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Abstract

Exosomes are involved in intercellular communication by transferring cargo between
cells and altering the specific functions of the target cells. Recent studies have dem-
onstrated the therapeutic effects of exosomes in several skin diseases. However, un-
derstanding of the effects of exosomes on anti-pigmentation is limited. Therefore, we
investigated whether BJ-5ta exosomes (BJ-5ta-Ex) derived from human foreskin fibro-
blasts regulate melanogenesis and delineated the underlying mechanism. Interestingly,
treatment with BJ-5ta-Ex induced decreased melanin content, tyrosinase (TYR) activ-
ity, and expression of melanogenesis-related genes, including microphthalmia-related
transcription factor (MITF), TYR, tyrosinase-related protein-1 (TRP1), and tyrosinase-
related protein-2 (TRP2). In addition, BJ-5ta-Ex downregulated the cAMP/PKA and
GSK-3p/B-catenin signaling pathways and upregulated the MAPK/ERK signaling path-
way. Notably, treatment with BJ-5ta-Ex inhibited a-melanocyte-stimulating hormone-
induced melanosome transport and decreased the expression of key proteins involved
in melanosome transport, namely, rab27a and melanophilin (MLPH). To further con-
firm the depigmenting effects of BJ-5ta-Ex, we conducted experiments using a three-
dimensional reconstituted human full skin model and ultraviolet B (UVB)-irradiated
mouse model. Treatment with BJ-5ta-Ex improved tissue brightness and reduced the
distribution of melanosomes. In UVB-irradiated mouse ears, BJ-5ta-Ex reduced the
number of active melanocytes and melanin granules. These results demonstrate that

BJ-5ta-Ex can be useful for the clinical treatment of hyperpigmentation disorders.
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1 | INTRODUCTION

Melanin is responsible for the pigmentation of the skin and hair
(Clarys et al., 2000). This pigment also protects keratinocytes
within skin from ultraviolet (UV)-induced DNA damage (Shoag
et al., 2013). However, excessive production and irregular accu-
mulation of melanin can lead to several skin abnormalities, such as
melasma, freckles, and age spots (Speeckaert et al., 2014). Thus,
there is a significant interest in developing depigmentation agents
to prevent or treat skin hyperpigmentation for medical or cosmetic
reasons.

Melanogenesis occurs through complex enzymatic and bio-
chemical catalytic reactions. The three major regulators of mel-
anin synthesis are tyrosinase (TYR), tyrosinase-related protein 1
(TRP1), and tyrosinase-related protein 2 (TRP2) (Hearing, 2011).
Microphthalmia-associated transcription factor (MITF) is a mas-
ter transcription factor that activates the transcription of pig-
mentation genes, including TYR, TRP1, and TRP2. MITF is also
required for melanocyte proliferation and differentiation (Hsiao
& Fisher, 2014).

Pigmentation is regulated by complex signaling transduction cas-
cadesin melanocytes. The cyclic adenosine monophosphate (cAMP)-
response element binding protein (CREB) signaling pathway is mainly
activated by alpha-melanocyte-stimulating hormone (a-MSH) from
keratinocytes. The increase in intracellular cAMP promotes the
phosphorylation of CREB, a co-factor involved in cAMP-dependent
MITF expression, which in turn binds to the MITF gene promoter and
stimulates the expression levels of MITF. The induced MITF stim-
ulates downstream target melanogenic genes such as TYR, TRP1,
and TRP2, resulting in the production of melanin pigment (Busca &
Ballotti, 2000; Niu & Aisa, 2017).

There are three key proteins involved in melanosome transpor-
tation: rab27a, melanophilin (MLPH), and myosin 5a. These proteins
form a tripartite complex and connect the melanosome to the actin
cytoskeleton (Hume et al., 2006). Rab27a is a small GTPase pro-
tein present on the membrane of mature melanosomes and plays
a role in intracellular vesicular transport and organelle dynamics
(Fukuda, 2021; Hume et al., 2007). MLPH serves as the effector of
rab27a and interacts directly with the GTP-bound form of rab27a
and Myosin-Va. Myosin-Va is responsible for the trafficking of mela-
nosomes in melanocytes. In brief, Rab27a captures the melanosome,
myosin-Va binds to actin filaments, and these two proteins are linked
by MLPH (Wu et al., 2006).

Regulation of melanogenesis could be an important strategy for
treating abnormal skin pigmentation. For instance, skin whitening
agents, such as KA, arbutin, and hydroquinone, have been used to
prevent or treat skin hyperpigmentation (Nakagawa et al., 1995).
These agents inhibit melanogenesis by controlling TYR activity
(Desmedt et al., 2016). However, hydroquinone has been banned
or restricted as a cosmetic agent in many countries due to its toxic
effects on mammalian cells, including contact dermatitis, irritation,
burning, and hypopigmentation (Chang et al., 2017). In addition, KA
is associated with carcinogenicity and is unstable (Zilles et al., 2022).

