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Abstract

In this study, the biological activities of Otidea onotica were investigated using two optimization methods,
Response Surface Methodology (RSM) and Artificial Neural Network-Genetic Algorithm (ANN-GA). The extracts
were tested for phenolic content, antioxidant potential, acetylcholinesterase and butyrylcholinesterase inhibitory
activities and antiproliferative effects against A549 lung cancer cell line. The results show that the extracts obtained
by ANN-GA optimization exhibited higher antioxidant activity compared to RSM extracts and had higher total
antioxidant status (TAS), DPPH and FRAP values. Phenolic content analysis revealed eight phenolic compounds
and the compounds with the highest concentrations were caffeic acid (in RSM extract) and gallic acid (in ANN-
GA extract), respectively. Both extracts showed strong cytotoxic effects against A549 cells depending on the
concentration, with ANN-GA extract showing higher antiproliferative activity. Our study provides important
findings on the biological activities and therapeutic potential of O. onotica and particularly reveals that the ANN-
GA optimization method plays an important role in increasing biological activity. The findings show that O.
onotica extracts can be used in the treatment of cancer and neurodegenerative diseases in the future and that
optimization techniques offer an effective strategy for enriching phenolic contents.
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Introduction

Mushrooms are ecologically and biologically impor-
tant organisms that exist in a wide range of ecosystems.
They contribute to the shaping of biodiversity by affect-
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are of great interest in pharmaceutical and biotechno-
logical fields due to their various bioactive compounds.
Many species produce secondary metabolites such as
polysaccharides, terpenoids, phenolic compounds and
alkaloids, which have been shown to have antimicro-
bial, anticancer, anti-inflammatory and immunomodula-
tory effects [3—6]. For example, B-glucans found in many
mushrooms strengthen the immune system, while some
terpenoid compounds have been identified as potent
anticancer agents. These findings highlight the impor-
tance of exploring the medical and industrial potential of
fungal species. In this context, species belonging to the
Pyronemataceae family are of scientific interest due to
their short life cycle, irregular distribution, and rarity in
natural environments [7]. Although monographic stud-
ies have been conducted on the genus Otidea in recent
years [8], information on species diversity, phylogenetic
relationships, and bioactive potential is still quite limited.
Although there is some general information on the iden-
tification and taxonomy of Otidea species [9-12], there is
insufficient data on their biological activities. According
to the literature, six Otidea species have been identified
in Turkey so far [13]. This study examines Otidea onot-
ica, a relatively little-studied species. O. onotica (family:
Otideaceae), also known as the “rabbit ear mushroom’,
is an apothecial mushroom that usually grows in decid-
uous forests with beech trees. This species, which can
grow singly or in clusters between spring and autumn,
attracts attention with its distinctive bowl-like structure
and can reach a height of approximately 10 cm. Although
it is not classified as poisonous, it is generally not con-
sidered edible due to its lack of flavor [14]. However, the
medicinal and bioactive potential of O. onotica is largely
unknown. Considering the increasing interest in the dis-
covery of new bioactive compounds from mushrooms
in recent years, this study aims to optimize the extrac-
tion conditions of O. onotica and elucidate the biological
activities of optimized extracts. By determining the phar-
macological and biological properties of this species, it
aims to contribute to the use of mushrooms as a valuable
resource for health and industry.

The aim of this study was to determine the optimum
extraction conditions in order to reveal the biological
potential of Otidea onotica species and to examine the
pharmacological and biological activities of the obtained
extracts in detail.

Materials and methods

The mushroom samples used in this study were obtained
from the Trabzon (2024) (Tirkiye). The mushroom
samples collected during the field studies were brought
to the laboratory environment, cut into thin slices and
then dried at 40 °C for approximately 6 h (Drying device:
Tribest-Sedona Supreme). After 6 h, the mushroom
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sample was completely hardened and free of mois-
ture. The fruiting bodies were subsequently ground
using a mechanical grinder until they passed through
an 80-mesh sieve. The obtained powders were used for
extraction processes. For the artificial intelligence-based
optimization study, predetermined extraction parameters
were applied in a computer-controlled environment in
the Gerhardt SOX-414 device.

Extraction procedure

The extraction procedure was carried out based on a full
factorial experimental design. Three distinct parameters:
extraction temperature, extraction time, and ethanol/
water ratio were chosen, and the extraction process was
conducted using three levels for each of these param-
eters. This approach allows for a comprehensive under-
standing of the influence of extraction parameters on
the biological activity of O. onotica extracts. A total of
twenty-seven different experiments were performed in
a Soxhlet apparatus, varying the extraction temperatures
at 45, 55, and 65 °C, extraction times at 5, 10, and 15 h,
and ethanol/water ratios at 0%, 50%, and 100%. The data
obtained from these experiments were subsequently opti-
mized using both Response Surface Methodology (RSM)
and an artificial intelligence-based approach, specifically
the integration of Artificial Neural Network (ANN) and
Genetic Algorithm (GA).

Response Surface Methodology (RSM)
In this study, Response Surface Methodology (RSM) was
utilized for optimization purposes. The independent
variables selected were extraction temperature, extrac-
tion time, and ethanol/water ratio. The total antioxidant
activity (TAS) value of the extract was designated as the
response variable.

