at 4 °C. Next,
membranes were washed with TBST then incubated with HRP-conjugated secondary antibodies (Boster, BA1054) at room temperature
for 2 h. After washing the TBST film, it was placed into BeyoECL Moon (Beyotime, PO018FS) for exposure and fixation. The integral
optical density of the protein bands was measured by ImageJ image acquisition and analysis system software, and the GAPDH protein
bands were detected in each sample as an internal reference.
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Table 1
Vitamin C, total phenols, amino acids and trace elements in white birch sap.
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Substances Chemical structure Content of
formula substance
Vitamin C (mg/100g) o 17.56
7 / { H
Total phenol (mg/100g) @‘H 0.2
Essential amino acids (mg/100mL) Lysine : 0.1
H,,/?N(\/\/“”i
Leucine i 0.1
WOF
Phenylalanine n 1.7
OH
HN
Valine - 0.1
OH
I
(¢]
Non-essential amino acids Alanine NI 0.2
(mg/100mL) /I\”/DH
o
Glutamic acid NH, 0.4
HO. OH
[ [l
[¢] o]
Aspartic acid o NH 0.9
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Tyrosine kinase ; 0.1
(Y
Arginine - . 0.1
e “/\/\1/“\M
Serine NH, 0.2
HO\)\/OH
IC!
Proline H o 0.1
N
e
Hydroxyproline o 0.1
HOw,,, |
o
H
Cysteine NH, 0.2
”\)\/OH
:
Mineral nutrition (mg/L) Potassium K 5.0529
Sodium Na 3.4549
Calcium Ca 3.8242
Magnesium Mg 1.2013
Phosphorus P 0.2340
Essential trace elements for human Zinc Zn 0.1249
body (mg/L)
Cobalt Co 0.1310
Molybdenum Mo 0.1469
Iron Fe 0.3207
Strontium Sr 0.8067
Manganese Mn 4.3067
Silicon Si 6.8074
Harmful elements (mg/L) Lead Pb Not detected
Arsenic As Not detected
Cadmium Cd Not detected
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2.12. Statistical analysis

All statistical analyses were performed using GraphPad Prism (GraphPad Software Inc. San Diego, California, USA). All data were
expressed as group means = SEM or as box plots indicating the median. Parametric tests, such as the two-tailed unpaired t-test and
ordinary oneway analysis of variance (ANOVA) followed by Tukey’s post hoc test or Dunnett’s multiple comparison test, were used to
analyze the mean differences between groups. Significance levels indicated in all figures were as follows: *p < 0.05, **p < 0.01, ***p
< 0.001, ****p < 0.0001.

3. Results
3.1. Characterization of powders and solutions of WBS

WBS freeze-dried powder was light yellow powder (Fig. S1A); 1 x 10* ug/mL WBS solution was light yellow and clear (Fig. S1B).
The zeta potential indicated the stability of the system and the higher the absolute value (positive or negative) of the zeta potential, the
more stable the system [33]. In this study, the WBS solution showed negative zeta potential, as shown in Fig. S1D. We measured the
mean DLS of the WBS solution as 219.4 nm (Fig. S1C) and the mean zeta potential as —17.6 mV (Fig. S1D), and the results showed that
the solution had good dispersion and stability. WBS contains vitamin C, total phenols, 13 kinds of amino acids, 5 kinds of mineral
nutrients and 7 essential trace elements, as shown in Table 1.

