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Abstract: Phallus indusiatus, or bamboo mushroom, has been reported for its nutraceutical properties,
while its cosmeceutical properties remain unclear. In this study, we conducted extractions of whole,
fresh P. indusiatus using both aqueous and ethanolic methods. Among the extracts, ultrasonic-assisted
extraction method with DI showed the highest antioxidant activity compared to the others. For
cosmeceutical assessment, we evaluated the extracts” inhibitory effects against ECM-degrading en-
zymes and found that they exhibited a modest inhibitory effect of approximately 50%. Remarkably,
ultrasonic-assisted extraction with DI demonstrated promising cosmeceutical properties. Addition-
ally, pressure-assisted extraction with DI showed a potentially protective effect against H,O,-induced
DNA damage. To investigate the anti-melanogenic effect on MNT-1 cells, we treated them with the
extracts and observed a significant decrease in cellular tyrosinase activity under a-MSH stimulation.
This resulted in a relative reduction in melanin content. Notably, autoclaving extraction exhibited
a significantly greater anti-melanogenic effect than the other extracts at the lowest concentration
tested. Furthermore, the extracts demonstrated a reduction in NO production under LPS-induced
inflammation. Hot water extraction with DI and ethanol exhibited a stronger anti-inflammatory
effect compared to diclofenac, without any cytotoxicity. These findings highlight the hidden cos-
meceutical properties of P. indusiatus and suggest its potential use as a bioactive ingredient in
cosmetic formulations.
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1. Introduction

The trend of mushroom-based products has been driven by growing consumer in-
terest in natural and plant-based ingredients. Mushroom extracts are used as functional
ingredients in various dietary supplements as nutraceutical sources, leading to overall
well-being. The term cosmeceutical was proposed as a combination of pharmaceuticals and
cosmetics [1]. Cosmetic ingredients with cosmeceutical properties offer skin-enhancing
benefits and exhibit therapeutic actions against skin pathologies, including skin inflamma-
tion [2]. Mushrooms have traditionally been consumed as a nutrition source and used in
alternative medicine. Well-known studies of bioactive compounds from mushroom have
become interesting in cosmeceutical fields. Mushroom cosmetic formulations have been
used in several cosmetics industries. Mushroom extracts were functionally claimed to have
cosmeceutical properties, such as moisturizing, anti-aging, anti-acne, and skin lightening
effects [3]. Seeking a new species to explore with regard to cosmetic efficacy would shed
light a promising ingredient.
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Wrinkles, dryness, freckles, melasma, and solar lentigines have emerged as significant
beauty concerns, impacting individual self-confidence and overall appearance. Photo-
aging is one of the daily risks that impacts skin health. UV-induced melanin biosynthesis
upregulated tyrosinase gene expression, resulting in melanin biosynthesis acceleration [4,5].
Tyrosinase is a key enzyme in melanin biosynthesis. The hydroxylation of tyrosine to
3,4 dihydroxyphenylalanine (DOPA) and the oxidation of DOPA to DOPA quinone leads
to melanin accumulation [6]. Moreover, ECM-degrading enzymes also play a critical
role in skin aging. Proteomic analysis of UV-induced skin biopsies revealed collagen
fibril fragmentation through increasing pro-inflammatory proteases expression [7]. Matrix
metalloprotease was reportedly increased upon exposure to UV radiation, leading to ECM
protein degradation [8]. UV radiation and other environmental factors contribute to the
generation of reactive oxygen species [2], which play a pivotal role in the skin changes
associated with skin aging [9-11]. Attenuation of these key enzymes, or inflammatory
attenuation, would be a promising strategy for cosmeceutical ingredient development.