Significance

Skin whitening agents, such as kojic acid (KA) and hydro-
quinone, have been developed, but they are associated
with toxicity and are unstable. In contrast, exosomes have
notable stability and low associated tumorigenesis. There
is limited research on the whitening effects of fibroblast-
derived exosomes. Therefore, we examined the effect of
BJ-5ta-Ex on melanogenesis. We found that BJ-5ta-Ex
prevent melanogenesis by decreasing melanin content,
TYR activity, and the expression of melanogenesis-related
genes such as TYR, TRP1, and TRP2. In addition, BJ-5ta-Ex
increased brightness and reduced the distribution of
pigmentation in a 3D human full skin model and a UVB-
irradiated mouse model. These findings demonstrated that
BJ-5ta-Ex have potential preventive or therapeutic effects

for improving hyperpigmentation disorders.

Therefore, there is an unmet need to develop a safe and effective
treatment regimen that can attenuate hyperpigmentation.

Exosomes are extracellular vesicles derived from cells, with a
diameter of 40-160nm (Gaur et al., 2017). They have the capacity
to carry various biomolecules, including proteins, carbohydrates,
lipids, and nucleic acids, enabling communication with adjacent or
distant cells. Exosomes have recently garnered significant interest
because of their high biocompatibility and potent immunomod-
ulatory effects (Zhang et al., 2019). In particular, exosomes have
been explored as a cell-free therapeutic approach for various skin
diseases, including wound healing (exosomes from keratinocyte),
psoriasis (exosomes from keratinocyte), and atopic dermatitis (AD)
(exosomes from keratinocyte) (Cho et al., 2018; Jiang et al., 2019;
Lietal., 2019).

However, the effect of fibroblast-derived exosomes on melano-
genesis has yet to be evaluated. Therefore, in this study, we pre-
pared foreskin dermal fibroblast-derived exosomes (BJ-5ta-Ex) and
examined their effects on anti-pigmentation using in vitro and in

vivo models.

2 | MATERIALS AND METHODS
2.1 | Culture of B16F10 cells and reagents

B16F10 mouse melanoma cells were purchased from the Ameri-
can Type Culture Collection (ATCC, VA, USA). B16F10 cells were
cultured in Dulbecco's modified Eagle's medium (DMEM) contain-
ing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at
37°C with 5% CO,. a-MSH, KA, arbutin, and PD98059 were pur-
chased from Sigma-Aldrich (MO, USA). BIO was purchased from
Selleckchem (Texas, USA).
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2.2 | Isolation and characterization of exosomes

Human immortalized foreskin fibroblasts (BJ-5ta cells) were pur-
chased from Gibco (MD, USA). BJ-5ta-Ex were isolated from the
cell supernatants. BJ-5ta cells were incubated in serum-free DMEM
until they reached 70%-80% confluence. Then, the conditioned me-
dium was collected and centrifuged at 300xg for 10 min followed
by centrifugation at 2000xg for 20min. The cells and cellular de-
bris were removed by filtration, and the supernatant was collected
and concentrated using a sterile-membrane T-series cassette (Pall
Life Sciences, NY, USA) with tangential flow filtration. The mixture
was centrifuged at 100,000x g for 3h. The morphological feature
of BJ-5ta-Ex was determined using field-emission scanning electron
microscopy (FE-SEM) (Carl Zeiss Meditec AG, Jena, Germany). The
size distribution was determined using nanoparticle tracking analysis
(NTA) on ZetaView (Particle Metrix, Diessen, Germany). Fibroblast-
derived exosomal markers, including ALIX, CDé63, and f$-actin, were
quantified using western blot analysis with calnexin as a negative
control.

2.3 | Assessment of cell viability

B16F10 cells were seeded in 96-well plates at a density of 3 x 10°
cells/well. The cells were exposed to BJ-5ta-Ex at concentrations
ranging between 10° and 107 particles/mL for 24h. The cells
were incubated in a medium containing WST-8 solution for 1h
at 37°C with 5% CO,. The absorbance was measured at 450nm
using a SpectraMax i3x spectrophotometer (Molecular Devices,
CA, USA).

2.4 | Measurement of melanin content

B16F10 cells were seeded in a 24-well plate (10* cells/dish) and in-
cubated overnight at 37°C. Cells were pretreated with BJ-5ta-Ex for
24h and, after 48h, they were exposed to 100nM «-MSH. Cellular
melanin was dissolved in 200 uL of 1N NaOH-10% DMSO for 1h at
60°C, and the solubilized melanin content was photographed with
a digital camera and measured at 405nm using a SpectraMax i3x
spectrophotometer (Molecular Devices).

