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Abstract: With the increasing number of cosmetic consumers emphasizing value consumption
and sustainability, upcycling has gained attention as a solution to agricultural by-products, which
are the main culprits of environmental problems. In this study, we isolated citrulluside T with
whitening activity from discarded Citrullus lanatus stems and investigated the anti-melanogenic
effect of citrulluside T and the underlying mechanisms. We found that citrulluside T did not exhibit
cytotoxicity up to a concentration of 90 µM and significantly reduced the melanin content and
intracellular tyrosinase activity in B16F10 cells. In addition, citrulluside T inhibited the expression
of melanogenic enzymes such as tyrosinase, tyrosinase-related protein (TRP)-1, and TRP-2, as well
as melanin synthesis via cAMP-dependent protein kinase (PKA)/cAMP response element-binding
protein (CREB)-mediated downregulation of microphthalmia-associated transcription factor (MITF),
a key transcription factor in melanogenesis. Furthermore, we found that citrulluside T exerted its
anti-melanogenic effect by downregulating the β-catenin protein and upregulating phosphorylated
β-catenin. Finally, we confirmed that citrulluside T was safe for skin through skin irritation tests on
33 subjects, suggesting its applicability as a protective agent against hyperpigmentation for topical
applications such as cosmetics and ointments.
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1. Introduction

As environmental protection and sustainability have emerged as important topics
around the world, food consumption is shifting to value consumption, and research on
the value utilization of waste that enables upcycling of by-products is actively underway.
Upcycling is a combination of upgrading and recycling and is a concept that creates high
added value by applying new technologies to resources with a low product value such
as by-products and waste [1,2]. In the field of cosmetics, good cosmetics that upcycle
agricultural by-products are also attracting attention, and upcycling of coffee grounds is a
representative example. Coffee is one of the most consumed beverages in the world, and it
has been reported that coffee by-products and coffee beans are rich in bioactive compounds
with great commercial value, such as those that can be utilized as active ingredients in
skincare products and cosmetic formulations [3–5].

In addition, lilies, a favorite of the Japanese people, are mainly used for ornamental
purposes, but by dissecting the roots, they can be used for medicinal purposes and thus
have the advantage of adding additional value by utilizing the roots. As a traditional
Korean medicine, lilies have long been used to treat lily disease, a mentally debilitating
condition, as the root has the ability to stop coughing and stabilize the mind, and it is
especially known to be effective in treating chronic obstructive pulmonary disease, the
main symptoms of which are dry cough and shortness of breath [6–8]. Studies have also
been reported on the whitening effect of lily root and its active ingredients [9].
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The most important agricultural by-product is that of citrus fruits. The juice industry
processes millions of tons of citrus per year but only utilizes the pulp, while the peel,
seeds, and citrus press cake are mostly discarded. Phytochemical investigations have
shown that citrus peels are an excellent source of bioactive compounds such as phenolic
compounds, carotenoids, and monoterpenes, and researchers around the world have
developed innovative technologies to recover phytochemicals from citrus waste. This study
is about upcycling using stems discarded in the process of cultivating watermelons and
supplying them to consumers [10–12].

Citrullus lanatus is a dicotyledonous plant in the Cucurbitaceae (cucumber) family
and there are over 1000 watermelon cultivars. The vines can be up to 10 feet long, and
the fruit is usually red with seeds but can also be pink or yellow, and there are seedless
varieties. Citrullus lanatus contains citrulline, which has a diuretic property, and is known
to be effective in sodium excretion due to its high potassium content [13–15]. In addition,
several studies have reported antibacterial, whitening, and anti-inflammatory activity in
Citrullus lanatus pulp, envelope, and vines. Citrullus lanatus stems are agricultural by-
products that are not utilized for food or industrial purposes, being of great interest in
terms of the utilization of unutilized agricultural resources [16–18]. Therefore, in this study,
we manufactured polarized fractions of Citrullus lanatus stems to separate citrulluside T
through column chromatography and used 1H and 13C NMR data analysis and comparison
of literature values to confirm its applicability as a melanogenic inhibitor.