Hydroquinone, azelaic, phenol, corticosteroid, retinoids, kojic acid, and arbutin were
developed as anti-tyrosinase inhibitors for hyperpigmentation treatment [12-17]. However,
penetration ability, cytotoxicity, irritation, and stability are still challenges. Nowadays,
numerous of edible mushrooms have been well-studied for their cosmeceutical properties.
Polysaccharide of straw mushroom (Volaeriella volvacea) was formulated as a cosmetic prod-
uct that provided significant skin benefits, such as increasing moisture, elasticity, net, and
skin firmness [18]. High polyphenol contents of Ganoderma lucidum and its varieties were
identified as having 16 bioactive compounds containing anti-melanogenic activities [19].
Dictyophora indusiate or Phallus indusiatus (bamboo mushroom) is an edible mushroom
that belongs to Phallaceae family. The pharmaceutical properties of P. indusiatus have been
extensively reviewed elsewhere [20]. However, their cosmeceutical potential is still lim-
ited. Antioxidant activity is a common activity that has been investigated through various
methods. The majority of water-soluble and crude extracts derived from P. indusiatus
demonstrated moderate antioxidant activity within the concentration range of less than 1
mg/mL up to 2 mg/mL [21,22]. 5-(hydroxymethyl)-2-furfural (HMF) was identified as an
anti-tyrosinase inhibitor from the methanolic extract of P. indusiatus [23]. Aqueous extrac-
tion of P. indusiatus showed potential in wound healing through reducing pro-inflammatory
cytokines and stimulating collagen production [24]. However, the cosmeceutical potential
of P. indusiatus, in term of anti-melanogenic activity and ECM-degrading enzyme inhibition,
remains unclear.

In this study, fresh P. indusiatus was subjected to extraction using mild solvents and
various extraction methods in order to investigate its cosmeceutical properties. Phyto-
chemical analysis and antioxidant activity assessment were performed. The focus of the
cosmeceutical property evaluation was on the inhibition of ECM-degrading enzymes and
anti-melanogenic activity. The extracts exhibited inhibitory effects on collagenase and elas-
tase. To examine the effects on melanin synthesis, MNT-1 melanoma cells were treated with
the extracts, and cellular tyrosinase activity and melanin content were assessed. The anti-
inflammatory effect and cell viability of the extracts were also evaluated using RAW264.7
cells. Overall, the findings highlight the cosmeceutical potential of P. indusiatus, suggesting
its suitability as a bioactive ingredient in the cosmetic industry.

2. Materials and Methods
2.1. Phallus indusiatus Extraction

A total of 50 g of fresh P. indusiatus was extracted using different methods, as shown
in Figure 1. Distilled water and ethanol were used as an extraction solvent basis. Boiling
water (50 °C), autoclaving (121 °C), and sonication (50 °C) were applied to accelerate the
extraction process following the indicated time. The ethanolic extracts (S2 and S5) were
evaporated by a SpeedVac vacuum concentrator(Eppendrof, Switzerland). The distilled
water extracts (S1, S3, and S4) were lyophilized. All sample were reconstituted in dimethyl
sulfoxide and kept at —20 °C before the further analysis.
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Figure 1. Schematic of P. indusiatus extraction procedure using various physical methods and solvents.

2.2. Phytochemical Analysis of Crude Extracts
2.2.1. Total Flavonoids Content Determination

Total flavonoid content was determined using the aluminum chloride method, follow-
ing the previous, with minor modification [25]. A total of 10 pL of each extract was mixed
with 190 pL of 2% AICl; solution and incubated at room temperature for 1 h. Various con-
centrations (0-100 pg/mL) of quercetin were used to generate a standard curve following
the procedure described above. The absorbance was measured at 420 nm. Total flavonoids
content of the extracts was expressed in quercetin equivalent per gram extract (ug QAE/g
extract) in regard to the quercetin calibration curve.

2.2.2. Total Phenolics and Tannin Content

Total phenolic content was determined as referenced in the previous study, with
some minor modifications [26]. A total of 10 uL of the sample was mixed with 40 pL of
Folin—Ciocalteu reagent before adding 200 uL of 75 mg/mL sodium carbonate solution.
Gallic acid and tannic acid were used as polyphenol standard compounds for generating
a calibrating curve. After 90 min of incubation time, the reactions were measured using
the absorbance at 760 nm. All experiments were performed in at least triplicate for each
test. Data are expressed as means =+ standard deviation (SD). Total phenolics contents are
expressed as micrograms of gallic acid equivalents per gram extracts (ug GAE/g extract).
Total tannin contents are expressed as micrograms of tannic acid equivalents per gram
extracts (ug TAE/g extract).

