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ARTICLE INFO ABSTRACT

Keywords: Abnormal melanin synthesis upon UV exposure causes excessive oxidative stress, which leads to skin hyper-
Antl-m_elaﬂogEHESIS pigmentation disorders such as freckles, melisma, and age spots. The present study investigated the anti-
Decursin melanogenic effects of decursin and the underlying mechanism using multiple approaches. Decursin exhibited
MAPK - s ape . . o . .

MITE no cytotoxicity and significantly reduced intracellular tyrosinase activity and melanin content in B16F10 mel-
PKA/CREB anoma cells. Decursin also inhibited the expression of melanogenic enzymes such as tyrosinase and tyrosinase-

related protein (TRP)— 1, but not TRP-2. Mechanistically, decursin suppressed melanin synthesis through cAMP-
dependent protein kinase (PKA)/cAMP response element-binding protein (CREB)-dependent downregulation of
microphthalmia-associated transcription factor (MITF), a master transcription factor in melanogenesis. Further,
decursin exerted anti-melanogenic effects by downregulating the p38 signaling pathway and upregulating
extracellular signal-regulated kinase (ERK) and phosphatidylinositol 3 kinase (PI3K)/protein kinase B (Akt)/
glycogen synthesis kinase-3p (GSK-3p) cascades. in silico analysis showed that decursin formed specific in-
teractions with residues of upstream regulators of MITF and exhibited optimal pharmacokinetic profiles,
including permeability and skin sensitization. Finally, the anti-melanogenic effects of decursin were confirmed ex
vivo in 3D human skin models, suggesting its applicability as a protective agent against hyperpigmentation.

PI3K/Akt/GSK-3p

1. Introduction

Melanin is responsible for the color of the skin, eye, and hair, and
performs important protective functions against ultraviolet (UV) irra-
diation. Melanin synthesized in melanosomes within melanocytes is
transferred to the surrounding keratinocytes where it plays an essential
role in photoprotection [1]. However, chronic UV exposure stimulates
abnormal production of melanin, leading to hyperpigmentation disor-
ders such as freckles, melasma, and age spots. Melanocytes produce two
types of melanin, namely, pheomelanin (red/yellow pigment) and
eumelanin (brown/black pigment). Melanogenesis is mainly regulated
by tyrosinase, a rate-limiting enzyme, which promotes the conversion of
tyrosine to dihydroxyphenylalanine (DOPA) as well as the further
oxidation of DOPA to DOPA quinone. This step is common in both
eumelanin and pheomelanin production. The subsequent steps involve

two additional enzymes, tyrosinase-related protein 1 (TRP-1) and
TRP-2, to produce eumelanin [2].

Microphthalmia-associated transcription factor (MITF) is widely
expressed in various cell types, including retinal pigment epithelium,
mast cells, osteoclasts, heart cells, and melanocytes [3]. There are at
least 10 different isoforms of MITF distinguished by unique
amino-terminal structures that exhibit tissue-specific expression pat-
terns. Among these, the M isoform of MITF selectively expressed in the
melanocyte cell lineage is a master regulator that plays an essential role
in the development, differentiation, and survival of melanocytes [4].
Furthermore, the regulator transcriptionally controls crucial
melanogenesis-related enzymes, including tyrosinase, TRP-1, and TRP-2
[5]. Recent studies have shown that MITF mutations are related to
different clinical presentations of Waardenburg syndrome, including
hypopigmentation and deafness, owing to melanocyte deficiency in
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humans [6,7].

The signaling pathway for MITF-induced melanogenesis has been
found to primarily involve the cAMP-dependent protein kinase (PKA)/
cAMP response element-binding protein (CREB) axis [8]. Upon exposure
to UV, a-melanocyte-stimulating hormone («-MSH) binds to melano-
cortin 1 receptor and elevates the intracellular levels of cAMP, leading to
the activation of PKA. PKA then translocates to the nucleus and subse-
quently phosphorylates CREB [9]. Activated CREB directly binds to the
MITF gene promoter and induces expression of MITF, which in turn
stimulates the transcription of downstream target melanogenic genes.

Mitogen-activated protein kinases (MAPKs) are evolutionarily
conserved enzymes connecting cell surface receptors to critical regula-
tory targets within cells [10]. The association of MITF with the MAPK
pathway was first highlighted by the discovery that it is phosphorylated
by extracellular signal-regulated kinase (ERK) for ubiquitin-mediated
proteasomal degradation [11]. In contrast, it has been shown that
phosphorylation of stress-regulated protein kinase (p38) and c-Junction
N-terminal kinase (JNK) trigger melanogenesis by stabilizing MITF
activation [12].

Glycogen synthase kinase-3p (GSK-3p), a ubiquitously expressed and
evolutionarily conserved kinase, has been identified as an enzyme that
regulates glycogen synthesis and expression of tau, a neuronal
microtubule-associated protein [13,14]. GSK-3f directly regulates the
transcriptional level of MITF and the consequent MITF-mediated
melanin synthesis [15]. It has been recently demonstrated that the
activation of the phosphatidylinositol 3 kinase (PI3K)/protein kinase B
(also known as Akt) axis results in the phosphorylation of GSK-3p at Ser
9, and eventually leads to the downregulation of MITF expression [16].

