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Agricultural byproducts are intermediate products generated during food processing and contain functional
ingredients that are suitable for use in the green circular economy. This study aimed to demonstrate the skin-
whitening effect of pumpkin tendril extract (PTE) using a mushroom tyrosinase assay, L-DOPA staining, qRT-
PCR, western blotting, a zebrafish model, and a reconstituted 3D human skin model. PTE dose-dependently
scavenged DPPH free radicals and inhibited melanogenesis stimulated by a-MSH without exhibiting cytotox-
icity in 2D- and 3D-cultured B16F10 cells. Interestingly, PTE significantly reduced melanogenesis in zebrafish
and 3D-pigmented human skin models. In addition, PTE notably downregulated the expression of proteins
related to melanogenesis, such as MITF, TRP-1, TRP-2, and tyrosinase. Phosphorylation of CREB, an upregulator
of MITF, was also attenuated by PTE treatment. Component analysis revealed that rutin is an active compound in
PTE affecting melanogenesis. These results suggest that PTE suppresses melanogenesis and tyrosinase activity by
regulating the CREB/MITF signaling pathway.

L-3,4-dihydroxyphenylalanine (L-DOPA) and L-DOPA quinone. During
melanogenesis, microphthalmia-associated transcription factor (MITF)
regulates melanin formation by controlling tyrosinase, tyrosinase-

1. Introduction

Melanin is a pigment synthesized in melanocytes located in the basal

layer of the skin that determines skin color (Yamaguchi, Brenner, &
Hearing, 2007). An adequate amount of melanin can protect against the
harmful effects of external environmental factors such as ultraviolet
(UV) radiation (Solano, 2020). However, excessive melanin production
owing to UV exposure can cause pigmentation, staining, and skin cancer.
The signaling pathway related to melanogenesis is initiated by several
factors, including cyclic adenosine monophosphate (cAMP), protein
kinase A (PKA), and cAMP response element-binding protein (CREB).
Tyrosinase synthesizes melanin by sequentially converting tyrosine into

related protein 1 (TRP-1), and tyrosinase-related protein 2 (TRP-2)
(D’Mello, Finlay, Baguley, & Askarian-Amiri, 2016). Accordingly,
evaluation of melanogenesis-related enzyme activity and transcription
factor expression levels is widely used as an indicator to identify in-
gredients for skin whitening.

Ultrasound-assisted extraction (UAE) is an alternative method for
extracting bioactive compounds in a short time at low temperatures with
low energy and solvent requirements. UAE is a non-thermal extraction
technique suitable for retaining the functionality of bioactive
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compounds (Kumar, Srivastav, & Sharanagat, 2021; Panda & Man-
ickam, 2019). Cavitation, a phenomenon whereby high temperature,
pressure, and kinetic energy are generated through ultrasound treat-
ment destroys and penetrates the cell wall and cell membrane to effec-
tively dissolve intracellular compounds, including antioxidants and
bioactive substances. Previous studies have reported that UAE could be
an environmental and economical technology with promising potential
and is expected to be applied to more studies using natural plant-based
products (Ranjha et al., 2021).

Pumpkin is rich in B-carotene and vitamins C and E and is known to
have beneficial effects on osteoporosis and hypertension (Hussain et al.,
2022). Pumpkin tendrils are green vines similar to springs or coils and
are agricultural byproducts that are discarded after harvesting pumpkin
fruits or leaves for food. However, these agricultural byproducts, which
are considered useless and discarded, may contain additional antioxi-
dants and bioactive substances. To date, the functionality of pumpkin
tendrils has only been investigated for anti-inflammatory purposes
(Jeong et al., 2017). Therefore, in this study, we explored whether
pumpkin tendril, an agricultural byproduct, has beneficial effects on
skin health.

This study aimed to investigate the anti-melanogenic effects of
ultrasound-assisted pumpkin tendril extract on melanoma cells, zebra-
fish, and a human skin model. These studies on skin-whitening in-
gredients using pumpkin tendrils are expected to be used to develop eco-
friendly materials that can increase economic and environmental value
as part of food upcycling.

2. Materials and methods
2.1. Reagents and antibodies

2,2-Diphenyl-1-picrylhydrazyl (DPPH) was purchased from Cayman
Chemicals (Ann Arbor, MI, USA). L-DOPA, quercetin, gallic acid,
Folin-Ciocalteu phenol reagent, and a-melanocyte stimulating hormone
(a-MSH) were obtained from Sigma-Aldrich (St. Louis, MO, USA). An-
tibodies against TRP-1, MITF, and vinculin were purchased from Santa
Cruz Biotechnology (Dallas, TX, USA). Antibodies against TRP-2 and
tyrosinase were obtained from Abcam (Cambridge, UK). Anti-phospho-
CREB antibody was purchased from Cell Signaling Technology (Danvers,
MA, USA). Horseradish peroxidase-conjugated anti-mouse and anti-
rabbit secondary antibodies were purchased from Thermo Scientific
(Waltham, MA, USA).

