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Abstract: Fungal mycelium cultures are an alternative to natural sources in order to obtain valuable
research materials. They also enable constant control and adaptation of the process, thereby leading
to increased biomass growth and accumulation of bioactive metabolites. The present study aims
to assess the biosynthetic potential of mycelial cultures of six Ganoderma species: G. adspersum, G.
applanatum, G. carnosum, G. lucidum, G. pfeifferi, and G. resinaceum. The presence of phenolic acids,
amino acids, indole compounds, sterols, and kojic acid in biomass extracts was determined by
HPLC. The antioxidant and cytotoxic activities of the extracts and their effects on the inhibition of
selected enzymes (tyrosinase and acetylcholinesterase) were also evaluated. The total content of
phenolic acids in the extracts ranged from 5.8 (G. carnosum) to 114.07 mg/100 g dry weight (d.w.)
(G. pfeifferi). The total content of indole compounds in the extracts ranged from 3.03 (G. carnosumi)
to 11.56 mg/100 g d.w. (G. lucidum) and that of ergosterol ranged from 28.15 (G. applanatum) to
74.78 mg/100 g d.w. (G. adspersum). Kojic acid was found in the extracts of G. applanatum and G.
Iucidum. The tested extracts showed significant antioxidant activity. The results suggest that the
analyzed myecelial cultures are promising candidates for the development of new dietary supplements
or pharmaceutical preparations.

Keywords: antioxidant activity; cholinesterase inhibition; cytotoxic activity; Ganoderma spp.; indole
compounds; mycelial cultures; phenolic compounds; tyrosinase inhibition; c-amylase inhibition

1. Introduction

The genus Ganoderma was described in 1881 and initially comprised only one species—G.
lucidum (Curtis) Karst. [1]. Species in the genus Ganoderma are considered to be important
natural sources of compounds with medicinal properties. Their therapeutic effects have
been known for thousands of years. They are most popular in Asia, especially in the
field of Traditional Chinese Medicine (TCM). These species are also used traditionally in
some West African countries, such as Nigeria, for treating skin diseases, hypertension,
and digestive disorders [2,3]. Scientific research has confirmed the broad-spectrum effects
of isolated compounds and extracts from Ganoderma spp., e.g., antitumor, immunomod-
ulatory, antioxidant, anti-inflammatory, antiallergic, neuroprotective, hepatoprotective,
hypoglycemic, hypotensive, antimicrobial, antiviral, and antimalarial effect [4,5]. The
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most important groups of compounds are triterpenes (GTs-Ganoderma triterpenes) and
polysaccharides [6]. Because of their chemical constituents, the extracts of Ganoderma spp.
are an interesting object of biotechnological research. Previous studies have mainly focused
on mycelial cultures of G. lucidum—a species with the broadest spectrum of activity [7].
Numerous studies were conducted on polysaccharides and ganoderic acids obtained from
myecelial cultures of G. lucidum in liquid media in flasks or bioreactors [8]. The obtained
scientific data indicate that proper selection of conditions, such as temperature, pH, and
nutrient composition, plays an important role in biomass production and accumulation of
metabolites [9]. Many processes used by mycelial cultures of higher fungi to synthesize
biologically active compounds or to break down environmental pollutants have already
been patented [10]. The possibility of using such processes on a larger scale depends
mainly on the development of suitable culture conditions and the transfer of the process
from laboratory scale to industrial scale. Continuous advancements in biotechnology and
gaining in-depth knowledge on the properties of mushrooms have enabled us to design
new biotechnological processes.

Myecelial cultures have enormous potential to produce bioactive compounds; however,
this potential remains to be fully understood. Hence, research focused on the identification
of metabolites isolated from mycelial cultures offers the possibility of developing new
substances with potential applications in medicine discovery [11].

The present study aimed to evaluate the bioactivity of extracts from myecelial cultures,
which are considered as sources of compounds with health promoting properties. The
study covered mycelial cultures of six Ganoderma species: G. adspersum, G. applanatum,
G. carnosum, G. lucidum, G. pfeifferi, and G. resinaceum. The contents of phenolic acids,
indole compounds, amino acids, sterols, and kojic acid were determined in extracts of
culture biomass by using the reversed-phase high-performance liquid chromatography
method with diode array detection (DAD) and UV detection. Total phenol content (TPC)
and total flavonoid content (TFC) were determined by spectral methods. The antioxidant
potential of the extracts was assessed by various in vitro methods: DPPH (1,1-diphenyl-
2-picrylhydrazyl) test, ABTS ((2,2"-azinobis-(3-ethylbenzthiazolin-6-sulfonic acid), FRAP
(Ferric Reducing Ability of Plasma), CUPRAC (CUPric Reducing Antioxidant Capacity),
MCA (metal chelating activity), and PHD (phosphomolybdenum assay). Inhibition of the
enzymes tyrosinase, acetylcholinesterase, and butyrylcholinesterase was also determined.
The obtained extracts were tested for cytotoxic properties against BI6F10 mouse melanoma
cells. The ability of the study extracts to inhibit melanogenesis in B16F10 cells was also
assessed. This is the first report to provide evidence of potential therapeutic value of
biomass extracts from the studied mycelial cultures.

2. Results and Discussion
2.1. Mycelial Cultures

Ganoderma species, namely G. adspersum, G. applanatum, G. carnosum, G. lucidum, G.
pfeifferi, and G. resinaceum, are known to be used in traditional medicine for thousands of
years. They were typically used as raw materials in traditional medicine in Asia or West
Africa. These species also started to appear in conventional medicine applications in Asia
over time. Presently, there is a growing interest in these mushroom raw materials even
in other parts of the world. Currently, research on natural raw materials is increasingly
involving the use of biotechnology methods. Mycelial cultures are now a current object of
biotechnological research. This method allows significant shortening of the time required
to obtain research materials and optimization of physicochemical conditions. Additionally,
myecelial cultures ensure repeatability of cultivation conditions, leading to the generation
of biomass samples with a specific and predictable composition. Mycelial cultures also
enable us to obtain biomass enriched with specific components, e.g., through appropriate
precursors of metabolic pathways or elicitors.