Angelica gigas Nakai (A. gigas Nakai), known as Korean Angelica, has
been used as a traditional herbal medicine or food in Asian countries,
including China, Japan, and Korea [17]. It has several pharmacological
properties, including antinociceptive, antitumor, anti-amnestic, and
neuroprotective activities [18-21]. In addition, Lv et al. (2007)
demonstrated the hypopigmenting effect of an extract of A. gigas Nakai
against isobutylmethylxanthine (IBMX)-induced melanogenesis in B16
melanoma cells [22]. Pyranocoumarins, including decursin, decursinol,
and decursinol angelate, are the major components identified in A. gigas
Nakai [23]. In our effort to discover natural candidates with potent and
safe anti-melanogenic effects, we focused on the major compounds of
A. gigas Nakai. Our preliminary study revealed decursin as the most
potent component of the extract. In the present study, we designed a
novel approach to elucidate the anti-melanogenic properties of decursin
through regulation of the PKA/CREB, MAPK, and PI3K/Akt/GSK-3p
signaling pathways in B16F10 cells and an ex vivo human skin model.
Furthermore, we evaluated the molecular binding conformation with
targeted proteins and pharmacokinetic properties of decursin using an in
silico docking and pharmacokinetic simulation.

2. Materials and methods
2.1. Chemicals and reagents

Decursin (>97%), 3-(4,5-dimethyl-thiazol-2-yl)— 2, 5-diphenyl
tetrazolium bromide (MTT), L-DOPA, H89, SB203580, PD98059,
LY294002, and dimethylsulfoxide (DMSO) were bought from Sigma-
Aldrich (St. Louis, MO, USA). Dulbecco’s modified Eagle’s medium
(DMEM) and phosphate-buffered saline (PBS) were from Welgene
(Daegu, Korea). Fetal bovine serum (FBS) and penicillin/strepcomycin
were purchased from Hyclone Laboratories (Logan, UT, USA).

The primary antibodies for TYR, TRP-1, TRP-2, MITF, GSK-3p, JNK,
ERK 1/2 and p-actin were obtained from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA, USA). CREB was bought from Gene Tex Inc. (San Diego,
CA, USA). p-GSK-3p, p-JNK, p-ERK 1/2, p-p38, p38, Akt, p-Akt, CREB,
and p-CREB were purchased from Cell Signaling Technology Inc. (Bev-
erly, MA, USA). The secondary antibodies (anti-mouse IgG and anti-
rabbit IgG) conjugated with horseradish peroxidase were from Santa
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2.2. Cell culture and sample treatment

B16F10 melanom-a cells were obtained from the Korean Cell Line
Bank (Seoul, Korea). Cells were cultured in DMEM supplemented with
FBS and penicillin/streptomycin in a humidified incubator of 5% CO; at
37 °C. Young B16F10 cells (less than 20 passages) were used that
significantly overproduced intracellular melanin contents compared
with older cells (over 20 passages). Decursin was solubilized in DMSO
and diluted to various concentrations. Control groups were treated with
equal concentrations of DMSO (< 0.1%).

2.3. Cell viability

B16F10 cells (3 x 10° cells/well) were seeded in each well of 96-well
and cultured in an incubator for 24 h. The medium was then was
replaced with DMEM containing decursin at 10, 20, 30 and 40 uM
concentrations. After incubation for 72 h, MTT reagent (5 mg/mL) was
added to the cells for 3 h at 37°C. The cells were lysed in DMSO and the
absorbance at 570 nm was measured by a microplate reader (ELX808,
BioTek, Winooski, VT, USA). The percentage of cell viability was
measured by comparing 100% viability of untreated cells (control
groups).

2.4. Determination of melanin content

B16F10 melanoma cells (2.0 x 10° cells/well) were seeded into the
6-well culture plates. After 24 h of incubation, the cells were treated
with/without various concentration of sample in DMEM. Following the
treatment for 72 h., the cells were washed twice and collected using PBS.
The collected cells were centrifuged and then dissolved in 1 N NaOH at
95 °C for 1 h. The aliquots of cell lysates were transferred to 96-well
culture plates and the absorbance of melanin contents were estimated
by ELISA microplate reader at 405 nm. The melanin contents were
calculated as percentages of change to untreated cells [24].

2.5. Measurement of cellular tyrosinase activity

Tyrosinase activity was evaluated using L-DOPA as a substrate.
B16F10 cells were plated in 6-well culture plate for overnight and then
treated with/without indicated concentration of decursin or kojic acid.
After 72 h, the cells were harvested with PBS and lysed ina 1 x cell lysis
buffer for 1 h on ice and centrifuged for 20 min at 13,000 rpm. The
protein quantification of the supernatant was then using a BCA assay kit.
Potassium phosphate buffer (100 mM, pH 6.8), cell lysates (50 ug) and
10 mM L-DOPA solution were placed in a 96-well culture plates at 37 °C
for 1 h. The mixtures were measured by a microplate reader at 490 nm
[25].