3.2. Effects of different WBS concentrations on hatching and survival rate of zebrafish larvae

The safe concentration range of WBS was determined by co-culturing WBS with zebrafish embryos. Specifically, fertilized zebrafish
eggs were selected and transferred to embryo culture medium containing WBS (0, 100, 200, 300, 400, 500, 600 pg/mL) for incubation
and reproduction for 7 days. Hatching rates were counted on day 3, and the results showed that the parameter was almost unaffected in
the concentration range of 0-400 pg/mL. In addition, incubation rate significantly decreased when the concentration was increased to
the range of 400-600 pg/mL. In addition, no zebrafish larvae normally hatched at concentrations above 600 pg/mL (Fig. 2A). Onday 7,
the survival rate of zebrafish larvae was analyzed, and the results showed that the survival rate of zebrafish larvae exposed to embryo
medium containing WBS concentration of 0-300 pg/mL had no significant difference compared with the control group. Notably,
zebrafish larval survival rates significantly decreased with increasing concentrations in the range of 300-600 pg/mL, and remained
almost above 50% at 400 pg/mL, but decreased to almost 0% after exposure to 500 pg/mL (Fig. 2B). The unhatched embryos at 48 h
and hatched embryos at 72 h of the WBS (300 pg/mL) and arbutin (250 pg/mL) against zebrafish embryos were shown in Fig. S2. WBS
(300 pg/mL) had no toxicity to the development of zebrafish and had milder effects and less irritation than arbutin (250 pg/mL).
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Fig. 2. Analysis of hatching rate and survival rate of zebrafish larvae. Hatching rates of zebrafish larvae with different concentrations were counted
on day 3 (A), and survival rates of zebrafish larvae exposed to different concentrations were counted on day 7 (B), compared with controls. The
structural drawing of the novel tank (C); Zebrafish trajectory diagram in novel tank test (D); Number of (E) top transitions for WBS (300 pg/mL)
immersion groups; There was no significant difference between (F) the time spent on the top and (G) the latency to enter the top. Significant
differences between the control and WBS exposed groups are indicated by an asterisk. The data are expressed as the mean + S.E.M. and were
analyzed by one-way. Significance was defined as *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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According to the above data, the concentration of 0-300 pg/mL was used for follow-up experiments.
3.3. WBS had no effect on the behavior of adult zebrafish

NTT was used to assess the effects of WBS (300 pg/mL) exposure on the behavior of adult zebrafish. Upon entering a new envi-
ronment, such as a novel tank, zebrafish attempted to seek safety by diving to the bottom of the tank. Thus, the proportion of time spent
at the bottom of the tank was considered a quantifiable measure of its level of stress or anxiety. The structure diagram of the novel tank
and the zebrafish trajectory diagram in the novel tank are shown in Fig. 2C and D. As shown in Fig. 2, through data analysis, there was
no significant difference in the number of top transitions (Fig. 2E), the time spent on the top (Fig. 2F) and the time of latency to enter
the top (Fig. 2G) between WBS (300 pg/mL) and control. The results showed that acute exposure to WBS (300 pg/mL) had no effect on
the behavior of adult zebrafish. The safety of WBS is further demonstrated.

3.4. Quantitative measurement of tyrosinase activity and melanin content in zebrafish embryos

In order to verify whether WBS treatment can affect skin pigmentation, zebrafish was used as an in vivo model to detect tyrosinase
activity and melanin content. Compared with the control group, WBS significantly inhibited melanin production in zebrafish in a dose-
dependent manner (Fig. 3A). It is worth noting that WBS inhibited melanin production throughout the melanin-producing
compartment in zebrafish, and WBS (300 pg/mL) inhibited melanogenesis better than arbutin (250 pg/mL) (Fig. 3B). Treatment
with WBS (300 pg/mL) significantly reduced tyrosinase activity to 67.45% of the untreated control level, and the effect was similar to
that observed in the arbutin group (Fig. 3C). The length of the scale is 500 pm. These results indicate that WBS can significantly inhibit
pigment accumulation in vivo.

3.5. Cytocompatibility of WBS

The safety of cosmetics is a serious issue. For example, hydroquinone (an effective skin lightener) contributes to several patho-
logical conditions, such as erythema, dryness and skin desquamation, and has a potential cancer risk. Kojic acid, for example, is a
potent tyrosinase inhibitor that induces contact dermatitis and is potentially genotoxic. To assess the safety of WBS, cell viability assays
were performed on B16F10 cells and HaCat cells. WBS had no effect on cell viability at 50-500 pg/mL. Thus, WBS did not produce
cytotoxicity to HaCat cells (Fig. 4A) and B16F10 cells (Fig. 4B) at concentrations of 50-500 pg/mL.

3.6. WBS reduced melanin content and tyrosinase activity in B16F10 cells

WRBS in the concentration range of 50-300 pg/mL was used to evaluate the effects of melanin content and tyrosinase activity in
B16F10 cells. As shown in Fig. 4C and D, B16F10 cells were treated with 50 pg/mL WBS, and there was no significant change in
melanin content and tyrosinase activity. After treating B16F10 cells with 100 pg/mL WBS, there was no significant change in melanin
content but tyrosinase activity decreased to 87.72% of the control group After 200 pg/mL WBS treatment, the melanin content and
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and ****p<0.0001.