The possibility of maintaining mycelial cultures has made them a suitable alternative
to materials obtained from natural habitats. In the experimental cultures, Ganoderma
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mycelium grew in the form of spherical, compact aggregates of a bright cream color. For all
the culture series conducted in a liquid medium, the mean values of the biomass growth
parameter were determined as dry weight (d.w.) obtained from 1 L of the medium. The
highest mean increase in biomass was observed for G. pfeifferi (6.67 g/L), while the lowest
was noted for G. adspersum (2.04 g/L). For the other species, the mean increase in biomass
was as follows: G. applanatum—4.06 g/L, G. carnosum—2.88 g/L, G. lucidum—5.12 g /L, and
G. resinaceumn—>5.02 g /L. The dynamics of mycelium growth in the same medium did not
differ from those reported in our earlier studies [12,13].

2.2. Mycochemical Analyses

The quantitative and qualitative analyses of the selected organic compounds demon-
strated an interspecies variability. The results of mycochemical analyses are shown in
Table 1.

Table 1. Selected chemical compounds in the extract from biomass of Ganoderma spp. (mg/100 g d.w.).

. Ganoderma  Ganoderma Ganoderma  Ganoderma  Ganoderma  Ganoderma

Chemical Compounds . o .
adspersum applanatum carnosum lucidum pfeifferi resinaceum

Phenolic acids
Gallic acid 17.62+0.70 10.55 + 1.44 nd 1790 £2.57 3431 +204 nd
Protocatechuic acid 3.07 £0.23 0.57 +0.39 3.95+1.18 1.57 £0.07  1.86 £ 0.06 1.29 £ 0.99
3.4-Dihydroxyphenylacetic acid 38.95+3.17 56.60 £2.73 nd 31.00 £1.50 77.37 £4.04 ﬁ;g +
p-Hydroxybenzoic acid 0.62 +0.15 1.83 £0.03 0.25 + 0.08 0.09 £+ 0.01 nd 2.17 £ 0.03
Caffeic acid nd 0.60 = 0.10 1.60 £0.07 nd 0.53+0.06 nd

Non-hallucinogenic indoles

L-tryptophan

6.02 = 1.00 7.31 £1.02 3.03£0.2 10.58 £2.07 7.26 &= 1.05 712 £1.06

Melatonin nd 0.02 £ 0.004 nd 098 £0.02 0.0124+005 nd

Sterols

Ergosterol 7478 +£1.27 2815+ 0.48 16.64 +£0.69 28.72+135 42.68 £230 44.26+4.56
Ergosterol peroxide * * * * * *
Tyrosinase inhibitors

Kojic acid nd 0.14 £ 0.09 nd 039+052 nd nd

Values expressed are mean + S.D. of three parallel measurements. nd: not detected; *: trace amount.

Phenolic acids are compounds commonly found in fungal species. Phenolic acids
possess broad-spectrum bioactivity, including antioxidant, hypolipemic, immunostimulant,
antitumor, anticoagulant, anti-inflammatory, antispasmodic, and choleretic properties [14].
The content of specific phenolic acids in the studied material varied, depending on the
species. In the studied extracts, five phenolic acids were determined: gallic acid, proto-
catechuic acid, 3,4-dihydroxyphenylacetic acid, p-hydroxybenzoic acid, and caffeic acid.
Protocatechuic acid was present in all tested extracts from biomass obtained from mycelial
cultures, and its highest content was determined in G. carnosum—3.95 mg/100 g dry
weight (d.w.). The highest gallic acid content was found in the extract of G. pfeifferi—
34.31 mg/100 g d.w. The highest content of 3,4-dihydroxyphenylacetic acid was found in
the extract of G. pfeifferi—77.37 mg/100 g d.w., while p-hydroxybenzoic was present in the
extract of G. resinaceum in the amount of 2.17 mg /100 g d.w. The most significant amount
of caffeic acid was detected in the extracts of G. applanatum—3.36 mg/100 g d.w. G. applana-
tum was the only species in which all the five abovementioned acids were identified. The
highest TPC was determined in G. pfeifferi biomass extract—114.07 mg/100 g d.w.), while
the lowest TPC was found in the extract of G. resinaceum—44.71 mg/100 g d.w.). Gallic acid
possesses antioxidant, bacteriostatic, and anticancer properties. Additionally, it shows an
antiseptic and astringent effect, and antiperspirant properties [15]. Protocatechuic acid has
proven antifungal, anti-inflammatory, antioxidant, chemopreventive, and hepatoprotective
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activities [15]. Caffeic acid possesses antioxidant, chemopreventive, anticancer, choleretic,
and antibacterial properties. p-Hydroxybenzoic acid also demonstrates antimicrobial prop-
erties [15]. The content of phenolic acids in Ganoderma species has also been investigated
by other studies. The content of phenolic compounds in the methanolic extract of G. ap-
planatum was 9.98 £ 0.01 mg/g d.w. (chlorogenic acid equivalent). A quantitative analysis
revealed the following phenolic acid content: protocatechuic acid (18 ug/g), gallic acid
(20 ng/g), caffeic acid (44 ng/g), and coumaric acid (24 pg/g) [16]. In a methanolic extract
of G. lucidum, the content of phenolic acids was 9.35 £ 0.03 mg/g d.w. (chlorogenic acid
equivalent). Among the phenolic compounds, gallic acid was dominant—1103 ng/g [16].
Analyses conducted by Raseta et al. [17] confirmed the occurrence of the following phenolic
acids in ethanolic extracts from G. applanatum, G. lucidum, G. pfeifferi, and G. resinaceum
fruiting bodies: hydroxybenzoic acid, protocatechuic acid, p-coumaric acid, and caffeic
acid. Chlorogenic acid was identified in G. pfeifferi fruiting bodies. Vanillic acid was the
quantitatively dominant phenolic acid in the ethanolic extracts of G. applanatum, G. lucidum,
and G. pfeifferi fruiting bodies in the amount of 12.1, 7.1, and 7.6 ug/g d.w., respectively [17].
Additionally, the total phenolics and total flavonoids in the tested extracts were deter-
mined. The TPC ranged from 10.57 mg gallic acid equivalent (GAE)/g for G. adspersum
to 16.56 mg GAE/g for G. carnosum. The total content of flavonoids ranged from 0.21 mg
rutin equivalent (RE)/g in G. adspersum and G. pfeifferi to 0.57 mg RE/g in G. resinaceum
(Table 2).