2.6. Western blot analysis

Once the B16F10 cells were collected, the cell pellets were lysed in a
1 x cell lysis buffer for 1 h on ice. The protein concentration of cell
lysates was equally adjusted at 20 pg and denatured with a protein 5 x
sample buffer (Elpis Biotech, Daejeon, Korea) for 5 min at 95 °C. The
samples were separated from SDS-polyacrylamide gel electrophoresis
and transferred to PVDF membranes. The membranes were blocked
using a 5% skim milk (BD Biosciences, San Jose, CA, USA) for 3 h at
room temperature, and then washed in Tris-Buffered Saline with Tween
20 (TBST) buffer, followed by incubated overnight with primary anti-
bodies against TYR (1:500), TRP-1 (1:2000), TRP-2 (1:500), MITF
(1:500), Akt (1:1000), p-Akt (1:1000), GSK-3p (1:1000), JNK (1:1000),
ERK 1/2 (1:1000), CREB (1:1000), p-GSK-3p (1:1000), p-JNK (1:1000),
p-ERK 1/2 (1:1000), p-p38 (1:1000), p38 (1:1000), p-CREB (1:2000)
and f-actin (1:10000). After rinsing with TBST buffer, the membranes
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were incubated at room temperature for 10 min with secondary anti-
bodies, anti-rabbit (1:7000) or anti-mouse IgG (1:7000). Protein bands
detections were using the ECL reagents (Advansta Inc, Menlo Park, CA,
USA) and visualized by Atto EZ-capture imaging system (Tokyo, Japan).
The band images were analyzed using the ImageJ software (NIH,
Bethesda, MD, USA).

2.7. ex Vivo 3D human skin model

3D human epidermis skin models (Neoderm®-ME) containing
human-derived melanocytes were purchased from Tego Science (Seoul,
Korea). The 3D human epidermis models were transferred to a 12-well
culture plate with maintenance medium (Tego Science) and cultured
in an incubator of 5% CO3 at 37 °C for 1 day. Decursin stock or DMSO
(control groups) was diluted with PBS to indicated concentrations and
applied once every three days to the surface of the 3D human skin
models and the maintenance medium was changed together when
decursin was applied. After 15 days, Fontana-Masson staining was per-
formed for the melanin contents quantification.

2.8. Fontana-Masson staining assay

Skin tissues were fixed with 4% formaldehyde and embedded in
paraffin blocks. Paraffin sectioned skin tissue slides were melted in a
60 °C dry oven for 1 h. Each slide was immersed in xylene 3 times for 15
min, followed by dehydrated twice in 95% EtOH and 2 times in 100%
EtOH. Then, the slides were washed using distilled water. FM staining of
tissues were performed according to the manufacturer’s protocol
(ab150669, Abcam, Waltham, MA, USA). The sections were added to an
ammoniacal silver solution and incubated at 58 °C for 30 min, then
rinsed several times with distilled water. It was then incubated in 0.2%
gold chloride solution for 30 s. After rinsing again with distilled water,
5% of sodium thiosulfate solution was placed at room temperature for
1-2 min. After that, sections were washed with running tap water for 2
min and 2 changes of distilled water. And then, incubate slide in nuclear
fast red solution for 5 min, rinsed with running tap water, and distilled
water was exchanged twice. Finally, it was dehydrated very quickly
three times in fresh absolute alcohol. Subsequently, the skin tissue sec-
tions were observed by magnifying 400 x using a microscopy (Olympus,
Tokyo, Japan) and the melanin content was quantified using the ImageJ
program [26].

2.9. in Silico docking analysis and pharmacokinetic prediction

The simplified molecular input line entry system (SMILES) format of
decursin by ChemSketch software was entered into the pkCSM to assess
pharmacokinetic profiles [27].

The 3D structure of decrusin (CID: 442126) was cited from Pub-
Chem. Crystallographic structure of PKA (PDB: 1CX4), p38 (PDB: 3ZS5),
ERK (PDB: 5KE0), and PI3K (PDB: 4JPS) was obtained from Protein Data
Bank. Docking simulation was conducted using AutoDock Vina 1.1.2
[28]. Binding geometries and interactions were visualized by PyMOL
2.5.0 version. The pharmacophore of hydrogen bonds and Van der
Waals interactions was performed with Ligplot™ program.

