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Abstract

Ononis angustissima, a member of the Fabaceae family long employed in folk remedies,

has remained largely unexplored in terms of its phytochemical composition and

bioactivity. In this work, we applied a face-centered central composite design to refine the

ethanolic extraction process for phenolic and flavonoid constituents, achieving peak

yields of 76.44 ± 0.76 mg GAE/g dry weight (dw) and 66.42 ± 0.83 mg QE/g dw,

respectively. Comprehensive LC–ESI–MS/MS analysis unveiled nineteen principal

metabolites, among which luteolin (143.55 ± 1.76 µg/g), salicylic acid (45.82 ± 0.24 µg/g

dw), and trans-ferulic acid (40.53 ± 0.43 µg/g dw) were most abundant. The chloroform

partition demonstrated remarkable butyrylcholinesterase inhibitory activity (IC  of

20.52 ± 0.58 µg/mL), showing stronger activity than galantamine under the tested

conditions. Additionally, the ethanolic extract exhibited pronounced, selective, and dose-

dependent antiproliferative effects against the DLD-1 and CAPAN-1 tumor cell lines, with

IC  of 0.82 ± 0.07 and 0.87 ± 0.06 mg/mL, respectively, while showing considerably lower

cytotoxicity toward the L929 fibroblasts. Molecular docking studies further predicted

strong interactions of flavonoids, particularly luteolin and quercetin, with both

acetylcholinesterase and butyrylcholinesterase active sites, underscoring their

neuroprotective potential. Moreover, ADME profiling of the identified metabolites

indicated generally favorable pharmacokinetic properties, with luteolin, caffeic acid, and

trans-ferulic acid emerging as promising lead compounds due to their absorption

potential, lipophilicity, and bioavailability. Collectively, these results highlight O.

angustissima as a valuable source of bioactive compounds worthy of further investigation

for potential anticancer and neuroprotective applications. However, given the in vitro and

in silico nature of this study, additional research, including bioassay-guided isolation,

mechanistic studies, and in vivo validation, is necessary to confirm its therapeutic

relevance.
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Introduction

Ononis angustissima Lam. (O. angustissima), a perennial sub-shrub of the Fabaceae family,

is a lesser-known medicinal and aromatic plant endemic to North Africa and the Canary

Islands, with notable distribution in semi-arid regions of Algeria, including Ouargla,

Ghardaïa, Biskra, and Béchar (Al-Khalil et al. 1995; Merzag et al. 2017; POWO 2025). The

genus Ononis, characterized by trifoliate leaves and papilionaceous flowers, is widely

distributed in the Mediterranean basin and has been historically valued in traditional

medicine for its diuretic, anti-inflammatory, and antidiabetic properties (Altuner et al.

2010; Al-Aboudi and Afifi 2011). O. angustissima is distinguished morphologically by its

narrow, almost linear leaflets, spiny stems, and bright yellow flowers arranged in aerial

clusters. Traditional use of Ononis species dates back centuries, with various parts of the

plant, particularly roots and aerial organs, being employed in folk remedies for their

diuretic, anti-inflammatory, and antidiabetic properties (Besbas 2020). Phytochemical

studies on closely related Ononis species have revealed a rich profile of secondary
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metabolites, including flavonoids, phenolic acids, triterpenes, and essential oils, which

are associated with their therapeutic activities (Altuner et al. 2010; Besbas 2020). In

recent years, underutilized leguminous plants have attracted growing scientific interest

as reservoirs of novel natural compounds with anti-proliferative and anti-enzymatic

therapeutic potential (He et al. 2024; Eswaran et al. 2025). O. angustissima represents a

promising candidate for the discovery of novel bioactive compounds, given its unique

phytochemical background and traditional uses (Bouheroum et al. 2009; Ghribi et al.

2015; Benmeddour et al. 2024). However, despite this promising potential, O. angustissima

remains largely unexplored both phytochemically and pharmacologically.

This work offers an in-depth examination of O. angustissima’s aerial sections via a series

of extractions using solvents of increasing polarity. Total phenolic and flavonoid

concentrations were quantified, and liquid chromatography coupled with electrospray

ionization tandem mass spectrometry (LC–ESI–MS/MS) was employed to elucidate the

phenolic composition of the richest extract. Concurrently, enzyme inhibition and

cytotoxic effects on both tumorigenic and healthy cell lines were evaluated. Lastly, key

active constituents underwent computational ADME analysis and molecular docking to

predict their pharmacokinetic behavior.