2.2. Preparation of pumpkin tendril extract (PTE) by ultrasound-assisted
extraction

Fifteen grams of pumpkin tendril (Muan-gun, Jeollanam-do, Re-
public of Korea) were mixed with 300 mL of 70% ethanol and extracted
using an ultrasound processor (Sonics & Materials Inc., Newton, CT,
USA) at 34°C for 1 h. The ultrasound extraction conditions were set to a
30% amplitude, 20 s pulse, 20 Hz frequency, and 750 W maximum
power. The extract was filtered through No.41 filter paper (Whatman,
Buckinghamshire, UK), evaporated, and freeze-dried (Fig. S1). The yield
was calculated as the weight (%, w/w) of the dry extract relative to the
dry weight of the pumpkin tendrils. The yield of the PTE was 36.32%,
and it was stored at —70°C until used in subsequent experiments.

2.3. Total phenolic content (TPC) assay

The total phenolic content of the PTE was assessed using the
Folin-Ciocalteu reagent whereby. 40 pL of PTE, 20 pL of 1 N Folin-
Ciocalteu reagent, and 60 pL of 20% (w/v) NayCO3 were each mixed
in a 96-well plate. The mixture was incubated at room temperature for
30 min, and the absorbance was measured at 700 nm. The TPC of the
PTE was calculated as milligrams of gallic acid equivalent per gram
weight (mg GAE/g) using a gallic acid standard.
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2.4. Total flavonoid content (TFC) assay

The total flavonoid content was determined using a modified
aluminum chloride method, (Han et al., 2018). whereby 25 pL of PTE,
125 pL of distilled water, and 8 pL of NaNO, (1 M) were each mixed in a
96-well plate. After reacting for 5 min using an orbital shaker, 15 pL of
10% (w/v) AlCl3 was added to the mixture for 6 min using a shaker,
followed by the addition of 50 pL of NaOH (1 M) and 27 pL of distilled
water. After the mixture was allowed to react in the dark using a shaker,
the absorbance was measured at 510 nm. The TFC of the PTE was
calculated as milligrams of quercetin equivalent per gram weight (mg
QE/g) using a quercetin standard.

2.5. DPPH assay

To measure the DPPH free radical scavenging activity of PTE, 0.2
mM 2,2-diphenyl-1-picrylhydrazyl (DPPH) dissolved in 99% methanol
was prepared. Then, 80 pL of PTE (25-800 pg/mL) was mixed with 80 pL
of the DPPH solution in a 96-well plate. After incubating the mixture for
30 min in the dark on a shaker, the absorbance was measured at 517 nm
using a microplate reader.

2.6. Mushroom tyrosinase activity assay

To assay the tyrosinase activity of PTE, 80 pL of distilled water, 80 pL
of mushroom tyrosinase (27.8 U/mL), and 160 pL of PTE were mixed in
a 24-well plate. The mixture was pre-incubated for 10 min using a
shaker in the dark and reacted with 40 pL of 3,4-dihydroxy-L-phenylal-
anine (L-DOPA) (1 mM) as a substrate at room temperature for 30 min in
the dark. The concentration of dopachrome as a final product was
measured at 475 nm using a microplate reader.

2.7. Cell culture

Murine B16F10 melanoma cells were purchased from the Korean Cell
Line Bank (Seoul, Republic of Korea). The cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) (HyClone, Logan, UT, USA)
supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and
100 pg/mL streptomycin (GIBCO, Waltham, MA, USA) in a humidified
incubator at 37 °C and 5% CO- atmosphere.

2.8. Cell viability assay

To determine whether PTE affects the viability of BI6F10 melanoma
cells, an MTS [3-(4,5-dimethylthhylthiazol-2-yl)-5-(3-carboxymethox-
yphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assay was performed. The
cells were seeded in a 96-well plate and cultured until they reached
100% confluence. The cells were treated with PTE at concentrations of
12.5-800 ug/mL for 72 h and then reacted with MTS solution for 30 min.
The cell viability was determined by measurement of the light absor-
bance at 490 nm.

2.9. Melanin secretion assay

B16F10 melanoma cells were seeded in a 60 mm dish at a density of
3.0 x 10° cells/dish. After incubation for 16 h, the cells were pretreated
with PTE (25-100 pg/mL) for 1 h and stimulated with 100 nM a-mela-
nocyte-stimulating hormone (a-MSH) (Sigma-Aldrich) for 72 h. The
supernatant containing melanin was photographed and absorbance was
measured at a wavelength of 490 nm.

2.10. Melanin contents assay
B16F10 melanoma cells were seeded in a 60 mm dish at a density of

3.0 x 10° cells/dish. After incubation for 16 h, the cells were pretreated
with PTE (25-100 pg/mL) for 1 h and stimulated with 100 nM-MSH for



S. Hong et al.

72 h. The cells were then lysed using trypsin-EDTA (Sigma-Aldrich) and
centrifuged, and the supernatant was removed and solubilized in 1 N
NaOH at 80 °C for 1 h. The absorbance of the supernatant was measured
at 490 nm.

2.11. L-DOPA staining

B16F10 melanoma cells were seeded in a 60 mm dish at a density of
3.0 x 10° cells/dish. After overnight incubation, the cells were pre-
treated with PTE (25-100 pg/mL) for 1 h. DMEM supplemented with
100 nM-MSH was then added and further incubated for 72 h. Cells were
lysed with cell lysis buffer (Cell Signaling Technology, Danvers, MA,
USA) and quantified using the Pierce™ BCA Protein Assay Kit (Thermo
Scientific, Waltham, MA, USA). Quantified proteins were separated on
10% sodium dodecyl sulfate-polyacrylamide gels (Bio-Rad Labora-
tories, Hercules, California, USA). The gel was washed using 0.1 M so-
dium phosphate monobasic buffer. Then, L-DOPA (10 mM) was added
and reacted in a shaking water bath at 37 °C for 2 h.