2.5 | Intracellular tyrosinase activity

The cells were lysed in 150 pL of lysis buffer. The lysates were cen-
trifuged at 13,000rpm for 20min at 4°C, the supernatant was col-
lected, and the protein concentration was measured. The samples
were (100 L) transferred to a 96-well plate, and the enzymatic assay
was initiated by adding 100puL of L-DOPA solution (0.1% in PBS,
pH6.8) at 37°C. The absorbance was measured at 475nm using a
SpectraMax i3x spectrophotometer.

2.6 | Insituintracellular tyrosinase activity

B16F10 cells were pretreated with BJ-5ta-Ex for 24 h and then co-
treated with a-MSH. The cells were fixed with 4% paraformaldehyde
(PFA) for 30min, followed by treatment with 0.1% triton X-100 for
2min. L-DOPA (0.1%) was added to each well, and the plates were

incubated for 3h. The cells were observed under a microscope.

2.7 | Reverse transcription-quantitative PCR
(RT-gPCR)

Total RNA was extracted using TRIzol Reagent (Invitrogen, CA,
USA). Single-strand cDNA synthesis was performed using Prime-
Script TM RT Master Mix (Takara, Tokyo, Japan). The resulting cDNA
was subjected to RT-gPCR on a CFX9%96 thermocycler (Bio-Rad,
CA, USA) using RT-gPCR PreMIX SYBR Green (Enzynomics, Seoul,
Korea). Gene expression levels were calculated as a cycle threshold
(Ct) value using the 27T quantification method and normalized to
that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The

primers used for gPCR are listed in Table 1.

2.8 | Western blot analysis

Equal amounts of protein were resolved on a 10% sodium dodecyl-sulfate
polyacrylamide (SDS-PAGE) gel through electrophoresis and transferred
to a nitrocellulose membrane (Cytiva, Amersham, USA). Membranes were
blocked in 5% skim milk in Tris-buffered saline (TBS) containing 0.1%
Tween-20 (TBS-T) and probed overnight at 4°C with primary antibodies.
The antibodies used are listed in Table 2. The membranes were washed

TABLE 1 Primer sequences used for quantification of gene
expression.

Gene Primer sequence (5'-3’)
Mouse MITF

F AGTACAGGAGCTGGAGATG

R GTGAGATCCAGAGTTGTCGT
Mouse tyrosinase

F GAGAAGCGAGTCTTGATTAG

R TGGTGCTTCATGCGCAAAATC
Mouse TRP1

F AGCCCCAACTCTGTCTTTTC

R GGTCTCCCTACATTTCCAGC
Mouse TRP2

F CAGTTTCCCCGAGTCTGCAT

R GTCTAAGGCGCCCAAGAACT
Mouse GAPDH

F AGGTCGGTGTGAACGGATTTG

R TGTAGACCATGTAGTTGAGGTCA
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TABLE 2 Antibodies used for western

blot analysis.

Antibodies Product code Company

Anti-MITF MAB3747-1 Sigma-Aldrich (MO, USA)

Anti-Calnexin ab22595 Abcam (Cambridge, UK)

Anti-ALIX ab275377 Abcam (Cambridge, UK)

Anti-CD63 ab134045 Abcam (Cambridge, UK)

Anti-tyrosinase ab180753 Abcam (Cambridge, UK)

Anti-p-MITF ab59201 Abcam (Cambridge, UK)

Anti-TRP-1 sc-58437 Santa Cruz Biotechnology (CA, USA)
Anti-TRP-2 sc-25544 Santa Cruz Biotechnology (CA, USA)
Anti-Rab27a sc-22756 Santa Cruz Biotechnology (CA, USA)
Anti-p-actin sc-47778 Santa Cruz Biotechnology (CA, USA)
Anti-p-CREB #9198 Cell Signaling Technology Inc. (Beverly, MA)
Anti-CREB #9197 Cell Signaling Technology Inc. (Beverly, MA)
Anti-p-ERK #9101 Cell Signaling Technology Inc. (Beverly, MA)
Anti-ERK #9102 Cell Signaling Technology Inc. (Beverly, MA)
Anti-p-AKT #4060 Cell Signaling Technology Inc. (Beverly, MA)
Anti-AKT #4691 Cell Signaling Technology Inc. (Beverly, MA)
Anti-p-p-catenin #4176 Cell Signaling Technology Inc. (Beverly, MA)
Anti-B-catenin #8480 Cell Signaling Technology Inc. (Beverly, MA)
Anti-Myosin-Va #3402 Cell Signaling Technology Inc. (Beverly, MA)
Anti-MLPH 10338-1-AP ProteinTech Group (IL, USA)

and incubated with horseradish peroxidase (HRP)-conjugated anti-
mouse (Vector Laboratories Inc., CA, USA) or anti-rabbit (Vector Labora-
tories Inc.) secondary antibodies. Immunodetection was performed using
an Amersham ECL kit (GE Healthcare, IL, USA) according to the manufac-
turer's protocol. The protein bands were visualized using a ChemiDoc™
MP Imaging System (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and
analyzed using the NIH Image J software (Bethesda, MD, USA).

