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Abstract: Skin aging, characterized by hyperpigmentation, inflammation, wrinkles, and skin cancer,
is influenced by intrinsic and extrinsic factors with synergistic effects. Autophagy maintains the
homeostatic balance between the degradation, synthesis, and recycling of cellular proteins and
organelles, and plays important roles in several cellular and biological processes, including aging.
The compound 7-methylsulfinylheptyl isothiocyanate (7-MSI) is a sulfur-containing phytochemical
produced by various plants, particularly cruciferous vegetables, with reported anti-inflammatory
properties and a role in pathogen defense; however, its effects on skin whitening have not been
studied in detail. The purpose of this study was to observe the effects of 7-MSI on skin whitening
and autophagy in cultured murine melanoma (B16-F1) cells. Western blotting was used to evaluate
the impact of 7-MSI on melanogenesis-, tyrosinase-, and autophagy-associated proteins. The levels
of the melanogenesis-associated protein’s microphthalmia-associated transcription factor (MITF)
and tyrosinase and tyrosinase-related protein-1 were decreased by treatment with 7-MSI under
melanogenesis induction. Melanin synthesis also decreased by approximately 63% after treatment
with 7-MSI for 73 h, compared with that non-treated controls. In addition, autophagosome formation
and the expression levels of the autophagy-related proteins mTOR, p-mTOR, Beclin-1, Atg12, and LC3
were higher in 7-MSI-treated B16-F1 cells than in non-treated cells. These results indicate that 7-MSI
can inhibit melanin synthesis in B16-F1 cells by suppressing melanogenesis and autophagy activation
and thus can potentially be used as a novel multifunctional cosmetic agent.
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1. Introduction

The skin consists of the epidermis, dermis, and hypodermis, and has a variety of
essential physiological functions [1]. Skin aging is influenced by both intrinsic and extrin-
sic factors, including genetics, metabolic processes, hormonal changes, ultraviolet (UV)
light, and air pollution. These factors also act synergistically, leading to skin aging with
cumulative alterations to the skin structure, function, and appearance, which can lead to
hyperpigmentation, wrinkle formation, and skin cancer [2,3]. Melanin is synthesized by
skin cells to provide protection from UV light exposure [4]. However, excessive melanin
synthesis in the skin causes hyperpigmentation, which can result in melasma, freckles,
and aging-associated pigment spots [5]. In mammals, UV exposure stimulates the produc-
tion of alpha-melanocyte-stimulating hormone (α-MSH), which binds to the melanocortin 1
receptor (MC1R) within the cell membrane and activates protein kinase A (PKA). In turn,
PKA phosphorylates cAMP response element-binding protein (CREB), which regulates the
expression of the microphthalmia-associated transcription factor (MITF) [3,6–8] that controls
the production of tyrosinase and tyrosinase-related protein-1/2 (TRP-1/2) [4,9]. Melanin is
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synthesized by melanocytes, which transport mature melanosomes to keratinocytes, result-
ing in melanogenesis [10–12]. Tyrosinase and TRP1/2 are the main enzymes controlling the
production of the two forms of melanin, eumelanin and pheomelanin [13,14].

Autophagy is a cellular process required for the disposal of damaged organelles, de-
natured proteins, and invading pathogens through lysosomal degradation [15,16]. The au-
tophagy system is generally activated under a state of nutrient deprivation, and is associ-
ated with infection, cancer, and aging [17]. In a recent study, the autophagy system was
also determined to be involved in the decomposition of the melanosome and synthesis
of melanin pigments, suggesting that its activation can be closely related to reducing the
production of melanin [18]. In addition, some studies have shown that autophagy regu-
lators might have important roles in the initial stages of melanosome formation [19,20].
Therefore, the regulation of autophagy is a very complex [21] and important process in
skin aging. Activated mammalian target of rapamycin (mTOR) suppresses autophagy,
whereas deactivation of mTOR promotes autophagy [22–24]. Moreover, Beclin-1 inter-
acts with Bcl-2 to inhibit autophagy induction. The phosphorylation of Bcl-2 by acti-
vated mitogen-activated protein kinases (MAPKs) results in the release of Beclin-1 to
induce autophagy [25,26]. Autophagy-related proteins (Atg proteins) also participate in
the regulation of autophagy [27]. Atg12 forms a heterodimer with Atg5, which then in-
teracts with Atg16 to form a large complex. In addition, microtubule-associated protein
light chain 3 (LC3) is a central protein in the autophagy system, and conversion of LC3-I to
LC3-II is an indicator of autophagosome formation and the induction of autophagy [28–30].