The optimization procedure was implemented using
Design Expert 13 software, employing a second-order
polynomial response model as described below Eq. 1:

n n n—1 n
Yie = Bro + Zﬁkﬂi + Z Bria} + Z Z Brijziz; (1)
i=1 i=1
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where Y), was response variable (Y; was TAS value
of extract); x; was coded process variables (x; was
extraction temperature, xo was extraction time, and 3
was ethanol/water ratio) and [, is the value of fitted
response at the design center point, respectively.

The adequacy of the model was evaluated using the
coefficient of determination (R*), ANOVA analysis, and
p-values. Critical points were determined by calculat-
ing the derivatives of the model to optimize the response
variable. Additionally, three-dimensional surface plots
were generated to visualize the effects of the inde-
pendent variables. These plots were utilized to gain a
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clearer understanding of how the variables influence the
response.

ANN-GA

Modeling was conducted using the ANN method. The
inputs of the model included extraction temperature,
extraction time, and ethanol/water ratio, while the out-
put was the TAS value. The data obtained from the
experimental studies were divided, with 80% used for
training, 10% for validation, and 10% for testing. The
Levenberg-Marquardt (LM) algorithm was employed
for the learning process. To determine the optimal net-
work architecture, 20 different numbers of hidden neu-
rons (ranging from 1 to 20) were compared. The learning
coefficient and momentum coefficient were set to 0.5,
the maximum number of iterations to 500, the number
of validation checks to 50, and the error threshold to
1x107% In this study, a total of 1000 training sessions
were conducted for each model.

In the study, the mean square error (MSE) and mean
absolute percentage error (MAPE) were used as per-
formance indicators of the developed models. MSE and
MARPE were calculated according to following Eqgs. 2 and
3:

n

1
MSE= —% (e —py)* (2)
i=1
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MAPE = ~ > ei 100 3)

where, e is the experimental result, pis the prediction
result, and n is the number of samples.

The optimization process was carried out using the
Genetic Algorithm (GA). Experiments were conducted
for various population sizes, and the roulette wheel tech-
nique was applied for selection. The single-point cross-
over method was utilized for the crossover process. The
optimal number of iterations was determined by examin-
ing the convergence graphs. To ensure results that were
as close as possible to the global optimum, each optimi-
zation run was repeated at least 60 times.

Extraction stage for biological activity tests

After the extraction optimization of mushroom samples
was completed, the optimal conditions obtained by RSM
method were determined as 55.170 °C temperature,
6.434 h and 43.891 ethanol/water ratio. The most suitable
conditions by ANN-GA method were found as 50.736 °C
temperature, 11.741 h and 16.493 ethanol/water ratio.
For biological activity analyses, the parameters clos-
est to these conditions were adjusted with computer
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control in Gerhardt SOX-414 device and test extracts
were obtained.

Phenolic analysis

The phenolic compound profile of the optimized mush-
room extracts was analyzed using LC-MS/MS technique.
In this analysis, 24 different standard compounds present
in the extracts were examined. Phenolic compound anal-
ysis was performed using the Shimadzu LC-MS/MS-8030
system. For chromatographic separation, an Inertsil ODS
4 column (2 pm, 2.1 x50 mm) was utilized. The process
was conducted in a binary gradient mode with a flow rate
of 0.4000 mL/min. The mobile phases consisted of water
with 0.1% formic acid (Mobile Phase A) and methanol
containing 0.1% formic acid (Mobile Phase B). Initially,
the concentration of Mobile Phase B was set to 5.0%, with
the B curve adjusted to 0. The system operated under a
maximum pressure limit of 660 bar. Sample injections
were handled automatically using the SIL-20ACXR
autosampler. The column was maintained at a constant
temperature of 40 °C using the CTO-10ASvp column
oven, with an upper temperature limit set at 85 °C.

Anticholinesterase activity tests

Optimized extracts obtained from the mushroom were
evaluated for anticholinesterase activity using the Ell-
man method [15]. In this study, galantamine was used as
the standard reference compound. Stock solutions were
prepared from the extracts at varying concentrations in
the range of 200-3.125 pg/mL. In a microplate, 130 uL of
0.1 M phosphate buffer (pH 8) was added, followed by
10 uL of the stock solution and 20 pL of either AChE or
BChE enzyme solution. The mixtures were incubated in
the dark at 25 °C for 10 minutes. Subsequently, 20 uL of
DTNB solution (5,5’-dithiobis-(2-nitrobenzoic acid)) and
20 pL of substrate (acetylcholine iodide or butyrylcho-
line iodide) were added, and absorbance was measured at
412 nm. Enzyme inhibition percentages and IC50 values
were calculated in pg/mL, and the results were analyzed
accordingly.

