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Abstract: Brassinin is a phytoalexin abundant in plants, especially in cabbage, and has been reported
to act as an anti-cancer and anti-inflammatory agent. However, limited studies are available to
elucidate the functionalities of brassinin. Here, we tested the effects of brassinin on melanogenesis
using cell-free and cell-based biochemical analysis and docking simulation. Cell-free experiments
exhibited that brassinin has antioxidant and anti-tyrosinase activities. When applied to B16F10
cells stimulated with a melanogenesis inducer α-MSH, brassinin pretreatment significantly reduced
melanin accumulation and cellular tyrosinase activity. Docking simulation indicates that the docking
score of brassinin to the binding pocket of tyrosinase is better than that of kojic acid or arbutin,
anti-melanogenic positive controls, indicating that brassinin inhibits melanogenesis at least partially
by binding to and inactivating tyrosinase. In addition, qPCR results showed that brassinin reduced
tyrosinase mRNA levels. Together, these results suggest that brassinin exerts anti-melanogenesis
effects by inhibiting both the activity and mRNA expression levels of tyrosinase. Therefore, our
study showed that brassinin has the potential to be used in pharmaceutical or cosmetic products
for depigmentation.
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1. Introduction

Melanin determines the color of mammalian hair, eyes, and skin and is responsi-
ble for protecting the skin against the harmful effects of ultraviolet (UV) radiation [1,2].
However, the overproduction or abnormal distribution of melanin is closely associated
with hyperpigmentation-related skin diseases, including freckles, melasma, and solar
lentigo [3–5]. Abnormal skin color changes may damage the appearance and cause emo-
tional distress, ultimately reducing the quality of life. Thus, skin whitening agents are
receiving great attention in the cosmetic and pharmaceutical industries due to their preven-
tive effects on abnormal melanogenesis [6].

Melanogenesis occurs in melanosomes, the organelles of melanocytes, under the reg-
ulation of several melanocyte-specific enzymes, including tyrosinase, tyrosinase-related
protein (TRP)-1, and TRP-2 [7–10]. Tyrosinase is a multifunctional copper-containing oxi-
dase present in various animals, plants, and microorganisms that catalyzes the production
of melanin by hydroxylating L-tyrosine to form 3,4-dihydroxyphenylalanine (L-DOPA) and
oxidizing L-DOPA to dopaquinone [11–14]. Tyrosinase is a rate-limiting enzyme that plays
an important role in the initial step of the melanogenesis pathway, and the development
of various tyrosinase inhibitors is actively underway to suppress excessive pigmenta-
tion [15–17]. Several known tyrosinase inhibitors, such as arbutin, kojic acid, ascorbic acid,
and hydroquinone, can be used in cosmetics and pharmaceuticals to treat hyperpigmen-
tation [18–22]. However, these tyrosinase inhibitors have limited use due to serious side
effects, such as dermatitis, cytotoxicity, carcinogenicity, and genotoxicity [18–22]. Therefore,
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there is a need to find other natural compounds that have no undesirable side effects and
exhibit the ability to effectively inhibit hyperpigmentation.

Plants are continuously attacked by environmental and chemical pathogens, which de-
grade the quality and reduce the production rate of various crops [23]. Plants have defense
mechanisms to fight pathogens, for which the biosynthesis of secondary metabolites, includ-
ing phytoalexins, is important. Brassinin belongs to phytoalexins abundant in the family
Brassicaceae, including broccoli, cabbage, brussels sprouts, cauliflower, and kohlrabi [24].
Because brassinin is produced by plants in response to environmental stimuli, such as
exposure to UV radiation and chemicals, many studies have focused on brassinin synthesis
and metabolism in plants. Brassinin is known to have various pharmacological properties,
such as antibacterial, anti-obesity, anti-inflammatory, and anti-cancer [25–28]. In more
detail, brassinin exhibits anti-obesity activity by reducing the protein expression levels of
adipogenic transcription in 3T3-L1 cells [27]. Brassinin shows anti-inflammatory effects by
inhibiting nuclear factor-κB signaling and activating nuclear factor erythroid-2-related fac-
tor 2/heme oxygenase-1 in lipopolysaccharide-stimulated murine macrophages RAW264.7
and human monocytes THP-1 [28]. Additionally, brassinin exhibits anti-cancer efficacy by
inhibiting the proliferation of various tumor cells and inducing apoptosis [28–30]. However,
the effect of brassinin on melanogenesis has not yet been tested. In the current study, we
tested whether brassinin, which is abundant in various vegetables, shows anti-melanogenic
activity using in vitro and in silico analysis.

2. Materials and Methods
2.1. Materials

Brassinin, 2,4,6-Tris(2-pyridyl)-s-triazine, Iron(II) sulfate heptahydrate, Iron(III) chlo-
ride hexahydrate, tyrosinase from mushroom, L-tyrosine, L-DOPA, phenylmethylsulfonyl
fluoride, α-melanocyte stimulating hormone (α-MSH), and Triton X-100 were obtained from
Sigma-Aldrich (St. Louis, MO, USA). All materials related to cell culture were purchased
from Welgene (Daegu, Korea).