2.12. Melanin secretion assay in 3D-cultured melanocytes

B16F10 melanoma cells ata 1.0 x 10* cells/well density were seeded
into ultra-low attachment 96-well plates (SPL Life Bioscience, Seong-
nam, Republic of Korea) to form 3D spheroids. After incubation for 16 h,
the spherical cells were treated with PTE (25-100 pg/mL) or 200 nM-
MSH for 72 h. The 100 pL of supernatant was transferred to a 96-well
plate and absorbance was measured at 490 nm.

2.13. Intracellular tyrosinase assay

B16F10 melanoma cells were seeded into a 6-well plate density of
3.0 x 10° cells/well. After overnight incubation, the cells were pre-
treated with PTE (25-100 pg/mL) for 1 h and then further treated with
100 nM o-MSH for 72 h. The cells were lysed using a cell lysis buffer
(Cell Signaling Technology, Danvers, MA, USA), and the supernatant
was collected by centrifugation at 13,000 x g for 10 min. Then, 40 pL of
the supernatant and 100 pL of L-DOPA (10 nM) were mixed in a 96-well
plate and reacted at 37 °C and 5% COx conditions for 2 h. Intracellular
tyrosinase activity was measured by absorbance at 490 nm.

2.14. Western blot analysis

B16F10 melanoma cells were lysed with cell lysis buffer and proteins
were quantified using the Pierce™ BCA Protein Assay Kit. Equal
amounts of protein were separated on 10% sodium dodecyl sulfa-
te-polyacrylamide gels and transferred to a polyvinylidene difluoride
(PVDF) membrane at 25 V for 15 min. The membrane was blocked with
3% bovine serum albumin solution at room temperature for 1 h and
incubated with the indicated specific primary antibody at 4 °C for 16 h.
The membrane was washed with TBST three times for 10 min each and
incubated with a horseradish peroxidase-conjugated secondary anti-
body for 40 min. After washing the membranes, protein bands were
detected using a chemiluminescence reader (LuminoGraph III Lite,
ATTO, Tokyo, Japan). Protein expression was calculated using ImageJ
software (National Institutes of Health, Bethesda, MD, USA) and
compared control set to 1.

2.15. Quantitative real-time PCR

Total RNA was extracted from a 3D pigmented human skin model
(Neoderm®-ME) using TRIzol® reagent. The extracted RNA was syn-
thesized into cDNA using the amfiRivert cDNA Synthesis Platinum
Master Mix (GenDEPOT, Katy, TX, USA). The primer sequences are
shown in Table 1. Quantitative real-time PCR was performed as follows:
one cycle of denaturation at 95 °C for 3 min, 40 cycles of denaturation at
95 °C for 15 s, annealing at 58 °C for 15 s, and extension at 72 °C for 30 s.
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Table 1
Primer sequence for real-time quantitative PCR.

Genes Primer sequence (5-3") Product length
MITF (NM_198159.3) F: GGCATGAACACACATTCACGA 184 bp
R: GGGGCAGACCTTGGTTTCC
TRP-1 (NM_000550.3) F: CTCCAGACAACCTGGGATACAC 184 bp
R: TCAGTGAGGAGAGGCTGGTTA
TRP-2 (NM_001322182.2) F: ATGGGAGGAGGTCTGGTCTG 121 bp
R: GGGCCATCTGACCACTCAAC
Tyrosinase (NM_000372.5) F: GCAAAGCATACCATCAGCTCA 145 bp
R: GCAGTGCATCCATTGACACAT
GAPDH (NM_002046.7) F: GTCTCCTCTGACTTCAACAGCG 131 bp

R: ACCACCCTGTTGCTGTAGCCAA

The cycle threshold (Cq) values of each gene were normalized to that of
GAPDH. The relative expression of the target gene was compared with
that of the control set to 1.

2.16. Melanin content assay in reconstituted human tissues

Neoderm®-ME (Tego Science, Seoul, Republic of Korea), a recon-
structed three-dimensional human skin model, was used to examine the
anti-melanogenesis effect of PTE. Neoderm®-ME is a three-dimensional
model containing human primary keratinocytes and melanocytes that
mimic human skin. The human skin model was removed from the
medium-containing agar, transferred to a 12-well plate, and maintained
at 37 °C and 5% CO» with PTE (50 and 100 pg/mL) for seven days using
the maintenance medium. Arbutin (100 pg/mL) was used as a positive
control. To confirm the suppression of melanin production by PTE,
microscopic analysis was performed on day 7, and skin darkness was
measured using ImageJ software. To analyze the amount of melanin
produced in the human skin model, tissue sections were prepared and
stained using a Fontana-Masson Staining Kit (Abcam, Cambridge, UK).
In brief, the sections were reacted with an ammoniacal silver solution at
60 °C until brown in color, followed by 0.2% gold chloride solution for
30 s and then 5% sodium thiosulfate solution for 1 min. To stain the
nuclei, the sections were incubated in nuclear fast red solution for 5 min
and quickly dehydrated three times with fresh absolute alcohol. Sections
were mounted using a mounting medium (Agilent, Santa Clara, CA,
USA) and visualized using a microscope.

