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ABSTRACT. Pleurotus ostreatus is an edible mushroom rich in bioactive phenolics. This study investigates the
tissue-specific phenolic profiles and biological activities of cap and stipe extracts from a Libyan wild P. ostreatus
using HPLC-DAD, experimental bioassays, and computational analysis. HPLC-DAD revealed a clear tissue-
dependent distribution; the cap extract was dominated by chlorogenic (55.07%) and gallic acids (35.63%), while the
stipe extract showed a more diversified composition. Consequently, the cap exhibited higher total
phenolic/flavonoid contents and stronger antioxidant activity (DPPH 1Cso = 16.74 pg/mL). Conversely, the stipe
demonstrated pronounced anti-inflammatory activity, achieving 93.1% inhibition of protein denaturation
(ICs = 5.13 pg/mL), comparable to diclofenac. Both extracts showed antimicrobial activity and selective
cytotoxicity against HepG2 cells, with minimal toxicity toward normal WI-38 fibrablasts. Molecular docking and
density functional theory (DFT) analyses supported these findings, confirming stable interactions of major phenolics
with the Bcl-2 protein. These results emphasize the importance of tissue-specific evaluation of mushroom extracts.

KEY WORDS: Antioxidant activity, Cap and stipe, Cytotoxicity, Molecular docking, Pleurotus ostreatus

INTRODUCTION

Natural products remain an important source of bioactive compounds with potential applications
in functional foods, nutraceuticals, and pharmaceutical research [1, 2]. Among natural resources,
edible mushrooms have attracted considerable scientific interest because they contain diverse
secondary metabolites, polysaccharides, phenolic compounds, vitamins, minerals, and other
biologically active constituents [3, 4]. These compounds are frequently associated with
antioxidant, anti-inflammatory, antimicrobial [5, 6], immunomodulatory, and anticancer
properties, making mushrooms valuable candidates for the discovery of natural health-promoting
agents [7-9]. Among edible mushrooms, Pleurotus ostreatus, commonly known as oyster
mushroom, is one of the most widely consumed and studied species due to its nutritional value,
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ease of cultivation, and reported medicinal properties [10, 11]. Previous studies have shown that
P. ostreatus contains several classes of bioactive molecules, including phenolic acids, flavonoids,
polysaccharides, and terpenoid-like compounds, which may contribute to its biological activities
[12,13]. In particular, phenolic compounds are important because of their ability to donate
electrons or hydrogen atoms, chelate metal ions, modulate oxidative stress, and interact with
biological targets involved in inflammation and cell survival [14, 15]. Although several studies
have investigated the biological potential of P. ostreatus, most available reports have focused on
whole fruiting-body extracts or cultivated samples, while less attention has been given to tissue-
specific differences between mushroom parts [16-18]. The cap and stipe may differ in their
metabolic composition because they perform different biological functions during mushroom
development. Therefore, evaluating these tissues separately may provide a more accurate
understanding of how bioactive compounds are distributed within the mushroom and how this
distribution influences biological activity [19, 20]

In Libya, wild P. ostreatus represents an underexplored biological resource [21]. The first
Libyan specimen from the Marwa region has been documented in the GenBank database,
providing evidence of its local biodiversity. However, limited information is available regarding
its phenolic profile, tissue-specific biochemical composition, and associated biological activities.
This lack of information represents an important research gap, especially because local
environmental conditions may influence the accumulation of bioactive metabolites and,
consequently, the biological properties of the mushroom [22, 23]. Complementing experimental
assessments, computational approaches have become valuable tools for interpreting the biological
behavior of natural and synthetic bioactive compounds [4, 24].

In particular, molecular docking and density functional theory (DFT) analyses can provide
mechanistic insight into ligand—receptor interactions, electronic distribution, molecular stability,
and possible reactive sites [25, 26]. Recent studies have demonstrated the usefulness of combining
experimental characterization with computational analysis to evaluate the biological potential of
newly designed compounds, including pyrazole- and tetrazole-based derivatives with antifungal
activity [27]. Similarly, integrated green-synthesis and computational approaches have been
increasingly applied in biomedical research, including the development of metallic nanoparticles
for cancer-related applications [28, 29].

Therefore, combining HPLC-DAD profiling, in vitro biological assays, DFT calculations, and
molecular docking can provide a more comprehensive understanding of the bioactive potential of
P. ostreatus extracts and help relate their phenolic composition to observed antioxidant, anti-
inflammatory, antimicrobial, and cytotoxic activities. Therefore, the novelty of the present study
lies in the integrated tissue-specific profiling of Libyan wild P. ostreatus, combining HPLC-DAD
analysis, antioxidant, anti-inflammatory, antimicrobial, and cytotoxic assays with Density
functional theory (DFT) and molecular docking studies. This approach allows the biological
potential of each mushroom part to be evaluated separately and provides a clearer understanding
of how phytochemical distribution contributes to functional activity. Such in-silico analyses help
prioritize compounds and targets for further laboratory validation. Therefore, this study aims to
investigate the Libyan P. ostreatus strain PP029071 by assessing its bioactive compounds and
biological activities, including anti-inflammatory, antioxidant, antimicrobial, and cytotoxic
effects, complemented by molecular docking to explore potential protein targets. This integrated
approach provides a systematic framework for evaluating the therapeutic potential of the local
strain and its possible applications in medicine and industry.
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EXPERIMENTAL
Chemical and reagent

