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Aromatic compounds and organic acids identified
from Ganoderma formosanum exhibit synergistic
anti-melanogenic effects
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Abstract

This study reveals the anti-tyrosinase activity of Ganoderma formosanum extracts, pinpointing compounds including
gluconic acid, mesalamine, L-pyroglutamic acid, esculetin, 5-hydroxyindole, and salicylic acid, as effective melanin
production inhibitors in melanoma cells and zebrafish embryos. Furthermore, multiple molecular docking simulations
provided insights into interactions between the identified compounds and tyrosinase, increasing binding affinity up to
—16.36 kcal/mol. The enhanced binding of identified compounds to tyrosinase facilitated synergistic inhibitory effects
on melanin production. This study highlights the potential of GFE-EA as a source of natural tyrosinase inhibitors and
contributes to understanding the role of active compounds extracted from G. formosanum.
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1. Introduction and hydroquinone are commonly used to treat these
conditions, but they can cause side effects, such as

M elanin, synthesized as a byproduct of mela-  ifritation and toxicity [2].

nocytes, acts as a natural protector against Ganoderma formosanum . (G. formfzsanum), an
harmful ultraviolet (UV) radiation [1]. Tyrosinase is endemlc. species to Ta.1wan and a variant of Gano-
a crucial enzyme in melanogenesis and the over-  derma. sinense, was discovered on the trunk of a
production of melanin can lead to cosmetic issues Chinese sweet gum in the mountainous region of
such as melasma and hyperpigmentation. Tradi- laoyuan three decades ago [3]. This fungus has been
tional medicines like koji acid (KA), corticosteroids, recognized for its ability to scavenge free radicals,
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inhibit the proliferation of human prostate cancer
cells, exert immunoregulatory effects, induce hep-
atoprotective bioactivity, and enhance melatonin
production [4—7]. It has been reported that tyrosi-
nase can be inhibited by G. formosanum, However,
past studies had only confirmed that extracts of
G. formosanum possess whitening effects, and the
specific active compounds within the extracts
remained to be clarified and discovered [6,8]. As a
result, the extracts from G. formosanum, widely
recognized for their anti-melanogenic properties,
have been incorporated into natural tyrosinase in-
hibitors [9].

Meanwhile, molecular docking is a computational
technique that simulates and analyzes the in-
teractions between small and larger molecules, such
as proteins and ligands. For instance, the hexapep-
tide from G. lucidum found structure-related
tyrosinase—inhibitory activity, which was explained
by molecular docking [10]. Three polyphenols from
food had synergistic groups that increased the
spontaneity of the binding process on anti-tyrosinase
[11]. Understanding the interactions between them is
critical in molecular identification and virtual drug
screening, which have the benefit of anti-melano-
genesis agents derived from edible natural food [12].

This study aimed to elucidate the anti-melano-
genesis properties of the ethyl acetate fraction of the
ethanol extract from G. formosanum (GFE-EA). The
obtained fractions of the extract were validated for
their anti-melanogenesis activities through a com-
bination of in vitro tyrosinase enzymatic assays, thin
layer chromatography (TLC), melanoma cells, and a
zebrafish model. Additionally, the anti-melanogen-
esis-inducing compounds in GFE-EA were identified
using ultra-high-performance liquid chromatog-
raphy-tandem mass spectrometry (UHPLC-MS/
MS). Furthermore, molecular docking simulations
were employed to investigate the potential syner-
gistic interactions between the identified compounds
and tyrosinase, aiming to demonstrate their poten-
tial for enhanced tyrosinase inhibition.

2. Material and methods
2.1. Materials

G. formosanum was purchased from American
Type Culture Collection (Rockville, MD., U.S.A.),
and B16-F10 cell line was obtained from Bioresource
Collection and Research Center (BCRC) (Hsinchu,
Taiwan). Zebrafish was obtained from NTU Tech
Comm. (Taipei, Taiwan). Medium ingredients such
as peptone, yeast extract, potato dextrose broth, and
agar were purchased from BioShop Canada Inc.