2.2.3. Total Sugar Analysis

Phenol-sulfuric colorimetric assay was performed to determine the total sugar of each
extract. Mixing of the extract with 5% phenol solution was conducted by 1:1 ratio in a
glass test tube. A total of 2 volume of absolute sulfuric acid was added to the mixture and
left at room temperature in a fume hood for 30 min. Various concentrations of D-glucose
were used to generate a calibration curve, as described above. Each reaction and the D-
glucose standard mixture were measured at 490 nm by a microplate reader. Total sugar
was calculated regrading the D-glucose calibration curve.
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2.3. Antioxidant Analysis
2.3.1. DPPH Assay

2,2-diphenyl-1-picrylhydrazyl (DPPH) was used as a colorimetric free radical for
determining the scavenging activity of the extracts. DPPH solution (2 pg/mL) was freshly
prepared in absolute ethanol and kept in a dark place. A total of 10 uL of the extracts
was mixed with 190 pL of the DPPH solution into a 96-well plate. The mixture was
further incubated at room temperature in a dark place for 30 min. The absorbance was
measured at 517 nm wavelength using a microplate reader. The absorbance was calculated
as %scavenging of control and represented as ICsy. All experiments were performed
in triplicate.

2.3.2. ABTS Assay

Oxidation of ABTS was performed by mixing 7 mM ABTS with 2.45 mM potas-
sium persulfate in DI water and incubating in the dark at 25 °C overnight. The solution
was diluted to 1:10 (v/v), mixed with the sample, and the absorbance was measured at
734 nm. The absorbance was calculated as %scavenging of control and represented as ICsj.
All experiments were performed in triplicate.

2.3.3. ORAC Assay

A total of 25 uL of each sample was mixed with 150 uL of 40 uM Fluorescein solution
and further incubated at 37 °C for 30 min. A 200 mM AAPH solution was used as a radial
initiator by adding 25 uL. of AAPH into the mixture. The decay of fluorescence intensity
was measured by a fluorescence microplate reader at Ex485/Em528 at 1 min intervals for
1 h. Ascorbic acid was used to generate AUC for the calibration curve.

2.3.4. DNA Damage Assay

A total of 0.5 mM iron (III) sulphate was combined with an aliquot of 300 ng pET28a (+)
plasmid and incubated at 37 °C for 20 min. A total of 3 pL of 15% hydrogen peroxide was
then added into the mixture and continually incubated at 37 °C for 25 min. The integrity of
the DNA was then monitored using agarose gel electrophoresis.

2.4. Biological Function Analysis
2.4.1. Collagenase Inhibition Assay

The extracts were assessed for their inhibitory effect on collagenase activity. The
extracts were mixed with collagenase in 50 mM tricine buffer, pH 7.5, 400 mM, in the
presence of Ca?* and incubated at 37 °C for 15 min. At the indicated time, FALGPA
substrate solution was added to initiate the reaction. Epigallocatechin gallate (EGCG) was
used as a positive control. The absorbance was then measured by a spectrophotometer at
340 nm, and the %collagenase inhibition was calculated compared to the control.

2.4.2. Elastase Inhibition Assay

The extracts were pre-incubated with elastase (0.05 mg/mL) at room temperature
for 15 min. The reaction mixture was initiated with 0.8 mM N-Succinyl-Ala-Ala-Ala-p-
nitroanilide (AAAPVN) in 200 mM Tris-HCI pH 8.0. Epigallocatechin gallate (EGCG) was
used as a positive control. The reaction was immediately measured at an absorbance value
between 381 and 402 nm. The %elastase inhibition was calculated compared to the control.

2.4.3. Tyrosinase Inhibition Assay

Mushroom tyrosinase was reacted with the desired concentrations of the extracts in
50 mM potassium phosphate buffer pH 6.8. Kojic acid was used as an anti-tyrosinase
inhibitor. After 5 min incubation, 10 mM L-DOPA in 50 mM potassium phosphate buffer
pH 6.8 was added and continually incubated at room temperature for 25 min. Oxidation of
L-DOPA was measured at a wavelength of 470 nm. The data were analyzed as %tyrosinase
inhibition compared to control.
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2.4.4. Cellular Tyrosinase Inhibition Assay

MNT-1 (5 x 10* cells) was seeded into a 12-well plate. After cell attachment, the
cells were replenished with fresh culture medium containing various concentrations of the
extracts. a-MSH was added to stimulate melanogenesis as a negative control. Kojic acid
was used as positive control. After 48 h, the treated cells were washed, fixed, and staining
with L-DOPA for determining tyrosinase activity. The stained cells were photographed
under an inverted microscopy.

2.4.5. Melanin Quantitation

To quantify melanin production in melanocytes, the procedures was performed as
described earlier. The treated cells were trypsinized and collected by centrifugation. The
cell pellets were thrice washed and solubilized with 1IN NaOH/10%DMSO solution. The
mixture was completely solubilized at 80 °C for 2 h. At the indicated time, the mixture was
transferred into a 96-well plate and the absorbance was measured at 405 nm.