Methanol (99.85%), ethanol (99.9%), distilled water, hydrochloric acid (HCI, 37%), chloroform
(CHClLs, 99.8%), phosphoric acid (HsPOas, 85%), sodium hydroxide (NaOH, 98% ), sodium
chloride (NaCl, 99%), Coomassie Brilliant Blue G-250 (Ca7HasN3NaO-S2, > 95%), petroleum
ether, Bradford reagent solution, gallic acid (99%), quercetin (98%), glucose (99%), Folin—
Ciocalteu reagent, sodium carbonate (Na2COs, > 99%), phenol (= 99%), sulphuric acid (H2SOsa,
95-98%), sodium nitrite (NaNOz, > 99%), aluminum chloride (AlCls, > 98%), bromocresol green
(C21H14Br10sS, 95%), sodium phosphate dibasic (Na:HPOa, 99%), citric acid (99.5%), atropine
standard (> 98%), and vanillin (99%), all purchased from Sigma-Aldrich (USA).

Instruments and apparatus

An Agilent Technologies Agilent 1260 Infinity high-performance liquid chromatography system
equipped with a diode array detector (Santa Clara, CA, USA) was used for HPLC-DAD analysis.
Total phenolic and flavonoid contents were determined using a Jenway JENWAY 6305 UV/Vis
spectrophotometer (Staffordshire, UK). Extract concentration was carried out using a rotary
evaporator (Heidolph, Schwabach, Germany). Ultrasonic extraction was performed using an
ultrasonic bath (EIma, Singen, Germany). Cytotoxicity assays were conducted using a microplate
reader (BioTek, Winooski, VT, USA) and a CO: incubator (Thermo Scientific, Waltham, MA,
USA). Additional routine laboratory equipment included an analytical balance, pH meter,
centrifuge, and micropipettes.

Mushroom material

Wild samples of the oyster mushroom P. ostreatus was collected from the Marawa region, Al-
Jabal Al-Akhdar province, northeastern Libya, between December 2024 and March 2025. The
botanical identity was confirmed based on morphological and ecological characteristics. Samples
were cleaned with distilled water, and the cap and stipe were separated. The materials were dried
at 60 °C for 24 h, ground into a fine powder, and stored in airtight dark containers until use.

Preparation of mushroom extracts

The dried powder of P. ostreatus (cap and stipe separately) was subjected to extraction using
ethanolic extracts were prepared by macerating 20 g of powdered sample with 200 mL of 85%
(v/v) ethanol in sealed containers at room temperature for 24 h. The mixtures were then subjected
to sonication at 40 °C for 60 min to enhance extraction efficiency. After extraction, the solutions
were filtered, and the filtrates were concentrated under reduced pressure using a rotary evaporator
at 40 °C to obtain crude extracts. Different extract concentrations (12.5, 25, 50, 75%, and 100%)
were prepared for subsequent analyses [30].

Determination total phenolic and flavonoid content

The total phenolic and flavonoid contents were quantified using a JENWAY 6305 UV/Vis
spectrophotometer according to previously described procedures. The complete analytical
protocols, including reagent preparation, calibration curve generation, assay conditions, and
calculation approaches, are provided in the Supplementary Material. Phenolic content of the
extracts was calculated using the gallic acid calibration curve and expressed as gallic acid
equivalents (mg GAE/g dry extract), whereas flavonoid content was determined using the
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quercetin calibration curve and expressed as quercetin equivalents (mg QE/g dry extract). All
experiments were performed in triplicate, and data are presented as mean * standard deviation.
High-performance liquid chromatography analysis

HPLC analysis was performed using an Agilent 1260 series system. Separation was achieved
on a Zorbax Eclipse Plus C8 column (4.6 x 250 mm, 5 um). The mobile phase consisted of solvent
A (water) and solvent B (acetonitrile containing 0.05% trifluoroacetic acid), delivered at a flow
rate of 0.9 mL/min. The elution was carried out using a linear gradient program as follows: 0 min
(82% A), 0-1 min (82% A), 1-11 min (75% A), 11-18 min (60% A), 18-22 min (82% A), and
22-24 min (82% A). Detection was performed at 280 nm using a multi-wavelength detector. The
injection volume was 5 pL for each sample, and the column temperature was maintained at 40 °C.

Biological activity
Anti-inflammatory activity

The anti-inflammatory activity was evaluated using the BSA denaturation assay. A volume of 50
uL of the sample, prepared at various concentrations (1.56, 3.12, 6.25, 12.5, 25, 50, 100, and
200 pg/mL), was added to 450 pL of a 1% aqueous solution of bovine serum albumin (BSA). The
pH of the reaction mixture was adjusted to 6.3 using 1N HCI [10].