2.9 | Immunocytochemistry (ICC)

The cells were fixed with 4% PFA for 30min, washed with PBS,
blocked with 3% BSA and 0.2% Triton X-100 in PBS for 1h at room
temperature (RT), and incubated overnight at 4°C with primary anti-
bodies. After washing with PBS, the cells were incubated with anti-
rabbit, mouse IgG-FITC secondary antibodies for 1 h at RT in dark. The
cell nuclei were counterstained with DAPI (Immuno Bioscience Corp.,
Washington, USA), and F-actin was stained with phalloidin (Thermo
Fisher Scientific, MA, USA). The cells were observed by fluorescence

microscopy (DMi8, Leica, Wetzlar, Germany).

2.10 | Measurement of cAMP levels

The cAMP levels were determined using a cAMP immunoassay kit
(Cayman Chemical Company, Ann Arbor, MI, USA). B16F10 cells
were lysed in 0.1 M HCI to inhibit phosphodiesterase activity and in-
cubated at RT for 20 min. The lysates were centrifuged at 1000x g
for 10 min. Supernatants were collected in a tube. The lysates were

transferred to a 96-well plate coated with rabbit IgG polyclonal anti-
body and incubated concomitantly with a constant concentration of
cAMP-acetylcholinesterase (Ache) conjugate (Tracer) as a competi-
tor of CAMP in the well. After incubation at 4°C for 18 h, the wells
were washed to remove the unbound cAMP, and Ellman's reagent
was added to determine the activity of cAMP. The optical density
was detected at 420 nm, which is proportional to the amount of the
cAMP Tracer but inversely proportional to the concentration of cCAMP

in the wells.

2.11 | Mouse experiments

C57BL/6 mice (9-week-old males) were obtained from Saeron Bio Inc.
(Gyeonggi-do, Korea) and acclimated for 7days at a temperature of
23+2°C, with a humidity level of 55%+10% and a 12-h light/12-h
dark cycle. All animal experiments were conducted according to the
Principles of Laboratory Animal Care established by the National In-
stitutes of Health (NIH) and were approved by the Chung-Ang Uni-
versity Institutional Animal Care and Use Committee (IACUC no.
202301020004). Prior to evaluation, the animals were anesthetized
with Zoletil (40 mg/kg) and Rompun (5 mg/kg). The animals were ran-
domly divided into five groups: normal control (N=6), UVB (N=6),
UVB+BJ-5ta-Ex at a dose of 107 particles/kg (N=6), UVB+BJ-
5ta-Ex at a dose of 10° particles/kg (N =6), and UVB +arbutin (30 mg/
kg) (N=6). Pigmentation was induced through UVB irradiation using a
BIO-SPECTRA (Vilber Lourmat, Collégien, France) three times a week
for 2weeks. The initial dose of UVB irradiation was 150 mJ/cm? for a
week, and the dose was increased to 200 mJ/cm? the following week.
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The ears were treated with BJ-5ta-Ex at doses of 107 particles/kg and
108 particles/kg daily for 3weeks.

2.12 | Reconstructed human skin model

The reconstructed human skin model Neoderm-M was purchased
from Tego Science (Seoul, Korea). Neoderm-M was removed from
medium-containing agar and transferred onto 12-well plates for
equilibration at 37°C (5% CO,) for 1day. Under treatment with BJ-
5ta-Ex or arbutin, Neoderm-M was irradiated with UVB (50mJ/cm?)
every other day for a total of four exposures, and the tissue sam-
ples were kept in an incubator at 37°C (5% CO,). To compare the
anti-melanogenesis effect, the reconstructed human skin was pho-

tographed with a digital camera on day 8.

2.13 | Histological observation and
immunohistochemistry (IHC)

The reconstructed human skin and mouse ear samples were fixed in 10%
formalin for 24 h, dehydrated in ethanol, embedded in paraffin, sectioned,
and stained with hematoxylin and eosin (H&E) and Fontana-Masson (F-
M). IHC was performed on the sections. Tissues were then subjected
to antigen retrieval with Tris-EDTA at 4°C for 15min and treated with
BLOCKALLTM Blocking Solution for 10 min. The slides were incubated
with 2.5% normal horse serum and stained with primary antibodies over-
night at 4°C. The slides were then incubated with HRP using the Imm-
PRESS® Excel Amplified Polymer Staining Kit (Vector Laboratories Inc.),
and the staining was developed using the 3,3’-diaminobenzidine (DAB)
peroxidase substrate kit (Vector Laboratories Inc.). To identify nuclei,

slides were counterstained with hematoxylin.