tyrosinase activity decreased to 87.81% and 62.32% of the control group, respectively. After 300 pg/mL WBS treatment, the melanin
content and tyrosinase activity decreased to 82.27% and 60.54% of the control group, respectively. The effect of 300 pg/mL WBS on
tyrosinase activity was similar to that of 250 pg/mL arbutin, but the inhibitory effect on melanin content was slightly lower than
arbutin. Therefore, these findings together confirm that WBS can effectively inhibit melanin production in B16F10 cells. The
morphology of HaCat cells treated with WBS (300 pg/mL) and arbutin (250 pg/mL) did not change significantly (Fig. S3A), but that of
B16F10 cells treated with arbutin (250 pg/mL) reduced the proliferation rate and affected the morphology of B16F10 cells (Fig. S3B).
Compared with arbutin (250 pg/mL), WBS (300 pg/mL) has fewer stimulation on B16F10 cells and has higher safety.
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Fig. 5. At 24 h (A), 48 h (B) and 72 h (C), there were no significant difference in the fluorescence intensity of neutrophils fluorescent zebrafish
treated with WBS (300 pg/mL) and control group, but there was significant difference in the fluorescence intensity of neutrophils fluorescent
zebrafish treated with arbutin (250 pg/mL). The data are expressed as the mean =+ S.E.M. and were analyzed by one-way. Significance was defined
as *p<0.05, **p<0.01, ***p<0.001 and ****p <0.0001.
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3.7. WBS had little effect on skin irritation of neutrophils fluorescent zebrafish

The irritating effect of irritant components on skin is mainly achieved through the pathway of inducing inflammatory response
[34]. The generation of inflammatory response will make the body produce immune response. Various immune cells migrate and
gather to the site of epidermal inflammation under the action of chemokines, among which neutrophils have the strongest sensitivity
and specificity [35]. Neutrophils are a major component of the innate immune response and are the most abundant type of circulating
cell in humans and zebrafish [36]. Transgenic lines of labeled zebrafish neutrophils that respond to wounds and bacterial infections
provide an important tool for in vivo imaging [37].

The changes in fluorescence intensity of neutrophils fluorescent zebrafish exposed to WBS (300 pg/mL) and arbutin solution (250
pg/mL) are shown in Fig. 5 (A-C). The schematic diagram of zebrafish treated with WBS (50, 100, and 200 pg/mL) could be viewed in
Fig. S4. The length of the scale is 1 mm. Within the safe concentration range, there was no significant difference in the fluorescence
intensity of WBS exposed zebrafish compared with control group at 24 h (Figs. 5A), 48 h (Fig. 5B) and 72 h (Fig. 5C), but there was a
significant difference in the fluorescence intensity of WBS exposed zebrafish compared with control group. These results suggest that
WBS is mild and has no irritating effect on skin within the safe concentration range (50-300 pg/mL).

3.8. Effects of WBS on the expression of key mediators of melanogenesis

Melanogenesis is the physiological process of melanin synthesis in melanocytes located in the base layer of the epidermis to protect
the skin from UV damage [38]. Melanin is synthesized in the melanosomes of melanocytes and transported to the surrounding ker-
atinocytes, where it forms a melanin cap that limits UV penetration into the epidermis and dermis [39]. TYR, TYRP-1 and TYRP-2 are
three key enzymes of melanin synthesis. Melanogenesis is mediated by a complex series of signaling pathways, each associated with a
master regulator called MITF, which controls the expression of genes such as TYR, TYRP-1, and TYRP-2. To explore the effect of WBS in
inhibiting melanin synthesis, we examined the effect of WBS and arbutin on the gene expression of four key mediators in B16F10 cells.
gqRT-PCR analysis show that WBS could effectively down-regulate the mRNA expression levels of MITF, TYR, TYRP-1 and TYRP-2
(Fig. 6A-D). At the same time, as shown in Fig. 6 (E-H), the results of Western blot analysis show that WBS inhibits the protein
expression of TYRP-1/GAPDH, TYRP-2/GAPDH, and MITF/GAPDH in a dose-dependent manner. The original Western blot can be
found in Figs. S5-8. Together, these findings indicated that WBS decreased the expression of MITF at the gene level, which in turn
inhibited the gene expression of TYR, TYRP-1 and TYRP-2 produced by the three melanin species.

4. Conclusions and discussion
WBS is considered to be one of the most profitable non-wood forest products and is used as an ingredient in food and drink as well as