Antimicrobial activity

The antimicrobial activity of P. ostreatus cap and stipe extracts was evaluated using
complementary methods, including agar well diffusion, disc diffusion, and Minimum inhibitory
concentration (MIC)/ Minimum bactericidal concentration (MBC)/ Minimum fungicidal
concentration (MFC) determination. These assays were used to provide both preliminary
screening and concentration-dependent evaluation of antimicrobial effects. The agar well
diffusion assay was used as an initial qualitative screening method to detect the presence of
antimicrobial activity through inhibition-zone formation. The disc diffusion assay was used to
compare the inhibitory effects of different extract concentrations under standardized diffusion
conditions. MIC and MBC/MFC determinations were performed to estimate the lowest
concentration required to inhibit visible microbial growth and to assess the bactericidal or
fungicidal potential of the extracts.

Agar well diffusion assay

The agar well diffusion method was used for preliminary antimicrobial screening. Bacterial strains
were cultured on Mueller—Hinton agar, whereas fungal and yeast strains were cultured on
Sabouraud dextrose agar. Microbial suspensions were adjusted to the 0.5 McFarland standard and
uniformly swabbed onto the agar surface. Wells of 6 mm diameter were aseptically punched into
the agar plates, and 100 pL of each extract solution was added to each well. Gentamicin was used
as the positive control for bacterial strains, fluconazole was used as the positive control for fungal
strains, and the extraction solvent served as the negative control. Plates were incubated at 37 °C
for 24 h for bacteria and at 28-30 °C for 48 h for fungi. Antimicrobial activity was evaluated by
measuring the diameter of the inhibition zone around each well in millimeters [32].

Disc diffusion assay
The disc diffusion assay was used to evaluate the concentration-dependent antimicrobial response
of the extracts. Sterile filter-paper discs of 6 mm diameter were impregnated with 20 pL of cap or

stipe extract at different concentrations. The discs were then placed onto agar plates previously
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inoculated with standardized microbial suspensions. Discs containing gentamicin or fluconazole
were used as positive controls, while discs containing only the solvent were used as negative
controls. Plates were incubated at 37 °C for 18-24 h for bacterial strains and at 28-30 °C for 48 h
for fungal strains. After incubation, the inhibition zones around the discs were measured in
millimeters. The results were expressed as mean inhibition zone diameter + standard deviation
from three independent replicates [33, 34].

Determination of MIC, MBC, and MFC

The minimum inhibitory concentration (MIC) was determined as the lowest extract concentration
that prevented visible microbial growth. The minimum bactericidal concentration (MBC) or
minimum fungicidal concentration (MFC) was determined as the lowest concentration that
resulted in no visible microbial growth after subculturing onto fresh agar medium. These values
were used to provide a quantitative estimate of antimicrobial potency and to distinguish inhibitory
effects from bactericidal or fungicidal effects. Because the tested samples were crude extracts, the
MIC and MBC/MFC values were interpreted cautiously and compared with standard
antimicrobial agents only as reference controls, not as evidence of equivalent potenc [35].

Antioxidant activity by DPPH radical scavenging method

Free radical scavenging activity of different extracts of leaves plant were measured by 1, 1-
diphenyl-2-picryl hydrazyl (DPPH) [36]. In brief, 0.1 mM solution of DPPH in ethanol was
prepared. This solution (1 mL) was added to 3 mL. of different extracts in ethanol at different
concentrations (3.9, 7.8, 15.62, 31.25, 62.5, 125, 250, 500, 1000 pg/mL). Here, only those extracts
are used which are Solubilize in ethanol and their various concentrations were prepared by
dilution method. The mixture was shaken vigorously and allowed to stand at room temperature
for 30 min. then; absorbance was measured at 517 nm. by using spectrophotometer (UV-VIS
milton roy). Reference standard compound being used was ascorbic acid and experiment was done
in triplicate.16 The ICso value of the sample, which is the concentration of sample required to
inhibit 50% of the DPPH free radical, was calculated using Log dose inhibition curve. Lower
absorbance of the reaction mixture indicated higher free radical activity. The percent DPPH
scavenging effect was calculated by using following equation: DPPH scavenging effect (%) = A0
- A1/ A0 x 100. Where A0 was the absorbance of control reaction and Al was the absorbance
in presence of test or standard sample.

MTT assay

The cytotoxic and antiproliferative effects of the tested samples were evaluated using the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay following previously
described procedures. Human hepatocellular carcinoma cells (HepG2) and normal human lung
fibroblasts (WI-38) were seeded in 96-well plates at a density of 1x10° cells/mL (100 pL/well)
and incubated at 37 °C for 24 h to allow monolayer formation. After removing the culture medium
and washing the cells twice, two-fold serial dilutions of the samples were prepared in RPMI
supplemented with 2% FBS, and 100 pL of each concentration were added to the wells; untreated
wells served as controls. Following incubation at 37 °C, the wells were inspected microscopically
for cytotoxic morphological alterations. MTT solution (5 mg/mL in PBS) was added (20 pL/well),
and plates were shaken for 5 min and further incubated for 4 h to enable formazan crystal
formation. The medium was discarded, crystals were dissolved in 200 uL. DMSQO, and absorbance
was measured at 560 nm with background correction at 620 nm. Cell viability (%) was calculated
relative to untreated controls, and ICso values were derived from the dose—response curves.
Morphological assay
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Cellular morphological alterations were assessed microscopically to support quantitative
viability findings. Cytotoxic damage was indicated by loss of monolayer integrity, cell shrinkage,
rounding, granulation, and detachment. Necrotic manifestations included nuclear swelling and
chromatin flocculation, while apoptotic features were characterized by cellular shrinkage, nuclear
condensation, and fragmentation.