BJ-5ta
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FIGURE 1 Characterization of BJ-5ta-Ex and the effect of BJ-5ta-Ex on cytotoxicity, melanin content, and TYR activity in B16F10 cells.
(a) The morphology of BJ-5ta-Ex was observed using FE-SEM (scale bars, 100, 300 um). (b) The size distribution of BJ-5ta-Ex was assessed
using NTA. (c) The expression of calnexin, ALIX, and CD63 in BJ-5ta-Ex was assessed by western blotting. (d) B16F10 cells were treated with
BJ-5ta-Ex for 24 h; subsequently, a WST-8 cell viability assay was performed. (e) The melanin content in B16F10 cells exposed to a-MSH
(100nM) for 48 h and pretreated with BJ-5ta-Ex or KA (1 mM) was photographed with a digital camera and measured at 405 nm using a
SpectraMax i3x spectrophotometer. (f) The intracellular tyrosinase activity was determined using lysates obtained from B16F10 cells treated
with BJ-5ta-Ex or KA. (g) In situ intracellular tyrosinase activity observed by L-DOPA staining. Scale bar=100um. The results are expressed
as the mean + standard deviation. ####p <.0001 compared with the control group (untreated group). *p <.05, **p <.01, ****p <.0001

compared with the a-MSH-treated group.
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2.14 | Statistical analysis

The results are expressed as the mean +standard deviation (SD) of at
least three independent experiments. The data were analyzed using one-
way ANOVA followed by a Bonferroni post hoc test. All statistical analy-
ses were performed using the GraphPad Prism 7.0 software (GraphPad
Software Inc., CA, USA). Differences with p values lower than .05 were
considered statistically significant and are indicated on graphs with the
following symbols: *p <.05; **p<.01; ***p<.001; and ****p <.0001.

3 | RESULTS

3.1 | BJ-5ta-Exinhibit «x-MSH-induced
melanogenesis in B16F10 cells

BJ-5ta-Ex exhibited a spherical morphology (Figure 1a). The diameters
of most BJ-5ta-Ex ranged from 100 to 300nm (Figure 1b). Exosome
markers including CD63 and ALIX (Hong et al., 2019) were detected
in BJ-5ta-Ex, whereas the negative control calnexin was not detected
(Figure 1c). These results indicate that highly pure BJ-5ta-Ex were suc-
cessfully obtained. To examine the cytotoxicity of BJ-5ta-Ex on B16F10
cells, we performed a WST-8 assay. No cytotoxicity was observed at
doses of up to 10° particles/mL (Figure 1d). However, cytotoxicity was
detected starting at the dose of 107 particles/mL. As a melanin synthe-
sis inducer, a-MSH was used, while KA, a tyrosinase inhibitor, served as
a positive control. The melanin content of a-MSH-stimulated cells in-
creased approximately 1.8-fold compared with vehicle-treated control
cells. In contrast, BJ-5ta-Ex at doses of 10%, 10%, and 10° particles/mL
significantly decreased melanin production by 40%, 51.6%, and 57.8%,
respectively, compared with that in a-MSH-stimulated B16F10 cells.
Moreover, 1mM KA also reduced melanin levels by 123.5% compared
with a-MSH-stimulated cells (Figure 1e). To elucidate the tyrosinase
inhibitory effect of BJ-5ta-Ex, we assessed the intracellular tyrosi-
nase activity and in situ intracellular tyrosinase activity. As expected,
an approximately 1.5-fold increase in cellular tyrosinase activity was
observed in a-MSH-stimulated cells compared with unstimulated cells.
The tyrosinase activity in cells treated with BJ-5ta-Ex at doses of 10°,
10%, and 10° particles/mL was reduced by 9.3%, 10.8%, and 10.9%, re-
spectively, compared with that in a-MSH-stimulated cells. KA reduced
tyrosinase activity by 23.1% (Figure 1f). We further confirmed the
anti-melanogenic effect of BJ-5ta-Ex by L-3,4-dihydroxyphenylalanine
(L-DOPA) staining, which detects in situ tyrosinase activity (Figure 1g).
These results indicated that the inhibitory effect of BJ-5ta-Ex on mel-

anogenesis was not due to direct inhibition of tyrosinase.
3.2 | BJ-5ta-Ex suppress the expression of
melanogenesis-associated genes

Treatment with «-MSH increased the mRNA and protein levels
of MITF, TYR, TRP1, and TRP2. Treatment with BJ-5ta-Ex prior

to stimulation with a-MSH significantly decreased the expres-
sion levels of these proteins and mRNA, especially those of MITF,
TRP1, and TRP2 (Figure 2a,b). MITF, which is only expressed in
the nucleus, is a transcription factor that regulates melanogenesis
by activating the transcription of TYR, TRP1, and TRP2 (Hsiao
& Fisher, 2014). Exposure to BJ-5ta-Ex also reduced a-MSH-
mediated MITF expression in the nucleus (Figure 2c). These re-
sults indicate that suppression of the expression of TYR, TYP1,
and TYP2 by BJ-5ta-Ex treatment is associated with downregu-
lated MITF expression.