2.10. Statistical analysis

All results were expressed as the mean + SD and repeated at least
three times. Using a statistical analysis system (SAS), statistical differ-
ences between multiple groups were performed by Duncan’s test and
comparison between the two groups was performed by student t-test.
The statistical significance of the p-value was considered *p < 0.05, * *p
< 0.01, * **p < 0.001.
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3. Results

3.1. Decursin reduced melanin production and tyrosinase activity in
BI16F10 cells

The chemical structure of decursin is shown in Fig. 1 A. We evaluated
the cytotoxicity of decursin against B16F10 melanoma cells, and found
that decursin did not exert any toxicity up to 30 pM concentration.
However, it significant affected cell viability at 40 pM concentration
(Fig. 1B). Therefore, we conducted further experiments at concentra-
tions lower than 40 pM. As shown in Fig. 1 C, decursin remarkably
reduced the melanin content as compared with 500 pM kojic acid, a
positive control known to exhibit strong whitening effects. Consistently,
the tyrosinase activity also dose-dependently decreased in cells pre-
treated with decursin (Fig. 1D). In particular, the compound at 30 pM
concentration decreased intracellular tyrosinase activity by 59.8 + 0.6%
as compared with the control treatment. Kojic acid exhibited only 77.5
+ 3.7% inhibition even at 500 pM concentration.

3.2. Decursin regulated the expression of melanogenesis-related proteins

Decursin significantly downregulated the protein levels of tyrosinase
and TRP-1 at all tested concentrations but had no effect on TRP-2
expression (Fig. 1E-H). In particular, tyrosinase expression was sup-
pressed by approximately 50% by decursin even at the lowest tested
concentration. The protein expression of MITF, a major upstream tran-
scription factor of TRPs, was reduced by decursin in a dose-dependent
manner (Fig. 1E and I). These results clearly suggest that decursin
inhibited melanogenesis via MITF-mediated downregulation of tyrosi-
nase and TRP-1, but not TRP-2.

3.3. Decursin inhibited melanogenesis through the PKA/CREB signaling
pathway

The inhibitory effects of decursin on MITF-induced expression of
tyrosinase and TRP-1 and melanin production suggest its possible sup-
pressive effects on the expression of CREB, an upstream transcription
regulator of MITF. Indeed, decursin treatment significantly down-
regulated the expression level of phosphorylated CREB as compared
with the control treatment (Fig. 2A).

PKA activation enhances CREB and target gene expression. The
involvement of PKA in the downregulation of CREB phosphorylation by
decursin was confirmed using H89, a selective and potent inhibitor of
PKA. Pre-treatment with H89 at 10 uM concentration significantly
attenuated melanin production and tyrosinase activity by 47.6 + 0.6%
and 50.3 + 8.8%, respectively, as compared with the untreated control
(Fig. 2B and C). Melanin content and tyrosinase activity were lower in
cells co-treated with decursin and H89 than in those treated with
decursin alone (p < 0.001). Moreover, the expression of tyrosinase,
TRP-1, and MITF obviously decreased after co-treatment with decursin
and H89 (Fig. 2D-G). Decursin-mediated downregulation of CREB
phosphorylation at 30 pM concentration was markedly attenuated upon
co-treatment with 10 pM H89 (Fig. 2H). Thus, the anti-melanogenesis
effect of decursin closely involves the PKA/CREB signaling pathway.