2.4.6. Anti-Inflammatory Assay

RAW 264.7 cells (1 x 10° cells/well) were seeded into a 96-well plate. After 18 h, the
cells were treated with the extracts for 1 h before LPS stimulation. Diclofenac and untreated
were used as positive and negative controls. After 24 h LPS-stimulated inflammation,
the treated medium as collected and determined released NO through Griess’s reagent,
following the instructions. The remaining cells were investigated for cell viability by MTT
assay. Briefly, fresh medium containing MTT solution was replenished and incubated for
3 h. The forming formazan crystal was dissolved with DMSO. The absorbance was mea-
sured at 570 nm with a reference wavelength of 630 nm.

2.5. Statistical Analysis

All results were performed in triplicate and analyzed using statistical analysis. Graphs
were plotted with GraphPad Prism 9.0 software. For melanin biosynthesis results, color
intensity was measured using Image J software version 1.53t. Data were expressed
as means =+ standard deviation (SD). Significant differences between groups were de-
termined by one-way ANOVA following desired post-Hoc; p < 0.05 was considered a
significant difference.

3. Results
3.1. Study of Phytochemical Contents of Fresh P. indusiatus Extraction by Different Methods

Various extraction processes have been proposed to achieve the highest yield and
still retain the biological functions of edible mushrooms. Hot water, autoclaving, and
ultrasonication are the extraction methods that retain high bioactive compound recovery.
Distilled water and ethanol were less-toxic solvents used as the basic solvent for fresh
P. indusiatus extraction. All extracts were denoted as “S”. With regard to the results, the
highest to lowest % extraction yield was S3 > S2 > 54 > S1 > S5. The fruiting body of P.
indusiatus was completely destroyed by autoclaving (S3). Total phenolics, flavonoids, total
tannin, and total sugar were seemingly elevated in S3 compared to the others (Table 1).
Distilled water extraction in both hot water (S1) and ultrasonication (S4) did not differ in the
percentage of extraction yield. Interestingly, total tannin contents were insignificantly the
highest in hot water extraction, regarding its hydrophobic property, while the lowest was
obtained by ultrasonication. Interestingly, S2 dramatically enriched total flavonoid content
in ethanol-hot water extraction. Notably, ultrasonication (54) with hot water extraction
could not enrich the phytochemical contents from P. indusiatus. Ethanol-based extraction
in both hot water and ultrasonication extraction elicited a lower % extraction yield than
water-based extraction. For biological functions, antioxidant activity was evaluated by
several methods. Ethanol-based reaction of artificial colored-free radical DPPH demon-
strated the antioxidant activity of lipophilic molecules. As anticipated, S2, S3, and S4
demonstrated ICsy ~80 pug/mL by DPPH, which was greater than S1 and S5 regarding their
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total flavonoid contents. Interestingly, water-based reaction or oxidized ABTS scavenging
revealed antioxidant activity in all fractions. Hot water extraction in both water (S1) and
ethanol (S2) significantly demonstrated ABTS®** reduction capacity regarding their total
phenolic contents. However, both methods might not reflect their authentic antioxidant
activity. Protection of florescence molecules with antioxidant molecules under an oxida-
tion environment was considered in order to examine antioxidant activity. ORAC was
performed and expressed as mM ascorbic equivalent. Notably, S4 elicited the highest
netAUC value following S1, S2, and S5, respectively, at identical concentrations. NetAUC
determination of S3 could not be determined. Interestingly, S3 dramatically demonstrated
a protection effect on DNA damage under H,O,-induced DNA damage, indicating that
the protective effect against DNA damage was similar to the antioxidant value (Figure 2).
S1 slightly exhibited a protective effect, while the others did not. Taken together, various
phytochemical contents were assessed, based on the extraction methods and the solvent
polarity, that reflect their antioxidant activity.

Table 1. Phytochemical composition analysis and antioxidant capacity of the mushroom extracts.
Mean =+ SD; FW fresh weight; N.D. (not determined); n = 3 (Independent experiments were done in
triplicate), abc in the same column indicated significant differences (p < 0.05).