Abbreviations

ESI electrospray ionization

HPLC-DAD high-performance liquid chromatography
with photodiode-array detection

LC-MS/MS  liquid chromatography-tandem mass

spectrometry
PBS phosphate-buffered saline
TLC thin-layer chromatography

(Ontario, Canada). Ethylenediaminetetraacetic acid
solution (EDTA), trypsin, and antibiotics (penicillin/
streptomycin) were purchased from GE Healthcare
Life Science (Logan, Utah, U.S.A). Cell culture
media (Dulbecco's Modified Eagle Medium, or
DMEM, supplemented with high glucose, phenol
red, and L-glutamine) and fetal bovine serum were
obtained from GE Healthcare Life Science. Radio-
Immunoprecipitation Assay (RIPA) Buffer (10X) was
obtained from Cell Signaling Technology (Beverly,
MA, U.S.A). Cell Counting Kit-8 (CCK-8) was pur-
chased from Cyrus Bioscience (Neihu, Taiwan).
Sephadex® LH-20 resin used for column chroma-
tography was obtained from GE Healthcare Life
Science (Uppsala, Sweden). All chemicals used in
this study were of analytical grade and purchased
from Merck (Burlington, MA, U.S.A).

2.2. Submerged cultivation of G. formosanum

The cultivation and activation of G. formosanum
were performed on a plate with potato dextrose
agar. Six mycelium blocks (with an approximate
total surface area of 923.64 mm?) were obtained
from the outermost layer of the cultivated fungi by
using a puncher with a diameter of 14 mm. The
blocks were then cultivated in a 250-mL Erlenmeyer
flask containing 100 mL of the growth medium for
seven days. The cultivation temperature was main-
tained at 25 °C and the agitation speed was set at
150 rpm. Subsequently, the cultivated inoculum was
loaded into a homogenizer to create a mycelium
mixture. Next, 250 mL of the homogenized mixture
was loaded into a 3-L fermenter containing 2250 mL
of the submerged cultivation medium. The
fermenter was maintained at 25 °C, agitated at
130 rpm, and subjected to an aeration rate of 1 vvm.
Finally, mycelia were collected after seven days in
dark environment of cultivation [6,13].

2.3. Purification of depigmenting components in G.
formosanum

The methods previously reported by Ballinger
et al. (2011) and Lehbili et al. (2018) were referenced
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and adapted with modifications in this study [14,15].
Column chromatography (Sephadex® LH-20; eluted
with methanol) was performed to fractionate
different compounds in GFE-EA. The elution vol-
ume was five times that of the column volume, in
which 500 mL of methanol was eluted at a rate of
1 mL/min. A total of 88 fractions (F1—F88) were
collected at volume intervals of 6 mL from this LH-
20 column chromatography [16].

2.4. Anti-melanogenesis effects of G. formosanum
analyzed by a thin-layer chromatography (TLC)
method

The analysis of the collected fractions was con-
ducted following a method previously reported by
Hsu et al. (2018) with modifications. A 20 mM
phosphate buffer was used to prepare tyrosinase
(1000 units/mL) and 10 mM levodopa solutions.
Next, 2 pL of a collected fraction sample, kojic acid
(KA, positive control), and methanol (negative con-
trol) were loaded onto a TLC plate and settled for
5 min. The step was repeated three times for each
fraction samples, positive control, and negative
control, resulting in three spots on the TLC plate.
Subsequently, each sample spot on the TLC plate
was applied with 1 pL of tyrosinase solution (1000
unit/mL) and left to settle for 5 min. Next, 2 uL of
10 mM levodopa solution was applied to each spot
and the plate was left to stand in the darkness for
10 min to allow the reactions to occur. After all re-
actions were completed, the plate was immediately
scanned and analyzed using Image] (National In-
stitutes of Health, U.S.A.) [17,18].