The compound 7-methylsulfonylheptyl isothiocyanate (7-MSI) is a sulfur-containing
phytochemical that is produced in a variety of plants, particularly cruciferous vegetables
such as cabbage, cauliflower, kale, and broccoli [31,32]. This compound induces phase-II
enzymes such as quinone reductase, inhibits matrix metalloproteinase-9, and acts as a
superoxide scavenger in vitro [33,34]. Although a few studies have shown that 7-MSI has
anti-inflammatory properties and can aid in the defense against pathogens [34], the ef-
fects of 7-MSI on skin whitening have not been studied in detail to date. Therefore,
in this study, we evaluated the effects of 7-MSI on tyrosinase activity, melanin synthesis,
and the autophagy system in vitro using a murine melanoma cell line (B16-F1). In addition,
when developing cosmetics, the mixing of multiple agents for their various functions is
disadvantageous in terms of efficiency and cost. Therefore, it is essential to develop a
multifunctional cosmetic agent to reduce cost and increase efficiency. Our study also inves-
tigated the possibility of developing 7-MSI as a novel multifunctional cosmetic ingredient
for anti-aging skin products.

2. Results and Discussion
2.1. 7-MSI Suppresses Melanogenesis in B16-F1 Cells

Sulforaphane, like 7-MSI, is a member of the isothiocyanate family present in veg-
etables, and in a previous study was shown to inhibit melanogenesis and tyrosinase
expression [35]. In melanogenesis, the phosphorylation of CREB leads to the expression of
MITF, which regulates the production of tyrosinase and TRP-1 [4,36]. In this study, the effect
of 7-MSI on inhibition of the expression melanogenesis-associated proteins was examined
by western blotting. The concentration of 7-MSI without cytotoxicity was determined
by MTS assays, and 1 µg/ml of 7-MSI was used in this study (Figure 1A,B). As shown
in Figure 1C,D, the expression levels of CREB, p-CREB, MITF, tyrosinase, and TRP-1 de-
creased by 9%, 27%, 28%, 45%, and 11%, respectively, in cells treated with 1 µg/ml of 7-MSI
in the presence of α-MSH (10 nM)-induced melanin synthesis for 24 h, compared with
those in cells treated with α-MSH alone. These results suggest that 7-MSI can inhibit the
expression of melanogenesis-associated proteins.
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Figure 1. Effect of 7-methylsulfinylheptyl isothiocyanate (7-MSI) on melanin synthesis. B16-F1 cells 
were treated with various concentrations of 7-MSI (0, 0.1, 0.5, 1, 2, and 4 µg/mL) (A) and TGF-β (0, 
0.00002, 0.0002, 0.002, 0.02, and 0.2 ng/mL). (B) for 24 h, and cell viability (%) was examined using 
an MTS assay. TGF-β was used as a positive control. (C) B16-F1 cells were treated with 7-MSI (1 
µg/mL) for 24 h. Cell lysates from each sample were prepared and western blotting was carried out 
with antibodies against CREB, p-CREB, MITF, tyrosinase, TRP-1, and GAPDH. Arbutin was used 
as a positive control. (D) Relative protein expression levels. Each value represents the ratio of signal 
intensity for the indicated protein to that of GAPDH. “None” indicates cells treated with only α-
MSH. Data represent the mean ± standard deviation values of the results of two separate experi-
ments. * p < 0.0001; ǂ p < 0.005 compared with the “none” group using ANOVA followed by Dun-
nett’s multiple comparison test. (E) The inhibitory effect of melanin synthesis by 7-MSI. B16-F1 cells 
were treated with different concentrations of 7-MSI (0, 0.05, 0.1, 0.05, 1, and 2 µg/mL) for 73 h and 
the released melanin was examined. Arbutin was used as a positive control. (F) Melanin content 
analyses. The histograms show the mean ± standard deviation values of the results of two separate 
experiments. * p < 0.001; ǂ p < 0.01 compared with the “none” group using one-way ANOVA with 
Dunnett’s multiple comparison post hoc test. 