Melanogenesis starts with an initial reaction through tyrosinase in melanocytes,
where tyrosine is converted to 3,4-dihydroxyphenylalanin (DOPA), which is then con-
tinuously converted to DOPAquinone and DOPA-chrome by DOPA oxidase enzymes. In
this process, melanogenic enzymes such as tyrosinase, tyrosinase related protein-1 (TRP-1),
and dopachrome tautomerase (TRP-2) are involved in melanin synthesis by catalyzing
successive oxidation reactions. It is also influenced by several hormones, most notably
α-melanocyte-stimulating hormone (α-MSH) secreted by the pituitary gland, which in-
creases the expression of microphthalmia-associated transcription factor (MITF), a tran-
scription factor that regulates melanin formation, which in turn activates various genes
involved in cellular responses such as melanin production, cell proliferation, and migration.
Ultimately, melanin biosynthesis is a complex process that is regulated by tyrosinase, TRP-1,
TRP-2, and MITF. Therefore, it is important to demonstrate the inhibition of melanogenic
enzymes, including tyrosinase, in order to verify the whitening effect [19–22].

Currently, arbutin, ascorbic acid, hydroquinone, kojic acid, azelaic acid, and linoleic
acid are the most commonly known representative whitening agents that inhibit the activity
of tyrosinase, but due to the emergence of human side effects caused by problems such as
skin irritation, cytotoxicity, and formulation stability, the search for natural materials that
can minimize these side effects and effectively inhibit factors involved in melanogenesis has
been actively conducted [23–25]. In this study, we aimed to investigate the inhibitory effect
of citrulluside T isolated from Citrullus lanatus stems on α-MSH-induced melanogenesis in
mouse B16F10 melanoma cells and its mechanism to confirm its potential as a new natural
whitening ingredient.

2. Materials and Methods
2.1. General Experimental Procedures

Citrullus lanatus stems from Jeju Island were washed, dried, and shredded for easy ex-
traction. Solvents used for the extraction, fractionation, and separation of single substances
in the experiments were of analytical grade. Column chromatography was performed using
silica gel 60 (mesh size 0.040–0.063 mm) and Sephadex LH-20 (particle size 18–111 µm,
dry) for the isolation of citrulluside T, which were purchased from Merck (Darmstadt,
Germany) and Cytiva (Uppsala, Sweden), respectively. Analytical HPLC for analysis was
performed on a high-performance liquid chromatography system equipped with a Waters
Alliance 2489 separation module with a Waters 2695 UV/visible light detector, a quaternary
pump, a column temperature control module, and a Waters 717 plus autosampler (Mil-
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ford, MA, USA). Data acquisition was performed using an Empower pro data processing
system (Waters Co., Milford, CT, USA). The elution conditions are shown in Table 1. The
nuclear magnetic resonance (NMR) systems used for structure identification were JNM-LA
400 (FT-NMR system, JEOL Co., Tokyo, Japan) and JNM-ECX 400 (FT-NMR system, JEOL
Co., Tokyo, Japan), and the NMR measurement solvent was CD3OD, a dedicated NMR
solvent from Cambridge Isotope Laboratories, Inc (Tewksbury, MA, USA).

Table 1. Results of human skin primary irritation test (n = 33).

No Samples No. of
Responders

24 h 48 h Reaction Grade

+1 +2 +3 +4 +1 +2 +3 +4 24 h 48 h Mean

1 Citrulluside T (45 µM) 0 - - - - - - - - 0 0 0

2 Citrulluside T (90 µM) 0 - - - - - - - - 0 0 0

3 Control
(Squalene) 0 - - - - - - - - 0 0 0

2.2. Extraction and Isolation from the Citrullus lanatus Stem

The Citrullus lanatus stem was crushed to a powder using a blender and extracted
at room temperature with the addition of 70% ethanol. The extract was filtered and
concentrated to give an extract (14.9 g), which was suspended in distilled water and
fractionated sequentially with hexane, chloroform, ethyl acetate, and butanol. An amount
of 0.4016 g of the ethyl acetate fraction was subjected to column chromatography using
chloroform and methanol on a column packed with normal silica gel. The eluate obtained
was subjected to compound isolation using 100% methanol on a column packed with
Sephadex LH-20 to increase the purity (Figure 1). The isolated compounds were identified
via NMR analysis, referring to the literature [26,27].
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Figure 1. Isolation procedure of isolated compound from the Citrullus lanatus stem.