2.5. Non-target analysis of depigmenting
components in G. formosanum

This study used a high-performance liquid chro-
matography-diode array detector (HPLC-DAD)
system (Agilent 1260 Infinity) with a detection
wavelength range of 190—600 nm. The predominant
absorption wavelength was identified among 254,
300, and 365 nm [6,19]. For non-target analysis of the
fermented products, a Vanquish UHPLC-DAD
(Thermo Scientific™) system coupled with an
Orbitrap Elite™ Hybrid Ion Trap-Orbitrap Mass
Spectrometer was employed. The flow rate was
maintained at 0.5 mL/min, and the column tem-
perature was held at 25 °C. A gradient elution
approach was adopted with two mobile phases:
mobile phase A (1% formic acid in water) and mo-
bile phase B (60% mobile phase A and 40% aceto-
nitrile). The elution process was carried out as
follows: from minute 0 to minute 10, the proportion

of mobile phase B was maintained at 5% of the total
mobile phase; from minute 10 to minute 30, the
proportion of mobile phase B was increased to 50%,
and this proportion was maintained until minute 45;
from minute 45 to minute 55, the proportion of
mobile phase B was decreased to 5% of the total
mobile phase, and this proportion was maintained
until minute 60.

The data collected in positive and negative ioni-
zation modes using electrospray ionization (ESI)
were processed with Compound Discoverer 3.2
(Thermo Scientific™) software. The identification of
compounds was facilitated by referencing the
mzCloud™ database. A standard solution of 10 ppm
concentration was prepared in methanol. Next, 10 puL
of the standard solution and 10 pL of the extraction
layer were each injected into a UHPLC-ESI-MS/MS
system to validate the results against the database.
For confirmation purposes, all qualitatively
confirmed standards were introduced into a U
SCIEX Triple Quad™ 5500 (AB Sciex Pte. Ltd., Es-
tate, Singapore) system coupled with an Exion LC™
AC (AB Sciex Pte. Ltd) system. The concentrations of
the standards ranged between 0.01 ppb and 100 ppb.
A regression calibration curve was generated to
assess the identified compounds [20—22].

2.6. Viability of B16-F10 cells

The B16-F10 melanoma cell line used in this study
was purchased from BCRC. To perform the assay,
B16-F10 cells were seeded at a density of
1 x 10* cells/well in a 96-well plate and incubated
for overnight. Next, the cells were treated with
different concentrations of the identified com-
pounds for 24 h. After the incubation, the culture
media were removed, and the cells were washed
twice with phosphate-buffered saline (PBS). Next,
120 pL of the CCK-8 reagent was added to each well,
and the plate was shielded from light and allowed to
react in an incubator for 2 h. The absorbance at the
wavelength of 450 nm was measured for analysis to
determine the effects of different concentrations of
the GFE fraction on cell viability [6,20].

2.7. Measurement of melanin content

B16-F10 cells were seeded at a density of 10° cells/
mL in a 24-well plate and incubated for 24h. After
that, the 50 ppm KA (positive control group), 50 ppm
of the different GFE fraction were added to cells and
were incubated at 37 °C under 5% CO, for two days.
The cells were washed with 1 mL of PBS twice to
remove any residual medium. Next, 200 pL of
Trypsin—EDTA was added to each well, and the
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plate was incubated for 5 min. Next, each well was
rinsed with 800 pL of the culture medium to
completely detach the cells. The cell suspensions
were then transferred to microcentrifuge tubes and
centrifuged at 6000 g for 10 min at 4 °C. The su-
pernatants were discarded. Subsequently, the cells
were dispersed in 0.5 mL of 0.1N sodium hydroxide
(NaOH) solution and lysed for 60 min at 60 °C to
release the melanin content. The resulting solutions
were then centrifuged at 12,000 g and 4 °C for
20 min. Next, 100 pL of the supernatant of each so-
lution was collected and analyzed. The absorbance
of each sample was measured at 405 nm [6,23,24].

