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ARTICLE INFO ABSTRACT
Keywords: Wild plants provide important bioactive compounds, and their analysis relies heavily on selecting the right
Tordylium apulum extraction techniques and solvents. This study was conducted to determine the phenolic content and biophar-
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maceutical potential of four different extracts (ethyl acetate, ethanol, 70% ethanol, and water) from the aerial
parts of wild plant Tordylium apulum L. The biochemical profile of the extract was screened using high perfor-
mance liquid chromatography -mass spectrometry (HPLC-MS) analysis. The total phenolic and flavonoid content
was examined using the Folin-Ciocalteu assay and the aluminium trichloride assay, respectively. The antioxidant
activity was evaluated through several tests, including 2,2-Diphenyl-1-picrylhydrazyl (DPPH), 2,2"-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), cupric reducing antioxidant capacity (CUPRAC), ferric reducing
antioxidant power (FRAP), phosphomolybdenum (PBD), and metal chelating activity (MCA). Five types of
enzyme inhibition activity were tested against acetylcholinesterase (AChE), butrylcholinesterase (BChE),
tyrosinase, a-amylase, and a-glucosidase. Additionally, For the first time, the inhibitory activity of T. apulum
extract against human carbonic anhydrase isoenzymes I and II (hCA-I and hCA-II) was evaluated. Fifty-five
compounds for negative ionization mode, and twenty-eight compounds for positive ionization mode were
recorded in HPLC-MS analysis and they were polyphenolic, flavonoids, carbohydrates, sugar alcohol and amino
acids. These results indicate that different solvents extract varying levels of antioxidants from T. apulum, with
ethanol and water extracts generally exhibiting superior antioxidant activities. The ethanol extract of T. apulum
exhibited the maximum contents of total phenolics measuring 33.71 mg gallic acid equivalent (GAE)/g. The
ethanol extract exhibited the highest inhibition of AChE with 2.28 mg galanthamine equivalent (GALAE)/g. The
ethyl acetate and ethanol extracts also showed the highest hCA-I and hCA-II inhibition potential, respectively.
The ethanol-water and water extracts acted on the biofilm of E. coli (49.93% and 45.22%, respectively), and the
biofilm of P. aeruginosa (50.68% and 44.46%, respectively). The extracts were tested on different cell lines for
cytotoxic potentials and in particular the water extract induced the apoptotic pathways in cervical cancer (HELA)
cell lines. In conclusion, T. apulum exhibit multidirectional biological properties and it could be considered as a
versatile agent for the development of health-promoting applications.
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1. Introduction

Plants are valuable source of bioactive compounds (Bernhoft, 2010;
Sinan et al., 2024; Smith, 2003). The analysis of these compounds from
plant materials largely depends on the choice of appropriate extraction
methods (Azwanida, 2015; Nilofar et al., 2024; Sasidharan et al., 2011;
Smith, 2003) and extraction solvents (Anwar & Przybylski, 2012). Re-
searchers have used solvents like methanol, ethanol, hexane, ethyl
alcohol and many other polar and non-polar solvent to efficiently extract
bioactive compounds from plant parts, highlighting the importance of
solvent polarity in isolating these compounds. (Anwar & Przybylski,
2012; Sasidharan et al., 2011; Smith, 2003; Wong & Kitts, 2006). Ngo
et al. found that 50% ethanol and 50% acetone was optimal for
extracting solids, phenolics, and flavonoids from Salacia chinensis using
ultrasonic methods (Ngo et al., 2017). While, Koffi et al. discovered that
ethanol extracted higher amounts of phenolic contents from walnut
fruits more effectively than methanol, acetone, or water (Koffi et al.,
2010). On the other hand, Ahmed et al. discovered that the 50%
methanol and methanol extracts contained the highest levels of phenolic
compounds and exhibited the most effective scavenging and reducing
abilities (Ahmed et al., 2023). Altemimi et al. claimed that the polarity
of common solvents ranges from least to most polar: Hexane < Chlo-
roform < Ethyl acetate < Acetone < Methanol < Water (Altemimi et al.,
2017). These natural products are known to exhibit various biological
activities. In recent years, there has been growing interest in testing the
antioxidant properties of natural products, primarily because an
antioxidant-rich diet is believed to offer significant health benefits.
These antioxidants scavenge reactive oxygen species (ROS) and affect
processes related to free radical-induced damage (Whang et al., 2005).
Antioxidants help lower the risk of chronic diseases, including cardio-
vascular, neurological diseases, diabetes, cancer, hypertension, and skin
and blood-related conditions (Bjgrklund & Chirumbolo, 2017; Jideani
et al., 2021; Ponnanikajamideen et al., 2019).

In the Mediterranean region, ethnobotanical studies have discovered
around 2300 wild plant and fungi species that are still harvested and
eaten as food (Hadjichambis et al., 2008). Despite a decline, these wild
edible plants remain commonly consumed in many areas due to their
health benefits, taste, and cultural significance (Dogan et al., 2004;
Ghirardini et al., 2007; Guarrera & Savo, 2016; Luczaj et al., 2012).
Tordylium apulum L., a species within the Apiaceae family (Apioideae), is
found in nearly all countries bordering the Mediterranean (Maresca et al.,
2024; Tirillini et al., 2006). This plant genus has been extensively
researched in Italy, Greece, and Turkey, particularly focusing on its
essential oil composition, as highlighted in several studies (Tirillini et al.,
2006; Tosun et al., 2006; Ozek et al., 2007). Moreover, coumarins (ber-
gaptene, cnidiadin, umbelliferone, R-meranzin, isoimperatorin, 7-preny-
lum-belliferone and 2/(S),3'(R)-2-acetoxyisopropyl-3'-acetoxy-2/,
3'-dihydroangelicin). Extracted from this plant has shown promising
anticancer properties. Notably, it has been found to exhibit anticancer
activity against non-small cell bronchial carcinoma, suggesting its po-
tential as a therapeutic agent in the treatment of this type of lung cancer
(Kofinas, Chinou, Loukis, Harvala, Roussakis, et al., 1998). In a recent
study by Maresca et al. (2024), the essential oil of T. apulum was examined
for chemical composition and biological activities and found the f-cis-o-
cimene (65.0%) and octyl hexanoate (14.4%) were predominant com-
pounds. Tordylium genus also exhibits notable in vitro antioxidant and
antimicrobial activities, as documented in some previous studies, suggest
effectiveness against a range of pathogenic bacteria (Kofinas et al., 1993;
MatejiA et al., 2013). This discovery adds significant value to the plant’s
medicinal uses and underscores the importance of continued research into
its bioactive components.

Consequently, the study aimed to (i) examine bioactive compounds
from the aerial parts of T. apulum using different extraction solvents, (ii)
evaluate and compare the total phenolic content, flavonoid content and
antioxidant capacity, (iii) Investigate the enzyme inhibitory properties
of the extracts, (iv) explore the effectiveness of antimicrobials/
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antibiofilms, (v) identify cytotoxic properties in different cell lines, and
(vi) understand the interaction between the phytochemical compounds
and the biological activities of the extracts molecular docking and
network pharmacological approaches.

2. Materials and methods
2.1. Plant collection

In 2021, plant materials were gathered from Maltepe location
(Bagibiiyiik), Istanbul, Turkey. Dr. Gizem Emre performed the taxo-
nomic identification, and a voucher specimen was stored in the her-
barium of Marmara University (Voucher number: MARE-22679). The
aerial portions were separated, dried in the shade at room temperature,
powdered, and then stored away from light.

2.2. Plant extract preparation

The extraction process involved four solvents: ethyl acetate, ethanol,
ethanol/water (70%), and water. Each sample, weighing 10 g, was
macerated with 200 mL of ethyl acetate, ethanol, and ethanol/water for
a 24-h period at room temperature. The water extract was created by
steeping 10 g of plant material in boiled water for 15 min. Organic
solvents were evaporated under reduced pressure, and the water extract
underwent freeze-drying.

2.3. Assay for total phenolic and flavonoid contents

Following the procedures specified by (Slinkard & Singleton, 1977),
total phenolics and flavonoids were measured. Gallic acid (GA) and rutin
(RE) were employed as references in the experiments, with the results
presented as gallic acid equivalents (GAE) and rutin equivalents.

2.4. LC-MS-qTOF metabolomic analysis

Metabolomic analysis was performed using an Agilent 1290 Infinity
II system coupled with an Agilent 6546 L C/MS QTOF instrument
(Agilent, USA). Separation was achieved using an InfinityLab Poroshell
120 EC-C18 column (2 x 150 mm, 2.7 pm) from Agilent (USA). The
analytical details are given in the supplemental materials (Duran et al.,
2024).

2.5. Assays for in vitro antioxidant capacity

As per the procedures outlined in our previous paper (Grochowski
et al., 2017), various antioxidant assays were executed. The outcomes
from the DPPH, ABTS radical scavenging, CUPRAC, and FRAP assays
were reported in milligrams of Trolox equivalents (TE) per gram of
extract. The phosphomolybdenum (PBD) assay indicated the antioxidant
potential in millimoles of Trolox equivalents (TE) per gram of extract,
while the metal chelating activity (MCA) was expressed in milligrams of
disodium edetate equivalents (EDTAE) per gram of extract.