Antiproliferative activity test

Mushroom-derived optimized extracts were assessed for
their antiproliferative effects on the A549 lung cancer cell
line. For this purpose, stock solutions were prepared at
concentrations of 25, 50, 100, and 200 pg/mL. Once the
cells reached 70-80% confluence, they were detached
using 3.0 mL of Trypsin-EDTA solution (Sigma-Aldrich,
MO, USA). The collected cells were plated and incubated
for 24 h. After incubation, the stock solutions were added
to the cells and incubated for an additional 24 h. Follow-
ing this, the culture medium was removed and replaced
with 1 mg/mL MTT solution. The cells were then incu-
bated at 37 °C until a dark purple precipitate formed.
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The precipitates were dissolved in dimethyl sulfoxide
(DMSO) (Sigma-Aldrich, MO, USA), and absorbance
was measured at 570 nm using an Epoch spectrophotom-
eter (BioTek Instruments, Winooska, VT) [16].

Antioxidant activity tests

DPPH free radical scavenging activity

The stock solutions of the optimized extracts obtained
from the mushroom were prepared at a concentration of
1 mg/mL in DMSO. From this solution, 1 mL was mixed
with 160 pL of a 0.267 mM DPPH solution (4 mL, 0.004%
methanol) and incubated in the dark at room tempera-
ture for 30 m. After incubation, the absorbance of the
mixture was measured at 517 nm. The resulting data
were expressed as mg Trolox Equivalent per gram for
each extract [17].

Total antioxidant and oxidant analysis

The total antioxidant capacity of the optimized extracts
obtained from the mushroom was determined using the
Rel Assay TAS kit. The results were reported as mmol

Table 1 TAS values of Otidea onotica extracts

Experiment Extraction Extrac- Ethanol/ TAS (mmol/L)
number tempera-  tiontime water

ture (°C) (h) ratio (%)
1 45 5 0 423140050
2 45 10 0 6.071+0.042"
3 45 15 0 3.890+0.023°
4 45 5 0 4.245+00381
5 45 10 0 6.033+0.054"
6 45 15 0 3.910+0.039°
7 45 5 0 4.196+0.061°
8 45 10 0 6.108+0.017'
9 45 15 0 3.870+0.039°
10 55 5 50 6.574+0.012
1 55 10 50 7.360+0.024%
12 55 15 50 5.840+0.0279
13 55 5 50 6.555+0.029
14 55 10 50 7.344+0016
15 55 15 50 5.852+0.0099
16 55 5 50 6.553+0.029
17 55 10 50 7.360+0.029¢
18 55 15 50 5.854+00379
19 65 5 100 4934+0019°
20 65 10 100 5.345+0.022'
21 65 15 100 418040019
22 65 5 100 4943+0.027°
23 65 10 100 5346+0018'
24 65 15 100 4170+0013°
25 65 5 100 4.958+0.033°
26 65 10 100 533540019
27 65 15 100 4162+0021°

#Means with different superscript letters in the same column are significantly
different (p <0.05) according to Duncan’s multiple range test
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Trolox Equivalent per liter. The total oxidant capacity was
measured using the Rel Assay TOS kit, and the results
were expressed as pmol hydrogen peroxide equivalent
per liter [18, 19] The oxidative stress index (OSI) was cal-
culated by taking the ratio of the TOS and TAS values
and converting this ratio into a percentage [20].

Ferric reducing antioxidant power assay

The optimized extracts obtained from the mushroom
were used to prepare a 100 uL stock solution. A sample
from this solution was then mixed with 2 mL of FRAP
reagent. The FRAP reagent was prepared by combining
300 mM acetate buffer (pH 3.6), 40 mM HCl, and 20 mM
FeCl;-6 H,O solution with a 10 mM 2,4,6-tris(2-pyridyl)-
S-triazine solution in a 10:1:1 ratio. The mixture was
incubated at 37 °C for 4 m. Subsequently, the absorbance
was measured at 593 nm, and the results were reported
as mg Trolox Equivalent per gram [17].

Statistical analysis

The statistical analysis for all tests conducted within the
scope of this study was carried out using the ‘SPSS 21.0
for Windows’ program. One-Way ANOVA was employed
to assess the differences between groups, and Duncan’s
test was used at a significance level of a=0.05 to deter-
mine where these differences existed.

Results and discussions

The diversity of mushrooms, along with their chemical
variety of useful compounds, offers ample opportunities
for discovering new substances with potential pharma-
cological activities across different spectrums of action
[2]. Therefore, in the current study we have studied bio-
medical potential of O. onotica extracts highlighting the
potential of this mushroom as a source of therapeutic
compounds. We focused our attention on studying the
possible impact of mushroom extracts on some of the
widespread diseases that prematurely claim many lives,
cause massive health disorders and threaten human
development in general.

Optimization of extraction conditions

In this study, total antioxidant levels (TAS) were inves-
tigated using different extraction temperatures (45 °C,
55 °C, 65 °C), durations (5, 10, 15 h), and ethanol/water
ratios (0%, 50%, 100%). The TAS values obtained after the
experimental study are presented in Table 1.

The highest TAS value (7.360+0.029 mmol/L) was
observed at 55 °C, 50% ethanol/water ratio, and 10 h of
extraction, while the lowest value (3.870 +£0.039 mmol/L)
was obtained at 45 °C, 0% ethanol/water ratio, and 15 h.
A 50% ethanol/water ratio optimized antioxidant extrac-
tion, and a 10-hour duration at 55 °C was associated with
higher TAS values compared to other conditions. These
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findings contribute to identifying optimal conditions for
antioxidant extraction.