Table 2. Comparison of the total phenolic compounds, total flavonoid compounds, and antioxidant

activity of biomass extracts using different methods *.

Assay Ganoderma Ganoderma Ganoderma Gm‘wdermu Gm'wde'rma Gu{mderma
adspersum applanatum carnosum lucidum pfeifferi resinaceum
TPC (mg GAE/g) 1057 £ 0.099 1399 +£0.08Y 1656 4+0.372 1354+037P 12534+0.11°¢ 16.36 £0.38%
TFC (mg RE/g) 0.21 £0.02°¢ 0.36 £0.03b 0.22+0.02¢ 0.22 £0.01¢ 0.21 £0.04°¢ 0.57 £0.022
DPPH (mg TE/g) 5.61+0.10°¢ 5.83 4 0.18° 5.01 +0.08 © 5.27 4 0.04 4 5.28 & 0.04 4 6.74 £0.012
ABTS (mg TE/¢g) 10.16 £ 0.02P> 1129 +£0.282 9.74+0.03P¢ 9.61+0.35¢ 9.77 £0.13b¢  11.604+0.362
FRAP (mg TE/g) 727 +£007°¢  810+005P 740+022¢  691+0059 810+0.13>  10.16 £ 0.082
CUPRAC (mg TE/g) 1750 £ 0.45¢ 2355+0.24° 22944027° 2035+084¢ 2528+024P 31.78+0.332
PHD (mmol TE/g) 045+0.02¢ 05240024  0534+001> 057+0.03% 048+0.019 0.6140.042
MCA (mg EDTAE/g) 8.51 £0.09° 898 +£0.10° 8.49+£0.78% 77440962 5204+ 0.52¢ 6.40 + 0.79 b¢

* Values expressed are mean + S.D. of three parallel measurements. TPC: total phenolic content; TFC: to-
tal flavonoid content; ABTS: 2,2’-azino-bis(3-ethylbenzothiazoline) 6-sulfonic acid; DPPH: 1,1-diphenyl-2-
picrylhydrazyl; CUPRAC: cupric ion reducing antioxidant capacity; FRAP: ferric ion reducing antioxidant
power; PHD: phosphomolybdenum; MCA: metal chelating activity; TE: trolox equivalent; EDTAE: EDTA equiv-
alent. GAE: gallic acid equivalent; and RE: rutin equivalent. Different letters on the same rows indicate the
differences in the tested samples (p < 0.05, from ANOVA, Tukey’s post hoc test).