2.6. Inhibitory effects against some key enzymes

In accordance with the established protocols (Grochowski et al.,
2017), enzyme inhibition experiments were conducted on the samples.
The activities inhibiting amylase and glucosidase were expressed in
acarbose equivalents (ACAE) per gram of extract, whereas inhibition of
acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) was
measured in milligrams of galanthamine equivalents (GALAE) per gram
of extract. Tyrosinase inhibition was calculated in milligrams of kojic
acid equivalents (KAE) per gram of extract.

The carbonic anhydrase (hCA I-II) isoenzymes used in the experi-
ments were purified from human erythrocyte cells using Sepharose-4B-
L-Tyrosine sulfanilamide affinity chromatography according to the
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previously reported method (Kucukoglu et al., 2019; Ozbey et al., 2016).
The esterase method was used for enzyme activity determination. Ac-
cording to this method, the change in absorbance caused by the hy-
drolysis of the substrate (p-nitrophenylacetate, PNFA) to
p-nitrophenolate and acetate by hCA I-II isoenzymes at 25 °C for 3 min
was determined spectrophotometrically at 348 nm (Tugrak et al., 2021).
The change in activity by adding different inhibitor concentrations to
the enzyme activity measurement mixture consisting of 0.05 M Tris-SO4
buffer (pH 7.4), 3 mM PNFA and water was shown with %
Activity-Concentration graph (ICsp). The inhibitor concentration that
reduced enzyme activity by 50% was determined from the obtained
graph. Acetazolamide (AAZ), clinically used in hCA inhibition, was also
studied as a standard inhibitor.

2.7. Antimicrobial evaluation

2.7.1. Minimal inhibitory concentration

For MIC determination, the resazurin microtiter plate assay was
applied using flat-bottomed 96-well microplates, followed by incubation
at 37 °C for 24 h (with A. baumannii grown at 35 °C under identical
conditions) (Fratianni et al., 2023). Sterile DMSO and tetracycline
(dissolved in DMSO, 7 pg/mL) served as negative and positive controls,
respectively. All tests were conducted in triplicate, with results pre-
sented as the mean + standard deviation.

2.8. The antibiofilm activity

2.8.1. Crystal violet test

The capacity of the extracts and water-infuse of T. apulum to affect
the bacterial biofilm formation was evaluated using flat-bottomed 96-
well microtiter plates (Falcon, VWR International, Milano, Italy)
(Fratianni et al., 2023). Ten microliters of the overnight bacterial cul-
tures (adjusted to 0.5 McFarland with fresh culture broth), were brought
in each well with10 pg/mL or 20 pg/mL of samples and sterile Lur-
ia-Bertani broth (LB, Sigma Aldrich Italia, Milano, Italy) to a final vol-
ume of 250 pL. The plates were covered with parafilm tape and
incubated for 48 h. Following the eliminating of the planktonic cells,
sessile cells were slightly twice-washed with sterile phosphate buffered
saline (PBS). After 10 min 200 pL of methanol was included to each well
for 15 min to let the fixation of the sessile cells. The dryness of plates was
followed by the addition of 200 pL of 2% w/v crystal violet solution to
each well. The staining solution was eliminated after 20 min, then the
plates were slightly cleaned with sterile PBS and left to dry. 200 pL of
glacial acetic acid 20% w/v were added to allow the release of the bound
dye. The absorbance was measured at A = 540 nm (Cary 50 Bio, Varian).
The adhesion percentage was determined in comparison to the control
(bacterial cells cultured without samples, with a 0% inhibition rate).
Each experiment was performed three times, and the findings were
expressed as the mean + SD.

2.8.2. MITT test

The effect of two concentrations, 10 and 20 pg/mL of the extracts and
water-infuse of T. apulum was also assessed by evaluating their action on
the metabolic activity of the bacterial cells. The measurement was per-
formed through the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) colorimetric method (Fratianni et al., 2023).
After 48 h total of incubation, we removed the planktonic cells, and in
each well we added 150 pL of PBS and 30 pl of 0.3% of MTT (Sigma,
Milano, Italy). The MTT solution was eliminated after 2 h of incubation,
and two washing steps were made with 200 pL of sterile PBS. The
addition of 200 pL of DMSO let the dissolution of the formazan crystals
that were measured at A = 570 nm (Cary 50 Bio Varian) after 2 h.
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2.9. Cytotoxicity

2.9.1. Cell culture

For this study, the following cell lines were sourced from ATCC and
preserved in liquid nitrogen: DU-145 (Prostate Carcinoma), MDA-MB-
231 (Breast Adenocarcinoma), HELA (Cervix Adenocarcinoma), A549
(Lung Carcinoma), and HUVEC (Endothelial Cells). Cells were main-
tained in DMEM-F12/RPMI-1640 media, enriched with 10% Fetal
Bovine Serum (FBS), 100 pg/mL streptomycin, and 100 IU/mL peni-
cillin, within incubators set to 37 °C, 5% CO2, and humid conditions.

2.9.2. Cell viability assay

To evaluate the cytotoxicity of T. apulum extracts, the MTT assay (3-
(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) was con-
ducted. Cells (DU-145, MDA-MB-231, HELA, A549, and HUVEC) were
seeded at 1 x 10* cells per well in a sterile 96-well plate and incubated
for 24 h. After media removal, the cells were treated with extracts
(0-200 pg/mL) for another 24 h. MTT reagent (10 pL, 0.5 mg/mL) was
then added, followed by a 4-h incubation. The media was replaced with
100 pL of DMSO, and absorbance was measured at 570 and 690 nm
using a plate reader. The ICsy values were calculated based on these
measurements.

2.9.3. Apoptotic effect of the water extract on HELA cancer cell with
acridine orange/ethidium bromide (AO/EB) staining

It was used to morphologically detect the apoptosis of the water
extract (30 pg/mL) applied to HELA cells. The extract-treated cell was
washed with PBS after incubation and fixed with 70% ethanol. At the
end of fixation, the cells were washed with distilled water, stained with
Acridine orange/Ethidium bromide (Cat No./ID: A6014-E1510) (Sigma
Aldrich, Germany) working solution, and images were taken under a
fluorescence microscope.

2.9.4. Apoptotic effect of the water extract on HELA cancer cell with
annexin V

To evaluate the apoptotic effects of the water extract, the FITC
Annexin V Apoptosis Detection Kit I (BD Biosciences, New Jersey, USA)
was utilized according to the manufacturer’s instructions. Cell HELA
was plated in 6-well plates (5 x 10° cells/well) and after 24 h of incu-
bation, a concentration of substance 4 of 30 pg/mL was applied, fol-
lowed by 24 h of incubation. Cells were grown using trypsin and
transferred to new 1106-inch tubes in 1X binding buffer. The tubes were
incubated at room temperature for 15 min, after which 5 pL of
fluorochrome-conjugated Annexin V and 5 pL of Propidium Iodide were
added. Subsequently, 100 pL of 1X binding buffer was introduced, and
the cells were centrifuged at 851 xg at 4 °C for 5 min. Finally, the cells
were analyzed by flow cytometry (BD, New Jersey, USA).

2.9.5. Molecular modeling

The following 3D structures of proteins were retrieved from the
Protein Data Bank (PDB) (https://www.rcsb.org/) (Kurumbail et al.,
1996): crystal complexes of human AChE with donepezil (PDB ID:
7E3H) (Dileep et al., 2022), human BChE with AIO (PDB ID: 7Q3Q)
(Knez et al., 2023), human a-amylase with acarbose (PDB ID: 1B2Y)
(Nahoum et al., 2000), Bcl-2 with Navitoclax analog (PDB ID: 4MAN)
(Souers et al., 2013), CDK2/Cyclin A with AZD5438 (PDB ID: 6GUE)
(Wood et al., 2019), and TRAF2 with WeelChk1 inhibitor (PDB ID: 2 x
7F). Also, the homology model of human tyrosinase and glucosidase
enzymes built in our previous study (Omer et al., 2022) was retrieved.
These proteins were prepared using the PrepareProtein toolkit on the
Playmolecule server (https://www.playmolecule.com/), where the pKa
of the titratable residues in each protein was computed and used to
protonate the protein (Martinez-Rosell et al., 2017). Similarly, all ligand
3D structures were retrieved from the PubChem database (https://p
ubchem.ncbi.nlm.nih.gov/) (Pettersen et al., 2004) and minimized
using UCSF Chimera (Pettersen et al., 2004). To generate a docking grid
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Table 1
Extraction yields (%) and total phenolic (TPC) and flavonoid (TFC) contents in
the tested extracts”.

Extracts Extraction yields TPC (mg GAE/ TFC (mg RE/
(%) g) 2)
Ethyl acetate 2.98 26.84 + 1.29¢ 4.18 +0.17¢
Ethanol 10.54 33.71 £+ 0.14° 28.49 + 0.43¢
Ethanol/Water 14.76 29.15 + 0.73° 37.90 + 0.07°
(70%)
Water (infused) 14.31 32.52 + 0.65° 32.32 + 0.20°

# Values are reported as mean + SD of three parallel measurements. GAE:
Gallic acid equivalents; RE: Rutin equivalents. Different letters indicate signifi-
cant differences between the tested extracts (p < 0.05).

using AutoDockTools (ADT), each the cocrystal ligand served as a
reference ligand with the following coordinates: AChE (X: 5.01, Y:
35.37, Z: —8.38 10\), BChE (X: 42.16, Y: —17.91, Z: 42.72 [o\), a-amylase
(X: —1.54, Y: —44.04, Z: 22.63 10\), tyrosinase (X: 29.99, Y: 18.21, Z:
96.45 A), glucosidase (X: —13.77, Y: 24.04, Z: 12.35 A), BCL-2 (X: 16.58,
Y: 5.28, Z: 0.62 ./0\), CDK2 (X: —6.92, Y: —26.08, Z: 9.78 A), and TRAF2
(X: 22.03, Y: 0.24, Z: 52.68 ;\) all placed in a grid box of dimensions X:
45,Y: 45, 7: 45 A. Gasteiger partial charges were added to all atoms after
merging all hydrogen atoms. Docking was carried out using AutoDock
4.2.6 (https://autodock.scripts.edu) (Morris et al., 2009), employing the
Lamarckian genetic algorithm for ligand conformational search with the
number of runs set to 10. Finally, the protein-ligand interaction was
examined using a Maestro Viewer (Schrodinger Inc.).