3.3 | BJ-5ta-Ex regulates the cAMP/CREB and ERK
signaling pathway

MITF expression is known to be regulated by the cAMP-mediated
CREB signaling pathway (Niu & Aisa, 2017). Pretreatment with
BJ-5ta-Ex (10%-10° particles/mL) suppressed oa-MSH-induced
intracellular cAMP levels and phosphorylation of CREB in a
dose-dependent manner (Figure 3a,b). BJ-5ta-Ex increased the
phosphorylation of extracellular signal-regulated kinase (ERK)
(Figure 3c). Furthermore, BJ-5ta-Ex suppressed the a-MSH-
induced decrease in p-ERK (extracellular signal-regulated kinase)
and increased the protein levels of MITF protein (Figure 3d), in-
dicating that BJ-5ta-Ex induced MITF downregulation by increas-
ing the phosphorylation of ERK at Thr?°?/Tyr?°*. To confirm the
role of ERK in BJ-5ta-Ex-mediated MITF downregulation, we used
PD98059, a potent and selective cell permeable inhibitor of MAP
kinase kinase (MEK), to inhibit ERK (Wang et al., 2017). Pretreat-
ment with PD98059 abolished the BJ-5ta-Ex-induced decrease in
p-MITF (Ser’®) (Figure 3e). At the same time, the downregulation
of MITF was blocked, suggesting that the whitening effect of BJ-
5ta-Ex was mediated through the activation of the MAPK signaling
pathway. Furthermore, through an in situ intracellular tyrosinase
activity assay, we confirmed that inhibition of ERK by PD98059
blocked BJ-5ta-Ex-mediated anti-pigmentation (Figure 3f). We
confirmed that BJ-5ta-Ex-induced MITF downregulation is medi-
ated by the activation of ERK.

3.4 | BJ-5ta-Ex inhibit the p-catenin
signaling pathway

Activation of the B-catenin signaling pathway is known to increase
melanin production (Wu & Pan, 2010). Treatment with BJ-5ta-Ex
suppressed the a-MSH-induced phosphorylation of AKT (Ser*’®)
and f-catenin and attenuated a-MSH-induced p-catenin expres-
sion (Figure 4a,b). Furthermore, we confirmed that inhibition of the
B-catenin signaling pathway by BIO, a specific inhibitor of GSK-3p,
blocked the anti-melanogenesis effects of BJ-5ta-Ex (Figure 4c).
These results suggest that the whitening effect of BJ-5ta-Ex is regu-

lated by the p-catenin signaling pathway.
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3.5 | BJ-5ta-Ex inhibited melanosome transport in
B16F10 cells

We found that BJ-5ta-Ex treatment reduced the protein levels of rab27a
and MLPH but did not influence myosin Va expression (Figure 5a). Fur-
thermore, BJ-5ta-Ex abolished the a-MSH-mediated increase in rab27a

and MLPH levels (Figure 5b). We also confirmed that melanosomes were

Wi LEYJ~7

localized to the perinuclear region and conspicuously absent from the
cell periphery in BJ-5ta-Ex-treated B16F10 cells; in contrast, a whole-
cell distribution pattern was observed in the control cells (Figure 5c). In
mammalian melanocytes, melanosomes are intracellularly transported
along microtubules and actin filaments (Kudo et al., 2017). These results
suggest that BJ-5ta-Ex also affect melanin transport by downregulating

the expression of melanosome transport-related proteins.
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FIGURE 2 Inhibitory effect of BJ-5ta-Ex on melanogenic gene expression. (a, b) The mRNA and protein levels of melanogenesis-related
genes including MITF, TYR, TRP1, and TRP2 were determined by RT-qPCR. KA, an established tyrosinase inhibitor, was used as a positive
control. (c) MITF (green) and nuclei (blue; counterstained with DAPI). The merged images represent the expression and location of MITF.
Scale bar=20pum. The results are expressed as the mean +standard deviation. ##p <.01, ###p <.001, ####p <.0001 compared with the
control group (untreated group). *p<.05, **p<.01, ***p <.001, ****p <.0001 compared with the a-MSH-treated group.
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FIGURE 3 BJ-5ta-Ex inhibited melanin production through the cAMP-related pathway and ERK pathway by decreasing MITF expression.
(a) Intracellular cAMP levels in B16F10 cells pretreated with BJ-5ta-Ex for 3h and exposed to a-MSH (100nM) for 3min. (b) The protein
levels of p-CREB (Ser'®®) and CREB were assessed by western blotting. (c) Direct effect of BJ-5ta-Ex (10° particles/mL) on the protein levels
of p-ERK (Thr?°2/Tyr?*%) and ERK. (d) Protein expression of p-ERK (Thr2°2/Tyr?%%), ERK, and MITF in B16F10 cells pretreated with BJ-5ta-Ex
for 3h and exposed to a-MSH (100nM) for 1h. (e, f) Cells were treated with or without a-MSH (100 nM), PD98059 (10 uM), or BJ-5ta-Ex (10°
particles/mL). Protein expression levels were assessed by western blotting. The in situ intracellular tyrosinase activity was observed via L-
DOPA staining. Scale bar=200pum. Relative amounts of the stained area were measured with the ImageJ program. The results are expressed