The estimated total content of these compounds correlated with the antioxidant ac-
tivity of the tested extracts. The content of indole compounds in the mycelial cultures
of Ganoderma has not yet been comprehensively evaluated. Qualitative analysis of non-
hallucinogenic indole derivatives confirmed the presence of L-tryptophan in the extracts of
all tested species. The content of L-tryptophan ranged from 10.58 mg/100 g d.w. in G. lu-
cidum to 3.03 mg/100 g d.w. in G. carnosum. In the extracts of G. applanatum, G. lucidum, and
G. pfeifferi, the melatonin content was 0.02, 0.98, and 0.012, respectively (Table 1). Melatonin
(N-acetyl-5-methoxytryptamine) is one of the non-hallucinogenic indole compounds, the
presence of which has been confirmed in some edible Basidiomycota species. Its precursor
is tryptophan, which is transformed into 5-hydroxytryptophan, 5-hydroxytryptamine (sero-
tonin), N-acetylserotonin, and finally into 5-methoxy-N-acetyltryptamine, i.e., melatonin,
by enzyme activity. This compound is involved in the regulation of sleep, mood, and
reproduction. It coordinates the work of the biological clock that controls the circadian
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rhythm, has antiaging and anticancer properties, and regenerates the processes of cell
renewal. Melatonin is also a powerful antioxidant, and it neutralizes free radicals, e.g.,
hydroxyl (¢ OH). Thus, it can reduce the damage caused by some types of Parkinson’s dis-
ease. Some studies have also reported its effectiveness in treating Alzheimer’s disease [18].
Melatonin also plays a neuroprotective role in neurodegenerative diseases. It also has
immunomodulatory, anti-inflammatory, cardioprotective, blood pressure lowering, and
lipid and glucose metabolism regulation properties. Indole compounds support the proper
functioning of the nervous system by acting as neurotransmitters and their precursors
(tryptophan and 5-hydroxytryptophan) [18]. Indole derivatives play an important role
in maintaining the homeostasis of organisms. They act as functional neurotransmitters
and their precursors and influence the functioning of the nervous system. In higher fungi,
these compounds are represented by tryptophan and tryptamine derivatives [19]. Our
previous study proved their occurrence in the fruiting bodies of Phellinus spp. [20] and
in the mycelial cultures of Fomitopsis betulina [12]. In the analyzed biomass, the presence
of ergosterol and trace amounts of ergosterol peroxide was detected (Table 1). Sterols
occur naturally in free or conjugated form. Higher fungi produce 5,7,22-ergostatrien-33-
ol (ergosterol) as the primary sterol with two double bonds in the sterol ring structure
instead of the single bond characteristic in plants. Ergosterol is becoming an important
research topic, as its content is mostly associated with the different phases of mushroom
growth. After photolysis, this compound can be converted to vitamin D,. Ergosterol also
has antioxidant and anti-inflammatory properties. Trace amounts of ergosterol peroxide
were found qualitatively in all the tested samples. Ergosterol peroxide (5, 8ca-epidioxy-22
E-ergosta-6,22-dien-33-0l), like ergosterol, is present in most species of Basidiomycota.
This compound has broad-spectrum therapeutic effects, including antimicrobial, cytotoxic,
and immunosuppressive effects. Ergosterol peroxide is a promising drug development
candidate and contributes to the health-promoting effects of medicinal mushrooms [21].
In the n-hexane extract from fruiting bodies of G. applanatum, the following ergosterol
derivatives were identified: ergosta-7,22-dien-33-one, ergosta-7,22-dien-33-ol, and three
stearyl esters of linoleic acid: 3(3-linoleyloxyergosta-7,22—diene, 33-linoleyloxyergost-7-ene,
and 3p-linoleoloxyergosta-7,24 (28)-diene. Presumably, these free sterols play a role in the
growth of the fruiting body [22]. In a study comparing the content of sterols and fatty acids
of two species—G. lucidum and G. sinense, the content of ergosterol—a component of the
fungal cell membrane—was determined [23].

In traditional medicine, extracts from raw materials of natural origin are used rather
than individual compounds. There is evidence that crude extracts often exhibit more signif-
icant biological activity in vitro and/or in vivo than isolated components at an equivalent
dose. Pure drugs that are industrially produced or isolated from plants or mushrooms
may be attractive because of their high activity against human diseases, but they have
disadvantages. They rarely have the same degree of activity as the crude extract at com-
parable concentrations or doses of the active ingredient. In traditional medicine, many
years of effective use of extracts made of natural raw materials, including mushroom raw
materials, make it necessary to find a pharmacological and therapeutic justification for the
superiority of many of them as compared to individual ingredients. The synergistic effects
can be verified through detailed pharmacological studies and controlled clinical trials as
compared to synthetic reference drugs. This enables their use in treating diseases that have
been treated only with synthetic drugs.

2.3. Antioxidant Activity

Mushrooms are important cornerstones in the search for natural antioxidants by
scientists. In this context, studies on the antioxidant properties of mushrooms have gained
in importance in recent years [24,25]. In the current study, the antioxidant properties of
six Ganoderma species were determined by various chemical assays, and the results are
shown in Table 2. Two radicals, namely DPPH and ABTS, were used to assess the radical
scavenger potential of the tested extracts. G. resinaceum (DPPH: 6.74 mg TE/g and ABTS:
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11.60 mg TE/g) demonstrated the best activity in both radical scavenging assays, followed
by G. applanatum (DPPH: 5.83 mg TE/g and ABTS: 11.29 mg TE/g) and G. adspersum
(DPPH: 5.61 mg TE/g and ABTS: 10.16 mg TE/g). Similar to the radical scavenging results,
G. resinaceum (FRAP: 10.16 mg TE/g and CUPRAC: 31.78 mg TE/g) had the strongest
reducing properties, reflecting an electron donating ability.

G. pfeifferi extract was the second highest in terms of ability in the CUPRAC assay. In
the PHD assay, the samples were rated in the following order: G. resinaceum > G. lucidum > G.
carnosum > G. applanatum > G. pfeifferi > G. adspersum. The order was important because both
phenolic and nonphenolic antioxidants can play a role in the PHD assay, which is known
as the total antioxidant assay. The chelation of transition metals is considered to be one of
the important mechanisms that inhibit the production of hydroxyl radicals by the Fenton
and Haber-Weiss reaction. All the extracts demonstrated iron (II) chelation, and the best
was G. applanatum with 8.98 mg EDTAE/g. G. pfeifferi, however, demonstrated the lowest
metal chelating ability. Several studies have been conducted on the antioxidant properties
of various Ganoderma species. For example, Zengin et al. [26] investigated the chemical
profile and biological abilities of two Ganoderma species (G. applanatum and G. resinaceum)
from Turkey. The extracts showed stronger antioxidant abilities than those reported by
our studies. For example, the DPPH radical scavenging ability ranged from 17.01 to
59.24 mg TE/g in the tested Turkish Ganoderma species, which is higher than those of the
six Ganoderma species (5.01-6.74 mg TE/g) tested in our study. Similarly, different results
for Ganoderma species have been reported by several researchers [27-29]. The different
mycochemical compositions could explain the differences in the obtained results. In this
sense, as shown in the present study, varying levels of different phenolic components were
found in the individual Ganoderma species [30-32]. As a further approach, these differences
could be explained by the use of different culture media for fungal growth [32-34].