2.8. Melanin concentration in zebrafish

Zebrafish embryos were treated with various
compound samples (<100 ppm), KA, or blank at
7—55 h post-fertilization (hpf). At least 35 embryos
were used per group and cultured at 28 °C on a 14/
10 h light/dark cycle. To measure the melanin con-
centration, each zebrafish embryo was mixed with
100 pL of Tissue PE LB lysis buffer (supplemented
with 100 X protease inhibitor). The mixture was then
sonicated using a handheld ultrasonic oscillator,
while being kept on ice, for cell disruption. The
resulting substance was centrifuged at 13,000 g and
4 °C for 10 min to separate the cellular debris. After
centrifugation, the supernatant was removed, and
the sediment was mixed with 500 pL of 1 N NaOH
solution. The mixture was then placed in a dry bath
for 1 h to release the melanin content. Next, 100 uL
of the supernatant containing the released melanin
content was collected and its absorbance at 405 nm
was measured using the plate reader. The measured
absorbance values were compared with the stan-
dard curve to determine the melanin concentrations
in the embryos. After treatment for 48 h (7—55 hpf),
the physical appearances of zebrafish embryos were
observed using a stereo microscope. The embryos
were immobilized with tricaine methane sulfonate
and stabilized with 2% carboxymethyl cellulose
sodium salt. Using a tweezer, the position of each
embryo was carefully adjusted for lateral and dorsal
views to capture photos and videos [6,20].

2.9. Molecular docking simulation

The crystal structure of tyrosinase was obtained
from the Research Collaboratory for Structural Bio-
informatics Protein Databank (PDB ID: 2Y9X).
AutoDockTools was used to remove all water mol-
ecules from the receptor and to manually add all
hydrogen atoms and Kollman charges [22,25—27].
The structure of each ligand was obtained from the

PubChem database. AutoDockTools was employed
to remove all water molecules from the receptor and
to add all hydrogen atoms and Gasteiger charges. A
grid box was created (tyrosinase = 15 A x 15 A

x 15 A) along the X-, Y-, and Z-axes, and a grid
spacing of 0.375 A was set to span the protein
structure. The grid center of tyrosinase was as fol-
lows: X = —10.044, Y = —28.706, and Z = —43.443,
and the exhaustiveness value is 8 (the maximum
default value) [28—30].

2.10. Statistical analysis

All experiments were conducted at least three
times, and the measurement values obtained from
each experiment are presented as mean + standard
deviation. All statistical analyses were performed
using IBM SPSS 20 (International Business Ma-
chines Co., New York, U.S.A.). The differences be-
tween the mean values were determined using
analysis of variance, and Duncan's multiple range
test was used for post hoc comparison. A p-value of
<0.05 was considered statistically significant.

3. Results and discussion

3.1. Isolation and purification of the fraction
showing tyrosinase inhibitory activity from GFE-
EA by Sephadex LH-20 column chromatography

The ethyl acetate fraction of GFE-EA was found to
have the most significant inhibitory effect on tyros-
inase activity, yielding a half-maximal inhibitory
concentration (ICsp) value of 118.26 ppm [6]. This
study further applied phase partition to purify and
collect the subfractions from GFE-EA. To evaluate
the anti-melanogenesis effects of the identified
compounds, GFE-EA fractions were subjected to in
silico, in vitro, and in vivo experiments. A gel filtra-
tion chromatography eluted with methanol isolated
the GFE-EA fractions. Compared to the control
group, certain GFE-EA fractions demonstrated
depigmenting effects, as displayed in Fig. S1
(https://doi.org/10.38212/2224-6614.3509). Addition-
ally, it was demonstrated that Sephadex LH-20 col-
umn chromatography could be used to rapidly and
effectively separate and identify the substances with
anti-tyrosinase activity in GFE-EA. Mottaghipisheh
et al. (2020) previously demonstrated a successful
usage of Sephadex LH-20 column chromatography
with organic solvent mobile phases for gel perme-
ation and partition [31]. They successfully purified
multiple phenolic compounds, including flavonoid
derivatives, and the isolation efficiency was com-
parable to that achieved in this study. Table 1 shows
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the analysis using the Image ] software, which
indicated that the melanogenesis levels of GFE-EA
fractions were lower than the control group,
yielding production levels between 79% and 47%.
This was comparable to the depigmenting effect of
KA in its pure form. The results confirmed that the
GFE-EA fractions exhibited substantial inhibitory
effects on melanin production. The melanogenesis
levels of the groups treated with GFE-EA fractions
were lower than the level of the control group.
Therefore, the subsequent analysis of the depig-
menting compounds was focused on the respective
fractions.