Computational studies
Density functional theory analysis

The investigated compounds were initially built using GaussView 6.0, and their geometries,
including bond lengths and three-dimensional structural parameters, were fully optimized using
the Gaussian 09W software package [37]. The Becke three-parameter exchange functional
combined with the Lee—Yang—Parr correlation functional (B3LYP) together with the 6-311G(d,p)
basis set was employed to optimize the structures of the studied systems, providing an appropriate
balance between computational cost and accuracy [38]. The optimized molecular geometries were
verified to confirm the absence of imaginary frequencies, ensuring that the obtained structures
correspond to true energy minima [39]. Frontier molecular orbital (FMO) analysis was
subsequently performed to compute the energies of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO), which are essential for
understanding the electronic distribution, charge transfer characteristics, and chemical reactivity
of the molecules [40]. In addition, several global quantum descriptors derived from conceptual
density functional theory (DFT), including electronegativity (), chemical hardness (), softness
(o), chemical potential (i), electrophilicity index (®), and maximum charge transfer (ANmax), Were
calculated in order to evaluate the stability, reactivity, and potential biological behavior of the
compounds [41]. The energy gap (AE = ELUMO — EHOMO) together with HOMO-LUMO
distributions was further used to provide insight into the most probable reactive sites toward
electrophilic and nucleophilic attacks, thereby supporting the prediction of their possible
biochemical interactions [42].

Molecular docking
Ligand preparation

The three-dimensional structures of Bcl-2-IN-13 (Co-crystal) (PubChem CID: 71527841), CFA
(PubChem CID: 689043), CTC (PubChem CID: 9064), CRG (PubChem CID: 1794427), ELG
(PubChem CID: 5281855), GA (PubChem CID: 370), RMC (PubChem CID: 5281792) and VNL
(PubChem CID: 1183) were downloaded in SDF format from the PubChem online chemical
database. The Chem3D 22.0.0 software tool was then used to reduce these chemical agents
utilizing Allinger’s force field (MM2) approach [43].

Protein selection and preparation

Based on previous study, the Bcl-2 protein was selected for molecular docking and receptor—
ligand interaction analysis. The RCSB Protein Data Bank provided the Bcl-2 protein (PDB ID:
41EH). To reduce any possible docking interference, the receptors were then optimized. This was
accomplished by utilizing the PyMol software tool (version 2.4.1) to remove undesired protein
chains and superfluous elements from the protein sequence, such as lipids, water molecules, and
heteroatoms [44]. In the end, the SwissPDB Viewer software was utilized to save the PDB file for
molecular docking, decrease energy, and optimize the shape of the receptors using the
GROMOS96 force field [19].
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Molecular docking and visualization protocol

The selected ligands were molecularly docked with the Bcl-2 protein receptors. To anticipate the
active binding potential of the drugs against the active sites of receptors, molecular docking was
carried out using the PyRx software tool [20]. The receptor and the ligand are enclosed in a grid
box for docking; the grid box dimensions were set at 38.15 x 35.59 x 25.00 values along the x-,
y-, and z-axes, and the computation was performed in 200 steps. The optimal ligand-protein pose
was gathered in PDB format for binding interaction analysis, and the docking potential result was
saved in CSV format. The Discovery Studio Visualizer (v21.1.020298) was used to observe the
interactions between the ligand-receptor and the receptor’s active site [37]. Subsequently, the
amino acid (AA) residues, bond types, hydrogen bonds (HB), hydrophobic bonds (HP), length of
HB, and other bond types for each ligand-receptor interaction were documented.

Docking validation

Docking validation assesses the precision of molecular docking outcomes to guarantee the
biological significance of ligand-target protein interactions [25]. In this study, we redocked with
the co-crystal against the protein active site for the molecular docking validation. The active
location where co-crystals bind to proteins has been our focus.

Statistical analysis

All experimental data were analyzed using IBM SPSS Statistics (version 26). Quantitative results
are presented as mean + standard deviation. Differences in chemical and biochemical parameters
among multiple groups were assessed using one-way ANOVA followed by Tukey’s HSD post-
hoc test, while the effects of two independent factors (species and mushroom part) and their
interaction were evaluated via two-way ANOVA. Pearson correlation coefficients were calculated
to examine linear relationships between variables, such as total phenolic content and antioxidant
activity or extract concentration and inhibition zone diameter. The reliability and precision of
repeated measurements were assessed using standard deviation and standard error, and standard
curves for phenols, flavonoids, and carbohydrates were validated through linear regression, with
R2 values confirming analytical accuracy. Statistical significance was considered at p < 0.05
throughout the study [4,10].