2.17. Melanin content assay in zebrafish

Wild-type zebrafish were grown as previously described (Cha, Ko,
Kim, & Jeon, 2011). Embryos were collected and raised in the zebrafish
embryo medium and then treated with PTE for 8 h after embryonic
development. After 72 h of development, the survival rate, hatching
rate, and morphological deformities of the PTE-treated group were
compared with those of the control group using an EVOS™ XL Core
Imaging System (Life Technologies, Bothell, WA, USA). The survival and
hatching rates of zebrafish were calculated by counting the number of
zebrafish that survived and hatched every day for three days. To eval-
uate the anti-pigmentation effect of PTE in zebrafish, the zebrafish were
treated with PTE for 8 h, and the melanin deposition 72 h after
embryogenesis was observed with a microscope. To measure the amount
of melanin, the zebrafish were sonicated with 1 x trypsin and centri-
fuged. The supernatant was removed and the pellet was solubilized in 1
N NaOH at 80 °C for 1 h. The mixture was vortexed vigorously to
dissolve the melanin pigment. The absorbance of the supernatant was
measured at 475 nm.

2.18. Ultra performance liquid chromatography (UPLC) analysis

PTE was fractionated using an UltiMate™ 3000 HPLC system
(Thermo Scientific, Waltham, MA, USA). Solutions of 1% formic acid in
water and 0.1% formic acid in acetonitrile were used as the eluents A
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and B, respectively. Elution was performed at a flow rate of 0.5 mL/min
and different solvent gradients (0-2 min: solvent A 93% and solvent B
7%; 2-11 min: solvent A 93%-83% and solvent B 7%-17%; 11-15 min:
solvent A 83%-75% and solvent B 17%—25%; 15-17 min: solvent A 75%
and solvent B 25%; 17-20 min: solvent A 75%-93% and solvent B 25%-—
7%; 20-30 min: solvent A 93% and solvent 7%). Ten microliters of PTE
was applied to an Agilent HC-C18 column (4.6 x 250 mm, 5 pm) used for
investigation at 259 nm UV wavelength by a UV detector. The column
temperature in the instrument was set to 30 °C, and the sample tem-
perature was set to 20 °C. The detection wavelength used for the
observation was 259 nm. The rutin peak used in this analysis and each
PTE peak were compared with the retention time and expressed as a
chromatogram.
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2.19. Statistical analysis

All statistical analyses were conducted using SPSS software (version
20.0; SPSS Inc., Chicago, IL, USA). The analyzed data were expressed as
mean values + the standard deviation. Statistical significance was
determined using Student’s t-test for single statistical comparisons, and
P-values < 0.05 were regarded as significantly different.

3. Results
3.1. Antioxidative activity of PTE

Antioxidants are known to prevent UV-induced excessive melanin
production by scavenging reactive oxygen species (Fu et al., 2022). Our
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Fig. 1. PTE inhibited tyrosinase activity in murine B16F10 melanoma cells. (A) The effect of PTE on tyrosinase activity was evaluated using a mushroom tyrosinase
activity assay. (B) The effect of PTE on B16F10 melanoma cell viability was measured by MTS assay. The cells were treated with the indicated concentration of PTE
for 72 h. (C, D) The effect of PTE on intracellular tyrosinase activity in a-MSH-induced B16F10 cells was investigated using a cellular tyrosinase assay and L-DOPA
staining. The cells were treated with PTE for 72 h. The data are represented as means + SD. *#p < 0.01 and #*##p < 0.001 versus the untreated control group; *p <
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study confirmed the antioxidant effect of PTE by measuring the DPPH
free radical scavenging activity as well as the TPC and TFC. PTE was
estimated to contain 125.48 + 4.17 (mg GAE/g) of phenols and 92.73
(mg QE/g) of flavonoids (Table S1). In addition, the DPPH radical-
scavenging activity of PTE increased in a dose-dependent manner
(Fig. S2). Further exploration of the whitening effect of PTE reflecting an
antioxidant effect is hence warranted.

3.2. PTE inhibits tyrosinase activity

Tyrosinase is a key enzyme involved in hyperpigmentation and
increased melanin production (Zolghadri et al., 2019). To confirm
whether PTE affects melanogenesis, the inhibitory effect of PTE on
tyrosinase activity was evaluated using a mushroom tyrosinase inhibi-
tion assay. As shown in Fig. 1A, PTE significantly inhibited mushroom
tyrosinase activity. The effect of PTE on intracellular tyrosinase activity
stimulated by a-MSH in B16F10 cells was also evaluated by L-DOPA
staining. In addition, the threshold concentration for PTE cytotoxicity in
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B16F10 cells was determined by MTS assay. PTE did not exhibit sig-
nificant changes of viability at concentrations up to 100 pg/mL in
B16F10 cells (Fig. 1B). Intracellular tyrosinase activity stimulated by
a-MSH was inhibited by PTE treatment in a dose-dependent manner
(Fig. 1C and D). Therefore, PTE exerts a suppressive effect on tyrosinase
activity without cytotoxicity.