2.3. Cell Culture

Mouse B16F10 melanoma cells were obtained from the American Type Culture Collec-
tion (ATCC, Manassas, VA, USA) and cultured under the conditions of 37 ◦C and 5% CO2
with DMEM containing 1% penicillin/streptomycin and 10% FBS. The culture medium
was changed every 3 days, and cells were subcultured when the number of cells grew
above 80%.
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2.4. Cell Viability

To investigate the effect of citrulluside T on the viability of B16F10 cells, cytotoxicity
was evaluated using the MTT assay. B16F10 cells (1.5 × 104 cells/mL) were seeded in
24-well plates, treated with various concentrations of citrulluside T after 24 h of preincuba-
tion, and cultured in a 37 ◦C, 10% CO2 cell incubator for 3 days. B16F10 cells were seeded
in 24-well plates at 1.5 × 104 cells/mL and incubated for 24 h; then, they were treated
with citrulluside T at different concentrations from 5.63 µM to 360 µM and incubated
for 72 h before the MTT assay. MTT solution (0.5 mg/mL) was added to the wells and
reacted for 4 h, followed by the addition of 1 mL of DMSO to completely dissolve it, and
the absorbance was measured at 540 nm. Cytotoxicity was measured by comparing the
absorbance values with those of the untreated samples.

2.5. Tyrosinase Activity

B16F10 cells were seeded at 8.0 × 104 cells/well in 60 mm culture plates and cul-
tured for 24 h. Then, α-MSH (100 nM) and citrulluside T were treated simultaneously at
concentrations from 22.5 µM to 90 µM and cultured for 3 days. At this time, arbutin at
a concentration of 200 µM was used as a positive control. After incubation, the medium
was removed, washed twice with cold 1× PBS, and lysed using RIPA buffer supplemented
with protease inhibitor cocktail as the lysis buffer at 4 ◦C for 20 min. The supernatant was
then separated via centrifugation under the following conditions: 4 ◦C, 1500 rpm, 20 min.
The supernatant was quantified with the same amount of protein (20 µg/mL) using the
BCA Quantification Kit and treated with 80 µL of 2 mg/mL L-DOPA for 1 h at 37 ◦C. The
tyrosinase activity was then measured at 490 nm absorbance using a spectrophotometric
microplate reader.

2.6. Melanin Contents

B16F10 cells were seeded in 6-well plates at 6.0 × 104 cells/well and cultured for
24 h; then, they were treated with α-MSH (100 nM) and citrulluside T simultaneously at
concentrations from 22.5 µM to 90 µM and incubated for 3 days. At this time, arbutin at
a concentration of 200 µM was used as a positive control. After incubation, the medium
was removed, washed twice with cold 1× PBS, and dissolved in 1N NaOH containing 10%
DMSO at 70 ◦C for 20 min to measure the melanin content at 405 nm absorbance.

2.7. Western Blot

Citrulluside T and α-MSH (100 nM) were treated at different concentrations and
incubated according to the respective protein expression time. After incubation, the su-
pernatant was removed, washed twice with cold 1× PBS, and lysed at 4 ◦C for 20 min
using RIPA buffer (in 1% protease inhibitor cocktail) as the lysis buffer. The supernatant
was then separated via centrifugation under the following conditions: 4 ◦C, 1500 rpm, 20
min. The supernatant was quantified with the same amount of protein (30 µg/mL) using
the BCA Quantification Kit, and a loading sample was prepared. The loading sample was
loaded on a 10% SDS-polyacrylamide gel and transferred to a PVDF membrane. To prevent
non-specific binding, the membrane was blocked with 5% skim milk (in TBS-T) for 1 h
and washed. The primary antibody (1:2000) diluted in TBS-T (in Tris-buffered saline with
1% Tween 20) was shaken overnight at 4 ◦C. Then, after washing 6 times with TBS-T, the
secondary antibody (1:1000) was reacted for 2 h at room temperature. After the reaction,
the membrane was washed 6 times with TBS-T and then developed for the expression of
specific proteins using an ECL kit, Chemidoc (Vilber Lourmat, Collégien, France). The
expression of β-actin was used as a loading control.