2.9.6. Network pharmacology

We obtained LC-MS data and identified 63 components in the extract
of T. apulum. The plant has been reported as antioxidant (Maresca et al.,
2024), so coronary artery and Alzheimer’s were taken for the network
pharmacology analysis, the analysis was done using canonical SMILES
and the structures were retrieved from PubChem (Kim et al., 2023).
SwissTargetPrediction tool was used to predict the compound targets,
which calculates user’s query compounds and those compiled in
curated, cleansed of known actives (Daina et al., 2019). The Compound
targets were selected based on the probability score >0.1 and the
standardization of target genes and gene symbols UniProt was used.
Then, Open target platform (https://platform.opentargets.org/) was
used to retrieve data to find the potential targets for Coronary artery (ID:
EFO_0001645) and Alzheimer’s disease (ID: MONDO_0004975), the
target compounds with overall probability score >0.5 were taken for the
analysis. The common targets were identified and collected by con-
struction Venn diagram using Venny 2.1.0, Venn diagram was con-
structed for both the disease. Cytoscape version 3.10.2 was used for the
construction and visualization of compound’s target (Shannon et al.,
2003). The tool used for construction of Protein-Protein interaction
(PPI) network is Search Tool for Recurring Instances of Neighbouring
Genes/Proteins (STRING) database (Szklarczyk et al., 2019). The PPI
network for constructed for both the disease each contained a set of 29
and 13 compound genes respectively, with a stringent interaction
threshold set to “high confidence >0.7". For further analysis, we im-
ported this network to Cystoscope where the network was constructed
using confidence-based approach. The hub genes were identified using
Cytohubba plugin. ShinyGO 0.80 is a web-based tool for analysing gene
sets and performing functional enrichment analysis. It allows users to
input a set of genes KEGG pathways, biological process, cellular com-
ponents and molecular function. Here, the common targets of disease
and T. apulum compound’s target were uploaded in the ShinyGO 0.80 for
the prediction of Gene Ontology and KEGG pathway (Ge et al., 2020). As
stated by Luo & Brouwer in 2013 and Kanehisa et al., in 2020 tool allows
users to input a set of genes and the top 10 KEGG pathways, biological
process, cellular components and molecular function were identified
and selected for plotting graph, which provides insight into fold
enrichment, Genome plot is retrieved which as well contains genomic
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location information. Swiss SDME is a web tool used to make predictive
models of physicochemical properties, pharmacokinetics, drug likeness,
etc. We retrieved physicochemical and pharmacokinetic properties of
the compound using Swiss ADME, with canonical SMILES as the input
(Daina et al., 2019). This comprehensive analysis has delved into
various physical and chemical properties of the compound i.e., number
of heavy atoms, number of rotatable bonds, topological polar surface
area, molecular refractivity, and etc. Additionally, we have examined
the pharmacokinetic properties of compound e.g. P-glycoprotein sub-
strate, gastro-intestinal absorption and others.

2.9.7. Statistical analysis

The results were given as mean + SD of three parallel experiments.
Differences in extract levels among the extracts were assessed using
ANOVA with Dunnet’s test (p < 0.05). GraphPad 9.0 was used for all
analyses.

3. Results and discussion
3.1. Total phenolic and total flavonoid contents

Tordylium apulum is rich in phenolic and flavonoid compounds
(Kofinas, Chinou, Loukis, Harvala, Maillard, et al., 1998; Maresca et al.,
2024). The analysis of the total phenolic content (TPC) and total
flavonoid content (TFC) of the aerial parts of the T. apulum across
various extraction solvents reveals notable differences (Table 1). For
TPC, the ethanol extract exhibited the highest value at 33.71 mg GAE/g
followed by 70% ethanol 29.15 mg GAE/g, while the ethyl acetate
extract showed the lowest value at 26.84 mg GAE/g. Regarding TFC
70% ethanol extract contained the highest content at 37.90 mg RE/g,
significantly higher than the ethyl acetate extract, which has the lowest
TFC at 4.18 mg RE/g (Table 1). The water extract exhibited the second
highest TFC 32.32 mg RE/g. A previous study found that polar extracts
of T. aegyptiacum L. recorded flavonoid content, measuring 244.3 mg
CE/g, which represented the highest among the other tested plants
(Christou et al., 2024). These results align with earlier studies showing
that 70% ethanol extracts contain higher levels of flavonoids
(Banjarnahor & Artanti, 2014; Lazarova et al., 2024; Zengin et al.,
2023). This discovery reinforces the current research and further vali-
dates the use of 70% ethanol as an effective solvent for flavonoid
extraction. This suggests that these solvents are particularly effective in
extracting flavonoids, which are known for their beneficial antioxidant
properties (Banjarnahor & Artanti, 2014). These results indicate that the
choice of solvent greatly influences the extraction efficiency of phenolic
and flavonoid compounds from the aerial parts of the T. apulum.

3.2. Metabolomic analysis

A total of 350 entities were identified in the metabolomic analysis of
the four T. apulum extracts. By applying a frequency filter with a 75%
threshold, the final dataset was narrowed down to 55 entities in negative
ionization mode and 28 in positive ionization mode (Table 2). This
refinement facilitated the creation of a principal component analysis
(PCA) model, which demonstrated distinct clustering of samples
depending on the extraction solvent used (Fig. S1 for negative ionization
mode and Fig. S2 for positive ionization mode). For multivariate group
analysis, partial least squares-discriminant analysis (PLS-DA) was
employed to distinguish plant extracts. Using the variable importance in
projection (VIP) score and analysis of variance (ANOVA, p < 0.05), the
most significant features responsible for metabolite differentiation in
extracts were identified. Figs. S1 and S2 presents the top 15 metabolites
validated by the VIP score. Group classification via PCA and PLS-DA was
further corroborated by a heatmap, which illustrated the distinctions
between the metabolite profiles in the four plant extracts (Fig. S2) for
negative ionization mode and Fig. S3 for positive ionization mode). The
identified compounds belong to polyphenolic, flavonoids,


https://autodock.scripts.edu
https://platform.opentargets.org/
https://www.ebi.ac.uk/ols4/ontologies/efo/terms?short_form=EFO_0001645

Nilofar et al. Food Bioscience 62 (2024) 105088

Table 2
The identified compounds in negative and positive ion mode.