2.2. Ferric Reducing Antioxidant Power (FRAP) Assay

The reducing power of brassinin was measured with a slight modification of a previ-
ously published method [31]. The FRAP working solution was prepared by mixing 300 mM
acetate buffer (pH 3.6), 10 mM 2,4,6-Tris(2-pyridyl)-s-triazine, 20 mM ferric chloride, and
distilled water in a ratio of 10:1:1:1.2. A total of 6 µL of brassinin and 200 µL of FRAP
reagent were added to a 96-well plate and incubated at 37 ◦C for 4 min. Then, absorbance
was measured at 520 nm with a microplate reader (AMR-100, Allsheng, Hangzhou, China).
Ferric sulfate was measured at the same concentration as brassinin, and a standard curve
was constructed using the average FRAP value versus concentration. This was used to
calculate the antioxidant capacity of brassinin.

2.3. Cell-Free Mushroom Tyrosinase Activity Assay

Cell-free mushroom tyrosinase activity assay was measured using L-tyrosine as a
substrate according to a previously described method [32]. Briefly, 1 µL of brassinin (5, 15,
and 30 µM) and 94 µL of an assay mixture buffer (1 mM L-tyrosine solution, 50 mM sodium
phosphate buffer (pH 6.5), and distilled water (10:10:9, v/v/v), respectively) were added
to the 96-well plates. Then, 5 µL of mushroom tyrosinase (1000 units/mL) was added to
each well. Following incubation for 30 min at 37 ◦C, absorbance was determined at 490 nm
using a microplate reader.

2.4. Cell Culture

B16F10 (murine melanoma cell line), HaCaT (human keratinocyte cell line), and HS68
(human dermal fibroblast cell line) were purchased from the American Type Culture
Collection (ATCC, Rockville, MD, USA). B16F10, HaCaT, and HS68 cells were individually
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% heat-inactivated
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fetal bovine serum and 1% penicillin-streptomycin in a humidified atmosphere of 5% CO2
and 95 % air at 37 ◦C.

2.5. Cell Viability Assay

Cell viability was measured using the MTS assay (CellTiter96® AQueous One Solution
Cell Proliferation Assay Kit, Promega, Madison, WI, USA). Briefly, B16F10 (1 × 104 cells/well),
HaCaT (5 × 103 cells/well), and HS68 (5 × 103 cells/well) were seeded in 96-well plates.
After 24 h, cells were incubated with a fresh medium supplemented with various concen-
trations of brassinin (1–100 µM) for 24 h. After incubation, 5 µL of MTS reagent was added
to each well, and the color was developed at 37 ◦C for 1 h. The absorbance was determined
at 490 nm using a microplate reader.

2.6. Measurement of Melanin Content

Measurement of melanin content was performed according to a previously published
method [32]. Briefly, B16F10 melanoma cells were incubated in 6-well plates at a density
of 5 × 103 cells/well at 37 ◦C for 24 h with 5% CO2 humidified air. Cells were pretreated
with 1, 5, and 15 µM of brassinin for 1 h and further stimulated with 500 nM of α-MSH
for 6 days. After washing twice with cold PBS, the cells were collected with 100 µL of 1 N
NaOH and dissolved at 60◦ C for 1 h. The 70 µL of cell extracts were placed in a 96-well
plate, and absorbance was measured at 490 nm using a microplate reader. The relative
melanin content was determined by normalizing melanin values with total protein content.

2.7. Cellular Tyrosinase Activity Assay

Intracellular tyrosinase activity was determined by measuring the dopachrome for-
mation of L-DOPA, as described in a previous study [32]. B16F10 melanoma cells were
seeded at a density of 5 × 103 cells/well in a 6-well plate. Cells were pretreated with 5 and
15 µM of brassinin for 1 h and further stimulated with 500 nM of α-MSH for 6 days. Cells
were washed twice with cold PBS and dissolved with 130 µL of 50 mM sodium phosphate
buffer (pH 6.5) containing 1% Triton X-100 and 0.1 mM PMSF. After freezing the cell lysates
for 30 min at −80 ◦C, the supernatant was obtained by centrifugation at 12,000× g for
30 min at 4 ◦C. The 80 µL of the supernatant solution was placed in a 96-well plate, and
then 20 µL of 2 mg/mL L-DOPA was added to each well. After incubation at 37 ◦C for 1 h,
the absorbance was measured at 492 nm using a microplate reader. Intracellular tyrosinase
activity was determined by normalizing the absorbance with total protein content and
calculated as % of control.

2.8. Real-Time PCR

The RNA was isolated from B16F10 melanoma cells using the RiboEXTM reagent
(GeneAll, Seoul, Korea), and 1 µg of total RNA was used for cDNA synthesis by using
a SmartGene Compact cDNA Synthesis Kit (SMART GENE, Daejeon, Korea). Quanti-
tative real-time PCR was performed using the TOPrealTM SYBR Green qPCR PreMIX
(Enzynomics, Daejeon, Korea) and QuantStudioTM 1 Real-Time PCR system (Applied
Biosystems, Foster City, CA, USA). The expression levels of target genes were calculated
using the 2−∆∆CT method [33].