2.8. Human Skin Irritation Test

The ethical and scientific validity of this study was reviewed by Dermapro’s Institu-
tional Review Board based on the Declaration of Helsinki and was conducted in accordance
with ethical principles with the voluntary consent of the subjects (IRB No. 1-220777-A-N-



Cosmetics 2023, 10, 108 5 of 12

01-DICN23044). Thirty-three female subjects who met the exclusion and inclusion criteria
participated in the overall study. The mean age of the subjects was 45.82 ± 7.84 years,
with a high of 53 years and a low of 25 years. The purpose, methods, and adverse events
of the study were explained to the selected subjects, and those who expressed interest in
participating completed an informed consent form. The test site (back) was cleaned with
70% ethanol, and 20 µL of the test substance was applied to the test site for 24 h. The first
evaluation was performed 20 min after application removal, and the second evaluation
was performed 24 h later. The skin reaction results for each test substance were calculated
according to the formula below. The average reactivity of each test substance calculated was
determined in this way. However, according to the PCPC guidelines, if the skin reaction is
graded +5, it is more likely to be an allergic reaction rather than an irritant reaction, so the
maximum grade was graded +4.

Response =
∑(Grade × No. of Responders)

4 (Maximum Grade)× n (Total Subjects)
× 100× 1/2

2.9. Statistical Analyses

All experimental results are expressed as the mean ± standard deviation (SD) of at
least three independent experiments. Statistical analysis was performed using Student’s
t-test or one-way analysis of variance using IBM SPSS (SPSS Inc. v. 20, SPSS, Armonk, NY,
USA). * p < 0.1, ** p < 0.01, *** p < 0.001.

3. Results
3.1. Isolation and Structural Identification of Compounds

HPLC analysis was performed to identify the compounds isolated from the water-
melon stem extract. Peaks were identified based on the HPLC retention times and UV–Vis
spectra, and the chromatogram obtained at 329.7 nm wavelength identified a single peak
with a retention time of 27.8 min (Figure 2). NMR was measured and interpreted to identify
the chemical structure of the isolated compound from the watermelon stem extract, and
with reference to the literature, the isolated compound was identified as citrulluside T.
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Citrulluside T 1H-NMR (400 MHz, CD3OD) 2,3-dihydroxyisovaleroyl moiety δ 4.83
(1H, s, H-2), 1.31 (3H, s, H-4), 1.29 (3H, s, H-5) benzyl alcohol moiety 7.31 (1H, d, 8.2, H-2′),
7.06 (1H, d, 8.7, H-3′), 7.06 (1H, d, 8.7, H-5′), 7.31 (1H, d, 8.2, H-6′), 5.13 (2H, s, H-7′) caffeoyl
moiety 7.05 (1H, m, H-2′′), 6.79 (1H, d, 8.2, H-5′′), 6.97 (1H, dd, 1.3, 8.2, H-6′′), 7.64 (1H, d,
16.0, H-7′′), 6.34 (1H, d, 16.0, H-8′′) glucose moiety 4.95 (1H, m, H-1′′′), 3.43–3.52 (4H, m,
H-2′′′, 3′′′, 4′′′, 5′′′), 3.70 (1H, dd, 5.0, 11.9, Ha-6′′′), 3.88 (1H, m, Hb-6′′′). 13C-NMR (100
MHz, CD3OD) 2,3-dihydroxyisovaleroyl moiety δ 170.2 (C-1), 80.7 (C-2), 71.4 (C-3), 26.5
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(C-4), 26.3 (C-5) benzyl alcohol moiety 130.9 (C-1′), 131.2 (C-2′), 117.7 (C-3′), 159.2 (C-4′),
117.7 (C-5′), 131.2 (C-6′), 67.7 (C-7′) caffeoyl moiety 127.7 (C-1′′), 114.1 (C-2′′), 146.9 (C-3′′),
149.9 (C-4′′), 115.3 (C-5′′), 123.4 (C-6′′), 148.3 (C-7′′), 116.6 (C-8′′), 168.6 (C-9′′) glucose
moiety 102.2 (C-1′′′), 74.9 (C-2′′′), 78.2 (C-3′′′), 71.8 (C-4′′′), 78.0 (C-5′′′), 62.5 (C-6′′′).