3.2. Depigmenting effects of GFE-EA fractions on
melanoma cells

In previous fungi-related studies, extracts from
Monascus purpureus, Phellinus obliguus, and Phellinus
vaninii were examined for anti-melanogenesis ef-
fects. Monaspurpyridine from M. purpureus at 20 pM
significantly reduced melanin production in B16-
F10 cells [32]. A polyphenol compound, isolated
from P. obliguus extracts, showed dose-dependent
(from 25 to 200 ppm) decreases in melanin content
and tyrosinase activity in melanoma cells [33]. Fla-
vonoids in the methanol extract of P. vaninii at
500 ppm reduced melanin content by 39% in B16-
F10 cells and inhibited tyrosinase activity by 55.83%
at 125 ppm [34]. These findings illustrated the po-
tential of the extracts of natural fungi in reducing
melanin synthesis. Specifically, most of the com-
pounds identified as potential anti-melanogenesis
agents were aromatic compounds. As displayed in
Fig. 1a, 100 ppm of GFE-EA F14 induced a notable
cytotoxic effect, yielding cell viability of <80% [35].
Therefore, subsequent test was conducted at con-
centrations equal to or less than 50 ppm, which was
consistent with a previous study on Ganoderma
weberianum's impact on cell viability, which

Table 1. Quantification of melanin spots on tyrosinase-based TLC
autography.
Relative melanin content

(% of Control)

Con (Negative Control: Methanol) 100%
KA (Positive Control: Kojic acid) 40%
F13 79%
F14 65%
F15 51%
F16 47%
F17 50%

The control group (methanol) was used as the baseline (100%
melanin production) to calculate relative melanogenesis rates of
the fractions. Kojic acid (KA), a depigmenting compound used in
cosmetics, was employed as the positive control group. F13—17:
GFE-EA fractions 13—17.

conducted on lower extraction concentration at
25 ppm [36]. The results revealed that following a
48-h treatment with 50 ppm GFE-EA F14—F17, the
relative melanin concentration in B16-F10 cells
significantly decreased from 100% to 82%, as shown
in Fig. 1b. Moreover, the melanin content in the cells
treated with GFE-EA F17 was similar to that of the
positive control group (KA), indicating their com-
parable inhibitory effects on melanin production.
Hsu et al. (2016) previously explored the effects of
GFE-EA at 100 ppm on reducing the melanin con-
tent in B16-F10 cells. The results confirmed that
GFE-EA can inhibit tyrosinase activity, thereby
reducing melanin production [6]. In addition, Chen
et al. (2021) demonstrated that the hexane partition
fraction from Antrodia cinnamomea at 100 ppm
induced a highly potent tyrosinase inhibitory effect
and decreased the pigment content [38]. Compared
to a high dielectric constant (DC) solvent, such as
water with 80 DC, lower DC solvents like hexane
(1.88 DC) and ethyl acetate (6.02 DC) tended to be
more efficient in isolating anti-melanogenesis com-
pounds from fungi. This finding was consistent with
that of the present study, further validating the
depigmenting effects of specific GFE-EA fractions in
melanoma cells.

3.3. Depigmenting effects of different GFE-EA
fractions in zebrafish embryos

Zebrafish are favored for melanin studies due to
their transparent embryos and quick development,
allowing facile observation of pigmentation. More-
over, their genetic similarity with humans in
melanin synthesis and the feasibility of genetic
manipulation make them a cost-effective and
ethical alternative to mammalian experimental
models [39]. For example, pachymic acid and
paeoniflorin in the extracts of Chi-Bai-San, a tradi-
tional Chinese herbal medicine, induced 37% and
30.5% decreases in melanin content and tyrosinase
activity in zebrafish, respectively, by regulating
multiple melanogenic genes [40]. In addition, the
ethanol extract of Hippocampus abdominalis at
100 ppm significantly reduced melanogenesis in
zebrafish larvae by activating the extracellular-
signal-regulated kinase signaling pathway [41]. In
this study, zebrafish embryo tests were conducted
with GFE-EA F13—F17 at concentrations of 25, 50,
and 100 ppm. GFE-EA F13 at 100 ppm showed le-
thal effects, causing complete mortality. GFE-EA
F16 at the same concentration led to deformities,
similar to in vitro results (Fig. 2). Thus, subsequent
anti-melanogenesis activity assessments were con-
ducted with 50 ppm of each fraction. The treatment
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Fig. 1. Different concentration of GFE-EA LH-20 F13-F17 treat in B16-F10 melanoma cell. (A) Cell viability; (B) The intracellular melanin
content in 50 ppm. *Con: control group. Veh: High-glucose DMEM containing 0.1% DMSO. F13—17: GFE-EA fractions 13—17; KA: Kojic acid.