Figure 1. Effect of 7-methylsulfinylheptyl isothiocyanate (7-MSI) on melanin synthesis. B16-F1 cells were treated with
various concentrations of 7-MSI (0, 0.1, 0.5, 1, 2, and 4 µg/mL) (A) and TGF-β (0, 0.00002, 0.0002, 0.002, 0.02, and 0.2 ng/mL).
(B) for 24 h, and cell viability (%) was examined using an MTS assay. TGF-β was used as a positive control. (C) B16-F1 cells
were treated with 7-MSI (1 µg/mL) for 24 h. Cell lysates from each sample were prepared and western blotting was carried
out with antibodies against CREB, p-CREB, MITF, tyrosinase, TRP-1, and GAPDH. Arbutin was used as a positive control.
(D) Relative protein expression levels. Each value represents the ratio of signal intensity for the indicated protein to that of
GAPDH. “None” indicates cells treated with only α-MSH. Data represent the mean ± standard deviation values of the
results of two separate experiments. * p < 0.0001; ‡ p < 0.005 compared with the “none” group using ANOVA followed
by Dunnett’s multiple comparison test. (E) The inhibitory effect of melanin synthesis by 7-MSI. B16-F1 cells were treated
with different concentrations of 7-MSI (0, 0.05, 0.1, 0.05, 1, and 2 µg/mL) for 73 h and the released melanin was examined.
Arbutin was used as a positive control. (F) Melanin content analyses. The histograms show the mean ± standard deviation
values of the results of two separate experiments. * p < 0.001; ‡ p < 0.01 compared with the “none” group using one-way
ANOVA with Dunnett’s multiple comparison post hoc test.
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As shown in Figure 1E,F, melanin synthesis was decreased dose-dependently after
treatment with 7-MSI. At 1 µg/mL, 7-MSI decreased the melanin content by approximately
63% (* p < 0.001) compared with that in cells treated with α-MSH alone. These results
suggest that 7-MSI can directly inhibit melanin synthesis in B16-F1 cells.

2.2. 7-MSI Activates MAPK Signaling in B16-F1 Cells

The activated ERK signaling pathway can lead to the degradation of MITF, which in
turn downregulates the expression of melanogenesis-related proteins such as tyrosinase and
TRP1/2 [4,9]. In addition, MAPK signaling is known to regulate the induction of autophagy.
In particular, activated ERK can promote the maturation of autophagic vacuoles [36,37].
Therefore, the effects of 7-MSI on the activation of MAPK signaling were also examined
in B16-F1 cells by western blotting using antibodies against p38, p-p38, JNK, p-JNK, ERK,
and p-ERK. When B16-F1 cells were treated with 7-MSI (1 µg/mL) in the presence of
α-MSH (10 nM) for 30 min, the expression levels of p-p38, p-JNK, and p-ERK increased
by approximately 181%, 72%, and 158%, respectively, compared with those in the control
cells (Figure 2). These results suggest that 7-MSI can activate the MAPK signaling pathway
in B16-F1 cells and have an inhibitory effect on the production of proteins and enzyme
involved in melanogenesis.
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Figure 2. 7-methylsulfinylheptyl isothiocyanate (7-MSI) can activate the MAPK signaling pathway in B16-F1 cells. (A) West-
ern blotting for p38, p-p38, JNK, p-JNK, ERK1/2, p-ERK1/2, and GAPDH (control) in B16-F1 cells treated with 7-MSI
(1 µg/mL) for 15 and 30 min. TGF-β (10 ng/mL) as a positive control was used. (B) Relative protein expression levels.
Each value was calculated from the ratio of the signal intensity for the indicated protein to that of GAPDH. Data represent
the mean ± standard deviation values of the results of two separate experiments. * p < 0.0001; ‡ p < 0.005 compared with
the “none” group (treated with α-MSH only) using ANOVA followed by Dunnett’s multiple comparison test.