Total Total Total Total Sugar DPPH ABTS ORAC
Samples Phenolics Flavonoids Tannin mel F\%V I1Cso ICsp (NetAUQ)
ug QE/g FW mg GAE/gFW  mg TAE/g FW &8 ug/mL ug/mL mM Ascorbic/g FW
S1 114 £+ 4.68 173.19 + 6.22 8.86 + 5.83 61.09 4 26.99 P >100 28.29 4 2.63 be 1135.64 + 12.81P
S2 12.27 £+ 6.58 237.49 4+ 34.72 8.31 £ 3.325 62.95 4 24.84 88.33 £ 11.10 28.77 + 1.14 be 203.08 +17.73 ¢
S3 17.59 +12.44 192 4+ 41.23 13.3 £2.87 104.98 4+ 47.33 2P 80.16 &+ 6.53 32.59 4+ 1.252b N.D.
S4 9.92 +3.23 174.80 + 32.7 7.71 £191 N.D. 84.88 + 11.59 41.25+7912 1302.79 +59.70 @
S5 11.95 £ 3.75 188.12 £ 25 8.86 +1.91 265.26 +123.42 2 >100 4244 +3.762 187.33 £39.07 ¢

H,O,-induced DNA damage

Figure 2. DNA protective effect of P. indusiatus extracts under HyO, induction, M; DNA ladder
12,000-200 bp, N; pET26b + P; HyO,-induced damage, S1-55 (100 pg/mL); HyO,-induced damage in
the presence of P. indusiatus extracts.
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3.2. Inhibitory Effect on ECM-Degrading Enzymes of the P. indusiatus Extracts

Skin integrity experiences aging from the surrounding environment. Collagen and
elastin play critical roles in the outermost part of the skin in retaining skin integrity. Herein,
the anti-ECM-degrading enzyme effect of the extracts was evaluated on collagenase and
elastase enzymatic activities. At 1 mg/mL of each extract, EGCG was used as a positive
control that exhibited 77.79 £ 2.68% inhibition against collagenase (Figure 3A). S1, S3, 54,
and S5 demonstrated a modest effect on collagenase activity compared to the control. Only
24.66 = 7.65% inhibition was observed in S2. For elastase activity, the inhibitory effect
was slightly observed for each fraction following S1 (28.41 + 1.75%), S2 (23.41 £ 4.36%),
S3 (21.11 £ 6.40%), S4 (32.73 £ 3.09%), and S5 (24.61 + 1.90%) (Figure 3B). The inhibitory
effect was larger on collagenase than elastase. The P. indusiatus extracts have a promising
inhibitory effect on ECM-degrading enzymes (Figure 3A,B).

%Collagenase inhibition
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Figure 3. Inhibition of ECM-degrading enzymes and anti-tyrosinase activity of P. indusiatus;
100 pg/mL of the extracts was used to determine their inhibitory effect against collagenase (A),
elastase (B), and tyrosinase (C).
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3.3. Assessment of Anti-Melanogenesis of the P. indusiatus Extracts in Both Enzymatic and
Cellular Functions

Melanin biosynthesis was determined based on L-DOPA oxidation by tyrosinase en-
zymatic activity. Tyrosinase is a rate-limiting enzyme for melanin synthesis that directly
catalyzes L-tyrosine to L-3,4-dihydroxyphenylalanine (L-DOPA). Edible mushrooms re-
portedly have an anti-melanogenic effect for cosmeceutical ingredient formulations [27].
Notably, 54 exhibited the highest %inhibition by 40.01 £ 2.18%, while the others demon-
strated a modest %inhibition at the identical concentration compared to the positive control
(Figure 3C). Cellular tyrosinase activity on melanin biosynthesis was evaluated in MNT-1
cells. Under a-melanocyte-stimulating hormone («-MSH) stimulation, the relative dark
area was dramatically increased compared to the unstimulated condition, which could
reflect cellular tyrosinase activity. In the presence of the extracts, the relative dark area grad-
ually decreased in a dose-dependent manner that was similar to KA treatment (Figure 4).
As mentioned earlier, another role of tyrosinase is its ability to rapidly convert L-DOPA into
L-dopaquinone. To further ensure the effect of the extract, L-DOPA staining was performed
to determine the cellular tyrosinase-associated melanin content. According to the results,
the extracts could attenuate melanin content in a dose-dependent manner. At the highest
concentration of the extract, melanin content was similar to KA treatment. Interestingly,
53 significantly reduced melanin content at low concentrations (Figure 5). These findings
demonstrated that P. indusiatus extracts strongly exhibited anti-melanogenesis activity.
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Figure 4. Determination of cellular tyrosinase activity by L-DOPA staining in MNT-1 cells in the
presence of P. indusiatus extracts (51-S5) (A-E). x-MSH was used as a melanogenic inducer. KA; kojic
acid was used positive control. (n = 3, p < 0.05; **** p < 0.0001).
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Figure 5. Quantitative analysis of melanin content in MNT-1 cells in the presence of P. indusiatus
extracts (S1-S5) (A-E). x-MSH was used as a melanogenic inducer. KA; kojic acid was used positive
control. (n =3, p <0.05, ns; p < 0.1234; * p < 0.0322; ** p < 0.0021; *** p < 0.0002; **** p < 0.0001).