3.2. Inhibitory Effect of Citrulluside T on Melanogenesis in B16F10 Cells

The effects of citrulluside T on melanogenesis in B16F10 cells were determined. First,
the effect of citrulluside T on cell viability was determined using the MTT assay. As
shown in Figure 3a, citrulluside T was used at concentrations from 5.63 µM to 360 µM
and incubated for 72 h, and the survival rate was more than 90% compared with the
untreated group at concentrations below 90 µM. Therefore, the effect of citrulluside T on
melanin production and tyrosinase enzyme activity occurred at concentrations below 90 µM.
Figure 3b,c show that citrulluside T significantly reduced α-MSH-induced melanogenesis
and tyrosinase activity in B16F10 cells in a concentration-dependent manner. At the high
concentration of 90 µM, the citrulluside T treatment decreased melanin content by 19.44%
compared to the negative control α-MSH treatment. In addition, tyrosinase activity also
decreased by 29.48% at the high concentration of 90 µM compared to the negative control
α-MSH treatment.
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Figure 3. Effect of citrulluside T on viability, melanin contents, and cellular tyrosinase activity in
B16F10 melanoma cells. (a) Cell viability of citrulluside T in B16F10 cells. (b) Citrulluside T reduces
melanin synthesis in B16F10 cells. (c) Citrulluside T inhibits tyrosinase activity in B16F10 cells. Data
are expressed as the mean ± SD (n = 3). # p < 0.001 vs. untreated control group; *** p < 0.001,
** p < 0.01 vs. negative control group.

3.3. Effect of Citrulluside T on MITF and Melanogenic Enzymes

MITF transcription factors, which regulate the expression of genes that play essen-
tial roles in cell differentiation, proliferation, and survival, are transcription factors for
melanogenic enzymes such as TRP-1 and TRP-2, which regulate melanin synthesis in
melanocytes [19–22]. Therefore, to elucidate the depigmentation mechanism of citrulluside
T in melanocytes, we evaluated its effect on the expression of melanogenic enzymes such
as tyrosinase and TRP-2 in B16F10 cells. B16F10 cells were treated with citrulluside T for a
specified time in the presence of α-MSH. Then, the protein levels of tyrosinase and TRP-2
were determined via a Western blot assay. Compared with α-MSH-stimulated B16F10 cells,
citrulluside T significantly decreased the protein expression of melanogenic enzymes tyrosi-
nase and TRP-2, especially at the high concentration of 90 µM: tyrosinase was decreased by
about 61.08%, and TRP-2 was decreased by about 65.23%. The expression of MITF was also
significantly decreased in a concentration-dependent manner and was inhibited by about
69.97% at high concentrations (Figure 4). These results confirm that citrulluside T inhibits
the protein expression of tyrosinase and TRP-2 through the regulation of MITF expression
in B16F10 cells, thereby reducing melanogenesis.
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Figure 4. Citrulluside T inhibits the expression of MITF and melanin synthetase. The α-MSH-treated
melanoma B16F10 cells were treated with citrulluside T at different concentrations for 48 h. (a) Protein
detection results. Protein expression of (b) TYR/β-actin, (c) TRP-2/β-actin, and (d) MITF/β-actin.
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# p < 0.001 vs. untreated control group; *** p < 0.001 vs. negative control group.

3.4. Effects of Citrulluside T on the cAMP/PKA Signaling Pathway

In the cAMP/PKA pathway, MC1R upon stimulation by α-MSH activates adenyl
cyclase, leading to the accumulation of intracellular cAMP, which subsequently phospho-
rylates PKA, translocates into the nucleus, and upregulates MITF transcription through
the phosphorylation of CREB [28,29]. Therefore, to determine the involvement of the
cAMP/PKA signaling pathway in the inhibition of melanogenesis by citrulluside T, B16F10
cells stimulated with α-MSH were treated with citrulluside T for 24 h and the expression lev-
els of related proteins were determined via Western blotting. As shown in
Figure 5, citrulluside T significantly reduced the phosphorylation of PKA and CREB in a
concentration-dependent manner. In particular, compared with α-MSH-stimulated B16F10
cells, phosphorylated PKA and CREB were reduced by 63.91% and 40.79%, respectively, at
a high concentration of 90 µM. Therefore, it can be confirmed that citrulluside T downregu-
lates the expression level of the transcriptional regulator MITF through the cAMP/PKA
signaling pathway, which ultimately inhibits melanogenesis.
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Figure 5. Citrulluside T inhibits the expression of the cAMP/PKA signaling pathway. The α-MSH-
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group; *** p < 0.001 vs. negative control group.