Two different optimization methods were applied using
the data obtained from experimental studies. In the opti-
mization process with RSM (Response Surface Meth-
odology), linear, 2FI (two-factor interaction), quadratic,
and cubic regression models were established, and the
quadratic model was selected due to its highest R* (coeffi-
cient of determination) value. R* is a metric that indicates
how well the model explains the response of the inde-
pendent variables. A high R* value (e.g., > 0.90) suggests
that the model is suitable for explaining the data. In this
study, the R* value of the model was found to be 0.933,
demonstrating that the model can accurately explain the
behavior of the independent variables and provide reli-
able results in the optimization process.

TAS (mmol/L)

Extraction time (h)
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Fig. 1 Response surface plots of TAS of Otidea onotica
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The quadratic polynomial equation created as a result
of the multiple regression analysis to determine the TAS
values of O. onotica is shown below.

TAS =7.46 + 0.045 X; — 0.001 X,
—0.303 X3 + 0.001 X; X2
—0.110 X; X35 — 0.007 X2 X3

—1.81 X7 +0.004 X2 —1.32 X2

In the equation X3, X5 ve X3 correspond to the extrac-
tion temperature, extraction time, and ethanol/water
ratio, respectively.

Response surface plots of TAS of O. onotica were
shown at Fig. 1. In our study, the effect of different
extraction parameters was investigated in order to deter-
mine the total antioxidant capacity (TAS, mmol/L) of O.
onotica. The effects of variables such as extraction time,

Extraction temperature (°C)

TAS (mmol/L)
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Fig. 2 Convergence graph

temperature and ethanol-water ratio on TAS were visu-
alized with three-dimensional surface graphics (Fig. 1).
The findings reveal that the antioxidant capacity reaches
the maximum level at a certain temperature and solvent
ratio, but when these parameters show excessive increase
or decrease, the TAS value decreases.

The TAS value of O. onotica extracts is mostly affected
by the ethanol/water ratio among the extraction condi-
tions studied (statistically p<0.05), and less affected by
the extraction time and extraction temperature. Accord-
ing to RSM optimization, the optimum conditions were
predicted as 55.170 °C temperature, 6.434 h duration, and
43.891% ethanol/water ratio.

During the optimization phase utilizing artificial intel-
ligence techniques, the data derived from experimental
studies were modeled using an Artificial Neural Network
(ANN). Following the selection of the best-performing
model, optimization was carried out using a Genetic
Algorithm (GA). Among the various models evaluated,
the architecture of the most accurate prediction model
was identified as 3-3-1. This indicates that the model
with 3 hidden neurons was chosen as the optimal predic-
tion model. The MSE, MAPE and R values of this model
were calculated as 0.0006, 0.396% and 0.999 for all values,
respectively.

The optimization process was conducted using a
Genetic Algorithm (GA) applied to the best-selected
Artificial Neural Network (ANN) model. Among the var-
ious population sizes tested, the most appropriate popu-
lation size was identified as 10. Following 20 iterations, a
convergence graph was generated (Fig. 2), revealing that
the objective function value stabilized and remained con-
stant after the 15th iteration. According to the integra-
tion of ANN- GA, the optimal conditions were predicted
as a temperature of 50.736 °C, an extraction duration of
11.741 h, and an ethanol/water ratio of 16.493.
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Table 2 Phenolic contents of Otidea onotica

Phenolic compounds RSM extract (mg/  ANN-GA ex-

kg) tract (mg/kg)

Acetohydroxamic acid 927.63+0.36 438.12+0.65
Gallic acid 10276.91+0.32 14335.66+0.67
Protocatechuic acid 1283.17+£0.67 1465.90+0.23
4-hydroxybenzoic acid 244588+0.49 1621.07+0.68
Caffeic acid 12144.02+0.55 12361.55+0.75
Quercetin 4205.66+0.89 3781.69+0.55
Catechinhydrate 351.10+0.31 628.54+0.68
2-hydoxycinamic acid 2584.17+0.83 3691.58+0.62

* RSM: Optimized extract for RSM analysis; ANN-GA: Optimized extract for
Artificial Neural Network-Genetic Algorithm analysis (p <0.05)

Phenolic contents

Mushrooms produce various bioactive compounds to
provide defense against environmental factors. These
compounds are an important part of the defense mecha-
nisms that ensure the survival of fungi and may have a
range of biological activities. This shows that mushrooms
have potential not only for therapeutic purposes but also
to support healthy life [21, 22]. In our study, phenolic
compounds of extracts obtained from O. onotica were
analyzed by LC-MS/MS technique under optimum con-
ditions. The data obtained reveals the potential health
benefits of these compounds and the findings are pre-
sented in detail in Table 2.