as the mean +standard deviation. ##p <.01, ###p <.001, ####p <.0001 compared with the control group (untreated group). *p <.05,
**p<.01, ***p<.001, ****p <.0001 compared with the a-MSH-treated group.
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FIGURE 4 Suppression of the B-catenin signaling pathway in response to treatment with BJ-5ta-Ex. (a) The protein levels of p-Akt (Ser*’?)

and Akt were assessed in B16F10 cells pretreated with BJ-5ta-Ex for 3h followed by a-MSH (1 nM) treatment for 30 min. Expression of p-p-
catenin (Ser®””) and B-catenin in B16F10 cells pretreated with BJ-5ta-Ex for 3h and exposed to a-MSH (100nM) for 1 h. (b) B-catenin (green)
and nuclei (blue; counterstained with DAPI). The merged images represent the expression and location of B-catenin. Scale bar=20um. (c)
Cells were treated with or without a-MSH (100 nM), BIO (1 M), or BJ-5ta-Ex (10° particles/mL). The in situ intracellular tyrosinase activity
was observed via L-DOPA staining. Scale bar=200pm. Relative amounts of the stained area were measured with the ImageJ program. The
results are expressed as the mean +standard deviation. #p <.05, ##p <.01 compared with the control group (untreated group). **p <.01,
***p <.001 compared with the a-MSH-treated group.
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3.6 | BJ-5ta-Ex alleviated UVB-induced
hyperpigmentation in mouse and 3D-RHPE models

First, C57BL/6 mice were subjected to UVB exposure and treated
with BJ-5ta-Ex for 3weeks (Figure 6a). Since mouse ears con-
tain epidermal melanocytes (Gelmi et al., 2022), the efficacy of
BJ-5ta-Ex for treating UVB-induced hyperpigmentation was
also evaluated on mouse ears. Visible tanning of the ears was
observed in the mice treated with UVB, while the UVB-induced
alterations in pigmentation were almost completely reversed in
the mice treated with BJ-5ta-Ex (Figure 6b). These findings were
further confirmed by histological examination. Exposure to UVB
induced hyperplasia in the skin, as assessed by H&E staining; how-
ever, this effect was reversed by BJ-5ta-Ex treatment (Figure 6c).
BJ-5ta-Ex may protect the skin from UVB-induced epidermal
thickening. Next, the fluctuations in melanin content were exam-
ined by F-M staining and IHC staining for Melan-A. The melanin
content and melanin-A expression decreased in a dose-dependent
manner in the BJ-5ta-Ex-treated group (Figure 6d,e). TYR expres-
sion was also downregulated upon treatment with BJ-5ta-Ex (Fig-
ure 6f). Consistent with the anti-pigmentation effects observed in
the mouse model, we also confirmed that a-MSH-mediated pig-
mentation was markedly decreased by treatment with BJ-5ta-Ex
in a 3D artificial skin model (Figure 6h). Relative hypopigmen-
tation was also observed using F-M staining (Figure 6i). These
results indicate that BJ-5ta-Ex serve as effective inhibitors of

hyperpigmentation.

4 | DISCUSSION

Numerous studies have demonstrated the potential of exosomes
as novel reagents for use in cell-free therapy because of their
high stability, low immunogenicity, and low tumorigenesis (Xiong
et al., 2020). Exosomes can be extracted from all types of cells, but
most studies published to date have utilized exosomes derived from
mesenchymal stem cells (MSCs). However, the isolation of exosomes
from MSCs has some disadvantages. First, culture and expansion
of MSCs require a significant amount of time, ranging from several
days to weeks. Second, during the isolation process, contamination
with red blood cells can easily occur. Third, the cell viability is lim-
ited. Finally, the isolation of MSCs from bone marrow is an invasive
process (Ahmadi & Rezaie, 2021; Horn et al., 2011; Ramakrishnan
et al., 2013).

As an alternative, attempts have been made to utilize
keratinocyte-derived exosomes, but their effects have been shown
to be insignificant compared with those of MSC-derived exosomes.
Dermal fibroblasts have recently emerged as an ideal alternative
stem cell source for exosome isolation. Dermal fibroblasts, which
are located in the dermis of the skin, are essential in skin remod-
eling, regeneration, and repair. Furthermore, dermal fibroblasts can
be isolated from skin using less invasive procedures, are easier to
culture, and can be more readily obtained from human foreskin,

which is a type of medical waste, than other cell sources (Han
et al., 2021; Oh et al., 2021). Therefore, in the present study, we
chose human foreskin fibroblast to evaluate the effect of exosomes
on anti-melanogenesis.