with GFE-EA F15, F16, and F17 significantly
decreased the relative melanin content to 80%, 83%,
and 74%, respectively (Fig. 3). Moreover, the level of
melanin content in the GFE-EA Fl6-treated group
was similar to that of the positive control group
(KA), indicating that they exhibited comparable
depigmenting effects. Hsu et al. (2018) previously
used G. formosanum mycelium extracts in the

concentration range of 50—200 ppm to conduct
zebrafish experiments on depigmentation activity
[18]. The results confirmed that the extracts con-
tained compounds that could significantly inhibit
melanogenesis in zebrafish.

In addition, organic acids and aromatic com-
pounds like isoflavones, pyrones, and terpenes in
the ethanol extract of edible mushrooms, at
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Fig. 2. Depigmenting effect of nontoxic concentration of GFE-EA F13-F17 and kojic acid on melanogenesis of zebrafish in vivo phenotype-based

system.

120 -

100 e

80

Relative melanin content (% of control)
3

T T T
Con Veh KA-50 F13-50 F14-50 F15-50 F16-50 F17-50

Fig. 3. The melanin content of zebrafish after treated with different
fractions of GFE-EA LH-20 F13-F17. Con: control group. Veh: High-
glucose DMEM containing 0.1% DMSO. KA: Kojic acid in 50 ppm.
F13—17: GFE-EA fractions 13—17 in 50 ppm. In the experiment, the
control group comprised untreated zebrafish embryos, and the melanin
concentrations were set as 100%. KA was used as a positive control. The
aim of the experiment was to measure the amount of melanin produced
in a specific number of embryos, thereby determining the melanin
concentration per embryo.

50—100 ppm concentrations, induced depigmenting
effects in the melanocytes of zebrafish embryos. The
respective activity was attributed to the compounds’
alteration of tertiary and quaternary structures of
tyrosinase [38,39,42]. This finding provides addi-
tional evidence for the depigmenting effects of the
compounds extracted from G. formosanum, which
demonstrated lower working concentrations
(50 ppm or lower) in the zebrafish model. Therefore,
the subsequent UHPLC-MS/MS analysis focused on
the analysis of the compounds present in GFE-EA
F15—F17.

3.4. UHPLC-MS/MS of depigmenting compounds
derived from GFE-EA F15—17

Fig. S2 (https://doi.org/10.38212/2224-6614.3509)
and Table S1 (https://doi.org/10.38212/2224-6614.
3509) summarize the results of UHPLC-MS/MS
analysis of GFE-EA F15—F17. A total of six com-
pounds, including mesalamine (0.0891 + 0.0419