Ne Compound ESI Formula Mass m/z Retention Time

Negative ionization mode

1 N-hexosyl-L-asparagine [M-HI C10H18N20g 294.1065 293.0093 1.278
2 Ligcoumarin [M-H] C12H1004 218.056 217.0487 1.296
3 D-Mannitol [M-H] CeH1406 182.0792 181.0719 1.301
4 Gluconic/Galactonic acid [M-H] CeH1207 196.0583 195.0511 1.305
5 N-(1-Deoxy-1- hexosyl)threonine [M-H] C10H19NOg 281.1111 280.1039 1.312
6 L-Xylonate [M-HI CsH1006 166.0478 165.0101 1.313
7 Saccharide [M-H] C12H22011 342.1162 341.0879 1.347
8 N-(1-Deoxy-1 hexosyl)proline [M-H] C11H19NO7, 277.1163 276.1089 1.377
9 Coriose [M-H] C;H1407 210.0742 209.0668 1.387
10 L-Arabinose [M-H] CgH1005 150.0529 149.0457 1.431
11 L-Malic acid [M-H] C4HgOs 134.0216 133.0143 1.535
12 N-(1-Deoxy-1- hexosyl)valine [M-H] C11H21NO7 279.1318 278.1246 1.643
13 L-Valine [M-H] CsHp1NO, 117.079 116.0718 1.646
14 D-Pipecolic acid [M-H] CgH11NO, 189.1002 188.0930 1.647
15 Pyroglutamic acid [M-H] CsH;NO3 129.0427 128.0354 1.914
16 N-(1-Deoxy-1- hexosyl)isoleucine [M-H] C12H23NO, 293.1475 292.1404 2.516
17 Salicylic acid-B-D-glucoside [M-H] Cy13H;1608 300.0846 299.0775 3.462
18 D-Phenylalanine [M-H] CoH11NO2 165.0791 164.0781 4.173
19 Pantothenic acid [M-HT CoH;7,05N 219.1108 218.1035 4.81
20 p-Coumaric acid glycoside derivate 1 [M-H] Co0H26012 458.1424 457.1354 8.125
21 Hydroxyquinaldic acid [M-H] C10H7NO3 189.0427 188.0201 8.465
22 p-Coumaroyl-D-hexose [M-H] C15H1808 326.1004 325.0931 8.876
23 Trihydroxybenzene [M-H] CgHgO3 252.0635 251.0562 9.661
24 p-Coumaric acid glycoside derivate 2 [M-H] CooH26012 458.1425 457.1353 9.792
25 Trimethoxycoumarin [M-H] C12H1205 282.0741 281.0668 9.938
26 O-Feruloyl-f-D-hexose [M-H] Ci6H2009 356.1108 355.01001 10.016
27 Kaempferol-O-3-D-hexosyl-(1 2)-f-hexosyl-(1-2)-5-D-hexoside [M-H] C33H40021 772.2062 771.1994 10.033
28 p-Coumaroyl quinic acid [M-H] C16H180g 338.1003 337.0931 10.41
29 O-Feruloylquinic acid [M-H] Cy7H2009 368.1108 367.1035 11.037
30 Isorhamnetin-(hexose-deoxyhexose)-hexose [M-H] C33H40020 756.2114 755.1203 11.259
31 Isorhamnetin-O-[$-D-hexosyl-(1-2)-a-L-deoxyhexosyl-4-D-hexoside] [M-H] C34H42021 786.2215 785.2145 11.625
32 Hydroxycoumarin [M-H] CoHgO3 162.0318 161.0245 11.678
33 Plumieride [M-H] Cz1H26012 470.1424 469.1353 12.523
34 Quercetin -[deoxyhexosyl-(1-2)-deoxyhexosyl-(1-6)-hexoside] [M-H] C33H40020 756.2114 755.2042 13.338
35 O-Feruloylquinic acid [M-H] C17H2009 368.1108 367.1037 13.729
36 Catechin-ol-O-#-D-hexopyranoside [M-H] C21H22012 468.1269 467.1197 14.222
37 Kaempferol -deoxyhexose -pentose [M-H] C21H24012 564.1481 563.1407 14.646
38 Kaempferol -rutinoside- deoxyhexose [M-H] C33H40019 740.2168 739.2088 15.122
39 Salicylic acid [M-H] C7HeOs 138.0318 137.0245 15.348
40 Quercetin-dideoxyhexose [M-H] Co7H30015 594.1584 593.1514 15.652
41 Trimethoxycoumarin [M-H] C12H1205 236.0686 235.0614 16.053
42 p-Coumaroyl quinic acid [M-H] C16H1808 398.1215 397.1143 16.055
43 Kaempferol-deoxyhexose-pentose [M-H] Ca6H2g014 610.1538 609.1467 16.526
44 Quercitrin [M-HT C21H20011 448.1004 447.0932 18.987
45 Apigenin di-hexoside [M-H] Ca7H30015 594.1586 593.1513 19.358
46 Kaempferol-deoxyhexose-pentose [M-H] Ca6H2g014 624.1693 623.1622 19.876
47 Apigenin hexose [M-H] C21H20010 432.1056 431.0984 21.439
48 Pentahydroxyisoflavone [M-H] Cy15H1007 302.0427 301.0355 22.023
49 Neocuscutoside isomer 1 [M-H] C32H3g017 694.2112 693.2041 22.813
50 Neocuscutoside isomer 2 [M-H] C32H3g017 694.2115 693.2038 22.943
51 Neocuscutoside isomer 3 [M-HT C32H3g047 694.2113 693.1026 24.295
52 Linoside [M-H] C30H36015 678.216 677.2092 25.146
53 Kaempferol -(p-coumarylhexose) [M-H] Ca7H30015 594.1376 593.1304 25.16
54 Quercetin -(-di-p-coumarylhexose) [M-H] C39H32016 756.1691 755.1621 26.129
55 9,10,18-TriHOME [M-H] C18H3405 330.2408 329.2337 26.35

Positive ionization mode

1 N,N,N-Trimethyllysine [M-+H]+ CoH1N203 188.1526 189.1603 1.198
2 N-hexosyl-L-asparagine [M+H]+ C10H18N208 294.1064 295.1189 1.286
3 D-Mannitol [M+H]+ CgH1406 182.0791 183.1391 1.301
4 N-(1-Deoxy-1- hexosyl)proline [M+H]+ C11H19NO7 277.1165 278.1235 1.382
5 L-Valine [M+H]+ CsHp1NO2 117.0792 118.0662 1.6

6 N-(1-Deoxy-1- hexosyl)valine [M-+H]+ C;11H21NO; 279.1325 280.1393 1.653
7 D-Picolinic acid [M+H]+ CgHsNO, 123.032 124.0393 1.769
8 p-Coumaric acid [M-+H]+ CoHgO3 181.074 2.245
9 Amino acid [M-+H]+ C1oH;3Ns04 267.0969 268.1042 2.389
10 N-(1-Deoxy-1- hexosyl)leucine [M+H]+ C12H23NO; 293.148 294.1549 2.519
11 D-Phenylalanine [M-+H]+ CoH;1NO, 165.0793 166.0863 4.113
12 Quinacetol [M+H]+ C11HgNO 187.0634 189.0724 6.869
13 p-Coumaroyl quinic acid [M+H]+ C16H180g 338.1002 339.2103 10.409
14 Quercetin-[deoxyhexosyl-(1-2)-deoxyhexosyl-(1-6)-hexoside] [M+H]+ C33H40029 756.2113 757.3193 13.332
15 O-Feruloylquinic acid [M+H]+ Cy7H2009 390.0926 391.0999 13.718
16 Kaempferol-O-hexoside [M+H]+ C21H0011 448.1005 15.105

(continued on next page)
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Ne Compound ESI Formula Mass m/z Retention Time
17 Kaempferol-(hexose-deoxyhexose)-deoxyhexose [M+H]+ C33H40019 740.2168 741.2241 15.112
18 Piperic acid [M+H]+ C12H1004 218.0581 219.0653 16.039
19 Trimethoxycoumarin [M+H]+ C12H1205 236.0685 237.0894 16.039
20 Kaempferol-deoxyhexose-pentose [M-+H]+ Ca6Hg014 610.1536 611.1611 16.526
21 Quercitin [M-+H]+ C21H20011 448.1006 449.1108 18.986
22 Apigenin di-hexoside [M+H]+ Ca7H30015 594.1586 595.1659 19.356
23 Kaempferol-deoxyhexose-pentose [M+H]+ Co6H2g014 624.1692 625.1769 19.87
24 Unknown m/z 246 [M-+H]+ 246.1256 247.0966 20.012
25 Pentahydroxyisoflavone [M-+H]+ Cy15H1007 302.0427 303.0501 22.025
26 Neocuscutoside isomer 1 [M+H]+ C32H3g017 694.2115 695.2187 22.937
27 Neocuscutoside isomer 2 [M+H]+ C32H3g047 694.2115 695.2187 24.293
28 Neocuscutoside isomer 3 [M+H]+ C32H3g047 694.2113 695.2185 25.295
Table 3

Antioxidant properties of the tested extracts®.

FRAP (mg TE/g) Chelating (mg EDTAE/g) PBD (mmol TE/g)

Extracts DPPH (mg TE/g) ABTS (mg TE/g) CUPRAC (mg TE/g)
Ethyl acetate 17.84 + 0.18° 37.11 + 1.65¢ 61.98 + 0.54°
Ethanol 42.64 + 1.24° 54.69 + 1.95° 91.30 + 1.09%
Ethanol/Water (70%) 50.58 + 1.84% 68.88 + 3.03° 74.32 + 0.99°
Water (infused) 50.25 + 1.25° 80.06 + 0.55° 62.33 + 1.61°

35.21 £ 0.11° 14.27 + 0.38%° 1.86 + 0.05°
57.69 + 0.04 3.97 + 0.53¢ 1.28 + 0.02°
50.19 + 0.62° 13.98 + 0.79° 0.59 + 0.02°
50.05 + 0.81° 15.64 + 0.26° 0.68 + 0.08°

? Values are reported as mean =+ SD of three parallel measurements. ABTS: 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid; DPPH: 1,1-diphenyl-2-picrylhy-
drazyl; CUPRAC: Cupric reducing antioxidant capacity; FRAP: Ferric reducing antioxidant power; PBD: Phosphomolybdenum; TE: Trolox Equivalent; EDTAE: EDTA
equivalent. Different letters indicate significant differences between the tested extracts (p < 0.05).

Table 4
Enzyme inhibitory properties of the tested extracts®.

Tyrosinase (mg KAE/g)

Amylase (mmol ACAE/g) Glucosidase (mmol ACAE/g)

Extracts AChE (mg GALAE/g) BChE (mg GALAE/g)
Ethyl acetate 1.62 + 0.06° 3.41 + 0.14°
Ethanol 2.28 + 0.02* 0.98 + 0.16"
Ethanol/Water (70%) 2.00 + 0.02° 0.17 + 0.01°¢

Water (infused) 1.00 + 0.06% na

94.47 + 3.03° 0.71 + 0.01° 0.26 + 0.01¢
63.36 + 0.31° 0.50 + 0.01° 1.03 + 0.02*
45.21 + 1.15° 0.32 + 0.01¢ 0.88 + 0.02°
na 0.06 + 0.01¢ 0.29 + 0.01¢

 Values are reported as mean + SD of three parallel measurements. AChE: acetylcholinesterase; BChE: butyrylcholinesterase; GALAE: Galantamine equivalent; KAE:
Kojic acid equivalent; ACAE: Acarbose equivalent; na: not active. Different letters indicate significant differences between the tested extracts (p < 0.05).

carbohydrates, sugar alcohol and amino acids. Most polyphenolic
compounds and flavonoids better extract to ethyl acetate, while amino
acid and carbohydrates to ethanol and water solvents.