Although there is limited information in the litera-
ture on the phenolic content of O. onotica, the analyses
performed in this study revealed the presence of vari-
ous phenolic compounds that may increase the biologi-
cal activity of the mushroom. Eight different phenolic
compounds were detected in the optimized extracts by
LC-MS/MS analysis: acetohydroxyamide acid, gallic
acid, protocatechuic acid, 4-hydroxybenzoic acid, caffeic
acid, quercetin, catechin hydrate and 2-hydroxycinnamic
acid. These compounds are known as natural antioxi-
dants that support various biological activities. Especially
compounds such as caffeic acid and gallic acid provide
significant contributions to the antioxidant, anti-inflam-
matory and antiproliferative properties of the mushroom
[23, 24]. Phenolic compounds are important secondary
metabolites that protect mushrooms against environ-
mental stress factors. These compounds also offer sig-
nificant benefits on human health. It has been reported
in the literature that gallic acid has strong antioxidant,
anticancer and anti-inflammatory properties [25]. Simi-
larly, it has been emphasized that caffeic acid is known
for its free radical neutralizing effects and may have anti-
proliferative effects especially on cancer cells [26]. In this
study, it was determined that the highest concentration of
caffeic acid was found in the extracts optimized with the
RSM method, while gallic acid was found in the extracts
optimized with the ANN-GA method. This shows that
the optimization methods used are effective in enriching
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phenolic compounds in the extracts. In studies on the
biological activities of phenolic compounds, it has been
reported that these compounds have cell damage preven-
tion, DNA protection and immune system strengthening
effects [27]. In our study, the higher gallic acid concentra-
tion in the extracts optimized with the ANN-GA method
shows that this method is more effective in increasing
biologically active compounds. This can be explained
by the ability of the ANN-GA method to better model
complex and nonlinear relationships. As stated in the
literature, artificial intelligence-based methods such as
artificial neural networks and genetic algorithms make
it possible to obtain extracts with higher biological activ-
ity by optimizing extraction processes [28]. In addition,
it has been shown in many studies that phenolic com-
pounds found in mushrooms can exhibit antimicrobial
and anticancer effects in addition to their antioxidant
properties. For example, it has been shown that pheno-
lic compounds found in medicinal mushrooms such as
Ganoderma lucidum and Lentinula edodes inhibit the
proliferation of cancer cells and strengthen the immune
system [29, 30]. In this context, the high phenolic com-
pound concentrations detected in O. onotica increase the
potential of the mushroom to be used in pharmaceutical
and therapeutic areas. Considering the role of optimiza-
tion methods in the enrichment of phenolic compounds,
it has been observed that the ANN-GA method is more
effective in this process and makes significant contribu-
tions to increasing biological activity. While the RSM
method is limited to simpler and linear models, the
ANN-GA method was able to model the complex rela-
tionships between extraction parameters and biological
activity more accurately. This resulted in higher biologi-
cal activity in the extracts optimized with the ANN-GA
method. In conclusion, this study has shown that the rich
phenolic content of O. onotica contributes significantly
to biological activity and that these compounds can be
increased by optimization techniques. In future studies,
the isolation of these phenolic compounds and detailed
examination of their pharmacological properties and
especially testing their antioxidant, anticancer and neu-
roprotective effects in in vivo models will contribute to a
better understanding of the therapeutic potential of the

Table 3 Antioxidant parameters of Otidea onotica

Parameters RSM extract ANN-GA ex-
values tract values
TAS (mmol/L) 6.423+0.098 8.866+0.051
DPPH (mg Trolox Equi/g) 95.68+2.03 109.17+262
FRAP (mg Trolox Equi/g) 117414216 161.70+3.51
TOS (umol/L) 9.418+0.108 14.724+0.109
OSI (TOS/(TAS*10)) 0.147+0.001 0.166+0.001

* RSM: Optimized extract for RSM analysis; ANN-GA: Optimized extract for
Artificial Neural Network-Genetic Algorithm analysis, (p <0.05)
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mushroom. In addition, the development of new extrac-
tion techniques to increase the bioavailability levels of
phenolic compounds may allow these compounds to be
used more effectively in the pharmaceutical field.

Antioxidant activity

The antioxidant properties of mushrooms have attracted
increasing attention in recent years due to their potential
therapeutic effects on health. By scavenging free radicals,
mushrooms can strengthen immune functions and sup-
port general health. In addition, biologically active com-
pounds found in mushrooms are considered as a natural
alternative to synthetic antioxidants widely used in the
food and pharmaceutical industries [31, 32]. The anti-
oxidant potential of optimized extracts obtained from O.
onotica was evaluated (Table 3).

There is no evidence in the literature about the antioxi-
dant activities of O. onotica. There are many studies on
the antioxidant activities of different mushroom species
[33-35]. In our study, the antioxidant potential of the
extracts of O. onotica produced under optimum condi-
tions was determined. In this context, it was observed
that the ANN-GA extracts used in the study exhib-
ited higher antioxidant potential compared to the RSM
extract. In addition, the TAS, TOS and OSI values of O.
onotica were determined for the first time in our study.
There are studies on different wild mushrooms in litera-
ture. TAS values of Lactarius deliciosus, Hericium eri-
naceus, Cantharellus cibarius, Hebeloma sinapizans, and
Candolleomyces candolleanus were reported as 7.468,
5.426, 5.511, 4.540, and 5.547 mmol/L, respectively. TOS
values were reported as 13.161, 6.621, 7.289, 10.303, and
8.572 umol/L, respectively. OSI values were reported as
0.176, 0.122, 0.132, 0.227, and 0.155, respectively [17, 36—
39]. Compared to these studies, it was observed that the
RSM extract of O. onotica used in our study had lower
TAS values than L. deliciosus and higher TAS values than
H. erinaceus, C. cibarius, H. sinapizans, and C. candollea-
nus. ANN-GA extracts of O. onotica were determined to
have higher TAS values than L. deliciosus, H. erinaceus,
C. cibarius, H. sinapizans, and C. candolleanus. TAS
value is an indicator of the totality of antioxidant com-
pounds produced in the body of the mushroom. In our
study, it was determined that the extracts of O. onotica
produced under optimum conditions had high antioxi-
dant potential.