ppm), L-pyroglutamic acid (117.8703 =+ 48.2877
ppm), esculetin (0.9802 + 0.3901 ppm), 5-hydrox-
yindole (0.0447 + 0.0273 ppm), and salicylic acid
(0.0080 + 0.0073 ppm), were identified in the frac-
tions. These aromatic compounds and organic acids
exhibited significant anti-melanogenesis activities.
5-Hydroxyindole is a heterocyclic compound
widely known for its anti-tyrosinase properties and
its derivatives were identified as potentially having
therapeutic value as anti-inflammatory agents
[43,44]. Esculetin is a coumarin acid derivative also
known for its tyrosinase inhibiting properties,
meanwhile recognized to possess immense anti-
oxidative potential, thereby alleviating conditions
such as arthritis, diabetes, malignancies, and hepatic
disorders [45—47]. L-pyroglutamic acid, derived
from glutamic acid, is a natural nutrient and an
amino acid involved in the glutathione redox cycle
that inhibits tyrosinase activity. Guominkang (con-
taining L-pyroglutamic acid), particularly at high
concentrations, was found to achieve an effect
similar to that of dexamethasone in controlling the
symptoms and inhibiting the inflammation of
allergic asthma [48,49]. Gluconic acid and its de-
rivatives, including salts and esters, were exten-
sively utilized in the formulation of foods [50].
Gluconic acid possesses hydroxyl and carboxylate
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groups and exhibits preservative and chelating
characteristics that can inhibit melanin synthesis
[51,52]. Salicylic acid, a phenolic compound, acts as
a competitive inhibitor of tyrosinase, and can
effectively control inflammatory and non-inflam-
matory acne lesions [53,54]. Mesalamine, a mono-
hydroxybenzoic acid derived from salicylic acid,
contains phenol, carboxylic acid, and hydrox-
ybenzoic acid groups, which was recognized to
possess immense antioxidative potential, thereby
alleviating conditions such as arthritis, diabetes,
malignancies, and hepatic disorders [55]. The inhi-
bition of tyrosinase by these compounds was largely
due to their hydroxyl groups, with the number and
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the activity of the enzyme [56]. The inclusion of
carboxylic acids and straight-chain fats further
enhanced this inhibitory effect [57].

3.5. Single ligand—tyrosinase binding sites
explored through molecular docking simulations

Simulations were conducted to ascertain the
binding sites and elucidate the mechanisms of
tyrosinase (Fig. 4a). The semi-flexible docking
approach was applied following previous research,
to consider both the calculation amount and the
model's predictive ability [58,59]. As shown in
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Table 2 and Fig. 4b, single-molecule docking simu-
lations demonstrated that salicylic acid and its de-
rivative, mesalamine, have the highest affinities with
affinity scores of —6.1 and —6.2 kcal/mol, respec-
tively. Both compounds were found to form bonds
with the Met280 residue of tyrosinase. 5-Hydrox-
yindole formed hydrogen bonds with the Asn260
and Met280 residues of tyrosinase, showing a bind-
ing energy of —6.0 kcal/mol. Esculetin formed
hydrogen bonds with the His244 and Met280 resi-
dues of tyrosinase, yielding the highest binding en-
ergy of —6.6 kcal/mol. Similarly, L-pyroglutamic acid
formed hydrogen bonds with the Met280 and Gly281
residues of tyrosinase, showing a binding energy of
—5.1 kcal/mol. Gluconic acid formed a hydrogen
bond with the Glu256 and ASN260 residues of
tyrosinase, showing a binding energy of —5.6 kcal/
mol with bond lengths of 3.1, 3.0, and 2.8 A.

Previous studies have indicated that KA functions
as a chelator for Cu2+ ions at the active site of
tyrosinase. KA inhibited the tautomerization of
dopachrome into 5,6-dihydroxyindole-2-carboxylic
acid with an affinity score of —4.09 kcal/mol and
interactions with the His85, His259, His263, and
Met280 residues. The Met280 residue also bound to
the ligands studied in this study, suggesting that the
respective ligands may be involved in inhibitory
mechanisms similar to those of KA [30,39,45]. The
aromatic compounds and organic acids identified in
GFE-EA F17 could form hydrogen bonds with
tyrosinase inhibitory sites and generate Coulombic
forces with multiple residues, thereby effectively
inhibiting tyrosinase activity and achieving
depigmentation.

3.6. Evaluation of the binding of multiple ligands
with tyrosinase through molecular docking
simulations

Synergy, where the combined action of multiple
components is more effective than the action of a
single compound, often leads to better therapeutic

outcomes through mutual enhancement and
complementation while reducing the side effects
[60—62]. Exploring plant-based synergy is complex
due to the presence of diverse compounds in phyto-
therapeutic agents. It is challenging to identify and
quantify the effects of individual compounds in the
respective agents, especially because they are com-
bined with others [63].

Therefore, multi-molecule docking techniques
were adopted and the results were compared with
single-molecule docking at the tyrosine kinase
inhibitory sites. The differences observed in multi-
and single-molecule docking were analyzed to
explore the impact of synergy [28].