3.4. Anti-Inflammatory Activity of the P. indusiatus Extracts by Decreasing NO Production

Murine macrophages have been widely used to study the anti-inflammatory effects
of LPS stimulation. LPS-induced inflammation increased NO production, leading to an
increase in cellular stress. Based on their antioxidant activity, the extracts were further
investigated to determine their cellular antioxidant activity and whether they exert anti-
inflammatory effects. According to the results, the level of released NO was significantly
elevated upon LPS stimulation. Diclofenac, known for its positive effects on macrophages,
attenuated the level of released NO. Interestingly, in the presence of the extracts, the
level of released NO was reduced compared to the LPS-stimulated condition. S1 and S2
demonstrated anti-inflammatory effects greater than Diclofenac by lowering the released
NO level under LPS stimulation. S3, 54, and S5 insignificantly decreased the released NO
level compared to Diclofenac (Figure 6). Interestingly, the extracts seemingly improved
cell survival under LPS stimulation. These findings indicated that the extracts have an
anti-inflammatory effect by decreasing NO production and improving the survival rate of
murine macrophages.
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Figure 6. Anti-inflammatory activity of the P. indusiatus extracts. Released NO level was determined
in the presence of the extracts under LPS stimulation (A). Diclofenac was used as positive control.
MTT was performed to assess cell viability of the remaining cells (B). (Compared to diclofenac, n = 3,
p <0.01, ns; p < 0.0332, * p < 0.0021; ** p < 0.0002).

4. Discussion

Mushroom-based products have gained significant interest in the formulation of
bioactive ingredients. Mushroom extracts are known for possessing health-promoting
benefits [27]. The cosmeceutical properties of mushrooms have attracted attention for their
potential application in cosmetic products, thanks to their multifunctional properties [28].
The investigation of antioxidants, antibacterial agents, anti-tyrosinase compounds, and anti-
ECM-degrading enzymes has been extensive, focusing on the phytochemical components
of mushrooms. Ethanol extracts of Calocybe indica, Ganoderma lucidum, and Ganoderma
tropicum have shown significant antioxidant and antibacterial activity, which is correlated
with their phenolic content [29]. In our study, aqueous extraction of dried P. indusiatus
(D. indusiata) resulted in a high total phenolic content, while the total flavonoid content
was relatively low [24]. The presence of flavonoids in mushrooms has been a topic of
debate. Our results indicated an enrichment of flavonoid content in fresh P. indusiatus,
particularly with ethanolic extraction. Flavonoids are plant secondary metabolites known
for their protective effects against UV exposure and oxidative stress [30]. Although chalcone
synthase or chalcone isomerase, key enzymes in flavonoid biosynthesis, are not found in
mushroom genomes [31], alternative flavonoid biosynthesis enzymes have been proposed.
Phenylalanine ammonia lyase, identified in Sanghuangporus baumii, plays a role in the
flavonoid synthesis pathway by converting L-phenylalanine to trans-cinnamic acid [32]. It
is possible that mushrooms absorb flavonoids from their surroundings or from mycorrhizal
plants [31] In conclusion, further in-depth investigation of the phytochemical analysis of
P. indusiatus is needed to better understand its bioactive compounds.