2.9. Immunofluorescence Staining

Immunofluorescence staining was performed according to a previously published
method [34]. The cells were fixed with 10% formalin for 1 h at room temperature. After
washing twice with DPBS, the cells were treated with 0.5% Triton X-100 for 10 min at room
temperature to increase the cell membrane permeability. After blocking for 30 min at room
temperature with 0.5% blocking solution, cells were incubated with an anti-microphthalmia-
associated transcription factor (MITF) antibody (1:100, sc-515925; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) overnight at 4 ◦C followed by FSDTM 488-conjugated secondary anti-
body (1:500, RSA1145; BioActs, Incheon, Korea) for 1 h at room temperature. After washing
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twice with DPBS, the cells were stained with 2 µg/mL 4′6′-diamidino-2-phenylindole dihy-
drochloride and observed using a fluorescence microscope (LS40, Leamsolution, Gyeonggi-
do, Korea).

2.10. Docking Simulation

Docking simulation was performed using Auto dock Vina 1.1.2 (free software provided
by http://vina.scripps.edu (accessed on 13 October 2021)). Binding affinity was predicted
using the 3D structure of a tyrosinase protein derived from Agaricus bisporus (PDB ID: 2Y9X).
Arbutin and kojic acid are well-known tyrosinase inhibitors. The binding position of arbutin
(CID: 440936) and kojic acid (CID: 3840) to tyrosinase was calculated through the binding
site of tropolone, and the possibility of brassinin (CID: 3035211) binding to the same position
was predicted. A database was searched on Pubchem to obtain the ligand structures of
arbutin, kojic acid, and brassinin. Subsequently, LigandScout 4.4 software was used to
predict the structural binding potential between tyrosinase and different compounds.

2.11. Statistical Analysis

All experimental results were expressed as the mean ± SEM of at least three inde-
pendent experiments. Significance between groups was conducted with GraphPad Prism
5.0 (GraphPad software, La Jolla, CA, USA) using one-way analysis of variance (ANOVA)
according to Tukey’s multiple comparison test.

3. Results
3.1. Brassinin Is an Antioxidant and Tyrosinase Inhibitor

Tyrosinase is a key enzyme responsible for melanogenesis [35]. To investigate whether
brassinin (Figure 1a) can be applied to a whitening agent, a test tube-based tyrosinase
activity assay was performed using mushroom tyrosinase. Brassinin treatment (5–30 µM)
decreased tyrosinase activity in a concentration-dependent manner (Figure 1b). Agents with
antioxidative activity, including ascorbic acid, L-cysteine, and 4-hexylresorcinol, can pre-
vent melanin production by binding to the intermediates [36]. We tested whether brassinin
exhibits antioxidant activity using FRAP and data showed that brassinin (1–50 µM)
concentration-dependently elevates antioxidant capacity (Figure 1c).
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Figure 1. Inhibitory effects of brassinin on mushroom tyrosinase activity and oxidative stress in test
tubes. (a) The chemical structure of brassinin. (b) The tyrosinase inhibitory activity of brassinin
was measured in the cell-free system using mushroom tyrosinase as an enzyme and L-tyrosine as
a substrate (n = 3/group). (c) The antioxidant activity of brassinin was determined by FRAP assay
in a cell-free system (n = 3/group). Results are presented as a mean ± SEM. * p < 0.05, ** p < 0.01,
*** p < 0.001 compared with the non-treated control group.

3.2. Brassinin Did Not Affect Cell Viability in the Range of 1 to 50 µM

We further tested whether brassinin showing antioxidant and tyrosinase-inhibitory
activities have the anti-melanogenic capacity in B16F10 cells that are frequently used to
find anti-melanogenic compounds. Because safety is the most important issue that should
be considered for the application of natural compounds as a cosmetic agent, we performed

http://vina.scripps.edu
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a cytotoxicity assay using multiple skin cell lines, including HS68 (human fibroblast),
HaCaT (human keratinocyte), and B16F10 (mouse melanoma cells). When brassinin was
treated in the range of 1–100 µM for 24 h, no cytotoxicity was found between 1 and 50 µM
concentration, but slight toxicity was observed at 100 µM in B16F10 (Figure 2a), HaCaT
(Figure 2b), and HS68 (Figure 2c) cells. Based on these results, brassinin can be used in
subsequent experiments in the concentration range of 1 to 50 µM.
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Figure 2. Effects of brassinin on cell viability in B16F10, HaCaT, and HS68 cells. Cell viability was
measured in (a) B16F10, (b) HaCaT, and (c) HS68 cells treated with various concentrations of brassinin
(1–100 µM) for 24 h (n = 4/group). Results are presented as a mean ± SEM. * p < 0.05, *** p < 0.001
compared with the non-treated control group.