RESULTS AND DISCUSSION
Profiling of phenolic constituents

The phenolic composition of P. ostreatus cap and stipe extracts was investigated using HPLC
with a diode array detector at 280 nm as shown in Figure 1 [14]. The relative abundance of each
phenolic compound was expressed as the normalized percentage of the total chromatographic
peak area. This approach allowed a comparative evaluation of the tissue-specific distribution of
bioactive phenolics. As summarized in Table 1, the cap extract exhibited a clearly dominant
presence of chlorogenic acid (55.07% of total peak area), followed by gallic acid (35.63%) and
cinnamic acid (4.34%), whereas the remaining phenolics, including methyl gallate, syringic acid,
rutin, ellagic acid, coumaric acid, rosmarinic acid, quercetin, and kaempferol, were present in
minor proportions. In contrast, the stipe extract displayed a more heterogeneous phenolic profile,
with ellagic acid (8.89%), vanillin (8.54%), rosmarinic acid (8.13%), cinnamic acid (6.67%), and
hesperetin (6.11%) as the major contributors, alongside measurable levels of gallic acid,
chlorogenic acid, catechin, caffeic acid, methyl gallate, syringic acid, rutin, coumaric acid, ferulic
acid, naringenin, daidzein, quercetin, and kaempferol. Compounds showing 0.00% in the cap
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chromatogram indicate undetectable levels under the applied HPLC conditions rather than
absolute absence. Overall, these results reveal a tissue-dependent allocation of phenolic
compounds, with the cap enriched in hydroxycinnamic and hydroxybenzoic acids and the stipe
exhibiting a broader spectrum of bioactive phenolics (Figure S1). This distribution provides a
strong basis for linking the cap extract to antioxidant and cytotoxic activities and the stipe extract

to anti-inflammatory and antimicrobial effects, as observed in subsequent in vitro assays. The
findings align with previous Pleurotus studies, which emphasize the role of chlorogenic, gallic,
and ellagic acids in contributing to biological activities, while underscoring the impact of tissue-
specific metabolite allocation on bioactive potential [4,11].
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Figure 1. HPLC-DAD chromatograms P. ostreatus extracts.

Table 1. Unified HPLC-determined concentrations of phenolic compounds in P. ostreatus (cap and stipe).

Compound Cap |Cap Area| Cap Cap Stipe |Stipe Area|Stipe Area| Stipe Conc
Retime Area %| Conc | Retime % (Ho/g)
(min) (Hg/g) | (min)
Gallic acid 3.474 | 88.899 | 35.63 | 356.0 | 3.597 | 276.011 3.99 39.8
Chlorogenic acid 4228 | 137.40 | 55.07 | 550.0 | 4.279 | 356.818 5.15 515
Catechin 4.402 0.000 0.00 0.0 4.541 323.033 4.67 46.7
Methyl gallate 5.658 1.320 | 0.53 5.3 5.663 | 264.594 3.82 38.2
Caffeic acid 5.858 0.000 | 0.00 0.0 6.030 | 334.094 4.83 48.3
Syringic acid 6.226 1.040 0.42 4.2 6.540 312.409 4.51 45.1
Rutin 6.691 1.079 0.43 4.3 6.762 343.907 4.97 49.7
Ellagic acid 6.900 1.689 | 0.68 6.8 7.154 | 615.657 8.89 88.9
Coumaric acid 8.506 3.295 | 1.32 13.2 8.895 | 547.680 7.91 79.1
Vanillin 9.291 0.000 | 0.00 0.0 9.497 | 590.890 8.54 85.4
Ferulic acid 9.788 0.000 | 0.00 0.0 9.991 | 345.814 5.00 50.0
Naringenin 10.521 0.000 0.00 0.0 10.668 | 310.304 4.48 44.8
Rosmarinic acid 12.181 1.466 0.59 5.9 12.605 | 562.734 8.13 81.3
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Daidzein 16.175 | 0.000 | 0.00 0.0 16.375 | 349.792 5.05 50.5
Quercetin 18.178 | 1.158 | 0.46 4.6 17.702 | 308.877 4.46 44.6
Cinnamic acid 19.712 | 10.823 | 4.34 | 434 | 19.829 | 462.022 6.67 66.7
Kaempferol 20.871 | 1.333 | 0.53 53 20.928 | 195.065 2.82 28.2
Hesperetin 21.485 | 0.000 | 0.00 0.0 21.612 | 422.949 6.11 61.1

Total phenolic and flavonoid content

P. ostreatus was analyzed to assess the antioxidant activity of its cap and stipe parts (phenolic
and flavonoid) [9]. The total phenolic content (TPC) was found in different parts of the mushroom;
it is expressed in mg of gallic acid equivalent per gram (mg GAE/g). The cap had the highest
value of TPC (26.99 mg GAE/qg) followed by the stipe (17.77 mg GAE/g) (Table S1). This
confirms the presence of more phenolics in the cap, as it is actively involved in the production of
these spores and is more exposed to oxidative stress, which may trigger the production of
antioxidant phenolics of low molecular weight. Gallic acid standards were prepared and then
calibrated to prove the reliability of the UV—Vis spectrophotometric method. The absorbance was
found to increase in a linear fashion with the concentration of gallic acid between 15.62-500
pg/mL. The corrected calibration curve was determined by plotting the concentration of gallic
acid on the X-axis and absorbance on the Y-axis, on which the regression equation was
y = 0.00245x + 0.03586, with R? = 0.996. This means that the linearity and precision for the
determination of TPC are excellent (Figure 2).