2.4. Inhibition of Cholinesterase and Amylase

Cholinesterase is a pharmaceutical target in the treatment of Alzheimer’s disease. This
is because its inhibitory activity increases the level of acetylcholine in the synaptic cleavage.
The increased acetylcholine levels could help to improve cognitive functions in patients
with Alzheimer’s disease. Keeping this in mind, some chemicals have been produced to
alleviate the observed symptoms in patients with Alzheimer’s disease, but in the long term,
most of them have unpleasant side effects, such as gastrointestinal disturbances or toxicity.
Hence, we need to find safe and effective cholinesterase inhibitors from natural sources. In
the present study, the cholinesterase inhibitory effects of the tested Ganoderma species are
shown in Table 3.

Table 3. Comparison of the inhibition of selected enzymes by biomass extracts *.

Ganoderma Ganoderma Ganoderma Ganoderma Ganoderma Ganoderma
Assay . L .
adspersum applanatum carnosum lucidum pfeifferi resinaceum
AChE (mg GALAE/g) 12240012 na 1.19+0.01¢ na 120+ 0.01® na
BChE (mg GALAE/g) 1.09 £0.082 1.13+0.13% 0.70 £0.02 ¢ 0.90 + 0.03 P 0.60 £ 0.03 ¢ 0.86 + 0.08 P
Amylase (mmol ACAE/g) 0.15+0.012  014+001> 014+001¢ 0144001® 014+001°¢ 013+0.014

* Values are expressed are mean + S.D. of three parallel measurements. AChE: acetylcholinesterase; BChE:
butrylcholinesterase; GALAE: galantamine equivalent; KAE: kojic acid equivalent; ACAE: acarbose equivalent;
na: not active. Different letters on the same lines indicate the differences in the tested samples (p < 0.05, from
ANOVA, Tukey’s post hoc test).

Three extracts displayed activity against acetylcholinesterase (AChE), and G. adspersum
extract demonstrated a significant inhibitory effect (1.22 mg GALAE/g). In recent studies,
butrylcholinesterase (BChE) is considered as an important enzyme for treating Alzheimer’s
disease. Regarding the inhibition of BChE by the tested Ganoderma species, all extracts
inhibited BChE (0.60-1.13 mg GALAE). The best BChE inhibitory effect was observed
for G. applanatum extract, while G. pfeifferi extract demonstrated the lowest inhibitory
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effect. A literature survey demonstrates that several studies have reported important
cholinesterase inhibitory effects by some Ganoderma species. For example, Zengin et al. [26]
reported that the water and methanolic extracts of two Ganoderma species (G. applanatum
and G. resinaceum) inhibited AChE (0.62-1.47 mg GALAE/g) and BChE (0.70-2.94 mg
GALAE/g). Some authors have also isolated some anticholinesterase agents from spec-
imens of Ganoderma [35,36]. Altogether, the members of the genus Ganoderma could be
valuable candidates as sources of natural cholinesterase inhibitors for the development of
anti-Alzheimer’s disease drugs. Diabetes mellitus is one of the major health problems in
the world, and its prevalence is increasing each year. Researchers are therefore looking for
effective treatment strategies to control this problem. Keeping this in mind, carbohydrate-
hydrolyzing enzymes are the main targets for controlling blood glucose level in patients
with diabetes. Amylase hydrolyzes the x-(1,4)-glycosidic bond in starch, leading to in-
creased blood glucose levels. From this perspective, inhibiting the amylase enzyme could
control the blood glucose level in patients with diabetes following a high carbohydrate-rich
diet. Several oral antidiabetic drugs (acarbose and voglibose, etc.) have been produced
for this purpose, but they have several side effects, such as diarrhea, constipation, nausea,
and vomiting. Therefore, natural enzyme inhibitors are needed to manage blood glucose
levels in patients with diabetes. For this purpose, the amylase inhibitory effects of the six
Ganoderma species were investigated in the present study. All the tested Ganoderma extracts
exhibited close amylase inhibitory effects, and the best amylase inhibitory effect was found
in G. adspersum extract (0.15 mmol ACAE/g). The weakest amylase inhibitory effect was
shown by G. resinaceum (0.13 mmol ACAE/g). In an earlier study by Deveci et al. [37],
the amylase inhibitory effect of the hexane extract of G. adspersum at the concentration of
1 mg/mL was found to be 96.96%. In the same study, however, the methanolic extract at
the same concentration demonstrated an inhibitory effect of 14.40%. In another study by
Yalcin et al. [38], the amylase inhibitory effects of the methanolic extracts of G. carnosum
and G. pfeifferi were found to be 352.33 and 211.83 mg ACE/g, respectively. Chen et al. [39]
investigated the amylase and glucosidase inhibitory effects of five Ganoderma species and
their triterpenoids, and G. lucidum triterpenes demonstrated the strongest inhibitory effect
with the lowest IC5( values. Similar results of isolated compounds from the members of
Ganoderma were also reported by several authors [40-42].

Although the extracts of the tested Ganoderma species demonstrates good results for
cholinesterase and amylase inhibitory activities, these results are insufficient for their direct
use in patients with Alzheimer’s disease and diabetes mellitus. Therefore, we emphasize
that further research, including animal and toxicity tests, is needed to support their clinical
application. The present results could provide hope to scale up the application from the
laboratory bench to clinical settings.

2.5. Tyrosinase Inhibition Assay and Tests in Mouse Melanoma B16F10 Cells

Incubation of the reaction mixture containing mushroom tyrosinase in phosphate
buffer and L-DOPA as a substrate leads to the formation of dopachrome, which can be
identified as a red—brown colored compound. The addition of an inhibitor causes the color
to fade (become less intense or even undetectable). The amount of dopachrome formed is
measured in terms of absorption at a particular wavelength. Three extracts tested in the
present study (G. lucidum, G. pfeifferi, and G. resinaceum) demonstrated moderate tyrosinase
inhibitory properties. These extracts prevented dopachrome formation, which decreased
the absorbance value at 475 nm, as shown in Figure 1.