For biological activity, antioxidant activity of aqueous P. indusiatus extracts were as-
sessed using several methods. Aqueous extraction of P. indusiatus reportedly elicited radical
scavenging activity up to 2 mg/mL [21,33]. According to the results, the antioxidant ac-
tivity of P. indusiatus was promising in the sub-microgram range ICsg (~20-100 ug/mL).
DPPH insignificantly exhibited antioxidant activity at a similar level. Among the differ-
ent extraction methods employed, the ABTS and ORAC assays showed that P. indusiatus
extracts exhibited significant antioxidant activity. However, the antioxidant capacities
measured by ABTS and ORAC strongly confirmed the effect better than DPPH [34]. The
highest level of phenolic content that was found in S3, which exhibited a protective effect
on HyOs-induced DNA damage. Unbalancing of the oxidant/antioxidant ratio occurs
upon cellular damage through an increase in ROS, leading to DNA fragmentation [35].
UV-induced pyrimidine dimer formation and its oxidation product lead to DNA dam-
age, which leads to photoaging and skin cancer [36]. The enrichment of phenolic and
flavonoid contents in Russula virescens was found to be associated with DNA protection,
which correlated with its antioxidant activity [37]. ECM degradation is a major concern
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when it comes to skin aging. Collagenase and elastase play critical roles in ECM modelling.
ECM consist of laminin, elastin, fibroblast, and glycosaminoglycans, including collagen,
that are responsible for maintaining the integrity and strength of organs and skin [38]. A
combination of UVA and polyphenol increased tropoelastin, an elastin monomer, resulting
in elastin and collagen deposition in human dermal fibroblasts that improved skin proper-
ties [39]. Aqueous extraction of P. indusiatus stimulated collagen deposition by inhibiting
MMP-2 activity, leading to enhanced wound healing [24]. Our results seemingly reveled
a promising cosmeceutical property by moderately inhibiting ECM-degrading enzymes.
Melanogenesis is a homeostatic process in the skin that serves to protect our body against
external stimuli, particularly UV radiation, through skin pigmentation. This complex
process is regulated by secreted factors such as «MSH, SCF, KGF, and bFGEF, which are
involved in the intrinsic pathway [40]. Tyrosinase is a key enzyme involved in the process
of melanogenesis. It plays a crucial role in two different reactions: the hydroxylation of
tyrosine to L-DOPA, followed by the oxidation of L-dopa to form dopaquinone through its
catecholase activity [41]. 5-(hydroxymethyl)-2-furfural is a natural compound that rises dur-
ing heat treatment due to the Maillard reaction. We identified 5-(hydroxymethyl)-2-furfural
from P. indusiatus, which has a demonstrated inhibitory effect on tyrosinase activity [23].
Aqueous extract of P. indusiatus with an ultrasonic method (54) enhanced the inhibitory
effect on tyrosinase activity. Ultrasonic-assisted extraction increased the mass transfer rate
during extraction, resulting in bioactive compound enrichment [42]. Flavonoids seemingly
exerted their inhibitory effect on tyrosinase activity [43]. Some flavonoids, such as chalcone,
resveratrol, and coumarin, strongly inhibited tyrosinase activity [44]. P. indusiatus extracts
decreased cellular tyrosinase activity and melanin synthesis in MNT-1 cells. A correlation
between flavonoid content and anti-melanogenesis would be a promising form of cosmetic
efficacy. However, the characterization of atopic dermatitis simultaneously appeared in
various symptoms [45]. P. indusiatus extracts dramatically decreased NO production by
10-fold compared to Diclofinac [24]. In this study, P. indusiatus demonstrated a greater
anti-inflammatory effect compared to Diclofenac by reducing NO production. The magni-
tude of the anti-inflammatory effect was found to be dependent on the extraction method
used. The amount of released NO was dramatically different, which could be explained in
terms of cell passaging [46]. These findings shed light on the cosmeceutical properties of
P. indusiatus for mushroom-based cosmetic product development.

5. Conclusions

In this study, different P. indusiatus extraction methods were performed to evaluate
cosmetic efficacy on their biological functions. The extracts were analyzed in term of
phytochemical components, antioxidant activity, inhibitory effect against ECM-degrading
enzymes, and anti-melanogenic properties in both enzymatic and cell-based experiments.
Ultrasonic-assisted extraction with DI revealed the highest antioxidant activity of the P.
indusiatus extracts. Interestingly, high pressure-assisted extraction with DI elicited a protec-
tive effect on DNA integrity. All of the extracts significantly decreased melanin contents
that related to cellular tyrosinase activity in MNT-1. Moreover, an anti-inflammatory effect
was attenuated by the extracts without any cytotoxicity in the presence of the extracts.
Taken together, the P. indusiatus extracts revealed various biological functions that could be
promising in terms of cosmetic efficacy for cosmetic ingredient development.
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