The TOS value is an indicator of oxidant compounds
produced in the body of the mushroom. The TOS value
of the RSM extract of O. onotica used in our study was
found to be lower than L. deliciosus and H. sinapizans,
and higher than H. erinaceus, C. cibarius and C. candol-
leanus. It was determined that the ANN-GA extract of O.
onotica had higher TOS values than L. deliciosus, H. eri-
naceus, C. cibarius, H. sinapizans, and C. candolleanus.
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In this context, it was observed that the optimized
extracts of the mushroom had high TOS values.

The OSI value shows how much the mushroom sup-
presses oxidant compounds with antioxidant com-
pounds. As the OSI value increases, it is seen that the
oxidant-antioxidant balance of mushrooms are dominant
in favor of oxidant compounds. The OSI value of the
RSM extract of O. onotica used in our study was deter-
mined to be higher than H. erinaceus and C. cibarius, and
lower than L. deliciosus, H. sinapizans and C. candollea-
nus. The OSI value of the ANN-GA extract of O. onotica
was determined to be higher than H. erinaceus, C. cibar-
ius and C. candolleanus, and lower than L. deliciosus and
H. sinapizans. In this context, it was observed that O.
onotica used in our study has a normal level of potential
in suppressing oxidant compounds. In addition, in our
study, it was determined that the ANN-GA extract of O.
onotica had higher DPPH and FRAP values compared
to RSM extracts. In this context, it was determined that
the extracts of O. onotica produced under optimum con-
ditions that provided the highest biological activity had
high antioxidant potential. The results obtained revealed
that the extracts produced with the ANN-GA optimiza-
tion method had higher total antioxidant levels (TAS)
compared to extracts obtained from other mushroom
species. The fact that ANN-GA extracts exhibited higher
DPPH and FRAP values compared to extracts optimized
with the RSM method showed that this method was
more effective in increasing antioxidant capacity. TOS
and OSI analyses showed that the extracts optimized
with the ANN-GA method exhibited moderate activity
in suppressing oxidant compounds. The fact that RSM
extracts had lower OSI values suggests that this method
may control the oxidant-antioxidant balance more effec-
tively in some cases. However, the fact that extracts opti-
mized with the ANN-GA method show higher values in
terms of total antioxidant capacity makes this method
superior in terms of biological activity.

O. onotica, unlike other mushroom species, stands out
with its high TAS, especially in extracts optimized with
the ANN-GA method. This reveals that O. onotica is a
rich source of biologically active components. In addi-
tion, the high DPPH and FRAP values of the extracts
obtained with the ANN-GA method show that it has
the potential to effectively neutralize free radicals. This

Table 4 Anticholinesterase activity of Otidea onotica

Sample AChE (pg/mL) BChE (pg/mL)
RSM extract 36.59+1.39° 52.95+1.22¢
ANN-GA extract 30.89+091° 4528+0.65°
Galantamine 8.06+0.30° 1527 +0.19°

@Means having the different superscript letter(s) in the same column are
significantly different (p <0.05) according to Duncan’s multiple range test, RSM:
Optimized extract for RSM analysis; ANN-GA: Optimized extract for Artificial
Neural Network-Genetic Algorithm analysis
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strong antioxidant capacity of O. onotica suggests that
it may be a potential natural source that can be used in
the prevention and treatment of diseases associated with
oxidative stress. Therefore, the medical importance of O.
onotica is increasing and it becomes possible to evaluate
it in pharmaceutical and nutraceutical applications in the
future.

Anticholinesterase activity

Alzheimer’s disease is a progressive neurological disor-
der that manifests itself with symptoms such as memory
loss, cognitive impairment, and personality changes. An
important factor in the development of the disease is
damage to brain cells and a decrease in neurotransmit-
ters, especially acetylcholine [40]. Acetylcholine is a
chemical transmitter that plays a critical role in cogni-
tive functions such as learning and memory. Cholinester-
ase enzymes control the levels of this neurotransmitter
by terminating the effect of acetylcholine. However, in
Alzheimer’s disease, increased cholinesterase activity
can lead to the rapid breakdown of acetylcholine, further
impairing neurological functions. Therefore, cholinester-
ase inhibitors are drugs commonly used in the treatment
of Alzheimer’s, and these drugs work to block the action
of the enzymes to increase acetylcholine levels [41]. In
this study, anticholinesterase activity of RSM and ANN-
GA extracts obtained from O. onotica was investigated.
The IC;, values obtained are important to evaluate the
potential effects of these extracts. These data are pre-
sented in Table 4.