3.5. Effects of Citrulluside T on the Wnt/β-Catenin Signaling Pathway

Considering that citrulluside T suppressed MITF expression in B16F10 cells, we then
investigated whether β-catenin signaling is involved in this suppression. As the primary
regulator of Wnt/β-catenin signaling, we first examined the impact of citrulluside T
on intracellular β-catenin levels. The data show that the protein level of β-catenin was
much higher in α-MSH-stimulated B16F10 cells than in the non-treatment control group,
while treatment with citrulluside T remarkably and concentration-dependently decreased
the intracellular β-catenin content in B16F10 cells. When Wnt proteins bind to their
receptors, GSK3β is inactivated, which triggers β-catenin phosphorylation, leading to
the destruction of phosphorylated β-catenin in the proteasome. As a result, β-catenin
accumulates in the cytoplasm and translocates to the nucleus. Conversely, activation of
β-catenin phosphorylation can interfere with its translocation to the nucleus, ultimately
repressing the transcription of MITF [30,31]. As shown in Figure 6, citrulluside T caused
a concentration-dependent decrease in the expression of β-catenin and a concentration-
dependent increase in the phosphorylation of β-catenin. In particular, compared to α-MSH-
stimulated B16F10 cells, the expression of β-catenin was decreased by about 50.93% at a
high concentration of 90 µM, while p-β-catenin was increased by 23.98%. Therefore, it
can be seen that citrulluside T downregulates the expression level of the transcriptional
regulator MITF through the Wnt signaling pathway.

3.6. Effects of Citrulluside T on the PI3K/AKT Signaling Pathway

The PI3K/Akt signaling pathway regulates the expression of melanogenic proteins as
well as melanogenesis. Specifically, activation of the PI3K/AKT pathway downregulates
tyrosinase, TRP-1, and TRP-2 protein expression and the MITF transcription regulator
in B16F10 cells [19–22]. Therefore, we investigated whether citrulluside T increases Akt
phosphorylation. As shown in Figure 6, we found that citrulluside T increased AKT protein
expression in a concentration-dependent manner while decreasing its phosphorylation.
Overall, however, we found a concentration-dependent decrease in the ratio of AKT total
protein to phosphorylated protein. In particular, the expression of phosphorylated AKT
was reduced by about 48.42% relative to the total protein at a high concentration of 90 µM
compared to B16F10 cells stimulated with α-MSH. Therefore, it can be seen that citrulluside
T downregulates the expression level of MITF, a transcriptional regulator, through the
negative control of the PI3K/AKT signaling pathway.
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Figure 6. Citrulluside T inhibits the expression of the Wnt/PI3K/AKT signaling pathway. α-MSH-
treated melanoma B16F10 cells were treated with citrulluside T at different concentrations for 24 and
4 h. (a,b) Protein detection results. Protein expression of (c) p-β-catenin/β-actin, (d) β-catenin/β-
actin, and (e) p-AKT/t-AKT. Equal amounts of protein loadings were confirmed by using β-actin.
Data are expressed as the mean± SD (n = 3) from a single triplicate experiment using ImageJ software.
# p < 0.001 vs. untreated control group; *** p < 0.001 vs. negative control group.

3.7. Skin Primary Irritation Test

Patches containing citrulluside T at concentrations of 45 and 90 µM were applied to
the skin and kept in contact for 24 h, after which the patches were removed and the area
was observed 48 h later. The results are presented in Table 1, categorizing the test substance
(citrulluside T) as “none to slight” in terms of its effectiveness. The solvent, squalene, was
used as a negative control for comparison.

4. Discussion

Many studies have demonstrated that melanin is essential for protecting humans from
the harmful effects of UV radiation and maintaining the normal homeostasis of the skin
and that melanin particles play an important role in the metabolism of skin cells. However,
an excess of melanin after exposure to UV radiation can lead to abnormal skin conditions
such as melasma, freckles, age spots, and café au lait spots (flat brown spots), as well as
epidermal nevi and melanoma. The entire process of melanogenesis involves several steps,
including melanosome formation, melanin synthesis, and melanosome transport, and
requires a panel of melanogenic genes. Therefore, the use of melanogenesis inhibitors is one
of the possible therapeutic approaches for the treatment of the above diseases caused by
hyperpigmentation [32–35]. Therefore, we focused on the discovery of novel melanogenesis
inhibitors from plant extracts.