3.3. Brassinin Inhibits α-MSH-Induced Intracellular Melanin Accumulation and Tyrosinase
Activity in B16F10 Cells

For a cellular melanogenesis assay, B16F10 melanoma cells were pretreated with
brassinin (1–15 µM) for 1 h followed by α-MSH treatment. Then, the cells were cultured for
an additional 6 days to stimulate melanin accumulation. As expected, α-MSH treatment
markedly elevated cellular melanin content by approximately 180% and the treatment
of brassinin decreased it in a dose-dependent manner (Figure 3a,b). Because mushroom
tyrosinase activity was reduced by brassinin treatment in a cell-free experiment, we hypoth-
esized that brassinin reduces cellular tyrosinase activity to suppress melanogenesis. When
a rough enzyme fraction was isolated from B16F10 cells treated with α-MSH or brassinin
and a tyrosinase activity assay was performed, cellular tyrosinase activity was significantly
lower in the brassinin-treated group than in the α-MSH group (Figure 3c). These results
suggest that brassinin reduces cellular tyrosinase activity to suppress melanogenesis.
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Figure 3. Anti-melanogenesis effects of brassinin in α-MSH-induced B16F10 melanoma cells. (a,b) In-
tracellular melanin contents and (c) tyrosinase activity were measured in B16F10 cells pretreated
with various concentrations of brassinin (1–15 µM) and kojic acid (15, 30 µM) for 1 h and then
stimulated with α-MSH (500 nM) for 6 days (n = 3/group). Results are presented as a mean ± SEM.
### p < 0.001 compared with the non-treated control group and * p < 0.05, ** p < 0.01 compared with
the α-MSH-treated group.
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3.4. Brassinin Inhibits MITF Translocation into the Nucleus and Decreases the mRNA Level of
Tyrosinase in α-MSH-Stimulated B16F10 Cells

To find a molecular mechanism underlying the brassinin-mediated anti-melanogenesis,
we measured mRNA expression levels of genes associated with melanogenesis, including
TRP-1, TRP-2, and tyrosinase (Figure 4a–c). α-MSH significantly upregulated TRP-1, TRP-2,
and tyrosinase, and brassinin treatment only significantly reduced the mRNA level of
tyrosinase among these genes (Figure 4a–c). Since MITF is an important transcription factor
for the regulation of tyrosinase, immunofluorescence analysis was performed to evaluate
the inhibitory effect of brassinin on MITF translocation into the nucleus. Fluorescent
microscopic evaluation showed that the treatment of brassinin inhibited MITF translocation
into the nucleus compared with α-MSH-only treated B16F10 melanoma cells (Figure 4d).
These results suggest that brassinin inhibits melanin accumulation by reducing the mRNA
level of tyrosinase through the inhibition of MITF translocation.
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Figure 4. Effects of brassinin on mRNA expression levels of melanogenesis-related genes and MITF
translocation. B16F10 melanoma cells were pretreated with brassinin (5, 15 µM) for 1 h then stimulated
with α-MSH (500 nM) for 6 days to determine mRNA expression levels of (a) TRP-1, (b) TRP-2, and
(c) tyrosinase, respectively (n = 3/group). (d) MITF was detected using an anti-MITF monoclonal
antibody and an FSDTM-conjugated secondary antibody. Results are presented as a mean ± SEM.
## p < 0.01, ### p < 0.001 compared with the non-treated control group and * p < 0.05 compared with
the α-MSH-treated group.

3.5. Brassinin May Bind to and Inactivate Tyrosinase

A protein-ligand docking simulation was performed to predict the binding affinity of
brassinin, kojic acid, arbutin, and tyrosinase. We compared the docking scores by predicting
the binding strength of brassinin at the site to where the well-known tyrosinase inhibitor
tropolone bind. The binding affinity between tyrosinase and kojic acid was –5.5 kcal/mol
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(Figure 5a), and the binding affinity to arbutin was –5.8 kcal/mol (Figure 5b). Brassinin
was –6.7 kcal/mol (Figure 5c), which was higher than that of kojic acid and arbutin.
This study confirms that brassinin acts as a strong tyrosinase inhibitor. Binding residue
analysis between tyrosinase and compounds as further investigated using Ligand Scout
4.4 software. As predicted by the structure, kojic acid has three hydrogen bond acceptors
and three hydrogen bond donors, which may be involved in tyrosinase binding (Figure 6a).
Arbutin forms seven hydrogen bond acceptors, five hydrogen bond donors, one aromatic
interaction, and one hydrophobic interaction that can be associated with tyrosinase binding
(Figure 6b). Analysis of brassinin indicates that it can have two hydrogen bond acceptors
and two hydrogen bond donors and can form two aromatic and hydrophobic interactions,
which may be associated with the binding affinity (Figure 6c).
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Figure 5. Binding affinity between Agaricus bisporus (PDB ID: 2Y9X) and (a) kojic acid (CID: 3840),
(b) arbutin (CID: 440936), or (c) brassinin (CID: 3035211). AutoDock Vina software was used to predict
the ligand binding capacity of brassinin, which exhibits strong inhibitory activity against tyrosinase.
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Figure 6. Binding residue analysis of ligands to tyrosinase. Pharmacopoeia analysis of (a) kojic acid,
(b) arbutin, or (c) brassinin and tyrosinase was performed using LigandScout 4.4 software.

4. Discussion

Here, we tested whether brassinin affects melanin accumulation in B16F10 cells, and
data showed that brassinin decreased α-MSH-induced melanin accumulation in B16F10
cells, presumably by binding to and inactivating cellular tyrosinase and down-regulating
tyrosinase expression levels.