Although there is no evidence in the literature regard-
ing the anticholinesterase activity of O. onotica, studies
on the anticholinesterase activities of different mush-
room species provide important clues in this area. Stud-
ies on various medicinal mushroom species have shown
that these mushrooms have the potential to inhibit ace-
tylcholinesterase and butyrylcholinesterase enzymes.
For example, it has been reported that Pleurotus florida
extracts are effective as acetylcholinesterase inhibitors
and have potential in the treatment of cognitive dysfunc-
tions [42]. Similarly, it has been reported that mushroom
species such as Clavariadelphus truncatus, Craterel-
lus tubaeformis and Hygrophorus pudorinus also exhibit
strong anticholinerase activities and offer natural alter-
natives, especially in the treatment of neurodegenerative
diseases such as Alzheimer’s [43]. The role of enzymes in
the treatment of diseases is considered one of the corner-
stones of modern medicine. Controlling enzyme activities
can make treatment processes more targeted and effec-
tive and reduce the side effects of therapeutic agents. In
this context, a detailed study of enzyme inhibition mech-
anisms can increase treatment efficacy, especially in the
treatment of chronic and complex diseases, while mini-
mizing undesirable side effects [44]. Neurodegenerative
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diseases, especially Alzheimer’s disease, are associated
with decreased acetylcholine levels and imbalances in the
cholinergic system. Therefore, cholinesterase inhibitors
are one of the basic drug classes frequently used in the
treatment of Alzheimer’s. In this study, acetylcholinester-
ase activities of extracts obtained from O. onotica were
evaluated using two different optimization methods,
RSM and ANN-GA. The results revealed that extracts
optimized with the ANN-GA method showed higher
inhibitory effects on AChE and BChE enzymes. This
shows that the ANN-GA method offers a more effec-
tive strategy in increasing biological activity. The ANN-
GA method contributed to obtaining stronger inhibitory
properties by optimizing the concentrations of biologi-
cally active compounds in the extracts. However, when
the obtained results were compared with strong and spe-
cific cholinesterase inhibitors such as galantamine, it was
observed that the inhibitory effects of O. onotica extracts
were lower. Galantamine is a reference compound widely
used in the treatment of Alzheimer’s disease and strongly
inhibits both AChE and BChE enzymes [45]. Despite this,
the moderate inhibitory capacity of O. onotica extracts as
a natural cholinesterase inhibitor indicates their potential
to be used especially in the prevention of mild cognitive
impairment or in complementary treatment strategies.
Cholinesterase inhibitory activities of mushrooms are
generally attributed to the phenolic compounds, terpe-
noids and polysaccharides they contain. In particular, it
has been widely documented in the literature that pheno-
lic compounds such as gallic acid, caffeic acid and quer-
cetin exhibit inhibitory effects on cholinesterase enzymes
[46, 47]. In this study, the presence of these compounds
at higher concentrations in the extracts optimized by the
ANN-GA method may have played an important role in
the increase in anticholinerase activity. In addition, the
known strong antioxidant properties of phenolic com-
pounds may provide neuroprotective effects by creating
a synergistic effect on the nervous system together with
cholinesterase inhibition. As a result, the anticholinerase
activity shown by O. onotica extracts indicates that this
mushroom may be a potential natural agent in the treat-
ment of neurological diseases. Extracts optimized with
the ANN-GA method provide advantages in terms of
producing more effective cholinesterase inhibitors. In
future studies, isolating active compounds and examining
their neuroprotective effects and supporting them with in
vivo studies may reveal the potential of the mushroom in
the pharmaceutical field and may offer new therapeutic
options in the treatment of neurodegenerative diseases.

Antiproliferative activity

Mushrooms attract attention as a potential treatment
source in the treatment of serious diseases such as can-
cer with the various bioactive compounds they contain.
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HEl RSM extract
B3 ANN-GA extract

OD (nhm)

SF DMSO 25 50 100 200

Concentration (ug/mL)

Fig. 3 Antiproliferative activity of O. onotica extracts. SF: Group kept only
in the medium without applying any chemical substance. DMSO: Group
to which only DMSO was applied together with the medium. Extract Ap-
plication: Groups to which the extract was applied at concentrations of 25,
50, 100 and 200 pg/mL), RSM: Optimized extract for RSM analysis; ANN-GA:
Optimized extract for Artificial Neural Network-Genetic Algorithm analysis

The compounds found in these mushrooms are known
for their ability to inhibit the growth of tumors and stop
the proliferation of cancer cells. In addition, some types
of mushrooms specifically affect cancer cells while not
harming healthy cells. These features may provide selec-
tive toxicity in cancer treatment, allowing more targeted
and effective results to be obtained in the treatment pro-
cesses [48, 49]. However, a more detailed examination of
the biological action mechanisms of these mushroom-
derived compounds is of great importance for their wider
use in clinical applications. In this study, the antiprolifer-
ative effects of optimized extracts obtained from O. onot-
ica on the A549 lung cancer cell line were investigated.
The results obtained provided important findings show-
ing the potential of this mushroom in cancer treatment,
and the details are presented in Fig. 3.