Gallic acid standard curve (TPC) Quercetin standard curve (TFC)

y = 0.002450x + 0.03586 y = 0.002598x - 0.01447
R? = 0.9960 12 R* = 0.9945

1.0
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Absorbance
2, o
o @
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e
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e
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@ Standard points @ Standard points
= Linear regression = Linear regression

0.0 T ! , : ' 0.01 ! , ! ! ;
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Concentration (ug/mL) Concentration (pg/mL)

Figure 2. UV-Vis calibration curves of gallic acid and quercetin standards for TPC and TFC
determination.

Biological activity
Anti-inflammatory activity

The anti-inflammatory performance of P. ostreatus extracts was evaluated in comparison with the
standard reference drug diclofenac sodium [13], as shown in Figure 3 and detailed in Tables S2
and S3. Diclofenac exhibited the highest efficacy, achieving up to 98% inhibition and the lowest
ICso value (1.81 pg/mL), thereby confirming the validity and sensitivity of the protein
denaturation model. When benchmarked against this standard, the stipe extract of P. ostreatus
demonstrated remarkable potency, reaching 93.1% inhibition at 200 pg/mL and exhibiting a
notably low ICso value of 5.13 pg/mL, indicating strong drug-comparable biological activity. In
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contrast, the cap extract showed relatively lower efficacy, with a maximum inhibition of 88.3%
and a higher ICs value of 12.33 pg/mL. This comparison clearly demonstrates two key
observations: (i) the stipe of P. ostreatus is substantially more active than the cap, reflecting a
higher concentration and/or stronger functionality of anti-inflammatory constituents in this tissue;
and (ii) although diclofenac remains superior, the potency of the P. ostreatus stipe extract falls
within a promising bioactive range, supporting its potential as a natural anti-inflammatory
candidate. These findings emphasize the pharmacological relevance of P. ostreatus, particularly
its stipe fraction, and justify further investigation to characterize its active compounds and validate
its efficacy in vivo [5, 46].

100 4 [—stipe Extract.
Cap Extrae
— Diclofenac Sodium
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Figure 3. Anti-inflammatory activity and ICso determination of P. ostreatus stipe extract.
Antioxidant activity

The antioxidant potential of methanolic extracts from P. ostreatus, including the cap and stipe,
was evaluated using the DPPH radical scavenging method, with ascorbic acid as the reference
standard [5]. As shown in Figure 4 and detailed in Table S4, both extracts exhibited strong,
concentration-dependent radical scavenging activity. At the highest tested concentration (1000
pg/mL), the cap extract achieved 92.8% inhibition, slightly surpassing the stipe extract at 91.3%,
while ascorbic acid reached 98.5% under similar conditions. The calculated ICso values further
reflected this trend, with the cap extract showing a lower ICso (16.74 pg/mL) than the stipe (19.97
pg/mL), indicating higher radical scavenging efficiency in the cap fraction, although both extracts
were less potent than ascorbic acid (ICso = 2.88 pg/mL). The observed differences between cap
and stipe extracts likely reflect variations in the concentration and composition of bioactive
compounds, particularly phenolics and flavonoids, which are known contributors to antioxidant
activity. The cap consistently demonstrated slightly superior activity across the concentration
range, suggesting it as a richer source of these compounds. The high radical scavenging
percentages at elevated concentrations, along with relatively low ICso values, underscore the
potential of both extracts as natural antioxidants. These findings align with previous reports on
P. ostreatus, emphasizing the cap fraction as a more potent source of antioxidant compounds
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suitable for nutraceutical, food preservation, or complementary therapeutic applications targeting
oxidative stress [34, 47].
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Figure 4. Concentration-dependent DPPH radical scavenging activity of P. ostreatus extracts in
comparison with ascorbic acid.

Antimicrobial activity

As illustrated in Figure 5, the methanolic extracts of P. ostreatus demonstrated notable
antimicrobial activity, with the stipe extract consistently outperforming the cap extract against all
responsive pathogens. The stipe produced larger inhibition zones against B. subtilis (30 mm), S.
aureus (23 mm), K. pneumoniae (25 mm), and S. typhi (26 mm), in several cases exceeding the
activity of the standard antibiotic gentamicin (Table S5). Similarly, the stipe extract exhibited
strong antifungal efficacy against C. albicans (27 mm), surpassing fluconazole, whereas both
extracts were inactive against A. niger. These findings indicate that the antimicrobial potential of
P. ostreatus is highly part dependent, with the methanolic extracts of P. ostreatus showing
measurable antimicrobial activity against several tested microorganisms, with the stipe extract
generally producing larger inhibition zones than the cap extract. However, the MIC and
MBC/MFC values were relatively high compared with the standard antimicrobial agents,
indicating that the crude extracts have weak to moderate antimicrobial potency rather than activity
comparable to conventional antibiotics or antifungal drugs [48, 49].
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Figure 5. Antimicrobial and antifungal activity of methanolic extracts from P. ostreatus (cap and
stipe) compared to standard antibiotics. (A) B. subtilis and K. pneumoniae; (B)
Salmonella spp. and S. aureus; (C) A. niger and C. albicans.