3.3. Antioxidant activity

The antioxidant activity of various T. apulum aerial parts extracts was
comprehensively evaluated using several assays, including DPPH, ABTS,
CUPRAC, FRAP, chelating activity, and PBD, result illustrate in Table 3.
The ethyl acetate extract exhibited moderate antioxidant properties,
with DPPH, ABTS, CUPRAC, and FRAP values of 17.84 mg TE/g, 37.11
mg TE/g, 61.98 mg TE/g, and 35.21 mg TE/g, respectively. It also
showed a chelating activity of 14.27 mg EDTAE/g and PBD of 1.86
mmol TE/g. The ethanol extract demonstrated significantly higher
antioxidant activity, particularly in CUPRAC assay and FRAP assays
measuring 91.30 mg TE/g and 57.69 mg TE/g, respectively, followed by
70% ethanol extract exhibited 74.32 and 50.19, respectively. The water
extract had the highest ABTS activity at 80.06 mg TE/g and MCA 15.64

Table 5
The inhibition (ICs¢ (pg/mL) of human carbonic anhydrase isoenzymes I and II
(hCA I and hCA 1II).

Extracts ICs0 (pg/mL)

hCA T 'S hCA II S
Ethyl acetate 3.871 0.9378 15.065 0.9223
Ethanol 19.25 0.9051 1.048 0.9723
Ethanol/Water 138.6 0.9195 1.174 0.9072
Water 7.451 0.9486 9.00 0.9034
Asetazolamid 0.154 0.985 0.289 0.9514

mg TE/g and showed considerable DPPH (50.25 mg TE/g) and FRAP
(50.05 mg TE/g) values. These results indicate that different solvents
can extract varying levels of antioxidants from T. apulum materials, with
the ethanol and water extracts generally showing superior antioxidant
activities. Given that T. apulum is widely regarded as possessing sub-
stantial antioxidant capacity (Pieroni et al., 2002; Savo et al., 2019), the
elevated antioxidant values observed in nearly all tested assays further
corroborate their strong antioxidant potential. In the previous study,
extracts and essential oil of T. apulum demonstrated notable antioxidant
activity (Maresca et al., 2024; Pieroni et al., 2002). Mateji¢ et al.
investigated the water extract of T. maximum exhibited a higher free
radical scavenging activity with an IC50 value of 4.042 mg/mL
compared to the methanol extract, which had an IC50 value of 7.825
mg/mL (Matej iA et al., 2013). The results of the PBD assay for the tested
extracts did not correlate with the radical scavenging activity, reducing
power assays, or TPC and TFC. For example, ethyl acetate extracts
exhibited lower antioxidant activity in all five tested antioxidant assays
and TFC compared to the other extracts, yet showed higher PBD anti-
oxidant activity 1.86 mmol TE/g. In contrast, water and 70% ethanol
extracts demonstrated higher TPC and TFC but lower PBD assay activity,
0.68 86 mmol TE/g and 0.5986 mmol TE/g, respectively, that due to the
varying mechanisms of each assay.

3.4. Enzyme inhibition activity

The enzyme inhibition activities of various T. apulum aerial parts
extracts were investigated, revealing distinct inhibitory effects on
several enzymes, results show in Table 4. The ethyl acetate extract
demonstrated significant inhibition, with values of 1.62 mg GALAE/g
for AChE, 3.41 mg GALAE/g for BChE, 94.47 mg KAE/g for tyrosinase,
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Minimal Inhibitory Concentration of T. apulum extracts. Results are expressed in pg/mL and are the average (+SD) of three independent experiments. As control, we
used tetracycline 7 pg/mL a: p < 0.5; b: p < 0.1; ns: not significative (ANOVA followed by Dunnett’s multiple comparison test).

Extracts/Standard A. baumanii E. coli L. monocytogenes P. aeruginosa S. aureus

Ethyl-acetate 40 (£2.0)% >50° 38 (+1.0)° >50° >50°

Ethanol >50° 40 (£2.0) 38(+2.0) >50° >50°

Ethanol/water (70%) >50° 38(+2.0) 38(+2.0) 38 (+2.0)° 40 (+1.0)°

Water (infused) >50° 38(+1.0) 38 (+1.0)° 36 (+1.0™ >50°

Tetracycline 30.0 (+£1.0) 30.0(+2.0) 30.0 (+1.0) 32.0(+1.0) 34.0(+2.0)
Table 7

Biofilm inhibitory activity (expressed as percentage) of the ethyl acetate, ethanol, ethanol-water extracts and water infuse of T. apulum against the pathogens Aci-
netobacter baumannii, Escherichia coli, Listeria monocytogenes, Pseudomonas aeruginosa, and Staphylococcus aureus. The extract was tested at 10 pg/mL (10) and 20 pg/mL
(20). The data represent the average of three independent experiments (+SD) a: p < 0.5; b: p < 0.01; ns: not significative (ANOVA followed by Dunnett’s multiple

comparison test).

cv Ethyl-acetate- Ethyl-acetate- 20  Ethanol-10 Ethanol-20 Ethanol-water- Ethanol-water- Water (infuse)-10 ~ Water (infuse)-20
10 10 20

A baumannii 14.12 2 (£0.11) 23.87 * (£1.99) 0.00 (£0.00)  0.00 (+0.00) 0.00 (+0.00) 0.00 (+0.00) 0.00 (+0.00) 0.00 (40.00)

E coli 0.00 (+0.00) 0.00 (+0.00) 0.00 (+0.00)  0.00 (+0.00) 24.84 * (+1.34) 49.93 © (+3.47) 41.76 © (+£1.02) 45.22 ° (+£0.54)

L monocytogenes  0.00 (+0.00) 26.84 * (+2.13) 0.00 (+0.00)  0.00 (£0.00) 25.06 * (+1.67) 28.16 ° (+1.13) 3.06 "¢ (+0.23) 35.30 © (+£3.02)

P aeruginosa 0.00 (+0.00) 0,00 (+0.00) 0.00 (£0.00)  0.09 (+0.02) 39.49 ® (+£2.65) 50.68 € (+£2.44) 41.45° (+£3.01) 44.46 ° (+2.87)

S aureus 0.00 (£0.00) 2.67 ™ (£0.04) 0.00 (+£0.00)  21.56 * (+1.87)  0.00 (+£0.00) 29.43 ° (+£2.45) 0.00 (+0.00) 0.00 (4+0.00)

0.71 mmol ACAE/g for a-amylase, and 0.26 mmol ACAE/g for
a-glucosidase.

Over 55 million people worldwide suffer from Alzheimer’s disease
(AD), with its prevalence growing as the population ages
(Goncalves-Pereira et al., 2021). Current treatments often target the
cholinergic hypothesis, which links AD symptoms to the breakdown of
cholinergic neurons and acetylcholine (ACh) by cholinesterase (Hampel
et al.,, 2018). Inhibiting the brain’s acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE) enzymes helps improve cognitive function
by preventing ACh degradation (Giacobini, 2003; Tan et al., 2014). The
ethanol extract exhibited the highest inhibition of AChE at 2.28 mg
GALAE/g, closely followed by the 70% ethanol extract at 2.00 mg
GALAE/g, indicating a neuroprotective effect (Giacobini, 2003; Tan
et al., 2014). In contrast, the ethyl acetate extract demonstrated greater
anti-BChE activity at 3.41 mg GALAE/g, showing anti-AD activity (Tan
et al., 2014). This extract also showed higher anti-tyrosinase activity at
94.47 mg KAE/g, suggesting its role in skin protective effect (Rescigno
et al., 2002). In the study conducted by Orhan et al. it was found that
methanol extracts of T. apulum demonstrated significant inhibitory ef-
fects on three key enzymes: ACHE, BCHE, and tyrosinase (Orhan et al.,
2016). The potential enzyme inhibitory activity observed in the study
may be attributed to the presence of coumarin derivatives. Previous
research has indicated that both coumarin derivatives and
coumarin-rich plants exhibit significant inhibitory effects on AChE,
BChE, and tyrosinase (Gardelly et al., 2021; Orhan et al., 2016, 2021).
This evidence provided a strong rationale for conducting the current
study, which aims to further explore and confirm the inhibitory poten-
tial of these compounds. On another hand, the water extract showed no
inhibition of BChE and tyrosinase. Concerning the carbohydrase en-
zymes, q-amylase and a-glucosidase (Aakko et al., 2020), all the tested
extracts showed lower inhibition, except for the ethanol extract which
notably inhibited glucosidase 1.03 mmol ACAE/g. These findings
highlighted the varying degrees of enzyme inhibition by different T.
apulum extracts, suggesting potential applications in managing
enzyme-related disorders.

3.5. Inhibition of human carbonic anhydrase isoenzymes I and IT

Carbonic anhydrase (CA) enzymes are present in all living systems
and play roles in various physiological and pathological processes,
including pH regulation, carboxylation reactions, fluid balance, neuro-
logical disorders, osteoporosis, tumorigenicity (Akincioglu et al., 2014;

Giilcin et al., 2004; Supuran & Scozzafava, 2007). These isoenzyme
efficiently convert carbon dioxide to bicarbonate and are crucial for
several biological functions (Hassan et al., 2013). Inhibitors of CA ac-
tivity have been used therapeutically for decades to treat conditions
such as high blood pressure, hypoglycemia, and cancer (Nar et al.,
2013).