3.4. Decursin suppressed melanogenesis via the p38 and ERK/MAPK
signaling pathway

We evaluated the phosphorylation of p38, ERK, and JNK MAPKs to
investigate the upstream cascade related to the anti-melanogenesis ef-
fect of decursin. As shown in Fig. 3A-C, decursin treatment remarkably
reduced the levels of phosphorylated p38 and significantly augmented
ERK phosphorylation as compared to control treatment. However, the
compound exerted no significant effect on JNK phosphorylation (Fig. 3A
and D). Thus, both p38 suppression and ERK activation by decursin were
partly associated with anti-melanogenesis.
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Fig. 1. Effect of decursin on the viability,
melanin production, tyrosinase activity, and
melanogenesis-related protein expression of
B16F10 cells. (A) Chemical structure of
decursin. (B) Cell viability was evaluated by
the MTT assay. Cultured B16F10 cells were
pre-treated with decursin (3, 10, 30 uM) for
72 h. (C) Cells were collected and centri-
fuged to obtain pellets. The pellets were
dissolved in 1 N NaOH, and the relative
amount of melanin was determined by
measuring the absorbance at 405 nm. (D)
After treatment under the same conditions
used for the determination of melanin syn-
thesis, cells were collected and lysed.
Tyrosinase activity was measured using L-
DOPA as a substrate. Cell viability, melanin
contents, and tyrosinase activity in control
cells were regarded as 100%. (E-I) Cells
were treated with decursin at indicated
concentrations for 48 h and then harvested.
Protein extracts were prepared from each
treatment group, and the expression of
tyrosinase (TYR), TRP-1, TRP-2, and MITF
was determined by western blotting. The
relative intensity of the protein band was
quantified using ImageJ software, and the
value was normalized to that of the corre-
sponding loading control. Untreated cells
were regarded as 100%. Values are shown
as the mean =+ SD of least three independent
experiments. * **p < 0.001, **p < 0.01
and *p < 0.05 as compared with the control
group. NS; not significant.
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Fig. 2. Inhibitory effect of decursin on PKA/
CREB-stimulated melanin accumulation and
melanogenesis-related protein expression.
Cells were treated with decursin at indicated
concentrations for 24 h and then harvested.
(A) Protein extracts were prepared from
each treatment group, and the expression of
p-CREB was determined by western blotting.
(B, C) B16F10 cells were co-treated with
H89 (PKA inhibitor, 10 uM) and decursin
(30pM) for 72h to evaluate cellular
melanin contents and tyrosinase activity. (D-
G) Cells were treated with H89 (10 uM) for
30 min and then incubated with decursin
(30 pM) for 48 h. The expression of tyrosi-
nase (TYR), TRP-1, and MITF was deter-
mined by western blotting. (H) Western
blotting result of p-CREB expression
following co-treatment with H89 and
decursin. The relative intensity of the pro-
tein band was quantified using ImageJ soft-
ware, and the value was normalized to that
of the corresponding loading control. Un-
treated cells were regarded as 100%. Values
are shown as the mean + SD of least three
independent experiments. * **p < 0.001,
**p < 0.01 and *p < 0.05 as compared with
the control group; ###p < 0.001,
##p < 0.01 and *p < 0.05 as compared with
decursin group without H89.
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Fig. 3. Effect of decursin on MAPK-
dependent melanogenesis. (A-D) Cells
were treated with decursin at indicated
concentrations for 1h and then har-
vested. Protein extracts were prepared
from each treatment group, and the
expression of p-p38, p-ERK, and p-JNK
was determined by western blotting. (E,
F) B16F10 cells were co-treated with
SB203580 (p38 inhibitor, 10 pM) and
decursin (30 pM) for 72 h to evaluate
cellular melanin contents and tyrosinase
activity. B16F10 cells were treated with
SB203580 (10 pM) for 30 min, followed
by treatment with decursin (30 pM).
The expression of (G-J) tyrosinase
(TYR), TRP-1, MITF, and (K) p-p38 was
determined by western blotting. (L, M)
B16F10 cells were co-treated with
PD98059 (ERK inhibitor, 10 pM) and
decursin (30 pM) for 72 h to evaluate
cellular melanin contents and tyrosinase
activity. The expression of (N-Q) TYR,
TRP-1, MITF, and (R) p-ERK was deter-
mined by western blotting. The relative
intensity of the protein band was
quantified using ImageJ software, and
the value was normalized to that of the
corresponding loading control. Un
treated cells were regarded as 100%.
Values are shown as the mean + SD of
least three independent experiments.
*kp < 0,001, **p<0.01  and
*p < 0.05 as compared with the control
group; *##p < 0.001, *#p < 0.01 and #
p <0.05 as compared with decursin
group without SB203580 or PD98059.
NS; not significant.
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We also investigated the effects of decursin in both the presence and anti-melanogenesis property. As shown in Fig. 3E and F, co-treatment
absence of MAPK-selective inhibitors, including p38 (SB203580) and with decursin and SB203580 led to more effective inhibition of
ERK (PD98059), to understand the signaling cascades underlying this melanin expression and tyrosinase activity than decursin treatment
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alone. In addition, the combination of decursin and SB203580 signifi-
cantly inhibited p38 expression as well as the expression of MITF and its
downstream target proteins such as tyrosinase and TRP-1 as compared
with decursin alone. Therefore, the anti-melanogenic activity of decur-
sin is dependent on the p38 cascade (Fig. 3G-K). We blocked the ERK
signaling pathway by co-treating cells with a specific ERK inhibitor,
PD98059, and decursin and found that both the melanin content and
tyrosinase activity were considerably higher in the co-treatment group
than in the cells treated with decursin alone (Fig. 3 L and M). In addi-
tion, tyrosinase and MITF gene expression, but not TRP-1 expression,
was elevated after co-treatment with decursin and PD98059 (Fig. 3N-Q).
As depicted in Fig. 3R, the combination of decursin and PD98059
noticeably downregulated ERK activation induced by decursin.

3.5. Decursin repressed melanogenesis through PI3K/Akt/GSK-3p3
signaling pathways

GSK-3p phosphorylation by PI3K/Akt has been shown to induce
MITF degradation and inhibit melanogenesis [13]. As illustrated in
Fig. 4A-C, the phosphorylation of GSK-3p and Akt remarkably increased
in decursin-treated cells as compared to that in the control group.

To further confirm the contribution of the PI3K/Akt/GSK-3f
signaling pathway in decursin-mediated inhibition of MITF-induced
hyperpigmentation, we treated cells with a PI3K-specific inhibitor
(LY294002). The inhibition of melanin content and tyrosinase activity
after decursin treatment was diminished upon co-treatment with
decursin and LY294002 (p < 0.001, Fig. 4D and E). Similarly, the
combination of decursin and LY294002 reversed the effect of decursin
on the protein levels of tyrosinase, TRP-1, and MITF (Fig. 4F-I). Finally,
co-treatment with decursin and LY294002 suppressed the decursin-
induced upregulation in Akt and GSK-3f phosphorylation, suggesting
that PI3K/Akt/GSK-3f is an important signaling pathway involved in
mediating the inhibitory effect of decursin on melanogenesis (Fig. 4J-L).