being used to make fresh drinks [40]. A previous study showed that WBS has differentiation-inducing properties on keratinocytes
cultured in vitro, controlling the production of moisture-retaining and barrier related factors [41]. In this study, we used the
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freeze-dried powder of WBS to realize the controllability of the solution concentration of WBS, and studied the inhibition effect of
different concentrations of WBS on melanin synthesis. We directly observed the distribution of melanin and the darkening results of
pigment by using the unique advantage of whole-body transparency of young zebrafish. In the zebrafish model, WBS inhibited melanin
production and tyrosinase activity in a dose-dependent manner, and inhibited melanin production throughout the body compartments.
Certainly, skin pigmentation is a complex biological process that can be caused by a variety of factors (UV irradiation, drug effects,
dermatological diseases, etc.) (Fig. 7A) [42]. The process of melanin synthesis is illustrated in Fig. 7C. Melanin is synthesized and
stored in melanosomes, which matures to the tip of the dendrite and is further transported to adjacent keratinocytes via the protein
MLPH forms a tripartite complex with Ras-related proteins and Myosin-Va to form pigmentation [43]. The effect of pigmentation is
related to the transport of melanosomes and their distribution in the perinuclear area. Melanin can be divided into eumelanin and
pheomelanin. Melanin is first generated by the hydroxylation of phenylalanine to L-tyrosine or directly from L-tyrosine, and then by
hydroxylation to L-3, 4-dihydroxyphenylalanine (L-DOPA). Under the action of TYR, L-DOPA is further oxidized to L-DOPA quinone.
In the absence of cysteine, dopa quinone is converted to dopamine by intramolecular addition and spontaneously decomposes to 5,
6-dihydroxyindole (DHI), forming eumelanin polymers, or through the conversion of TYRP-2, 5, 6-dihydroxyindole-2-carboxylic acid
(DHICA) is catalyzed by TYRP-1 to indole-5, 6-quinone carboxylic acid. Finally, true melanin accumulates. In the presence of cysteine,
dopa quinone reacts with cysteine to form cysteine dopamine, which is further converted to quinoline and ultimately polymerized to
form melanin. The content of melanin also depends on the expression of tyrosinase and the activity of tyrosinase [44]. Our results
indicate that WBS can effectively inhibit the activity of tyrosinase, down-regulate the expression of tyrosinase, and ultimately lead to
the reduction of melanin pigment. Further understanding of the regulatory pathways of melanin production may contribute to identify
more specific drug action targets for effective control of pigmentation disorders. In melanocytes, microscopy-associated transcription
factors influence TYR, TYRP-1, and TYRP-2 to regulate melanin production [45]. At the same time, many cytokines activate signaling
pathways by interacting with receptors on melanin membranes, including phosphatidylinositol 3-kinase/Akt pathway, cyclic ade-
nosine/protein kinase A pathway, mitogen activated protein kinase pathway, Endothelin-1-mediated signal-grade pathway and Wnt
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Fig. 7. WBS reduces skin pigmentation by inhibiting MITF, TYR and TYRP-1 and the underlying mechanism. (A) WBS can reduce skin pigmentation.
(B) Cytokines activate signaling pathways (phosphatidylinositol 3-kinase/Akt pathway, cyclic adenosine/protein kinase A pathway, mitogen
activated protein kinase pathway, Endothelin-1-mediated signal-grade pathway and Wnt pathway), and regulated melanogenesis through MITF. (C)
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pathway. And regulate the production process of melanin through MITF (Fig. 7B) [3]. Here, we discussed the inhibitory effect of WBS
on tyrosinase activity and the effect on melanin content. However, whether WBS has certain effects on several signaling pathways
regulating transcription factors related to microphthalmia and related transporters of melanosomes still needs to be further
investigated.

Clearly, when considering the practical use of tyrosinase inhibitors, it is crucial that they do not have a toxic effect on humans.
According to this study, WBS had no toxicity towards mouse melanoma B16F10 and human keratinocyte HaCat cells. Furthermore,
WBS has not been shown to be toxic to embryonic development or skin irritation in neutrophil fluorescent zebrafish. This suggests that
WBS, as a naturally derived whitening agent, has high biocompatibility and low irritability. The content of vitamin C in WBS is 17.56
mg/100g. It is well known that vitamin C can inhibit skin pigmentation and play a whitening role by inhibiting TYR activity and
reducing melanin content [46]. Many polyphenols have good whitening and antioxidant effects [47], and the total phenolic content in
WBS is 2 mg/kg, which has potential whitening effect, but the specific whitening effect and phenolic substances need to be further
studied. Meanwhile, WBS contains four essential amino acids, nine non-essential amino acids, five mineral nutrients and seven
essential trace elements can provide nutrients for the skin. Mechanistically, our results suggest that WBS inhibits the synthesis of
melanin by inhibiting MITF as well as downstream TYR, TYRP-1 and TYRP-2 (Fig. 7B). Nevertheless, while the whitening activity of
WRBS is well established in vivo and in vitro, it is challenging to guarantee its effectiveness on human skin due to the complex factors
influencing whitening effects. Therefore, in the future it’s necessary to study the whitening effects and safety in humans before
including them in whitening cosmetics.
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