Although brassinin is rich in the family Brassicaceae, a few studies investigated the
anti-melanogenic activity of their extracts. A study investigated extraction characteristics
and tyrosinase inhibitory activity of Brassica oleracea var. capita extracts [37]. The maximal
tyrosinase inhibition rate of the extracts was approximately 68.9% at the ratio of solvent to
sample, EtOH concentration, and extracting temperature of about 24.0 mL/g, 10.5%, and
78.7 ◦C, respectively. Nevertheless, the study did not provide specific compounds within
the extracts of Brassica oleracea var. capita for tyrosinase inhibition. Other studies indicate
that phytoalexins, including brassinin, can be detected in Brassica juncea and Brassica rapa in
response to environmental or chemical stimulations, including UV radiation, jasmonic acid,
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fungal spores, CuCl2, Dextruxin B, and yeast extract [23]. Because the family Brassicaceae
may grow under constant exposure to environmental stimuli, such as heavy metals and
UV radiation, some plants in Brassicaceae likely include brassinin in the condition without
extra stimulations, although few related studies are available to date.

Melanogenesis is controlled by a variety of signaling pathways in response to intrinsic
and extrinsic stimulations, including hormones, UV irradiation, etc. α-MSH elevates
intracellular cyclic adenosine monophosphate, resulting in protein kinase A activation
through separating catalytic subunits from regulatory subunits. As a result, the catalytic
protein kinase A can translocate to the nucleus, phosphorylating and activating cyclic AMP
response element binding, which transactivates MITF, an important transcription factor
to stimulate the transcription of multiple genes associated with melanogenesis, including
tyrosinase [38]. Based on our data, tyrosinase activity was suppressed by brassinin in
cell-free experiments. A higher docking score between tyrosinase and brassinin than other
positive controls further supports the possibility that brassinin binds to and inactivates
tyrosinase. Nevertheless, this is not the sole mechanism underlying brassinin-mediated anti-
melanogenic effects because mRNA expression levels of tyrosinase were also significantly
reduced in the brassinin-treated group. Thus, we assume that the reduced intracellular
tyrosinase activity is derived from both direct bindings to tyrosinase and a decrease in
tyrosinase expression by brassinin treatment.

The expression of tyrosinase is mainly regulated by MITF, a transcription factor acti-
vated by various intracellular protein kinases, such as extracellular signal-regulated kinases
(ERKs), c-Jun N-terminal kinases (JNKs), p38, protein kinase B (Akt), and ribosomal protein
S6 kinase (S6K). Based on our data, although translocation of MITF was inhibited, the
mRNA levels of ERK1/2, JNK, p38, Akt, and S6K were unchanged by brassinin treatment
(Supplementary Figure S1). Previous studies showed that the phosphorylation of ERKs,
JNKs, p38, Akt, and S6K upregulated MITF translocation and tyrosinase expression in
α-MSH-stimulated B16F10 cells. Therefore, we assume that phosphorylation levels of ERKs,
JNKs, p38, Akt, and S6K may be more important for α-MSH-induced melanogenesis. It is
necessary to further study whether brassinin affects the phosphorylation levels of ERKs,
JNKs, p38, Akt, and S6K in B16F10 cells.

Furthermore, brassinin showed strong antioxidant ability based on FRAP analysis.
These results were consistent with other studies that demonstrated the antioxidant activity
of brassinin via free radical scavenging assays, such as DPPH, superoxide, peroxyl radicals,
and ferric-reducing power [39]. Antioxidants can not only inhibit the initiation of enzymatic
browning by reacting with oxygen but also can react with intermediate products to break
the chain reaction and prevent melanin formation [40]. Based on these results, we assume
that brassinin exerts anti-melanogenic effects, in part, by enhancing antioxidant activity
and decreasing intracellular tyrosinase activity.

Brassinin may inactivate tyrosinase, presumably by binding to the active site of tyrosi-
nase based on docking simulation followed by the binding residue analysis. However, it
should be noted that docking simulation has limitations, including the lack of confidence in
scoring functions to show accurate binding energy because some intermolecular reciprocal
action terms are not easy to exactly predict [41]. Although some further experiments sug-
gested above are necessary, our data indicate that brassinin suppressed α-MSH-mediated
melanogenesis in B16F10 cells via dual mechanisms, including regulating the activity and
expression of tyrosinase.

5. Conclusions

Brassinin suppressed α-MSH-mediated melanogenesis at least partly by inhibiting
both the activity and mRNA expression levels of tyrosinase. Although further mechanistic
and toxicity studies are necessary, the results of this study indicate that brassinin has the
potential for use as a depigmenting and cosmeceutical agent.
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Supplementary Materials: The following supporting information can be downloaded at: https:
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upstream signaling pathways in B16F10 melanoma cells.

Author Contributions: Conceptualization, B.L.; investigation, M.-K.L., H.R. and H.H.J.; writing—ori-
ginal draft preparation, M.-K.L., H.R., H.H.J. and B.L.; writing—review and editing, B.L.; funding
acquisition, B.L. All authors have read and agreed to the published version of the manuscript.

Funding: The current work was supported by Pukyong National University (2022, 202205990001).