3.6. Decursin suppressed melanin synthesis in a 3D human skin model

The 3D skin model was proven to exhibit morphological equivalence
with the human skin and represented an in vivo-like histological
morphology characterized with a multi-layered, stratified, and pig-
mented epidermis [29-32]. We used this pigmented 3D human skin
model to confirm our results observed in the B16F10 cell culture system.
Images of Fontana-Masson-stained tissue sections indicated that
melanin accumulation in the epidermis substantially decreased after
treatment with decursin at all concentrations (Fig. 5). Interestingly,

decursin at 10 and 30 pM doses reduced melanin content by
48.9 + 8.7% and 33.8 + 9.1%, respectively.

3.7. Molecular docking of decursin

To understand the mechanism underlying the interaction between
decursin and the upstream regulator of MITF, a docking simulation was
conducted. The docking results (Fig. 6A and Table 1) revealed the
binding to PKA with the lowest energy of — 7.8 kcal/mol. In addition,
the compound formed a hydrogen bond with Gln377 and van der Waals
interactions with Asp149, Asn212, Asp214, Arg216, Gly217, Ala308,
Asp309, Asp375, and Val376. The decursin-PKA complex was stabilized
by the formation of a hydrogen bond between GIn377 residue and the
oxygen group of decursin with a bonding distances of 3.3 A.

The binding of decursin to the active site of p38 is shown in Fig. 6B
and Table 1. The Decursin-p38 complex had the lowest binding energy
(—8.0 kcal/mol). The complex was stabilized by the formation of a
hydrogen bond between His64 residue and the oxygen group at C-2 of
decursin with a bonding distance of 3.01 A. In addition, 10 van der
Waals interactions were observed with Tyr35, Lys53, Leu55, Ser56,
Arg57, Pro58, Arg67, Thr68, Glu71, Aspl68, and Phel69. Tyr35 and
Lys53 are part of the p38 active site.

As illustrated in Fig. 6C and Table 1, a hydrogen bond was observed
between decursin and ERK residues, with the lowest binding energy of
— 8.1 keal/mol. The Ser206 residue of ERK participated in the formation
of a hydrogen bond with the oxygen group at C-i of decursin with a
bonding distance of 2.88 A. The binding site for the decursin-ERK
complex was formed by van der Waals interactions with Prol74,
Aspl177, Asn199, Thr204, Lys205, Ile254, Pro296, and His297.

Decursin was best docked to PI3K with a binding energy of
— 9.0 kcal/mol. It interacted with PI3K through van der Waals in-
teractions with Pro3, Arg4, Glu76, Arg93, Phell9, Glyl22, Lys672,
Met675, His676, Val706, and Glu710 (Fig. 6D and Table 1).

3.8. Pharmacokinetic profiles of decursin for bioavailability

The information on pharmacokinetic and toxicological properties is
important to understand the in vivo efficacy and safety of the target
compound. The design of novel agents requires substantial attention to
their pharmacokinetic properties, including intestinal absorption,
penetration and sensitization of skin, and mutagenic response (AMES).

As shown in Table 2, decursin was predicted to penetrate the stratum
corneum, which is mostly responsible for the skin barrier function. In
addition, the compound showed human intestinal absorption across the
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Fig. 4. Effect of decursin on PI3K/Akt/
GSK-3p-mediated melanogenesis-
related protein expression. (A-C) Cells
were treated with decursin at indicated
concentrations for 1h and then har-
vested. Protein extracts were prepared
from each treatment group, and the
expression of p-Akt and p-GSK-3p was
determined by western blotting. (D-E)
B16F10 cells were co-treated with
LY294002 (PI3K inhibitor, 10 uM) and
decursin (30 pM) for 72 h to evaluate
cellular melanin contents and tyrosinase
activity. B16F10 cells were treated with
LY294002 (10 pM) for 30 min, followed
by treatment with decursin (30 pM).
The expression of (F-I) tyrosinase (TYR),
TRP-1, MITF, (J-L) p-Akt and p-GSK-3f
was analyzed by western blotting. The
relative intensity of the protein band
was quantified using ImageJ software,
and the value was normalized to that of
the corresponding loading control. Un-
treated cells were regarded as 100%.
Values are shown as the mean + SD of
least three independent experiments.
* *%p < 0.001, **p < 0.01 and
*p < 0.05 as compared with the control
group; *#*#p < 0.001 and #*#p < 0.01 as
compared with decursin group without
1Y294002.
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Fig. 5. Decursin suppresses melanin accumulation in an ex vivo human skin model. Ex vivo human skin tissues were pre-treated with decursin. After 15 days, skin
tissues were harvested. (A) Representative images of Fontana-Masson-stained paraffin-embedded sections treated with control, 3 pM decursin, 10 pM decursin, and
30 puM decursin. (B) Quantification of melanin accumulation. * **p < 0.001 and *p < 0.05 as compared with the control group.

gastrointestinal (GI) tract. The results of the in silico toxicity risk
assessment for decursin showed no sign of AMES and skin sensitization,
suggesting its potential as a lead structure and justifying its anti-
melanogenic activity in vivo.