According to the Korean government, the total watermelon cultivation area in Korea
is expected to reach 12,000 ha in 2023, with a watermelon production of 470,000 tons.
Therefore, the enormous generation of watermelon stems, leaves, and rinds, which are
types of food waste, makes the discovery of upcycled functional materials from them an
attractive study. In this study, a comprehensive investigation of the ethyl acetate fraction of
the stem ethanol extract allowed us to isolate and structurally characterize a previously
undescribed citrulluside T compound from the stem.
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In fact, we are not the first to isolate citrulluside T. Itoh et al. [27] first isolated citrul-
luside H and citrulluside T from young watermelon fruits and reported that these two
compounds attenuated ultraviolet B radiation-induced matrix metalloproteinase expression
by scavenging reactive oxygen species produced by human skin fibroblasts. However, no
studies have reported that compounds in the citrulluside family effectively inhibit melano-
genesis. To determine the effect of citrulluside T on melanogenesis, we determined whether
citrulluside T effectively inhibits melanogenesis and intracellular tyrosinase activity. Using
Western blot analysis, we demonstrated that citrulluside T inhibits melanogenesis by regu-
lating the expression of MITF, a transcription factor important for melanocyte development
and melanogenesis. As is known, MITF regulates the transcription of melanogenesis-related
genes, including tyrosinase, TRP-1, and TRP-2 [19–22]. As expected, citrulluside T down-
regulated the expression levels of tyrosinase, TRP-1, and TRP-2. These data indicate that the
melanogenesis inhibitory effect of citrulluside T occurs primarily through downregulation
of tyrosinase family genes, which is mediated through inhibition of MITF production. The
melanogenic signaling pathways include PI3K/Akt signaling, GSK-3β/β-catenin signaling,
and PKA/CREB signaling, which is a cAMP-dependent pathway [33]. As a result, we
found that citrulluside T inhibits melanogenesis by inhibiting the phosphorylation of PKA,
CREB, AKT, and GSK-3β and, conversely, activating the phosphorylation of β-catenin.

Taken together, we speculate that the effect of citrulluside T on melanogenesis is due to
the inhibition of GSK-3β phosphorylation, resulting in a decrease in the accumulation of β-
catenin in the cytoplasm, which in turn interferes with the translocation of β-catenin to the
nucleus, where it directly binds to MITF and inhibits its transcription and the production of
melanogenic enzymes [30,31]. Our data showed that citrulluside T inhibits melanogenesis
by interfering with the GSK-3β/β-catenin and PKA/CREB pathways and decreasing the
expression of MITF and tyrosinase family genes.

Human skin needs to be protected from environmental factors and chemicals contained
in pharmaceuticals and cosmetics. To protect the general population, especially sensitive
populations such as children, it is necessary to evaluate the potential of chemical ingredients
contained in cosmetics and final products to cause acute skin irritation. Therefore, we
conducted a skin irritation test on 33 subjects for the topical application of citrulluside T
according to the OECD guidelines and finally confirmed the skin safety of citrulluside T, as
shown in Table 1.

In summary, the discovery of effective natural ingredients that inhibit melanogenesis
may help to control non-genetic pigment imbalance diseases and reduce the side effects of
chemical drugs. Our findings suggest that the candidate compound, citrulluside T, may
serve as a strategy that can be used for skin hyperpigmentation. These results suggest that
citrulluside T could be used as a whitening ingredient without the risk of causing skin
damage or as an ingredient in hyperpigmentation treatments such as for lentigo. Further
studies are needed to evaluate the involvement of additional signaling pathways such as
MAPK and PI3K in the melanin inhibitory efficacy of citrulluside T. Furthermore, inhibitor
studies with the PKA inhibitor H-89, the MAPK/ERK inhibitor PD98059, the PI3K/Akt
inhibitor LY294002, and the p38 MAPK inhibitor SB203580 are needed to further explore the
molecular mechanisms underlying the inhibitory effects of citrulluside T on melanogenesis.
Finally, in vivo studies of citrulluside T using alternative animal models such as zebrafish
embryos or direct application to human skin are essential.
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