Data Availability Statement: Data is contained within the article or supplementary material.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhou, Y.; Zeng, H.L.; Wen, X.Y.; Jiang, L.; Fu, C.H.; Hu, Y.B.; Lei, X.X.; Zhang, L.; Yu, X.; Yang, S.Y.; et al. Selaginellin Inhibits

Melanogenesis via the MAPK Signaling Pathway. J. Nat. Prod. 2022, 85, 838–845. [CrossRef] [PubMed]
2. Choi, J.-H.; Jung, J.-G.; Kim, J.-E.; Bang, M.-A. Anti-melanogenic effects of Hordeum vulgare L. barely sprout extract in murine

B16F10 melanoma cells. J. Nutr. Health 2019, 52, 168. [CrossRef]
3. Beguerie, J.; Diego, C. Freckles, Lentigos, Melanocytic Nevi, and Melanoma. In Atlas of Dermatology, Dermatopathology and

Venereology: Cutaneous Infectious and Neoplastic Conditions and Procedural Dermatology; Springer: Berlin/Heidelberg, Germany, 2022;
pp. 403–433.

4. Iriyama, S.; Ono, T.; Aoki, H.; Amano, S. Hyperpigmentation in solar lentigo is promoted by heparanase-induced loss of heparan
sulfate chains at the dermal-epidermal junction. J. Dermatol. Sci. 2011, 64, 223–228. [CrossRef] [PubMed]

5. Konda, S.; Geria, A.; Halder, R. New Horizons in Treating Disorders of Hyperpigmentation in Skin of Color. Semin. Cutan. Med.
Surg. 2012, 31, 133–139. [CrossRef] [PubMed]

6. Imen, M.B.; Chaabane, F.; Nadia, M.; Soumaya, K.J.; Kamel, G.; Leila, C.G. Anti-melanogenesis and antigenotoxic activities of
eriodictyol in murine melanoma (B16-F10) and primary human keratinocyte cells. Life Sci. 2015, 135, 173–178. [CrossRef]

7. Chen, Y.M.; Su, W.C.; Li, C.; Shi, Y.; Chen, Q.X.; Zheng, J.; Tang, D.L.; Chen, S.M.; Wang, Q. Anti-melanogenesis of novel kojic acid
derivatives in B16F10 cells and zebrafish. Int. J. Biol. Macromol. 2019, 123, 723–731. [CrossRef]

8. Maranduca, M.A.; Branisteanu, D.; Serban, D.N.; Branisteanu, D.C.; Stoleriu, G.; Manolache, N.; Serban, I.L. Synthesis and
physiological implications of melanic pigments. Oncol. Lett. 2019, 17, 4183–4187. [CrossRef]

9. Yamaguchi, Y.; Hearing, V.J. Physiological factors that regulate skin pigmentation. Biofactors 2009, 35, 193–199. [CrossRef]
10. Son, H.-U.; Nam, D.-Y.; Kim, M.-A.; Cha, Y.-S.; Kim, J.-M.; Shin, Y.-K.; Lee, S.-H. Inhibitory Effect of Angelica keiskei Extracts on

Melanogenesis. Korean J. Food Preserv. 2011, 18, 998–1001. [CrossRef]
11. Hirata, N.; Naruto, S.; Ohguchi, K.; Akao, Y.; Nozawa, Y.; Iinuma, M.; Matsuda, H. Mechanism of the melanogenesis stimulation

activity of (-)-cubebin in murine B16 melanoma cells. Bioorg. Med. Chem. 2007, 15, 4897–4902. [CrossRef]
12. Ito, S.; Wakamatsu, K. Chemistry of mixed melanogenesis–pivotal roles of dopaquinone. Photochem. Photobiol. 2008, 84, 582–592.

[CrossRef] [PubMed]
13. Land, E.J.; Ramsden, C.A.; Riley, P.A. Quinone chemistry and melanogenesis. Methods Enzym. 2004, 378, 88–109. [CrossRef]
14. Son, H.-U.; Lee, S.; Kim, M.-A.; Park, H.-J.; Lee, S.-H. Comparison of Melanogenesis-Inhibiting Activity by Extracts of Prunus

persica Flower and Calyx. Korean J. Food Preserv. 2012, 19, 946–950. [CrossRef]
15. Lazou, K.; Sadick, N.; Kurfurst, R.; Bonnet, M.; Neveu, M.; Nizard, C.; Heusele, C.; Schnebert, S.; Perrier, E. The use of antisense

strategy to modulate human melanogenesis. J. Drugs Dermatol. JDD 2007, 6, s2–s7. [PubMed]
16. Chou, T.-H.; Ding, H.-Y.; Hung, W.; Liang, C.-H. Antioxidative characteristics and inhibition of alpha-melanocyte-stimulating

hormone-stimulated melanogenesis of vanillin and vanillic acid from Origanum vulgare. Exp. Dermatol. 2010, 19, 742–750.
[CrossRef] [PubMed]

17. Lee, Y.-S.; Kim, H.-K.; Lee, K.; Jeon, H.; Cui, S.; Lee, Y.; Moon, B.; Kim, Y.-H.; Lee, Y.-S. Inhibitory effect of glyceollin isolated from
soybean against melanogenesis in B16 melanoma cells. BMB Rep. 2010, 43, 461–467. [CrossRef]

18. Lee, S.Y.; Baek, N.; Nam, T.G. Natural, semisynthetic and synthetic tyrosinase inhibitors. J. Enzym. Inhib. Med. Chem. 2016,
31, 1–13. [CrossRef]

19. Draelos, Z.D. Skin lightening preparations and the hydroquinone controversy. Dermatol. Ther. 2007, 20, 308–313. [CrossRef]
20. Serra-Baldrich, E.; Tribo, M.J.; Camarasa, J.G. Allergic contact dermatitis from kojic acid. Contact Dermat. 1998, 39, 86–87.