All the extracts were weaker inhibitors when compared with kojic acid at the concen-
tration of 0.01 mg/mL (Table 4).
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Figure 1. Changes in absorbance at 475 nm following 25 min incubation of buffer with tyrosinase
and 0.5 mM L-DOPA with or without the tested extracts of G. lucidum (GL), G. resinaceum (GR), and
G. pfeifferi (GP) at the concentration of 5 mg/mL as well as 0.1 mg/mL kojic acid.

Table 4. Tyrosinase inhibition properties of the tested extracts at the concentration of 5 mg/mL or
kojic acid at the concentration of 0.1 mg/mL with 0.5 mM L-DOPA.

Tested Extract or

Ganoderma  Ganoderma Ganoderma  Ganoderma Ganoderma Ganoderma

Reference adspersum  applanatum carnosum lucidum pfeifferi resinaceum Kojic Acid
o of I“}S‘i';mo“ * 0 0 0 5053 +323  29.18 £ 044 45314087  81.59 +0.61

The strongest inhibition of tyrosinase was observed for G. lucidum extract, which
inhibited the activity of the enzyme by 50.53% at 5 mg/mL concentration. Effective
tyrosinase inhibitors, such as hydroquinone or arbutin, however, have undesirable effects.
For instance, hydroquinone exhibits cytotoxic effects on melanocytes and is suspected of
exerting a mutagenic effect on mammalian cells [43]. Mushrooms can synthesize numerous
compounds that are capable of inhibiting tyrosinase. These include kojic acid, azelaic acid,
or 3,4-dihydroxybenzaldehyde. In the present study, the capacity of kojic acid accumulation
was analyzed in the mycelial cultures at the level of 0.14 and 0.39 mg/100 g d.w. in G.
applanatum and G. lucidum, respectively (Table 1). Kojic acid is the most thoroughly studied
inhibitor of the tyrosinase enzyme and is obtained from Aspergillus growing on corn
kernels. Because of its good solubility in water, it is widely used in cosmetic preparations.
In addition to its depigmenting properties, kojic acid also has an antibacterial effect and
prevents the formation of free radicals. Cosmetic preparations with this component not only
lighten discoloration, but they also have an antiwrinkle and moisturizing effect. In addition,
kojic acid inhibits the uptake of oxygen, which is essential for enzymatic browning [44].

Extracts were tested at a 0.15 mg/mL concentration in the MTT viability assay to assess
their cytotoxic effect on B16F10 mouse melanoma cells. Only noncytotoxic concentrations
were used in assays for antimelanogenic activity. Therefore, kojic acid (0.03 mg/mL)
was also used in the assay as a reference depigmenting agent. The tested extracts at
the concentration of 0.15 mg/mL displayed varying cytotoxicity levels, ranging from
43.29% + 1.25% for the most cytotoxic extract of G. carnosum to 93.89% =+ 2.72% for the
least cytotoxic extract of G. lucidum (data not shown).

Based on the results of the tyrosinase inhibition assay and the MTT viability assay
in B16F10 cells, G. lucidum, G. pfeifferi, and G. resinaceum (0.15 mg/mL) were chosen for
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the assessment of melanogenesis inhibition properties in BI6F10 mouse melanoma cells.
Kojic acid (0.03 mg/mL) was used as a reference compound. In the performed study,
only kojic acid showed an ability to inhibit the xMSH-induced melanin production, while
the tested extracts did not demonstrate such an activity. Despite encouraging results for
antityrosinase properties, the B16F10 cell assay did not confirm the antimelanogenic effect
of the tested species. These findings might be due to the low concentration of extracts used,
as higher concentrations are cytotoxic to BI6F10 cells (data not shown).

3. Materials and Methods
3.1. Origin of Mycelial Cultures

The study materials consisted of mycelial cultures of 6 selected Ganoderma species: G.
adspersum, G. applanatum, G. carnosum, G. lucidum, G. pfeifferi, and G. resinaceum. Mycelial
cultures were obtained from the Department of Biochemistry and Biotechnology, Institute
of Biological Sciences, Faculty of Biology and Biotechnology, Maria Curie-Sktodowska
University in Lublin.

3.2. Initial Mycelial Cultures

The initial cultures were grown on a solid Oddoux medium with own modifications
(in a range of macro and microelement concentrations) [45]. The medium was sterilized for
20 min at 121 °C and 0.1 MPa (Asve, Warsaw, Poland). The cultures were grown on 60 mm
Petri dishes at 22 & 2 °C and subcultured every 3 weeks.

3.3. Experimental Mycelial Cultures

Experimental mycelial cultures were initiated by transferring a fragment of the biomass
from an agar medium to an Erlenmeyer flask (300 mL) containing 100 mL of liquid Oddoux
medium. The cultures were maintained under the same conditions as the initial cultures
by using a rotary shaker (Altel, L6dz, Poland) at 140 rpm with an amplitude of 35 mm for
3 weeks.

3.4. Extraction of Biomass

For preparing methanolic extracts, 4 g samples of lyophilized (Labconco, Kansas City,
MO, USA) and pulverized material (biomass of each species) were weighed. The material
was then extracted with 50 mL methanol (STANLAB, Lublin, Poland) by sonication in
an ultrasonic bath (POLSONIC 2, Warsaw, Poland) for 30 min. Next, the extracts were
centrifuged (MPW-342, Med. Instruments, Warsaw, Poland) for 10 min at 4300 rpm.
Methanol in the supernatant was allowed to evaporate at 22 & 2 °C. After evaporation,
the dry residue was dissolved quantitatively in HPLC-grade methanol. Before the HPLC
analysis, the obtained extracts were filtered through sterilized syringe filters (0.22 pm,
Millex®GP, Millipore).