4. Discussion
Although melanin synthesis is a beneficial mechanism that protects

the skin from UV-induced DNA damage, excessive melanin deposition
after exposure to UV radiation can lead to skin hyperpigmentation

disorders [33]. Several approaches have been adopted to discover the
components that could be employed to prevent skin hyperpigmentation
disorders. The most commonly applied technique is an in vitro inhibitor
screening assay that directly targets mushroom tyrosinase activity.
However, the examination of active components identified using this
method has often produced conflicting results because of intrinsic dif-
ferences between the mushroom and mammalian tyrosinase used in the
screening process and/or the effects of components that unexpectedly
increased melanin synthesis depending on the cellular context [34]. As
the most common hyperpigmentation disorders are associated with

10
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Fig. 6. Molecular docking interactions of decursin with (A) PKA, (B) p38, (C) ERK, and (D) PI3K; surface view and interaction map such as hydrogen (dotted line in
green) and hydrophobic bonding (red dashed semicircle) between decursin and melanogenesis-related proteins. (For interpretation of the references to colour in this

figure, the reader is referred to the web version of this article.)

MITF overexpression, recent studies have focused on developing better
approaches via downregulation of MITF-mediated melanin accumula-
tion [35,36].

To understand the mechanism of anti-melanogenic action of decursin
in detail, the effect of the compound on the melanogenesis related en-
zymes was evaluated. Expression of tyrosinase and TRP-1 was decreased
by decursin, which was consistent with the results of melanin synthesis.
However, TRP-2 expression was not significantly altered by decursin,
suggesting that our compound may not inhibit the action of MITF on the
TRP-2 promoter. Further study is required to confirm the regulatory

11

effect of decursin on MITF activity through gene expression at the pro-
moter level. According to recent study, melanogenesis inhibitors such as
resveratrol, hydroxyectoine, and lipoic acid-polyethylene glycol ester,
have been reported to possess similar actions to decursin [37-39].

The expression of MITF is primarily modulated by cAMP/PKA-
dependent activation, leading to the expression of melanogenic en-
zymes that eventually increase melanin production. In the present study,
decursin inhibited CREB activation and consequently decreased MITF
expression in B16F10 cells. Reduced MITF expression resulted in the
downregulation of TYR and TRP-1 enzymes and suppression of melanin
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Fig. 6. (continued).

content. In addition, the inhibitory activity of decursin against tyrosi-
nase partially contributed to reduced melanin production. Co-treatment
with decursin and a PKA-specific inhibitor led to decreased melanin
production than decursin treatment alone, demonstrating that MITF
upregulation is mediated by the PKA/CREB signaling pathway. A recent
study by Kim et al. (2019) demonstrated that CREB-dependent MITF
expression inhibition by rottlerin successfully improved hyperpigmen-
tation [36].

Previous studies have shown that hypopigmentation is controlled by
MAPK-mediated MITF downregulation [11,12]. The present study
revealed that the phosphorylation of p38 was significantly

12

downregulated and ERK phosphorylation was considerably upregulated
by decursin, leading to the suppression of MITF and tyrosinase family
genes. However, this compound did not mediate a significant difference
in the phosphorylation of JNK. Moreover, the involvement of p38 and
ERK pathways was further confirmed by co-treatment of decursin with a
p38 inhibitor (SB203580) or ERK inhibitor (PD98059), indicating that
p38 and ERK were partially related to the hypopigmentation of decursin.
A similar anti-melanogenic effect was also described where sulforaph-
ane increased the level of phospho-ERK and reduced the abundance of
phosphorylated p38 to inhibit melanogenesis [40].

PI3K/Akt/GSK-3p has been identified as another important signaling
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Table 1
Molecular interaction of upstream regulators of MITF with decursin.

H-
bonding
residues

H-bond
length
@&

van Der Waals
residues

Targetprotein ~ Binding No. of
energy H-
(kecal/ bonds

mol)

PKA -7.8 1 GIn377 3.30 Aspl49,
Asn212,
Asp214,
Arg216,
Gly217,
Ala308,
Asp309,
Asp375, Val376
Tyr35, Lys53,
Leu55, Ser56,
Arg57, ProS8,
Arg67, Thr68,
Glu71, Asp168,
Phel69
Prol74,
Aspl77,
Asn199,
Thr204,
Lys205, Ile254,
Pro296, His297
Pro3, Arg4,
Glu76, Arg93,
Phell9,
Gly122, Lys672,
Met675,
His676, Val706,
Glu710

p38 - 8.0 1 His64 3.01

ERK -81 1 Ser206 2.88

PI3K -9.0 - - -

Table 2
in Silico pharmacokinetic profiles of decursin using pkCSM.