Table 5 provided detailed the inhibitory effects of different extracts
of aerial parts of examined included ethyl acetate, ethanol, 70% ethanol,
and water from the aerial parts of T. apulum on the enzymes hCA I and
hCA 1II. Each extract was tested to determine its ICsy values, which
indicate the concentration required to inhibit the enzyme activity by
50%. For hCA [, the ethyl acetate extract showed an ICs value of 3.871
png/mL with a correlation coefficient (r2) of 0.9378, demonstrated higher
inhibition activity. In contract the 70% ethanol extract had lower inhi-
bition activity given the ICsq value of 138.6 pg/mL and an r? of 0.9195.
In the case of hCA II, the ethanol extract was the most potent among the
plant extracts, with an ICsy value of 1.048 pg/mL followed by 70%
ethanol extract showed a slightly higher ICs¢ value of 1.174 pg/mL. The
ethyl acetate extract demonstrated a lower hCA II inhibition activity
with the ICsq value of 15.065 pg/m. The standard inhibitor acetazol-
amide remained the most potent inhibitor for both enzymes across all
extracts tested. No studies have been conducted thus far to investigate
the effects of T. apulum extracts on hCA I and hCA II. Consequently, this
study represents the initial exploration of these effects. The inhibition of
hCA I and hCA II by T. apulum aerial parts extracts indicate the potential
of this plant extracts in the development of therapeutic agents for con-
ditions associated with these enzymes.

3.6. Antibiofilm activity

Plants belonging to the Tordylium genus have generally demon-
strated antibacterial efficacy and, to our knowledge, there are not many
works focused on the antibiofilm activity exhibited by T. apulum ac-
cording to the extraction methodology applied. Extracts of T. maximum,
for example, have shown antibacterial capacity against E. coli,
L. monocytogenes, S. aureus, P. aeruginosa (MatejiA et al., 2013). The
antibacterial activity of T. aegyptiacum L extract was evaluated vs. L.
monocytogenes, and S. aureus (Christou et al., 2024). To our knowledge,
it is the first time that different types of T. apulum extracts have been
tested to verify their potential antibiofilm action against A. baumanni.
Indeed, it is undoubtedly the first time that the possible ability of these
extracts to inhibit the sessile cell metabolism of the five pathogens and
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Inhibitory activity (expressed as percentage) of the ethyl acetate, ethanol, ethanol-water extracts and water infuse of T. apulum against the metabolism of the sessile
cells of Acinetobacter baumannii, Escherichia coli, Listeria monocytogenes, Pseudomonas aeruginosa, and Staphylococcus aureus. The honey was tested at 10 mg/mL (_10)
and 20 mg/mL (_20). The data represent the average of three independent experiments (+SD) a: p < 0.5; b: p < 0.01; c: p < 0.001; ns: not significative (ANOVA followed

by Dunnett’s multiple comparison test).

MTT Ethyl-acetate_ Ethyl-acetate_ Ethanol_ 10 Ethanol_ 20 Ethanol- Ethanol- Water (infuse) Water (infuse)
10 20 water_10 water_20 _10 20
A baumannii 0.00 (+£0.00) 0.00 (+0.00) 0.00 (+0.00) 0.34 ™ (+0.05) 0.00 (+0.00) 5.46  (£0.12) 0.00 (+0.00) 6.65 * (+0.25)
E coli 0.00 (+0.00) 0.00 (+0.00) 12.65%(+1.05) 13.51 *(+£0.98) 35.60  (+2.25) 50.01 € (+4.45) 32.74 ° (+2.54) 39.95 P (+3.15)
L monocytogenes 4.97 ? (+0.85) 35.46 ® (+£2.21) 6.48 * (+0.23) 7.54 2 (£0.31) 0.00 (+0.00) 24.84 % (£2.12) 9.59 # (+£0.77) 39.10 ® (+£2.29)
P aeruginosa 35.32 " (+£2.17) 40.03 ® (+£3.34) 14.72%(+1.09) 35.81° (+3.09) 22.87 * (£1.13) 42.78 " (+£2.98) 52.22 € (4+3.34) 62.11 € (£4.12)
S aureus 33.78 * (+£2.31) 40.82 " (+£2.67) 0.00 (+0.00) 15.40* (+£1.12) 18.64 2 (£1.33) 62.60 © (£3.31) 50.52 € (+2.65) 61.94 € (£1.76)
carry the crystal violet and MTT test, which results are shown in Tables 7
Table 9 and 8, respectively.
Cytotoxic effects of the tested extracts on cancer and normal cell lines (ICsq). The ethyl-acetate extract showed weak antibiofilm activity in crystal
HELA A549 DU-145 MDA-MB-231 HUVEC violet. Through such test, we saw that the most sensitive strains were
17 0, 0,
Ethyl acetate 75.94 71.56 10045 78,00 68.93 A. baumannii (23.87%) and L. monoc;ftogenes (26.84%). O.n t?le contrary,.
Ethanol 61.56 69.6 98.67 101.54 115.9 the ethanol-water extract and water infuse acted on the biofilm of E. coli
Ethanol/Water ~ 59.57 48.58 76.89 56.31 89.25 (49.93% and 45.22%, respectively), and the biofilm of P. aeruginosa
Water 33.47 41.48 45.76 53.71 115.5

thus somehow limit the changes that lead to an increase in their viru-
lence. We performed the tests using five pathogenic strains,
A. baumannii, E. coli, L. monocytogenes, P. aeruginosa, and S. aureus
MRSA. All of them, except L. monocytogenes, have been included by the
WHO in the list of critical (A. baumanni and E. coli) and highly hazardous
(P. aeruginosa and S. aureus) (Organization, 2007). We thought we would
carry out the tests also vs. L. monocytogenes because this bacterium,
despite not being present in the WHO list, is still capable of causing
severe poisoning if present as a contaminating agent on foods (Osek &
Wieczorek, 2022). Table 6 shows the results of MIC test, compulsory to

(50.68% and 44.46%, respectively). Using ethanol and in ethanol-water
extracts also determined an inhibitory biofilm action on S. aureus
(21.56% and 29.43%), which was utterly insensitive to the water extract
and showed a very weak sensitivity to ethyl acetate extract. The action
of the various extracts on the metabolism of the cells of the five path-
ogens only partially confirmed the results obtained from the crystal vi-
olet test, meaning that, in some cases, the inhibitory action of the
extracts was not only focused on blocking cellular metabolism. Thus, the
ethyl acetate extract confirmed its inhibitory action on the metabolism
of the sessile cells of L. monocytogenes (35%-46%). Such extract, inef-
fective against the biofilm of P. aeruginosa and S. aureus, nevertheless
managed to inhibit the metabolism of their sessile cells, thus limiting
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Fig. 1. AO/EB staining after water extract (30 pg/mL) applied to HELA cell.
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Fig. 2. Annexin-V/PI staining results after applying water (30 pg/mL) to HELA cell. Blue: Live-[(FITC-)/(PI-)]; Green: Early apoptotic [(FITC+)/(PI-)]; Red: Late
apoptotic [(FITC+)/(PI+)]; Black: Shows necrotic [(FITC+)/(PI+)] cells. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

Table 10

The binding energy of the bioactive compounds in T. apulum against some selected target proteins.

Compound

AChE BChE Tyrosinase Amylase Glucosidase BCL-2 CDK2 TRAF2
O-Feruloylquinic acid —9.21 —5.51 —5.15 -8.01 —5.64 —6 —8.45 —10.13
Kaempferol 3-rutinoside-7-rhamnoside —13.02 —14.01 -10.13 -11.1 —6.83 -7.31 —9.81 —12.16
O-Coumaroylquinic acid —-5.03 -9.31 -7.12 —8.78 -7.23 -7.22 —7.45 -12.06
Apigenin diglucoside —15.01 —10.44 —7.81 -10 —5.89 —6.09 —7.98 -11.13
Neocuscutoside C. —-11.14 —11.09 —6.86 NA —5.44 —6.07 —-9.57 -9.21

some of the mechanisms that lead to chemical changes inside their cells
and their increased virulence. Ethanol-water and water extracts proved
effective in inhibiting the metabolism of the sessile cells of almost all
pathogenic strains except A. baumannii, which was poorly sensitive. The
percentage of inhibition caused by the ethanol-water extract, ranged
between 5.46% (vs.A. baumannii) to even 60%-62% (vs. S. aureus). This
could imply that S. aureus, which was relatively insensitive to the action
of the extracts, instead proved sensitive to the action of the extracts on
the metabolism of its sessile cells. In the case of the water extract, we
observed the same behavior. Once again, A. baumannii was the least
sensitive strain (inhibition = 6.65%). P. aeruginosa (62.11%) and
S. aureus (61.94%) were the most sensitive strains. In the latter case,

therefore, the water extract, which was ineffective in blocking the bio-
film of S. aureus, instead proved to be highly effective in blocking its
metabolism.