3.5. Mycochemical Analysis

The chemical analysis was performed with the HPLC-DAD method, as described pre-
viously [12,46]. Methanolic extracts obtained in the process were used for these estimations.
An HPLC-DAD system (Merck-Hitachi, Merck KGaA, Darmstadt, Germany) and a Puro-
spher RP-18e analytical column (4 x 250 nm, 5 mL; Merck) were used. UV spectra were
recorded in the 220-350 nm range. The peaks were identified by comparing UV spectra
and retention times with those of standard compounds. The qualitative analyses were
supplemented with the standard internal method. Chemical compounds were quantified
with the calibration curve method against their standards. Chemical standards of phenolic
acids, indole derivatives, and sterols were purchased from Sigma-Aldrich (Darmstadt,
Germany) and Fluka Chemie GmbH (Buchs, Switzerland). Solvents for HPLC analysis
were purchased from Merck, Darmstadt, Germany.



Molecules 2022, 27, 275

10 of 15

3.6. TPC Evaluation

The TPC was determined using a modified Folin-Ciocalteu method [47] with a 96-well
plate (Thermo-Multiscan, Thermo Scientific, Vantaa, Finland). Each sample (50 puL) was
mixed with diluted Folin-Ciocalteu reagent (Sigma—Aldrich, Darmstadt, Germany) (100 uL,
1:9, v/v) and then mixed with sodium carbonate (2%, 75 uL). The mixture was incubated in
dark for 2 h at 22 + 2 °C. The absorbance values were then read at 765 nm. Gallic acid was
used as a standard, and the results are expressed as a gallic acid equivalent (mg GAE/g).

3.7. TFC Evaluation

The TFC was determined using the method reported by Zengin and Aktumsek [47].
Briefly, 200 pL sample was mixed with AlCls (2% in methanol). The mixture was then
incubated for 15 min at 22 & 2 °C. The absorbances were read at 415 nm. Rutin (Sigma-
Aldrich, Darmstadt, Germany) was used as a standard flavonoid, and the results are
expressed as equivalent of rutin (mg RE/g).

3.8. DPPH Radical Scavenging Assay

The sample (50 pL) was mixed with methanolic DPPH solution (0.004%), and the
mixture was then incubated for 30 min at 22 + 2 °C. The absorbance values were read
at 517 nm. Trolox was used as a standard antioxidant, and the results are expressed as
equivalent of Trolox (mg TE/g) [47].

3.9. ABTS Assay

The radical scavenging activity of samples toward the ABTS radical cation was evalu-
ated according to the method reported by Zengin and Aktumsek [47]. The prepared ABTS
(Sigma—-Aldrich, Darmstadt, Germany) radical solution was used after 12 h of incubation
at22 + 2 °C. The sample (25 pL) was mixed with the ABTS radical solution (200 puL) and
after incubation for 30 min at 22 4 2 °C, the absorbance values were recorded at 734 nm.
Trolox was used as a standard antioxidant, and the results are expressed as the equivalent
of Trolox (mg TE/g).

3.10. FRAP Assay

The sample (25 pL) was mixed with the FRAP (Sigma-Aldrich, Darmstadt, Germany)
solution (200 nL), and the mixture was incubated for 30 min at 22 4+ 2 °C. The absorbance
values were then read at 595 nm. Trolox was used as a standard antioxidant, and the results
are expressed as the equivalent of Trolox (mg TE/g) [47].

3.11. CUPRAC Assay

Sample solution (25 pL) was added to a premixed reaction mixture (200 uL) contain-
ing CuCl; (1 mL, 10 mM), neocuproine (1 mL, 7.5 mM), and NH4Ac buffer (1 mL, 1 M,
pH 7.0). The absorbance values of the sample and blank were read at 450 nm after a 30-min
incubation at 22 + 2 °C. Trolox was used as a standard antioxidant, and the results are
expressed as the equivalent of Trolox (mg TE/g) [16].

3.12. PHD Assay

The sample solution (100 uL) was mixed with 2 mL of reagent solution. The reagent
solution contained 0.6 M sulfuric acid, 28 mM sodium phosphate, and 4 mM ammonium
molybdate. After 90 min incubation, the absorbance of the sample was read at 695 nm.
Trolox was used as a standard antioxidant, and the results are expressed as the equivalent
of Trolox (mmol TE/g) [48].

3.13. MCA Assay

The sample solution (100 uL) was mixed with an FeCl, solution (50 mL, 2 mM). Next,
5 mM of ferrozine (100 pL) was added to initiate the reaction. The reaction mixture was
incubated for 10 min at 22 + 2 °C, and the absorbance values were read at 562 nm. EDTA
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(Sigma—Aldrich, Darmstadt, Germany) was used as a standard chelator, and the results are
expressed as the equivalent of EDTA (mg EDTAE/g) [48].

3.14. a-Amylase Inhibitory Activity

The sample solution was mixed with an x-amylase solution (ex-porcine pancreas, EC
3.2.1.1, Sigma—Aldrich, Darmstadt, Germany) (50 puL) in phosphate buffer (pH 6.9 with
6 mM sodium chloride) in a 96-well microplate and incubated for 10 min at 37 °C. The
reaction was then initiated with the addition of starch solution (50 uL, 0.05%). The mixture
was incubated for 10 min at 37 °C. HCI (25 uL, 1 M) was added to stop the reaction, and an
iodine-potassium iodide solution (100 uL) was added. The absorbance values were read
at 630 nm. Acarbose was used as a positive control, and the results are expressed as the
equivalent of acarbose (mmol ACE/g sample) [48].