Property Decursin Desired value

Human intestinal absorption (%) 97.3 < 30% (poorly absorbed)
Skin permeability (log Kp) -28 Low skin permeability > —2.5
AMES toxicity No No

Skin sensitization No No

cascade that regulates the transcriptional activity of MITF. Previous
studies have shown that the activation of PI3K/Akt suppresses melanin
accumulation in murine melanocytes and human melanoma Melan-A
cells [41]. Inhibition of the AKT pathway by LY294002 increased
melanin synthesis in B16F10 cells [42]. In this study, decursin
augmented the phosphorylation of Akt and GSK-3p, leading to decreased
expression of tyrosinase, TRP-1, and MITF. The PI3K-specific inhibitor
LY294002 was used as a negative control to confirm the
anti-melanogenic properties of decursin.

The 3D human skin models used in this study contain human mela-
nocytes. The models were proven to show a similar morphology and
physiology of human skin and the reliability of 3D human skin results
has been proven through several studies [29-32,43]. Although
cell-based systems have played an important role in discovering
anti-melanogenic agent and its underlying molecular mechanism, not all
results from these 2D cell culture systems are translatable to physio-
logical in vivo system [29-32]. 2D cell culture systems lack the envi-
ronmental factors (e.g. mechanical forces, spatial orientation, as well as
physiological oxygen, nutrient and signaling gradients) associated
within the 3D in vivo environment. Therefore, 3D human skin system
serves as an important experimental model and as an animal alternative
because it is more reliable than 2D skin cell cultures and less invasive
than human skin biopsies. [43]. In the present study, decursin blocked
melanogenesis in a dose-dependent manner in our ex vivo 3D human skin
model. Interestingly, the anti-melanogenic efficacy of decursin at 10 pM
concentration was two-fold higher in the reconstructed 3D human skin
tissue than that of in cell culture system. Furthermore, depigmenting
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property of decursin at 3 pM was similar with that of arbutin as positive
reference at 1 mM [44].

Another major finding of the present study was the identification of
novel interactions of decursin with MITF upstream regulators. Decursin
is closely bound to the active site of PKA (Asp309), which leads to the
inhibition of PKA activation via binding to its regulatory subunit and
interference in the binding of cAMP to PKA. The active site of p38 (Tyr35
and Lys53) was associated with hydrophobic interactions with decursin,
proving that the compound inhibited the kinase by directly competing
with ATP binding. In addition, the compound formed a hydrophobic
interaction with Phel69, a pivotal residue that shuttles in different
conformations in the active and inactive forms of p38 [45]. In contrast,
decursin was observed to occupy a non-ATP catalytic site in ERK or
PI3K, indicating that it is non-competitive with ATP.

Considering safety, decursin showed no sign of mutagenic response
and skin sensitization during in silico toxicity risk assessment. Consis-
tently, daily treatment with decursin (250 mg/kg, intraperitoneal
administration for 4 weeks) exhibited no subacute toxic potential or
adverse effects in Sprague-Dawley rats, confirming its safe nature [46].
Moreover, the compound showed good human intestinal absorption
(97.3%) and skin permeability (—2.8 log Kp), which highlight its
optimal potential and physiological benefits and/or biological efficacy
in the prevention of hyperpigmentation disorders.

Pharmacokinetic studies in animal and human models suggested that
the physiologically relevant dose of decursin was in the nanomolar
range [47,48]. Li et al. showed the plasma concentration of decursin was
mean peak concentration (Cpax) of 43.7 ng/mL in rats after a single oral
dose of decursin 50 mg/kg [47]. In addition, Zhang and coworkers
(2015) investigated the pharmacokinetics of decursin in twenty healthy
adults through extract of A. gigas Nakai [48]. A single administration of
decursin at 119 mg established Cpax of 5.3 nmol/L. The present in silico
pharmacokinetic study revealed decursin to penetrate skin and absorb in
human intestine when orally administered.

Although further in vivo research into the skin penetration of
decursin is required, it is still meaningful that the present study offered a
novel evidence which demonstrated that decursin exerted anti-
melanogenic effects, pharmacokinetic properties, and safety through
in vitro, ex vivo, and in silico approaches.

5. Conclusion

The present study demonstrates for the first time that decursin is a
potent inhibitor of melanogenesis through suppression of MITF-
mediated tyrosinase and TRP-1, but not TRP-2. The compound dis-
played multifunctional inhibitory activities on the melanogenesis
pathway via PKA/CREB, p38/ERK MAPK, and PI3K/Akt/GSK-3p-
mediated MITF degradation. Notably, the excellent anti-melanogenic
effects of decursin on reconstructed human skin tissue, which is
similar to the human epidermis, encourage its applicability in future
clinical trials. in Silico analysis revealed that the compound not only had
strong interactions with MITF upstream regulators but also exhibited
optimal pharmacokinetic and safety profiles. This study provides a basis
for elucidating a potential of decursin in preventing melanogenesis as
well as a possibility for the use as a functional food, nutraceutical,
nutricosmetics or food supplements.
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