[CrossRef]
21. Ratnam, A.V.; Sastry, P.B.; Satyanarayana, B.V. Ascorbic acid and melanogenesis. Br. J. Derm. 1977, 97, 201–204. [CrossRef]
22. Hu, Z.-M.; Zhou, Q.; Lei, T.-C.; Ding, S.-F.; Xu, S.-Z. Effects of hydroquinone and its glucoside derivatives on melanogenesis and

antioxidation: Biosafety as skin whitening agents. J. Dermatol. Sci. 2009, 55, 179–184. [CrossRef] [PubMed]
23. Pedras, M.S.C.; Nycholat, C.M.; Montaut, S.; Xu, Y.; Khan, A.Q. Chemical defenses of crucifers: Elicitation and metabolism of

phytoalexins and indole-3-acetonitrile in brown mustard and turnip. Phytochemistry 2002, 59, 611–625. [CrossRef] [PubMed]
24. Pedras, M.S.; Zheng, Q.-a.; Sarma-Mamillapalle, V. The Phytoalexins from Brassicaceae: Structure, Biological Activity, Synthesis

and Biosynthesis. Nat. Prod. Commun. 2007, 2, 319–330. [CrossRef]

https://www.mdpi.com/article/10.3390/foods12010121/s1
https://www.mdpi.com/article/10.3390/foods12010121/s1
http://doi.org/10.1021/acs.jnatprod.1c00971
http://www.ncbi.nlm.nih.gov/pubmed/35290062
http://doi.org/10.4163/jnh.2019.52.2.168
http://doi.org/10.1016/j.jdermsci.2011.09.007
http://www.ncbi.nlm.nih.gov/pubmed/22005029
http://doi.org/10.1016/j.sder.2012.03.001
http://www.ncbi.nlm.nih.gov/pubmed/22640434
http://doi.org/10.1016/j.lfs.2015.06.022
http://doi.org/10.1016/j.ijbiomac.2018.11.031
http://doi.org/10.3892/ol.2019.10071
http://doi.org/10.1002/biof.29
http://doi.org/10.11002/kjfp.2011.18.6.998
http://doi.org/10.1016/j.bmc.2007.04.046
http://doi.org/10.1111/j.1751-1097.2007.00238.x
http://www.ncbi.nlm.nih.gov/pubmed/18435614
http://doi.org/10.1016/S0076-6879(04)78005-2
http://doi.org/10.11002/kjfp.2012.19.6.946
http://www.ncbi.nlm.nih.gov/pubmed/17691203
http://doi.org/10.1111/j.1600-0625.2010.01091.x
http://www.ncbi.nlm.nih.gov/pubmed/20482617
http://doi.org/10.5483/BMBRep.2010.43.7.461
http://doi.org/10.3109/14756366.2015.1004058
http://doi.org/10.1111/j.1529-8019.2007.00144.x
http://doi.org/10.1111/j.1600-0536.1998.tb05843.x
http://doi.org/10.1111/j.1365-2133.1977.tb15066.x
http://doi.org/10.1016/j.jdermsci.2009.06.003
http://www.ncbi.nlm.nih.gov/pubmed/19574027
http://doi.org/10.1016/S0031-9422(02)00026-2
http://www.ncbi.nlm.nih.gov/pubmed/11867093
http://doi.org/10.1177/1934578X0700200315


Foods 2023, 12, 121 11 of 11

25. Hong, T.; Ham, J.; Song, J.; Song, G.; Lim, W. Brassinin inhibits proliferation in human liver cancer cells via mitochondrial
dysfunction. Cells 2021, 10, 332. [CrossRef] [PubMed]

26. Schepici, G.; Bramanti, P.; Mazzon, E. Efficacy of sulforaphane in neurodegenerative diseases. Int. J. Mol. Sci. 2020, 21, 8637.
[CrossRef]

27. Kang, B.; Kim, C.Y.; Hwang, J.; Suh, H.J.; Choi, H.S. Brassinin, a phytoalexin in cruciferous vegetables, suppresses obesity-induced
inflammatory responses through the Nrf2-HO-1 signaling pathway in an adipocyte-macrophage co-culture system. Phytother.
Res. 2019, 33, 1426–1437. [CrossRef]

28. Kang, B.; Hwang, J.; Choi, H.-S. Brassinin, a brassica-derived phytochemical, regulates monocyte-to-macrophage differentiation
and inflammatory responses in human monocytes and murine macrophages. J. Pharm. Pharmacol. 2020, 72, 1245–1255. [CrossRef]

29. Yang, M.H.; Lee, J.H.; Ko, J.H.; Jung, S.H.; Sethi, G.; Ahn, K.S. Brassinin Represses Invasive Potential of Lung Carcinoma Cells
through Deactivation of PI3K/Akt/mTOR Signaling Cascade. Molecules 2019, 24, 1584. [CrossRef]

30. Yang, M.H.; Baek, S.H.; Ha, I.J.; Um, J.Y.; Ahn, K.S. Brassinin enhances the anticancer actions of paclitaxel by targeting multiple
signaling pathways in colorectal cancer cells. Phytother. Res. 2021, 35, 3875–3885. [CrossRef]