3.15. Cholinesterase Inhibitory Activity

Briefly, 100 uL sample solution was mixed with DTNB ((5,5-dithio-bis(2-nitrobenzoic)
acid, 125 pL). An enzyme solution (AChE or BChE) was then added, and the mixture
was incubated for 15 min at 22 & 2 °C. Subsequently, the substrate (ATCI or BTCI) was
added. After 10 min incubation, the absorbance values were read at 405 nm. Galantamine
(Sigma—Aldrich, Darmstadt, Germany) was used as a positive control, and the results are
expressed as the equivalent of galantamine (mg GALAE/g sample) [49].

3.16. Tyrosinase Inhibition Assay

Mushroom tyrosinase and L-DOPA were purchased from Sigma—-Aldrich (Darmstadt,
Germany). Tyrosinase inhibition activity was determined using the method described by
Saghaie et al. [50] with a slight modification. Briefly, the tested extracts were dissolved in
33.3% dimethyl sulfoxide (DMSO) solution (Sigma—Aldrich, Darmstadt, Germany). Experi-
ments were performed in 96-well plates in triplicates. Phosphate buffer (170 uL, 50 mM,
pH 6.5) containing mushroom tyrosinase (final concentration of 1 U/mL) and 10 uL of the
tested extract were mixed in a single well (final concentration of 5 mg/mL), and the plate
was incubated at room temperature for 5 min. Next, 20 uL of L-dihydroxyphenylalanine
(L-DOPA, final concentration of 0.5 mM) was added, and the plate was further incubated
at room temperature for 25 min. DMSO solution (10 pL) was used instead of the tested
extracts as a negative control. Kojic acid (Alfa Aesar, Kandel, Germany) dissolved in DMSO
solution was used as a reference tyrosinase inhibitor (final concentration of 0.1 mg/mL).
The amount of dopachrome produced in the reaction was measured at 475 nm using a
microplate reader (Spectra iD3 Max, Molecular Devices, San Jose, CA, USA), yielding the
following results: AC—absorbance of the negative control, AT—absorbance with the tested
extract. The percentage of tyrosinase inhibition was calculated using the formula: [(AC —
AT)/AC] x 100. Next, mean values & SD were calculated.

3.17. In Vitro Viability Assessment by the MTT Assay

Mouse melanoma B16F10 cells (American Type Culture Collection (ATCC, CRL-6475,
Manassas, VA, USA) were cultured under standard conditions (37 °C, 5% CO,, 95% humid-
ity) in Ham’s F-10 Nutrient Mix (Gibco, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS, Gibco, Waltham, MA, USA) and antibiotics (1% streptomycin/penicillin
mixture; Sigma—Aldrich, Darmstadt, Germany). The cells were seeded at the density of
2 x 103 cells/mL on 96-well plates in Ham’s F-10 Nutrient Mix, 1% FBS, and 1% antibiotics.
After 24 h, the cells were treated with the tested extracts or kojic acid and incubated for
an additional 48 h. Next, MTT reagent (Sigma—Aldrich, Darmstadt, Germany) was added
to each well and further incubated for 4 h. The formazan produced in the cells appeared
as dark crystals at the bottom of the wells, which could be observed using an inverted
microscope. Next, the medium was aspirated, and 100 pL of DMSO was added to each
well. The absorbance was measured at 570 nm (A570) using a plate reader (Spectra iD3
Max, Molecular Devices; San Jose, CA, USA). Viability (% of control) was determined by
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dividing A570 of experimental wells (after incubation with the tested extracts) x 100% by
A570 of control wells (after incubation with the solvent). Experiments were performed in
triplicates [51,52].

3.18. In Vitro Melanin Production Assay

Mouse melanoma B16F10 cells (American Type Culture Collection (ATCC, CRL-6475,
Manassas, VA, USA) were seeded at the density of 5 x 10* cells/mL on 24-well plates
and incubated in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Waltham, MA,
USA) supplemented with 1% fetal bovine serum (FBS) (Gibco, Waltham, MA, USA) and
antibiotics (1% streptomycin/penicillin mixture; Sigma—Aldrich, Darmstadt, Germany).
After 24 h, the medium was replaced with new samples, containing either the tested
extracts, a reference inhibitor, or a solvent with or without the addition of 1 puM «-MSH
(Sigma-Aldrich, Darmstadt, Germany). The cells were further incubated under these
conditions for 48 h. The cells were then washed twice with PBS and dissolved in 100 pL.
of 1M NaOH. Next, the plates were incubated at 60 °C for 1 h and mixed to solubilize
melanin. The samples were then transferred to a 96-well plate, and the absorbance value
was measured at 405 nm using a plate reader (Spectra iD3 Max, Molecular Devices, San
Jose, CA, USA). The relative melanin content = SD was found for 100%, and assigned to
cells treated neither with extract nor kojic acid, with the absence of x-MSH [51].

3.19. Statistical Analysis

All experiments were performed in three replicates, with the results presented as
mean =+ standard deviation (SD). In addition, one-way analysis of variance (ANOVA)
with Tukey’s post hoc test was conducted, and p < 0.05 was considered to be statistically
significant. Statistical analysis was performed using XLSTAT 2016.

4. Conclusions

The study presents a comparative assessment of selected biological activities and
mycochemical profiles of the biomass extracts of the medicinal fungi Ganoderma species.
The selected species are of great interest because of their broad pharmacological potential.
The results revealed that the biomass of the investigated species can be considered as an al-
ternative to natural or cultivated material as a valuable raw material for the pharmaceutical
or cosmetic industry, and its production can be controlled and stimulated.
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