3.3. PTE reduces a-MSH-stimulated melanin production in B16F10
melanoma cells

To investigate the effect of PTE on the inhibition of melanogenesis,
the production and secretion of melanin were measured in 2D and 3D
culture models of B16F10 cells. As shown in Fig. 2A, PTE inhibited the
production of intracellular melanin stimulated by o-MSH. Additionally,
extracellular melanin secretion was suppressed by PTE treatment
(Fig. 2B). In the 3D culture model using B16F10 cells, the hanging-drop
method was used to aggregate the cells. Aggregate formation and
growth were confirmed by microscopy. After culture, B16F10 cells were

B

£ §120 ) Hi#
8 g100
g: [ Fkx dkk
2 § 80 r *kk
c T
&£ 60
[]
I
£8 a0
£3
8o 20
£3
3
< 0
o-MSH (100 nM) - + + + +
PTE (ng/mL) - - 25 50 100

s S120; _HH#
55
30100' *
R
cg 80 -
c T
SE 60f
[}
I
E‘é’ 40
£ 5
Bo 201
€ e
< 0
a-MSH (100nM) -+ + + +
PTE (ng/iml) - - 25 50 100

Fig. 2. Effect of PTE on B16F10 melanoma cell melanin accumulation and secretion. (A) Intracellular melanin contents and (B) melanin secretion were evaluated in
B16F10 cells after treatment with PTE for 72 h. The data are presented as the absorbance at 490 nm. (C) Morphological assessment of B16F10 spheroids stimulated by
a-MSH for 72 h. The scale bar represents 100 pm. (D) Effect of PTE on melanin secretion in 3D-cultured B16F10 cells stimulated by a-MSH. The data are represented

as means + SD. ###

p < 0.001 versus the untreated control group; *p < 0.05, “p < 0.01 and "“p < 0.001 versus the a-MSH-treated group.
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scattered owing to gravity and moved to the lower side. The cells
became aggregated after 12 h and cultured for a further 72 h (Fig. 2C).
PTE significantly reduced melanin production and secretion in 3D cul-
ture (Fig. 2D). Taken together, these results indicate that melanogenesis
and secretion were inhibited by PTE in a dose-dependent manner.

3.4. Down-regulation of tyrosinase, TRP-1, TRP-2, MITF, and CREB
protein expression by PTE in B16F10 melanoma cells

Melanin synthesis is regulated by TRP-1, TRP-2, tyrosinase, MITF,
and CREB (D’Mello et al., 2016). To determine whether PTE, which has
an inhibitory effect on tyrosinase activity, affects the expression of
factors involved in melanin synthesis, we assayed for changes in the
protein expression of markers and their upstream regulators associated
with melanin synthesis by western blot analysis. As shown in Fig. 3A, the
protein expression levels of TRP-1, TRP-2, tyrosinase, and MITF were
significantly reduced by PTE treatment in a dose-dependent manner.
Phosphorylation of CREB, an upstream regulator of MITF, was also
decreased by PTE treatment (Fig. 3B). Overall, PTE significantly
inhibited TRP-1, TRP-2, tyrosinase, MITF, and p-CREB expression. These
results indicated that PTE can suppress melanogenesis by inactivating
the CREB/MITF signaling pathway.

3.5. Anti-melanogenesis effect of PTE in a human skin model

Based on the whitening effect of PTE in vitro, to confirm the anti-
melanogenic effect of PTE in human skin, a three-dimensional human
skin model reconstruction whereby human primary keratinocytes and
melanocytes were treated with PTE for 7 days. As shown in Fig. 4A, PTE
reduced skin darkening in a dose-dependent manner compared to the
control group. In particular, the darkening of human skin treated with
100 pg/mL PTE was similar to that of the arbutin-treated group
(Fig. 4A). In addition, the mRNA expression levels of melanogenesis-
associated biomarkers in human skin tissues were evaluated by RT-
PCR. PTE suppressed the expression of MITF and TRP-1 mRNA in a
concentration-dependent manner and decreased the mRNA expression
of TRP-2, and tyrosinase at high concentrations (Fig. 4B). These findings
indicate that PTE effectively inhibits transcription factors associated
with melanogenesis in a human skin model. To observe melanin accu-
mulation in the human skin model, Fontana-Masson staining was per-
formed. As shown in Fig. 4C, PTE decreased melanin pigmentation in a
concentration-dependent manner, similar to the arbutin-treated group.

3.6. Effect of PTE on melanin accumulation in zebrafish embryos in vivo

Zebrafish is a well-established model for the evaluation of the skin-
whitening effect of cosmeceutical candidates in preclinical derma-
tology research (Lajis, 2018). The survival and hatching rates of the
zebrafish embryos were monitored for 72 h after treatment with PTE.
PTE was non-toxic up to 100 pg/mL, and no malformations were
observed (Fig. 5A). We further tested whether the reduction in melanin
accumulation by PTE was caused by a reduced melanin content, as
observed in cultured B16F10 cells. The effect of PTE was observed in
PTE-treated zebrafish by microscopy. Melanin accumulation in zebra-
fish was found to be notably suppressed by PTE treatment in a dose-
dependent manner, and PTE decreased the melanin content between
59.64 + 0.92% and 70.50 + 0.81% compared to the control (Fig. 5B and
C). These results further support the in vitro findings of the whitening
effect of PTE.