Although there is no evidence in the literature regard-
ing the antiproliferative activity of O. onotica, vari-
ous studies have shown that some mushroom species
are effective against the A549 lung cancer cell line. For
example, Lignosus rhinocerus sclerotia extracts were
determined to have antiproliferative effects on A549 cells
[50]. Similarly, Calvatia gigantea extracts were reported
to inhibit cell proliferation in the A549 cell line [51]. In
addition, some medicinal mushrooms such as Taiwano-
fungus camphoratus were found to have cytotoxic effects
by activating both apoptosis and autoptosis mechanisms
on A549 cells through the compound antrodin C [52]. In
this study, the effects of O. onotica extracts optimized by
RSM and ANN-GA methods on the A549 lung cancer
cell line were evaluated. The results obtained showed that
the extracts optimized with the ANN-GA method had
stronger cytotoxic effects compared to those obtained
with the RSM method. Both extracts showed significant
cytotoxic effects on A549 cells in a dose-dependent man-
ner; however, the extract optimized with the ANN-GA
method was determined to have higher antiproliferative
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activity. This supports that the ANN-GA optimization
method is more effective in increasing biological activity.
These findings reveal that O. onotica exhibits significant
biological activity against cancer cells and that the ANN-
GA method is an effective tool in increasing this activ-
ity. In addition, the fact that the extracts exhibit strong
effects depending on the concentration suggests that dos-
age adjustments are of critical importance in the treat-
ment processes. This situation emphasizes the necessity
of careful dose optimization for the effective use of
mushroom extracts in the treatment process. The antip-
roliferative effects of mushrooms are generally attributed
to the biologically active compounds they contain, such
as phenolic compounds, polysaccharides, terpenoids and
sterols [53]. The strong antioxidant and antiproliferative
effects of phenolic compounds, especially gallic acid and
caffeic acid, are well known in the literature [54, 55]. In
this study, the presence of these compounds in higher
concentrations in the extracts optimized with the ANN-
GA method may be an important factor that increases
the effect of the extracts on cancer cells. Although there
is no direct data in the literature on the antiproliferative
effects of O. onotica, the findings obtained in this study
indicate that this mushroom may be a potential natural
resource in the field of cancer treatment. The higher bio-
logical activity obtained with the ANN-GA optimization
method revealed that this method is effective in increas-
ing the concentration of biologically active compounds
in the extracts. In conclusion, the cytotoxic effect of O.
onotica on the A549 lung cancer cell line is an important
finding supporting the potential of this mushroom to be
used in cancer treatment. In future studies, detailed stud-
ies on different cancer cell lines and in vivo models will
contribute to our better understanding of the therapeu-
tic properties of this mushroom. In addition, isolating
the active compounds found in O. onotica and examin-
ing their biological activities in more detail will be an
important step in revealing the potential of the mush-
room in pharmaceutical applications. Such studies may
contribute to the development of new anticancer agents
obtained from natural sources and may provide valuable
information especially for clinical applications seeking
natural treatment alternatives.

Conclusion

This study highlights the biological potential of O.
onotica mushroom and highlights the effect of differ-
ent optimization methods in increasing biological activ-
ity. When the RSM and ANN-GA techniques used in
the study were compared, it was seen that the ANN-GA
method was more successful in increasing the biologi-
cal activity of mushroom extracts. The research results
showed that the extracts optimized with the ANN-GA
method had higher antioxidant capacity. These extracts
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also exhibited superior performance in terms of effective
elimination and reduction power of free radicals. In addi-
tion, it was determined that the extracts obtained with
the ANN-GA method contained higher concentrations
of phenolic compounds that support biological activity.
Especially, the high amount of phenolic compounds with
strong antioxidant properties such as gallic acid and caf-
feic acid increases the therapeutic potential of the mush-
room. In the study, the anticholinesterase activities of the
extracts were also examined and it was determined that
the extracts optimized with the ANN-GA method had
higher capacity to inhibit acetylcholinesterase and butyr-
ylcholinesterase enzymes. Although they have lower
inhibitory power compared to reference inhibitors, these
natural extracts can be evaluated as supportive agents in
the management of neurodegenerative diseases. How-
ever, it was determined that extracts optimized with
ANN-GA method exhibited stronger antiproliferative
effects on lung cancer cells. Increasing cytotoxic effects
depending on concentration indicate that O. onotica
may be a potential natural source in cancer treatment.
In particular, while RSM method is suitable for model-
ing more linear or slightly nonlinear relationships based
on polynomial equations, ANN-GA method has the
ability to capture complex and nonlinear dependencies.
This feature allows ANN-GA to model complex rela-
tionships between extraction parameters and biological
activity more accurately, which allows obtaining extracts
with higher biological activity. As a result, antioxidant,
anticholinesterase and antiproliferative activities of O.
onotica extracts were significantly increased thanks
to ANN-GA optimization. These findings support the
usability of the mushroom in cancer treatment, manage-
ment of neurological diseases and antioxidant therapies.
In future studies, it is recommended that the pharma-
cological properties of this mushroom be examined in
more detail and its potential for medical applications be
investigated.
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