The antimicrobial activity of P. ostreatus cap and stipe extracts was evaluated against selected
bacterial and fungal strains. Although measurable inhibition zones were observed, the MIC and
MBC/MFC values of the crude extracts were relatively high compared with the standard
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antimicrobial agents, indicating moderate to weak antimicrobial potency (Figure S2). Therefore,
the activity of these extracts should not be directly considered comparable to conventional
antibiotics or antifungal drugs. The observed inhibitory effects may be attributed to the presence
of phenolic and other secondary metabolites in the crude extracts; however, their relatively high
effective concentrations suggest that the active constituents are either present at low abundance
or may require purification to enhance antimicrobial efficacy. The stipe extract generally showed
stronger activity than the cap extract against several tested microorganisms, suggesting tissue-
dependent differences in antimicrobial constituents. Nevertheless, the lack of activity or limited
activity against some microorganisms, particularly A. niger, indicates a restricted antimicrobial
spectrum. Overall, these findings support the presence of antimicrobial bioactivity in P. ostreatus
extracts but should be interpreted as preliminary evidence. Further studies involving bioassay-
guided fractionation, compound isolation, and mechanism-of-action analysis are necessary to
identify the active principles and evaluate their true antimicrobial relevance.

Cytotoxic activity

The cytotoxic effects of P. ostreatus cap and stipe extracts were evaluated against HepG2
hepatocellular carcinoma cells and WI-38 normal fibroblasts using the MTT assay. AS shown in
Figure S3 and detailed in Table S6, both extracts induced concentration-dependent inhibition of
HepG2 viability, with the cap extract showing higher potency (ICso = 71.54 £ 0.39 ng/mL)
compared to the stipe (ICso = 112.70 + 1.55 pg/mL), indicating enhanced cytotoxic activity in the
cap likely due to a higher content of bioactive phenolics and terpenoids. In WI-38 fibroblasts,
cytotoxicity was markedly lower, with ICso values of 147.66 + 0.22 pg/mL (cap) and 186.79 +
2.47 pg/mL (stipe), yielding Selectivity Index (SI) values of 2.06 and 1.66, respectively,
confirming preferential activity against malignant cells. For reference, the chemotherapeutic
standard doxorubicin under identical conditions exhibited an ICso of ~ 0.5 pg/mL in HepG2 cells
and > 50 pg/mL in WI-38 cells, reflecting its higher potency but comparable selectivity. These
findings highlight that P. ostreatus extracts, particularly from the cap, possess moderate yet
selective anticancer activity, supporting their potential as safe, functional bioactive agents [30].

Morphological analysis

Morphological assessment provided supportive qualitative evidence for the viability data, as
shown in Figure 6. HepG2 cells exposed to higher extract concentrations displayed hallmark
features of cytotoxic damage, including monolayer disruption, cellular shrinkage, rounding,
cytoplasmic granulation, and nuclear alterations. These structural changes are consistent with
apoptotic and necrotic responses previously documented for mushroom-derived anticancer
agents. In contrast, WI-38 cells retained comparatively preserved morphology at equivalent
concentrations, further corroborating the reduced susceptibility of normal cells. The present
findings demonstrate that P. ostreatus cap extract exhibits superior cytotoxic potency and
selectivity compared with the stipe extract, highlighting the cap as a more promising bioactive
fraction. The observed anticancer activity is likely associated with combined metabolic
suppression and induction of regulated cell death mechanisms, potentially mediated by oxidative
stress modulation, mitochondrial impairment, and signaling pathway disruption. While these
results provide compelling preliminary evidence supporting the therapeutic relevance of
P. ostreatus extracts, further mechanistic investigations such as apoptosis marker profiling,
assessment of caspase activation, mitochondrial membrane potential analysis, and evaluation of
oxidative stress indices are warranted. Additionally, broader cancer cell screening and in-vivo
validation are essential to confirm pharmacological efficacy, biosafety, and translational
applicability.
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Figure 6. Morphological evaluation of HepG2 and WI-38 cells treated with P. ostreatus extracts.
Computational studies
Density functional theory analysis