3.7. Identification of active compound from PTE using UPLC

UPLC-UV analysis was performed to identify the active compounds
responsible for the skin-whitening effects of PTE. Three linear regression
equations were generated that correlated the peak areas and concen-
trations using standard curves for rutin standards. The chromatogram
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obtained for the standard material using UPLC at a wavelength of 259
nm is shown in Fig. 6. A peak detected in PTE with a retention time
similar to that of the rutin standard was determined at a retention time
of 23.5 min and a concentration of 239.9 pug/g (Table 2). These findings
suggest that PTE contains rutin, which has been suggested to be a
functional whitening substance in previous studies and is an anti-
melanogenic substance.

4. Discussion

Pumpkin tendril is one of the agricultural byproducts generated
during the processing of pumpkin fruits and leaves and is mainly used as
food in pumpkin. A number of studies have been conducted to utilize the
byproducts of pumpkins, but only anti-inflammatory effects have been
reported (Jeong et al., 2017). Recently, as the upcycling trend has
spread to various industrial markets in terms of eco-friendliness,
research on the development of cosmetic substances using agricultural
byproducts such as sugarcane, grape pomace, and walnut shells has
attracted considerable attention (Costa et al., 2022; Ferreira & Santos,
2022; Gordobil, Olaizola, Banales, & Labidi, 2020). This study presents
evidence for the possibility of high value-added creation of pumpkin
tendrils through research on the whitening effects of pumpkin tendrils,
which are an agricultural byproduct. In this study, we evaluated the
inhibitory effects of extracts derived from pumpkin leaves, seeds, and
tendrils, which are primarily generated as by-products during the
pumpkin flesh extraction process, on melanogenesis. This assessment
was conducted through assays measuring mushroom tyrosinase activity,
extracellular melanin secretion activity, and intracellular tyrosinase
activity. As a result, pumpkin tendril extract showed the highest inhib-
itory activity against melanin production and secretion (Fig. S3A-C).
Therefore, as a skin-whitening material made from pumpkin-derived by-
products, the pumpkin tendril extract was used for the subsequent
experiments.

As mentioned earlier, UAE is an extraction technique suitable for the
effective separation of bioactive compounds. Numerous research studies
are currently in progress to investigate the optimal conditions for effi-
ciently separating functional components through the application of
ultrasound-assisted extraction (Firat, Koca, & Kaymak-Ertekin, 2023;
Nurkhasanah, Fardad, Carrera, Setyaningsih, & Palma, 2023; Phuangjit,
Klinkesorn, Tan, & Katekhong, 2023). In this study, the utilization of
ultrasound-assisted extraction for obtaining pumpkin tendril extract
demonstrated notably higher mushroom tyrosinase inhibitory activity in
comparison to the traditional heating-based extraction method
(Fig. S3D). This outcome strongly suggests the potential utility of
ultrasound-assisted extraction for the generation of value-added by-
products.

External factors such as ultraviolet rays, smoking, and environmental
pollutants increase oxidative stress in the body, resulting in skin aging
such as melasma, freckles, age spots, and other hyperpigmentation
syndromes (D'Mello et al., 2016; Papaccio, A, Caputo, & Bellei, 2022).
As the generation of oxidative stress in melanocytes is mainly induced by
ROS, ROS modulators are potential melanogenesis inhibitors. Antioxi-
dants such as vitamins C and E are known to reduce hyperpigmentation
caused by ultraviolet rays (Yamakoshi et al., 2003). A number of studies
have shown that when the skin is exposed to UV rays, excess hydrogen
peroxide is generated, which produces large amounts of a-MSH, which
stimulates melanocortin-1 receptor (MC1R) in melanocytes and ulti-
mately increases eumelanin production. In addition, UV radiation en-
hances ROS production in keratinocytes and melanocytes, DNA damage,
and activation of p53, thereby triggering melanogenesis (Kumari, Tien
Guan Thng, Kumar Verma, & Gautam, 2018). In this study, PTE
exhibited significant DPPH free radical scavenging activity (Fig. S2) and
was presumed to inhibit melanin synthesis through ROS scavenging.
Moreover, activation of the CREB/MITF pathway by o-MSH was
significantly reduced by PTE. Furthermore, the expression of TRP-1,
TRP-2, and tyrosinase, which are proteins related to melanin



TRP-1 | o m—-—— |

mp.z|—- . o - |

MITF|

- |

Trosinase| WD g W |

Vinculinl —_— --—-—l

Journal of Functional Foods 109 (2023) 105813

a-MSH (100 nM) - + + +
PTE (ug/mL) - - 50 100
S_ 5 it §=25
2= e %0 Hi#
g3 SE .
[ 5920
88 2o
x 0 B *xk
e 5
<% 3 No15
oo g2
€< Es
-8 2 5 1.0
2o 2o
88 1 2205
= &
0 0.0
o-MSH (100 nM) -+ + + + o-MSH (100nM) - + + + +
PTE (ng/mL) - - 25 50 100 PTE (ug/mL) - - 25 50 100
i 5 #it
n
g 30 83 30
ﬁ .g 2.5 . SE 25 an
25 © 8 .
(] Hkk
Fyg 20 g5 2
E&15 g2 15
=5 s <
o< 1.0 9 10
20 [ k]
T“;%_ 0.5 H e 5
[ [7]
0.0 X 0
a-MSH (100nM) -+ + + o+ a-MSH (100 nM) - + + + +
PTE (ng/mL) - - 25 50 100 PTE (ugimL) - - 25 50 100
p-CREB — — e
Vinculin | s S S S
a-MSH (100 nM) - + + + +
PTE (ng/mL) - - 25 50 100
it
2= 57
29 |
= *ekk
25 4+t
£ o Hkk
m 4= ETTY
w © 3t
xS
15
oS5 2
20
= T
ss 171
& s