31. Lee, M.K.; Hwang, Y.H.; Ryu, H.; Lee, A.; Jeong, H.H.; Baek, J.; Kim, M.J.; Lee, J.Y.; Van, J.Y.; Liu, Y.; et al. Galla rhois water
extract inhibits enzymatic browning in apple juice partly by binding to and inactivating polyphenol oxidase. Food Chem. 2022,
383, 132277. [CrossRef]

32. Moon, K.M.; Yang, J.H.; Lee, M.K.; Kwon, E.B.; Baek, J.; Hwang, T.; Kim, J.I.; Lee, B. Maclurin Exhibits Antioxidant and
Anti-Tyrosinase Activities, Suppressing Melanogenesis. Antioxidants 2022, 11, 1164. [CrossRef] [PubMed]

33. Livak, K.J.; Schmittgen, T. Analysis of relative gene expression data using real-time quantitative PCR and the 2-DDCt method.
Methods 2001, 25, 402–408. [CrossRef] [PubMed]

34. Gwon, W.-G.; Lee, S.-G.; Kim, J.-I.; Kim, Y.-M.; Kim, S.-B.; Kim, H.-R. Hexane fraction from the ethanolic extract of Sargassum
serratifolium suppresses cell adhesion molecules via regulation of NF-κB and Nrf2 pathway in human umbilical vein endothelial
cells. Fish. Aquat. Sci. 2019, 22, 7. [CrossRef]

35. Lee, B.; Moon, K.M.; Lee, B.S.; Yang, J.H.; Park, K.I.; Cho, W.K.; Ma, J.Y. Swertiajaponin inhibits skin pigmentation by dual
mechanisms to suppress tyrosinase. Oncotarget 2017, 8, 95530–95541. [CrossRef]

36. Arias, E.; Gonzalez, J.; Peiró, J.; Oria, R.; Lopez-Buesa, P. Browning prevention by ascorbic acid and 4-hexylresorcinol: Different
mechanisms of action on polyphenol oxidase in the presence and in the absence of substrates. J. Food Sci. 2007, 72, C464–C470.
[CrossRef] [PubMed]

37. Kim, H.-K.; Lee, G.-D.; Kwon, J.-H.; Kim, K.-H. Monitoring on extraction yields and functional properties of Brassica oleracea var.
capita extracts. Food Sci. Biotechnol. 2005, 14, 836–840.

38. Vachtenheim, J.; Borovansky, J. “Transcription physiology” of pigment formation in melanocytes: Central role of MITF. Exp. Derm.
2010, 19, 617–627. [CrossRef]

39. Yin, W.-M.; Cao, X.-B.; Li, S.-X.; Zhang, F.; Guan, Y.-F. Brassinin inhibits proliferation and induces cell cycle arrest and apoptosis
in nasopharyngeal cancer C666-1 cells. Arab. J. Chem. 2022, 15, 104018. [CrossRef]

40. Al-abbasy, O. The Effect of Some Antioxidants Compounds on Enzymatic and Nonenzymic Browning of Quince Juice During
Thermal Treatment. J. Educ. Sci. 2020, 29, 206–221.

41. Yuriev, E.; Agostino, M.; Ramsland, P.A. Challenges and advances in computational docking: 2009 in review. J. Mol. Recognit.
JMR 2011, 24, 149–164. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/cells10020332
http://www.ncbi.nlm.nih.gov/pubmed/33562611
http://doi.org/10.3390/ijms21228637
http://doi.org/10.1002/ptr.6333
http://doi.org/10.1111/jphp.13291
http://doi.org/10.3390/molecules24081584
http://doi.org/10.1002/ptr.7095
http://doi.org/10.1016/j.foodchem.2022.132277
http://doi.org/10.3390/antiox11061164
http://www.ncbi.nlm.nih.gov/pubmed/35740060
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://doi.org/10.1186/s41240-019-0122-7
http://doi.org/10.18632/oncotarget.20913
http://doi.org/10.1111/j.1750-3841.2007.00514.x
http://www.ncbi.nlm.nih.gov/pubmed/18034705
http://doi.org/10.1111/j.1600-0625.2009.01053.x
http://doi.org/10.1016/j.arabjc.2022.104018
http://doi.org/10.1002/jmr.1077

	Introduction 
	Materials and Methods 
	Materials 
	Ferric Reducing Antioxidant Power (FRAP) Assay 
	Cell-Free Mushroom Tyrosinase Activity Assay 
	Cell Culture 
	Cell Viability Assay 
	Measurement of Melanin Content 
	Cellular Tyrosinase Activity Assay 
	Real-Time PCR 
	Immunofluorescence Staining 
	Docking Simulation 
	Statistical Analysis 

	Results and Discussion 
	Brassinin Is an Antioxidant and Tyrosinase Inhibitor 
	Brassinin Did Not Affect Cell Viability in the Range of 1 to 50 M 
	Brassinin Inhibits -MSH-Induced Intracellular Melanin Accumulation and Tyrosinase Activity in B16F10 Cells 
	Brassinin Inhibits MITF Translocation into the Nucleus and Decreases the mRNA Level of Tyrosinase in -MSH-Stimulated B16F10 Cells 
	Brassinin May Bind to and Inactivate Tyrosinase 

	Discussion 
	Conclusions 
	References