3.7. Cytotoxic effects

Cancer is the biggest problem worldwide and therefore urgent pre-
cautions are needed to combat cancer. Synthetic drugs are still at the
forefront of cancer treatment, but long-term use causes unpleasant side
effects. In this sense, we must replace synthetic drugs with novel,
effective and natural medicines (Zhang et al., 2024). In the last decade,
several plants have been proposed as anticancer agents for medical
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Fig. 3. Protein-ligand interaction: (A) crystal structure of human AChE in complex with donepezil (PDB ID: 7E3H), (B) docking complex of AChE with apigenin
diglucoside, (C) crystal structure of human BChE in complex with AIO (PDB ID: 7Q3Q), (D) docking complex of BChE with kaempferol 3-rutinoside-7-rhamnoside.

applications (Ayna et al., 2021; Kaplan, 2021; Yang et al., 2024). From
this point on, we examined the cytotoxic effects of the test extracts on
four cancer cell lines (HELA, A549, DU145 and MDA-MB-231) and one
normal cell (HUVEC). The ICs( values are given in Table 9. Apparently,
the tested extracts showed anti-cancer effects on the tested cell lines. In
particular, the water extract was the most active on HELA with an ICsg
value of 33.47 pg/mL. Additionally, the water extract didn’t have as
much of an effect on normal cells. Since the water extract had the
strongest anticancer properties, we examined the apoptotic effect of this
extract in further experiments. To detect cell death morphology, we
performed AO/EB staining after 30 pg/mL water extract (30 pg/mL), the
cell number decreased and they recorded with green-yellow color
(Fig. 1). The apoptotic effect of the water extract was tested using
Annexin VI/PI staining and the results are shown in Fig. 2. We found
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only a few studies in the literature on the cytotoxic effects of members of
the genus Tordylium. In a previous study by Kofina et al. (Kofinas, Chi-
nou, Loukis, Harvala, Roussakis, et al., 1998), seven coumarins isolated
from T. apulum and tested on gill non-small cell carcinoma cell lines
were examined, and all coumarins showed higher values with low ICsg
(<20 pg/mL). In another study by Barthomeuf et al. (Barthomeuf et al.,
2005), cnidiadine was isolated from T. apulum and the compound
showed a significant effect on MDLK-MDR1 cell line. Overall, the cou-
marins can be attributed to the observed anticancer properties of the
Torydlium genus. In our current study, we also noted the presence of
some coumarins (Ligcoumarin, 5,6,7-Trimethoxycoumarin, and
4-Hydroxycoumarin, etc.) in the tested extracts. In addition to couma-
rins, we detected in the tested extracts the presence of some flavonoids
(apigenin, kaempferol and quercitrin etc.) that may also contribute to



Nilofar et al.

Food Bioscience 62 (2024) 105088

oLy
104

LE
51

Human a-amylase complexed with acarbose (PDB ID:

1B2Y) a-amylase:Kaempferol 3-rutinoside-7-rhamnoside

‘ SER
GLN 375

D

Lvs

e
368

HIS
367

AsN
364

éﬁ

D

MET
97

OH

LYS
3

PHE
2n

&5

PHE

Tyrosinase model:Kaempferol 3-rutinoside-7-rhamnoside

- Charged (negative) - Polar
W  Charged (positive) -
Glycine Water
Hydrophobic
) Metal x

Hydration site
Hydration site (displaced)

Unspecified residue

Glucosidase model:0-Coumaroylquinic acid

SRR E

Distance
H-bond

Halogen bond
Metal coordination

Pi-Pi stacking

—

Pi-cation
Salt bridge
Solvent exposure
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mology model of glucosidase with O-Coumaroylquinic acid.

the anticancer effect, especially the apoptotic effect (Cincin et al., 2014;
Fouzder et al., 2021; Yang et al., 2021). From this point, T. apulum can
be considered as a source of natural anticancer compounds in chemo-
therapeutic applications.
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3.8. Molecular modeling results

Table 10 shows the predicted binding energies for the bioactive

chemicals in the extract of T. apulum against the studied target proteins.
Apigenin diglucoside showed the highest binding propensity against
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29 common targets and overlapping of 55 targets associated with Alzheimer’s disease and 385- compound targets of Tordylium apulum, revealing shared set of 13

common targets.

Fig. 7. Compound-target network construction of compound target and disease target between Tordylium apulum and coronary artery disease &Alzheimer’s disease
where green color nodes represent the compounds and red color represents the disease target nodes. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

AChE while binding moderately to the rest of the proteins under study.
Interestingly, kaempferol 3-rutinoside-7-rhamnoside appeared to have a
pan-inhibition potential while other compounds demonstrated varied
levels of binding strength to these proteins. For instance, compared to
the crystal structure of AChE with donepezil (PDB ID: 7E3H) (Fig. 3A)
(Dileep et al., 2022), Apigenin diglucoside was found to have the
following common interactions with the amino acid residues in the
active site of AChE: a H-bond with Phe295, n-n stacked interaction with
Trp286, hydrophobic contacts with Tyr124, Val294, Phe297, and van
der Waals interactions with Asp74, Ser293, Arg296, and His447. Other
interacting residues found in the docking complex that were also present
in the crystal structure include Tyr72 and Tyr133, which make H-bonds
in the docking complex but hydrophobic contacts in the crystal complex
(Fig. 3B). These interactions and the like suggest the potential of Api-
genin diglucoside to inhibit the activity of AChE. Similarly, several
interacting residues were found to be in common between the crystal
structure of human BChE in complex with AIO (PDB ID: 7Q3Q), (Fig. 3C)
and its docking complex with kaempferol 3-rutinoside-7-rhamnoside,
even though they were not necessarily of the same type. For instance,
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while Glul97 and Thr284 formed H-bonds with hydroxyl groups of
kaempferol 3-rutinoside-7-rhamnoside, these residues formed van der
Waals interactions with the crystal complex. Other interactions that
enhanced the binding of the compound include H-bonds with Asn68 and
1le69, and multiple hydrophobic and van der Waals interactions all over
the active site of the enzyme (Fig. 3D).

Also, a comparison between the crystal structure of a-amylase
complexed with acarbose (a widely-used drug for the management of
type 2 diabetes mellitus (Elks & Ganellin, 1990)) (PDB ID: 1B2Y)
(Fig. 4A) (Nahoum et al., 2000), and the docking complex of a-amylase
with kaempferol 3-rutinoside-7-rhamnoside identified important com-
mon interaction, which includes H-bonds with Thr163, Asp195, Glu233,
Asp300. Other residues in the docking complex, which may not neces-
sarily be involved in the same interaction as in the crystal complex,
include but are not limited to Tyr62, Gln63, Ala198, His299, His305,
and more—forming a variety of interactions that enhanced the binding
of the ligand (Fig. 4B). The same ligand, kaempferol 3-rutinoside-7-r-
hamnoside, was found to exhibit strong binding to the homology
model of tyrosinase, and these include H-bonds, via multiple hydroxyl
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groups, with Ser184, Asp199, Glu203 close to the entrance to the en-
zyme’s active site tunnel; H-bonds with Asn364 and Ser375 deep inside.
In addition, van der Waals interactions were formed with residues such
as His202, GIn359, and GIn378, as well as hydrophobic interactions
with Met185, Phe347, 1le368, and Val377 (Fig. 4C). Similarly, the
interaction between O-Coumaroylquinic acid and the homology model
of glucosidase was examined. This relatively smaller bioactive com-
pound was completely buried in the catalytic site of glucosidase, form-
ing H-bonds with the backbone of Leu41, and the sidechain of Asp168
and Glu297; several hydrophobic contacts with residues that include but
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are not limited to Ala40, Met97, and Trp299; as well as van der Waals
interactions with His67, Lys223, and Arg267 (Fig. 4D).

Furthermore, the interaction of the cocrystal ligand, navitoclax
analog, with Bcl-2 (PDB ID: 4MAN) (Fig. 5A) (Souers et al., 2013) was
compared to that of kaempferol 3-rutinoside-7-rhamnoside with Bcl-2.
Although several interacting residues were found to be in common be-
tween the crystal and docking complexes, the types of interactions were
different in most cases. For example, Asp100 engaged in H-bond for-
mation in both complexes, Glu133 and Argl143 formed H-bonds in the
docking complex but engaged in van der Waals interaction in the crystal
complex. Other common interactions that may be critical for binding
include hydrophobic contact with Ala97, Val145, and Met112—among
others, and van der Waals interactions with residues like Asp104 and
GIn140, as well as n-n stacked interactions with Phel01 (Fig. 5B).
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Similarly, the most important common interacting residues between the
cocrystal ligand in the CDK2 crystal complex (Fig. 3C) (PDB ID: 6GUE)
(Wood et al., 2019) and kaempferol 3-rutinoside-7-rhamnoside in the
docking complex of CDK2 were Asp86 (H-bond in both complexes),
Gln131 (H-bond in the docking complex, and van der Waals interaction
in the crystal structure), ILE10 (backbone H-bond in the docking com-
plex and hydrophobic interaction in the crystal complex (Fig. 5D).
Finally, Cys108 formed 2 H-bonds deep inside the binding site of TRAF2
in both the crystal complex (Fig. 3E) and the docking complex (Fig. 5F).
Other important common interacting residues include Glu69 (H-bond in
the docking complex but van der Waals interaction in the crystal com-
plex); Val31, Leu73, MET105, Phel08, Val170, Phel72 and more, all
engaged in hydrophobic interaction, as well as van der Waals in-
teractions with Lys54, Glu106, Asp115, and Asp171 (Fig. 5E and F).