o-MSH (100 nM) - + + + +
PTE(ug/mL) - - 25 50 100

Fig. 3. PTE suppressed melanogenesis stimulated by a-MSH via the MITF/CREB signaling pathway in BI6F10 melanoma cells. (A) Cells were treated with PTE for 24
h. Protein expression of TRP-1, TRP-2, MITF, and tyrosinase was determined by western blotting. (B) Cells were treated with PTE for 6 h. Phosphorylation of CREB
was measured by western blotting. The relative protein expression was calculated using ImageJ software. The data are represented as means + SD. *##p < 0.001
versus the untreated control group; ~p < 0.001 versus the a-MSH-treated group.



PTE 100 pg/mL

e

Arbutin 100 pg/mL

120

-
(=
o

80
60
40
20

0
PTE (ug/mL)
Arbutin (ng/mL)

Relative skin darkness
(% of untreated control)

Journal of Functional Foods 109 (2023) 105813

- 50

100 -

= c

S o

[} 0 -

g T 1.2 gg‘ 1.2

s xX o L

22 1.0 310

>3 <G

<O =z

2008 e 208

Eg Eg

Egos o T NO06T

ES &S

Sg04 *x ~ E 041

gs g2

5£02 E=02[ "

s 5

& ¢ 00

PTE (ug/mbL) - 50 100 - PTE (ng/mL) - 50 100 -
Arbutin (ng/mL) - - - 100 Arbutin (pg/mL) - - - 100

c
(<]

;

] <4

gs16r gg 16

SR 14l <% 14|

o < 4 ®

<G 1.2} 912t

Z o (<]

xS0 o35 1.0f

£EoT [

aNosr . £Dos}

[ 7}

& £ 0.6 - gg 0.6 " "

.220.4- =g 04f

& 0.2t %

£ 00 2

PTE (ug/mbL) - 50 100 - PTE (pg/mL) - 50 100 -

Arbutin (ug/mL) - - - Arbutin (ug/mL) - - - 100

AT~

Control-zoom PTE 50 pg/mL-zoom PTE 100 pg/mL-zoom Arbutin 100 pg/mL-zoom

Fig. 4. Anti-melanogenic effect of PTE in a reconstituted 3D human skin model. (A) Three-dimensional human skin was treated with PTE for 7 d. Arbutin was used as
a positive control. Skin darkness was observed under a microscope at 100 x magnification and analyzed using ImageJ software. (B) The MITF, TRP-1, TRP-2, and
tyrosinase mRNA expression was measured by qRT-PCR. (C) Histological observation of melanin in 3D human skin by Fontana-Masson staining. The scale bar
represents 100 pm. The data are represented as means = SD. *p < 0.05 and “"p < 0.01 versus the untreated control group.



S. Hong et al.

A

120

-

-] (=]

o o
T T

N B
o o
T T

Relative survival rate
(% of untreated control)
(2]

o

0
PTE (ng/mL) - 50 100 -
Arbutin (ng/mL) - - - 100

Control

Arbutin100 pg/mL

Journal of Functional Foods 109 (2023) 105813

- -
o N
o o

T 1

=]
o
T

N B
o o
T T

Relative hatching rate
(% of untreated control)
(=2
o

0
PTE (ug/mL) - 50 100 -
Arbutin (ng/mL) - - - 100

C

120

-

=] o

o o
T T

Relative melanin contents
(% of untreated control)
[=2]

o

40 *kk
20 - l
0
PTE (ng/mL) - 50 100 -
Arbutin (ug/mL) - - - 100

Fig. 5. PTE inhibited melanin synthesis in developing zebrafish embryos. (A) Relative survival and relative hatching rates were investigated after PTE treatment for
72 h. (B) Microscopic observation of melanin accumulation in zebrafish after PTE treatment for 72 h. (C) To measure the melanin content of zebrafish, they were
lysed and dissolved in 1 N NaOH to measure the absorbance at 475 nm. The data are represented as means =+ SD. ~p < 0.01 versus the untreated control group.