2.3. Activation of Cellular Autophagy by 7-MSI in B16-F1 Cells

Autophagy is known to play an important role in melanosome accumulation [20].
Many autophagy regulators have been identified as powerful regulators of melanogen-
esis [38], including the protein that regulates the early stages of melanosomal forma-
tion (BECN1) [39] and the protein that regulates the conversion of autophagy vesicles
(WIPI1) [40]. Activated mTOR suppresses autophagy, whereas negative regulation of mTOR
promotes autophagy. Beclin-1 is required for the induction of autophagy. The Atg molecules
control autophagosome formation through Atg12–Atg5 and LC3-II complexes [28]. In ad-
dition, to examine the effect of 7-MSI on autophagy activation, the expression level of
autophagy-related proteins was examined in B16-F1 cells. As shown in Figure 3, the levels
of Beclin-1, Atg12, and LC3 were increased by approximately 34%, 50%, and 46%, respec-
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tively, in B16-F1 cells treated with 1 µg/mL of 7-MSI in the presence of α-MSH (10 nM) for
30 min compared with those in the non-treated control cells. Furthermore, the expression
of p-mTOR as an autophagy system negative regulator decreased by approximately 52%
after treatment with 7-MSI. Furthermore, confocal microscopy clearly revealed more au-
tophagosome formation in the cytosol of 7-MSI-treated B16F1 cells than in their non-treated
counterparts (Figure 3C). These results show that 7-MSI can induce the up-regulation of
autophagy-related proteins and the formation of autophagosome in B16-F1 cells.
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Figure 3. 7-methylsulfinylheptyl isothiocyanate (7-MSI) can activate cellular autophagy in B16-F1 cells. (A) Western blotting
for mTOR, p-mTOR, Beclin-1, ATG12, LC3, and GAPDH in B16-F1 cells treated with 7-MSI (1 µg/mL) for 15 or 30 min.
TGF-β (10 ng/mL) as a positive control was used. (B) Relative expression levels of proteins. Each value was calculated
from the ratio of signal intensity for the indicated protein to that of GAPDH. Data are shown as mean ± standard deviation
values from two separate experiments; * p < 0.0001, ‡ p < 0.005 compared with the “none” group (treated with α-MSH
only) using ANOVA followed by Dunnett’s multiple comparison test. (C) Confocal microscopy images of autophagosome
formation after 7-MSI (1 µg /mL) treatment of B16-F1 cells in the presence of α-MSH (10 nM) for 30 min; TGF-β (10 ng/mL)
was used as a positive control.

3. Conclusions

Collectively, these results suggest that 7-MSI activates the ERK signaling pathway,
resulting in activation of the autophagy system and degradation of MITF, which downreg-
ulates the expression of melanogenesis-associated proteins in melanoma cells (Figure 4).
These results clearly show that 7-MSI can regulate melanin synthesis and activation of
the autophagy system in B16-F1 melanoma cells. Therefore, 7-MSI could be used as a
potential multifunctional cosmetic agent for skin whitening (as shown in this study) and
anti-inflammation [34].
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isothiocyanate (7-MSI) in B16-F1 cells.

4. Materials and Methods
4.1. Cell Culture

Murine melanoma cells (B16-F1) were purchased from the American Type Culture
Collection (Manassas, VA, USA). The cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 1% of penicillin-streptomycin and 10% of fetal bovine serum
in a 5% CO2 incubator at 37 ◦C.

4.2. Cell Viability Assay

Cell viability was calculated using the CellTiter 96 Aqueous Non-Radioactive cell
proliferation kit (Promega, Madison, WI, USA). B16-F1 cells (0.5 × 105 cells/well) were
seed on 96-well plates, then treated with various concentrations of 7-MSI (0, 0.1, 0.5, 1, 2,
and 4 µg/mL; LKT Labs, St. Paul, MN, USA) or transforming growth factor (TGF)-β
(0, 0.00002, 0.0002, 0.002, 0.02, and 0.2 ng/mL; R & D system, Minneapolis, MN, USA).
At the end of the incubation, 20 µl of MTS reagent was added and the plates were in-
cubated at 37 ◦C for 4 h in 5% CO2. The absorbance was measured at 490 nm using a
96-well plate reader. The effects of various doses of 7-MSI and TGF-β (control) on B16-F1
cell proliferation are shown in Figure 1A,B.

4.3. Measurement of Melanin Content

Melanin content was measured by modifying the previously reported method [41]
and according to guidelines for the efficacy evaluation of functional cosmetics by the
Ministry of Food and Drug Safety (MFDS, http://www.mfds.go.kr/brd/m_210/view.
do?seq=12420 (accessed on 10 February 2021)). B16-F1 cells were cultured at a density
of 0.5 × 105 cells/well in 6-well plates overnight, then treated with 7-MSI (0, 0.05, 0.1,
0.5, 1, and 2 µg/mL) in the presence of α-MSH (10 nM) in DMEM without phenol red
(Welgene, Daegu, Korea). The cells were then further incubated in 5% CO2 at 37 ◦C for
73 h. The culture supernatant was collected by centrifugation at 16,000× g for 4 min.
The melanin content was measured based on the A490 value.