3.9. Network pharmacology

Using SwissTargetPredictions, we conducted analysis aimed at
identifying potential targets with 63 unique compounds maintaining a
probability score threshold of at least 0.10. It was intentional that this
criterion for selection cover a broad spectrum of potential targets that
are pertinent to the compounds being studied. Based on our research,
those 63 compounds were linked to 811 distinct targets. Furthermore,
we discovered 4610 and 4401 targets using data from the Open Target
Platform that were specifically focused on Alzheimer’s and Coronary
Artery Disease. Of these, 166 and 55 targets were filtered based on an
overall association score of equal to or greater than 0.50. Through Venn
diagram analysis, we have identified 29 common targets shared between

Molecular functions

T. apulum and the diseases (Fig. 6). The Compound-Target Network was
established for T. apulum and its associated disorders, both individually
and collectively (Fig. 7). The compound-target network of T. apulum and
Coronary artery exhibited a well-connected topology with 587 nodes
and 1034 edges. The Alzheimer’s disease network consisted of 492
nodes and 923 edges. Lastly, the network involving T. apulum and both
diseases included 622 nodes and 1089 edges. Each network (Compound-
target coronary artery disease, Compound-target Alzheimer and
Compound-target both) displayed substantial interconnectedness, with
average values of 3.523, 3.752, and 3.502, respectively. The network
density for all three networks is 0.003, 000.4, and 0.003. This metric
quantifies the ratio of actual edges to expected edges. Among all three
Compound-Target networks, 9,10,18-TriHOME and 4-Hydroxycou-
marin exhibit the highest degree of connection, with scores of 106 and
102, respectively. Similarly, when considering target proteins, CA2 and
CA12 exhibited the greatest level of connection, with degree of 22 and
21, respectively. The physicochemical and pharmacokinetic properties
of the T. apulum compounds were analyzsed using Swiss ADME tool.
According to Veber’s rule total polar surface should be less than or equal
to 140 A and number of rotatable bonds should less than or equal to 10
Kaempferol -deoxyhexose -pentose and Apigenin-di-hexoside have 39
rotatable bonds with 144.19 A TPSA which indicates that they have poor
bioavailability whereas p-Coumaroyl quinic acid has 5 rotatable bonds
and 5-O-Feruloylquinic acid has 6 rotatable, both sharing TPSA of 40.46
A which is optimized bioavailability. p-Coumaroyl quinic acid has 6.29
synthetic accessibility and above-mentioned remaining compounds
holds the score of 6.3 and this indicates, all of them are reasonably hard
to make artificially. Except of p-Coumaroyl quinic acid, remaining three
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Fig. 11. (A) Visualization of pathway enrichment analysis for the common set of the shared targets among the coronary artery disease-associated targets and the
predicted targets of Tordylium apulum compounds, A bar chart of KEGG pathway, pathway network where node size represents no of genes associated with the
pathway and thickness of edges represents the percentage of overlapping genes. (B) Visualization of pathway enrichment analysis for the common set of the shared
targets among the Alzheimer’s disease-associated targets and the predicted targets of Tordylium apulum compounds. A bar chart of KEGG pathway, pathway network
where node size represents no of genes associated with the pathway and thickness of edges represents the percentage of overlapping genes.

of them possess high GI absorption, notably no absorption in other
pharmacokinetics aspects.

Subsequently, the protein-protein interaction network was con-
structed for two sets of targets: 29 targets for coronary artery and 13
targets for Alzheimer (Fig. 8). The confidence criterion for apparent
connection was set at medium confidence >0.4 for coronary artery
disease and Alzheimer, as depicted. Both networks were imported into
Cytoscape for the analysis of the protein-protein interaction (PPI)
analysis. PPI network of coronary artery disease consists of 27 nodes and
44 edges, with an average of 3.259 neighbors per node, on the other
hand, PPI network for Alzheimer has 12 nodes and 29 edges, with an
average of 4.833 neighbors per node. Furthermore, the network density
for each of them was 0.125 and 0.439, while their characteristic path
lengths were 3.758 and 1.803, respectively. The nodes in the networks
exhibited clustering, with clustering coefficients of 0.420 and 0.651,
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indicating the existence of coherent protein communities. The Cyto-
hubba plug-in was used to identify hub genes. The parameters were set
to display the top 10 hub genes. The results showed the top 10 targets for
Coronary artery were F2, SLC29A1, ADDRA2A, PDESA, ITGA2B,
AGTR1, PDE1B, PPARA, ITGB3, and PTGS2 (Fig. 9). The top 10 target
for Alzheimer’s disease were PTGS1, PTGS2, CDK5, GSK3B, APP,
CDC25B, PLK1, AURKA, and AURKE (Fig. 9).

We have performed an extensive analysis on gene ontology to obtain
in-depth knowledge on different features including biological processes,
cellular components, molecular activities, and their associated pathways
using KEGG (Kanehisa et al., 2023). Bar charts are used to visually
represent the gene ontology of the disease. Fig. 10 displays the bar charts
for the disease, with 166 targets and 55 targets respectively. The bar
chart illustrates the degree of enrichment in various paths, with the top
10 pathways being displayed. The size and color correspond to the
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Fig. 12. KEGG pathway of Vascular smooth muscles contraction, the highlighted targets were the site of action of Tordylium apulum compound.

number of genes and the negative logarithm of the False Discovery Rate
(-log10FDR) respectively. In terms of the biological process, the Cyclic
nucleotide catabolic process has the lowest -loglOFDR value in the
coronary artery disease target sets, whereas Histone phosphorylation
has the lowest -log10FDR value in the Alzheimer target sets. Similarly, in
cellular components, the coronary artery disease set of targets includes
integral components of the synaptic membrane, as well as the
leading-edge membrane. The Alzheimer set of targets includes the
spindle midzone. Similarly, in molecular function pathways, there is the
presence of G protein-coupled adenosine receptor activity and histone
kinase activity in their respective target sets (Fig. 11).

The enrichment analysis results indicate that compounds from
T. apulum are involved in various pathways, including Neuroactive
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Ligand Receptor Interaction and Vascular Smooth Muscle Contraction
pathways. GSK3B is a constituent of the Alzheimer’s disease pathway
and has a role in phosphorylating the tau protein (Chidambaram &
Chinnathambi, 2020) (Fig. 12). The Amyloid precursor protein (APP) is
crucial in the development of Alzheimer’s disease. The APP gene is sit-
uated on chromosome 21 in humans and produces three main isoforms
by alternative splicing (Goate et al., 1991). The APP isoform is raised in
the brain of individuals with Alzheimer’s disease (AD) and is linked to an
increase in the deposition of Beta amyloid. This deposition is considered
a contributing component in the development of Alzheimer’s disease
(Menendez-Gonzalez et al., 2006). Vascular smooth muscles are located
in the arterial walls, including the coronary arteries. Adenosine, a
powerful coronary vasodilator, is synthesized in cardiac myocytes by the
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KEGG Pathway analysis of Alzheimer’s disease
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Fig. 13. KEGG pathway of Alzheimer’s disease, the highlighted targets were the site of action of Tordylium apulum compound.

breakdown of adenine nucleotides (Traverse et al., 2007).

ADORA2A and ADORAL are involved in the pathway that regulates
the contraction of vascular smooth muscle. ADORA2A indirectly affects
cardiac contractility by influencing the antiadrenergic effect of
ADORAL1, as depicted in Fig. 13. ADORA2A and GSK3B are two of the
many genes referred to as “hug genes". The common targets and their
interactions with the coronary artery and Alzheimer’s disease are as
follows.

e p-Coumaroyl-D-glucose, p-Coumaroyl quinic acid, O-Feruloylquinic
acid and Catechin-4-ol 3-O-§-D-hexopyranoside interacts with APP

e Hydroxycoumarin and Pentahydroxyisoflavone interacts with
GSK3B

e N-(1-Deoxy-1-fructosyl)proline, Hydroxycoumarin, Plumieride.
Catechin-4-ol 3-O-#-D-hexopyranoside and Pentahydroxyisoflavone
interacts with ADORA2A.

e p-Coumaroyl quinic acid and O-Feruloylquinic acid are interacting
with PDE1B, PDE4D, PDE9A and PDE5A.

o Apigenin-di-hexoside interacts with XDH and ADORA1

Our analysis demonstrates that through in-silico evidence of

T. apulum compounds modulating ligand receptor interactions. Addi-
tionally, our study emphasizes the crucial function of APP as a co-factor
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in Alzheimer’s disease and ADORA2A in coronary artery disease, of-
fering a potential opportunity for intervention. Moreover, the role of
GSK3B in Alzheimer’s disease is reaffirmed, underscoring its importance
in the disease pathway. These findings collectively illustrate the efficacy
of network analysis in identifying crucial biological participants and
prospective therapeutic targets for complex diseases, thus facilitating
more efficient and focused drug development.

4. Conclusions

In conclusion, the study highlights the diverse biological of the aerial
parts of T. apulum extract, sourced from Turkish flora. Various solvent
extracts demonstrated significant differences in their phenolic, flavo-
noid, and antioxidant contents, with ethanol and water extracts notably
exhibiting superior antioxidant activities. The extracts also displayed
promising inhibitory effects against AChE, BChE, tyrosinase, and hCA I
and hCA IL In addition, the extracts showed significant antimicrobial
activity, particularly against the biofilm of pathogens. All tested extracts
showed strong anti-cancer properties, in particular the water extract
induced apoptosis in HELA cell lines. Molecular docking and network
pharmacology revealed the interaction between chemical components
and biological effects. Based on these findings, T. apulum can be
considered as a versatile agent for developing functional applications
including pharmaceuticals and nutraceuticals. The results may open
new avenues for further research aimed at elucidating the active com-
ponents in T. apulum extracts and their effects in in vivo systems.
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