The simulation calculations yielded an affinity
score of —16.36 kcal/mol for the simultaneous in-
teractions between multiple compounds and tyros-
inase. When tyrosinase simultaneously interacted
with multiple ligands, hydrogen bonds formed with
specific amino acid residues, such as Asn81, His244,
Glu256, Asn260, Arg268, and Gly281 (Table 2 and
Fig. 4d). This docking result was similar to that of
epigallocatechin gallate, an ordinary tea-derived
polyphenol that acts as a tyrosinase inhibitor, which
also forms hydrogen bonds with the Asn81, Cys3,
His244, and Asn260 residues of tyrosinase
[26,29,30,64,65]. Krobthong et al. (2021) previously
performed molecular docking experiments for
Ganoderma extracts and tyrosinase, and demon-
strated that the extracts form hydrogen bonds with
the Asn260 and Gly281 residues of tyrosinase. This
technique elucidates the inhibition mechanisms of
compounds like the VLT peptide against tyrosinase
by modeling their binding at the enzyme's active
site, estimating their binding affinity, and illus-
trating crucial interactions, including hydrogen
bonds and salt bridges [10].

In recent studies, polar secondary metabolites
such as phenolics, flavonoids, and anthocyanins in
natural products were focused upon. These com-
pounds were often associated with tyrosinase inhi-
bition due to their capacity to interact with the

Table 2. The concentration of anti-melanogenesis compounds in GFE-EA F17 extraction as well as its binding affinity and interaction with tyrosinase.

Compounds Concentration Binding Affinity (kcal/mol) Hydrogen Bonding Interaction
(ppm) Single Ligand Multiple Ligands Single Ligand Multiple Ligands

5-Hydroxyindole 0.0447 + 0.0273 —6.0 —16.36 Asn-260 -
Met-280

Esculetin 0.9802 + 0.3901 —6.6 Met-280 Asn-81
His-244

L-Pyroglutamic Acid 117.8703 + 48.2877 =51 Met-280 Arg-268

Gluconic Acid 12.5202 + 6.7749 —5.6 Asn-260 His-244
Glu-256 Glu-256

Salicylic Acid 0.0080 + 0.0073 —6.1 Met-280 Asn-260

Mesalamine 0.0891 + 0.0419 -6.2 Met-280 Gly-281
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enzyme and inhibit its function. It was suggested
that this inhibition could occur through the chela-
tion of copper ions at the active site or by direct
interactions with critical amino acid residues
involved in enzymatic activity. Consequently, the
enzyme's ability to catalyze the oxidation of phenols
to quinones, a crucial step in melanin synthesis, was
inhibited [66—68]. However, in this research it was
discovered that in addition to aromatic compounds,
organic acids in G. formosanum extracts also played a
potential role as tyrosinase inhibitors. This finding
differed from the phenomena previously observed
in natural products.

The results indicated that simultaneous in-
teractions of tyrosinase with multiple ligands lead to
stronger affinity and molecular binding, resulting in
a synergistic effect. Such synergism, in turn, could
effectively inhibit the enzyme's activity and lead to
more favorable depigmenting outcomes.

4. Conclusion

This study focused on the depigmenting effects of
G. formosanum and offered significant insights into
food nutrition and its practical applications. By
employing a variety of chromatography methods,
pivotal anti-melanogenesis agents such as gluconic
acid, mesalamine, L-pyroglutamic acid, esculetin, 5-
hydroxyindole, and salicylic acid were identified in
specific GFE-EA fractions. The identified com-
pounds induced a considerable reduction in
melanin production in melanoma cells and zebra-
fish embryos at a considerably low dose of 50 ppm.
Moreover, this study adopted molecular docking
simulations to investigate the interactions between
the identified compounds and tyrosinase. The syn-
ergistic interactions of these compounds, high-
lighted by enhanced binding affinity and a potent
inhibition of tyrosinase activity, were more evident
when multiple compounds were involved. In sum-
mary, this study lays a foundation for future
research into food-derived compounds and un-
derscores the pivotal role of edible G. formosanum in
formulating effective and natural solutions for anti-
melanogenesis effects.
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