synthesis, which are increased via the CREB/MITF pathway, were also
inhibited by PTE in a concentration-dependent manner (Fig. 3).
Tyrosinase is an enzyme that plays an important role in melanin
production, and a measurement of the activity of this enzyme is
commonly performed in the early stages of screening for skin-whitening
cosmetic candidates (Fu et al., 2022). During melanin production,
tyrosinase hydroxylates L-tyrosine to L-DOPA, and oxidizes L-DOPA to
L-dopaquinone, resulting in melanin synthesis (Huang, Chou, Wu, &
Chang, 2013). In the present study, PTE inhibited mushroom tyrosinase
activity in a concentration-dependent manner (Fig. 1A). In addition, PTE
notably suppressed the intracellular tyrosinase activity in murine
B16F10 melanoma cells without causing cytotoxicity. The secretion of
melanin by melanoma cells following exposure to o-MSH was also
reduced by PTE. Thus, we explored how PTE regulates melanogenesis.
Recently, in the field of dermatology research, various model systems
have been used to study skin biology and disease mechanisms. In this
study, the anti-melanogenic effect of PTE was evaluated using a 3D
B16F10 cell model that addresses the limitations of 2D culture models by
culturing cells in a 3D structure similar to skin tissue. This approach
better mimics cellular interactions and the microenvironment (Chung,
Lim, & Lee, 2019). As shown in Fig. 2C and D, PTE suppressed the
melanin production and secretion induced by a-MSH in 3D culture

models (Fig. 2C and D). Several studies have reported that o-MSH
binding to the melanocortin 1 receptor (MC1R) activates adenylate
cyclase and increases the intracellular cAMP concentration, resulting in
activation of cAMP-dependent protein kinase (PKA) and increased MITF
nuclear transcription as a result of CREB phosphorylation. MITF in-
creases melanin synthesis by increasing the expression of tyrosinase
synthesis-related factors and tyrosinase (D’Mello et al., 2016). PTE
significantly inhibited the expression of phospho-CREB, MITF, tyrosi-
nase, and other related factors (Fig. 3). Therefore, PTE was speculated to
suppress melanogenesis by regulating the CREB/MITF signaling
pathway stimulated by a-MSH.

However, the inhibitory effect of PTE on melanogenesis, although
validated at the cellular level, requires preclinical evidence for suc-
cessful clinical application. Therefore, a reconstituted 3D human skin
model was used to verify the results at the cellular level in preclinical
studies. The 3D pigmented reconstructed skin model, which accurately
replicates histological structures similar to human skin, is utilized for
evaluating anti-melanogenic effects by studying pigment translocation
and melanin distribution within keratinocytes (Yoon et al., 2003). As
shown in Fig. 4, PTE reduced melanin synthesis in the human skin model
system and the expression of related factors, including tyrosinase, MITF,
TRP-1, and TRP-2. Within the melanogenesis pathway, tyrosinase
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Table 2
Concentration of rutin from PTE using UPLC.

Compound Retention time (min) Concentration (pug/g)

Rutin 23.5 239.9

catalyzes the oxidation of both tyrosine and DOPA. Subsequently, TRP-2
facilitates the conversion of DOPAchrome to DHICA (5,6-dihydrox-
yindole-2-carboxylic acid), while TRP-1 oxidizes DHICA to ICAQ
(indole-2-carboxylic acid-5,6-quinone). Arbutin and PTE suppressed
MITF mRNA expression, resulting in the suppression of TRP-1 mRNA
expression. We suggest that in a reconstitute human skin model, arbutin
and PTE inhibit melanogenesis by inhibiting tyrosine and DOPA
oxidation and ICAQ production through mRNA inhibition of tyrosinase
and TRP-1. On the other hand, the TRP-2 mRNA expression levels
differed between PTE and arbutin. To understand the difference in TRP-
2 mRNA expression, further studies on transcription factors other than
MITF are necessary (Chang, 2012).

The zebrafish model is well-established for comprehensive skin-
related research, including melanin synthesis experiments. Zebrafish
possess transparent larvae, enabling real-time observation of internal
changes. Moreover, this model offers an improved mimicry of tissue
morphology and function, which enhances the reproducibility of bio-
logical phenomena (Lajis, 2018). Interestingly, PTE suppressed melanin
accumulation in zebrafish in a dose-dependent manner, and the degree
of inhibition of melanogenesis in this model system was similar to that of
the well-known whitening cosmetic material arbutin.

Although there have been few studies to date on the component
analysis of pumpkin tendrils, rutin is a major polyphenol compound that
exerts a skin-whitening effect (Si et al., 2012). In this study, UPLC was
performed to identify the functional ingredients of pumpkin tendrils that
have skin-whitening effects. As shown in Table 2, rutin was detected and
identified as one of the ingredients present in PTE, which can be sci-
entific evidence for identifying the active compound responsible for the
skin whitening effect of PTE. In a previous study, bamboo stems,

10

including rutin, showed anti-melanogenic activity through down-
regulating the CREB/MITF signaling pathway in melanoma cells (Choi,
Jo, Yang, Ki, & Shin, 2018). Also, the rutin derived from Dendropanax
morbiferus was suggested as an active component for anti-melanogenesis
through suppressing the CREB/MITF signaling pathway (Park et al.,
2020). Taken together, rutin has the potential to be an anti-melanogenic
natural component through downregulation of the CREB/MITF
signaling pathway. These results suggest that the determination of the
rutin content of pumpkin tendrils provides evidence for the standardi-
zation of potential raw materials that can have a whitening effect.
Further studies are needed to identify the synergistic effects of still-to-
be-identified compounds and rutin.

5. Conclusions

In summary, we evaluated the effects of PTE on melanogenesis on
mushroom tyrosinase, murine B16F10 cells, reconstituted 3D human
skin, and zebrafish models. PTE inhibited the expression of
melanogenesis-related factors and tyrosinase activity. Therefore, PTE
has a skin-whitening effect and has ample potential for use as a
cosmeceutical.
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