The electronic structures of the major phenolic constituents of P. ostreatus, including caffeic acid,
catechin, chlorogenic acid, rosmarinic acid, ellagic acid, vanillin, and gallic acid, were thoroughly
investigated using DFT calculations at the B3LYP/6-311G(d,p) level. HOMO and LUMO
energies, along with derived global reactivity descriptors, provide detailed insight into the
electronic distribution, molecular reactivity, and potential interaction capabilities of these
compounds are summarized in Table S7. The HOMO energies varied from -8.802 eV (vanillin)
to -6.041 eV (ellagic acid), while LUMO energies ranged from -6.095 eV (chlorogenic acid) to -
1.963 eV (ellagic acid). Consequently, the HOMO-LUMO energy gaps (AE) spanned 2.667-
4.082 eV, highlighting the relative softness and electronic flexibility of hydroxycinnamic acids
(caffeic, chlorogenic, rosmarinic), compared to the more rigid structures of catechin and ellagic
acid. These differences suggest variation in the capacity for electron donation or acceptance,
which is fundamental to potential molecular interactions. Global descriptors were calculated to
quantify electronic characteristics and reactivity patterns. Electronegativity (y) ranged from 4.002
to 7.429 eV, indicating substantial electron-attracting capacity across the phenolic compounds.
Chemical hardness (1) values (1.333-2.041 eV) and corresponding softness (o) (0.490-0.750
eV™") reveal that the hydroxycinnamic acids possess moderate hardness and enhanced
polarizability, whereas catechin and ellagic acid are electronically more stable. Electrophilicity
indices (o) varied between 3.923 and 20.68 eV, while maximum charge transfer (ANmax) ranged
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from 1.963 to 5.565, indicating significant potential for electron redistribution during molecular
interactions. Analysis of frontier orbital distributions showed that the HOMO orbitals are
predominantly localized on hydroxylated aromatic rings, suggesting that these regions are the
primary sources for electron donation, whereas LUMO orbitals are concentrated on carbonyl and
conjugated systems, defining the electron-accepting sites, as shown in Figure 7. This electronic
topology provides a molecular rationale for differential reactivity and interaction tendencies
among the phenolics. The DFT-derived electronic parameters indicate that these phenolic
compounds possess diverse reactivity profiles, combining varying degrees of softness,
electrophilicity, and electron transfer potential [20]. These properties establish a mechanistic basis
for their subsequent bioactivity, allowing a direct and rational link to the observed anti-
inflammatory, antioxidant, antimicrobial, and cytotoxic effects of P. ostreatus extracts in later
experimental assays. The stipe and cap fractions are thus expected to differ in activity according
to the concentration and reactivity of the constituent phenolics, as suggested by the electronic
structure analysis [23].
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Figure 7. DFT calculations of bioactive compounds.

Molecular docking

Molecular docking analysis of the selected ligands against the Bcl-2 protein (PDB ID: 41EH)
revealed variable binding affinities and interaction patterns within the active site [45]. Bcl-2-IN-

13 exhibited the highest binding affinity (—8.0 kcal/mol) and formed five HBs with residue such
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as ARG A:66 (2.72 A), TYR A:67 (2.67 A), ALA A:59 (3.57 A), ASP A:70 (3.56 A), and ASP
A:62 (3.42 A), along with additional interactions involving PHE A:63, ARG A:65, LEU A:96,
and ALA A:108. CFA showed a binding affinity of —5.5 kcal/mol and formed one HB with GLY
A:104 (3.27 A), while interacting with ALA A:59, TYR A:161, and VAL A:107. CTC displayed
a binding affinity of —6.6 kcal/mol without HB formation, interacting mainly with TYR A:67,
PHE A:63, and VAL A:107. CRG demonstrated a binding affinity of —6.8 kcal/mol with one HB
involving ARG A:105 (2.12 A) and additional interactions with PHE A:63 and VAL A:107. ELG
showed a binding affinity of —7.4 kcal/mol and formed two HBs with GLY A:104 (2.34 A) and
TYR A:161 (2.90 A), along with interactions with ASP A:62, ALA A:59, and VAL A:107. GA
exhibited a binding affinity of —5.3 kcal/mol and formed one HB with ALA A:59 (2.73 A), while
interacting with PHE A:63, ASP A:62, and VAL A:107. RMC showed a binding affinity of —6.7
kcal/mol and formed three HBs with ASP A:62 (2.84 A), ALA A:59 (2.51 A), and GLY A:104
(3.38 A), along with interactions involving TYR A:161, PHE A:63, and VAL A:107. VNL
demonstrated a binding affinity of —5.0 kcal/mol and formed two HBs with ASP A:62 (3.72 A)
and ALA A:59 (2.24 A), while interacting with TYR A:161 and VAL A:107. However, Table S8
lists the interacting A residues and bond types between the ligand-receptor interactions, and a 3D
visualization of the receptor-ligand interaction is depicted in Figure 8.
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Figure 8. The bond types between the ligand-receptor interactions, and a 3D visualization of
the receptor-ligand interaction.

CONCLUSION

This study provides a comprehensive experimental and computational evaluation of the bio
functional potential of Libyan wild P. ostreatus, with emphasis on tissue-specific differences
between the cap and stipe. The main novelty of this work is demonstrating that these two
mushroom tissues are not biologically equivalent but instead possess distinct phenolic profiles
and functional activities. HPLC-DAD revealed a clear tissue-dependent distribution of phenolic
compounds. The cap extract was enriched mainly in chlorogenic and gallic acids, whereas the
stipe extract showed a broader phenolic profile dominated by ellagic acid, vanillin, and
Rosmarinus acid. These compositional differences were reflected in the biological activities. The
cap extract showed stronger antioxidants and cytotoxic effects, which may be related to its higher
total phenolic and flavonoid contents. In contrast, the stipe extract showed more pronounced anti-
inflammatory activity and measurable antimicrobial effects. However, the antimicrobial findings
should be interpreted cautiously because MIC and MBC/MFC values were relatively high
compared with standard antimicrobial agents. Both extracts exhibited selective cytotoxicity
toward HepG2 hepatocellular carcinoma cells, with lower toxicity toward normal WI-38
fibroblasts. DFT analysis provided insight into the electronic features and reactivity of the major
phenolic constituents, while molecular docking suggested favorable interactions with the anti-
apoptotic Bcl-2 protein. These computational results support the experimental findings but should
be considered predictive and require further biological validation.
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