Some studies have shown that exosomes from milk and kerat-
inocytes inhibit melanogenesis through exosomal microRNA. For
example, exosome-derived microRNA-2478 from milk suppresses
melanogenesis through the Akt-GSK3p pathway, and exosomal
microRNA-330-5p derived from murine keratinocytes decreases
the production of melanin and expression of TYR in melanocytes
(Bae & Kim, 2021; Cho et al., 2018; Kim et al., 2014). To date, little
research has been done on the effect of exosomes from fibroblasts
on whitening.

It is well known that fibroblasts secrete various soluble factors
related to melanogenesis. For instance, dickkopf 1 (DKK1) inhibits
the B-catenin signaling pathway and decreases the expression of
MITF (Yamaguchi et al., 2007). In addition, interleukin-6 (IL-6) exerts
an inhibitory effect on TYR activity and melanocyte proliferation,
which inhibits melanogenesis (Fu et al., 2020; Swope et al., 1991). On
the other hand, keratinocyte growth factor (KGF) (Chen et al., 2010),
neuregulin-1(NRG-1) (Choi. et al., 2012), and Hepatocyte growth
facor (HGF) are largely described as a mitogenic factor for melat-
nocytes (Yamamoto et al., 1996) and induce the proliferatoin of me-
lanocytes and melatin production. As evidenced by these findings,
fibroblasts contain various soluble factors that can positively or neg-
atively regulate melanogenesis. Therefore, in the present study, we
investigated the anti-melanogenic effect of exosomes derived from
BJ-5ta human foreskin fibroblasts using B16F10 mouse melanoma
cells, mouse model, and dermal reconstitute model.

In general, the majority of depigmenting compounds act specif-
ically to reduce the function of tyrosinase through several mech-
anisms that include interference with its transcription and/or
glycosylation, enzyme inhibition, reduction of byproducts, and post-
transcriptional control. As shown in Figure le-g, BJ-5ta-Ex inhibit
the a-MSH-induced increase in melanin content, intracellular tyros-
inase activity, and in situ intracellular tyrosinase activity (Figure 1e-
g). However, BJ-5ta-Ex did not show a dose-dependent manner.
These results indicated that BJ-5ta-Ex do not control the whitening
effect by directly suppressing tyrosinase activity. We further found
that BJ-5ta-Ex regulate transcription (MITF mRNA) and phosphor-
ylation (p-MITF at Ser’®) (Figures 2a and 3e). In addition, the main
function of melanin is the protection from photo-damage induced
by UVR. However, hyperpigmentation stimulates oxidation reac-
tions and hydrogen peroxide (H,0,) generation, which subject me-
lanocytes to oxidative stress (Koga et al., 1992; Simon et al., 2009)
and which may cause skin cancer (Sander et al., 2004). Therefore,
antioxidant activity in the depigmenting agents is important. There-
fore, we evaluated the ROS scavenging activity of BJ-5ta-Ex using
the cellular ROS detection assay kit (ab113851, Abcam). As shown
in Figure S1. BJ-5ta-Ex treatment significantly decreased the UVB-
mediated ROS compared to the control group. These results mean
that BJ-5ta-Ex have anti-oxidant activity, which is another factor
that regulates the anti-melanogenesis of BJ-5ta-Ex.
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FIGURE 6 Inhibitory effect of BJ-5ta-Ex on melanin production in vivo and a reconstructed human skin model. (a) Schematic diagram of
the animal experiments. (b) Photographs demonstrate the skin lightening effect of BJ-5ta-Ex on UVB irradiation-induced hyperpigmentation
in C57BL/6 mice following topical application for 3weeks. (c-f) H&E staining, F-M staining, and histological images of melanin-A and TYR.
Scale bar=50pm. (g) Schematic diagram of the reconstructed human skin model. (h) Representative images of reconstructed human skin
tissue. (i) Melanin pigmentation was observed by F-M staining. Scale bar=50pm.

This study has limitations as we only used the mouse melanoma can- and HMV-II human melanoma cell line will be additionally confirmed in the
future. Furthermore, the precise mediators responsible for the effects of
BJ-5ta-Ex remain unknown. Therefore, we will perform MALDI-TOF MS

profiling to help gain more insights into the composition of BJ-5ta-Ex.

cer cell line B16F10, which is widely used in many studies on melanin
synthesis (Slominski et al., 2004). Therefore, the effect of BJ-5ta-Ex on
depigmentation activity in normal human epidermal melanocytes (NHEM)
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FIGURE 6 (Continued)

In conclusion, these findings reveal the potential role of BJ-
5ta-Ex as cosmetic effectors and highlight the significant effects of
BJ-5ta-Ex on anti-pigmentation.
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