4.4. Western Blotting Assay

B16-F1 cells were seeded in 6-well plates at a density 0.5 × 105 cell/well. After cultur-
ing overnight, the cells were treated with α-MSH (10 nM) to induce melanogenesis [38],
then treated with 7-MSI (1 µg/mL) for 24 h at 37 ◦C in 5% CO2. For western blot anal-
ysis, the protein samples were subjected to 10% or 12% SDS-PAGE. The proteins were
transferred to polyvinylidene fluoride (PVDF) membranes (Bio-Rad, Hercules, CA, USA).

http://www.mfds.go.kr/brd/m_210/view.do?seq=12420
http://www.mfds.go.kr/brd/m_210/view.do?seq=12420
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The membranes were blocked with 5% skim milk in TBS-T (250 mM Tris-HCl, pH 8.0;
1.5 mM NaCl; and 0.1% Tween 20) at 20 ◦C for 1 h, then incubated with specific primary
antibodies (1:1000 in blocking buffer) at 4 ◦C overnight, followed by six washes with TBS-T.
The primary antibodies used in this study were CREB, phosphorylated (p)-CREB, MITF,
tyrosinases, TRP-1, p38, p-p38, JNK, p-JNK, extracellular-related kinase (ERK), p-ERK,
mTOR, p-mTOR, Beclin, and ATG12 (Cell Signaling Technology, Beverly, MA, USA). An-
tibodies against GAPDH (used as a loading control) and MAP-LC3-IIβ were obtained
from Santa Cruz Biotechnology (Dallas, TX, USA). The membranes were incubated with
horseradish peroxidase (HRP)-conjugated anti-mouse or rabbit IgG as a secondary anti-
body (1:4000 in blocking buffer) at 20 ◦C for 2 h. After washing five times with TBS-T,
signals were determined using Lumi Femto and EZ-Western Lumi Plus (Daeillab Service,
Seoul, Korea) systems exposed on X-ray film (Fuji Film, Japan) according to the manufac-
turer’ instructions. Western blot data were quantified using the ImageJ program (National
Institutes of Health, Bethesda, MD, USA).

4.5. Confocal Microscopy Analysis

B16-F1 cells were cultured (0.1 × 105 cells/well) on poly-L-lysine (0.01% solution)-
coated glass coverslips in 12-well plates. After 24 h, the cells were treated with 7-MSI
(1 µg/mL) for 1 h at 37 ◦C in 5% CO2. The cells were washed with PBS and fixed with 3.7%
formaldehyde in PBS for 10 min at 20 ◦C. After washing, the cells were permeabilized with
0.1% Triton X-100 for 10 min then blocked with 1% bovine serum albumin in PBS at 20 ◦C
for 20 min. The cells were incubated with anti-LC3 antibody (diluted at 1:50 in PBS) for 1 h
and incubated with Alexa Fluor 488-conjugated goat anti-mouse IgGs (diluted at 1:200 in
PBS; Santa Cruz, CA, USA) for 1 h at 20 ◦C. The cells were washed three times with PBS,
stained with 4’-6-diamidino-2-phenylindole (Life Technologies, Grand Island, NY, USA),
and observed using a Zeiss LSM 510 confocal microscope (Carl Zeiss; Thornwood, NJ, USA
LePecq, France) [42].

4.6. Statistical Analysis

The significance of differences was analyzed by ANOVA followed by Dunnett’s
multiple comparison test using SPSS version 24.0 (IBM Corp., Armonk, NY, USA).
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Abbreviations

7-MSI 7-methylsulfinylheptyl isothiocyanate
α-MSH alpha-melanocyte-stimulating hormone
ATG autophagy-related proteins
CREB cAMP response element-binding protein
DMEM Dulbecco’s modified Eagle’s medium
ERK extracellular-related kinase
LC3 microtubule-associated protein light chain 3
MAPK mitogen-activated protein kinase
MC1R melanocortin 1 receptor
MITF microphthalmia-associated transcription factor
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mTOR mammalian target of rapamycin
PKA protein kinase A
TGF-β transforming growth factor-beta
TRP1/2 tyrosinase-related protein-1/2
UV ultraviolet
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