Material and Methods

Plant Material

The aerial parts of O. angustissima were collected in May 2023 from the M’sila region in

northern Algeria. A reference specimen (No. KR0013) was taxonomically identified by

Prof. K. Rebbas of the University of M’sila (Algeria) and is stored in his personal

herbarium. The plant samples were rinsed with distilled water, air-dried at 25 °C in a

dark, ventilated environment, and then ground into a fine powder. The powdered samples

were subsequently stored at 4 °C for future analysis.

TCP and TFC Optimized Extraction and Fractionation

The extraction of total phenolic content (TPC) and total flavonoid content (TFC) from the

aerial parts of O. angustissima was performed using the maceration method. Ethanol–

water mixtures were employed as the extraction solvents, and the process was conducted

at 25 °C. A face-centered central composite design was applied according to the Kouteu et
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al. (2024) method, with slight modifications, to optimize the extraction procedure by

assessing the influence of three independent variables: extraction duration (X ), ethanol

concentration (X ), and solvent-to-solid ratio (X ). These variables were modeled to

determine their effect on the yield of TPC and TFC, with the optimal conditions

established according to Table 1. Under optimized conditions (X : extraction time in hours;

X : solvent concentration in percentage; X : solid–liquid ratio obtained in mL/g), 50 g of

powdered plant material was macerated and filtered. The obtained extract was then

concentrated under reduced pressure at 45 °C with a Büchi Rotavapor R-215 (Büchi

Labortechnik AG, Switzerland). The resulting dry material was then dissolved in 100 mL

of distilled water, heated to 100 °C, and sequentially partitioned against solvents of

increasing polarity: chloroform, ethyl acetate, and n-butanol. For each partitioning step,

100 mL of the chosen solvent was combined with the hot aqueous solution and kept at

room temperature to facilitate compound migration between phases. Each fractionation

was performed twice to ensure reproducibility, and the organic layers were recovered and

concentrated under reduced pressure at 45 °C.

Table 1 The experimental response surface methodology parameters

TCP and TFC Quantification

Total phenolic content in the O. angustissima samples was assessed by the Folin–Ciocalteu

assay (Müller et al. 2010). Briefly, 20 µL of each extract (1 mg/mL) was pipetted into a 96-

well plate, followed by 100 µL of Folin–Ciocalteu reagent (pre-diluted 1:9 v/v) and 75 µL of

7.5% Na CO . Plates were kept in the dark for 2 h before measuring absorbance at 765 nm.

Quantification was achieved via a gallic acid calibration curve. Flavonoid levels were

determined using the aluminum chloride colorimetric method (Topçu et al. 2006). To 50

µL of sample (1 mg/mL), 130 µL methanol, 10 µL of 10% Al(NO ) , and 10 µL of 1 M

potassium acetate were added. After a 45-min incubation at room temperature,

absorbance was recorded at 415 nm, and concentrations were derived from a quercetin

standard curve. All measurements were carried out in triplicate to ensure accuracy and

reproducibility. Results are expressed as mean ± standard deviation (SD) of three

independent experiments, with each experiment comprising three technical replicates.

LC–ESI–MS/MS Analysis and Settings

1

2 3

1

2 3

2 3

3 3
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The ethanolic extract of O. angustissima was analysed by LC–ESI–MS/MS following the

procedure of Derbak et al. (2025). Briefly, 50 mg of extract was dissolved in 1 mL each of

methanol and n-hexane in a 2-mL Eppendorf tube, vortexed for 2 min at 4 °C (Bioprep-

24 homogenizer), and centrifuged at 15,033 × g for 10 min using the centrifuge Hettich

Universal 320 R. The methanol layer was collected, prepared at a 1:9 ratio with distilled

water, and filtered through a Captiva premium nylon syringe filter (25 mm, 0.45 µm)

before injection (5.12 µL). Chromatographic separation was performed on an Agilent 1260

Infinity II LC system coupled to an Agilent 6460 Triple Quadrupole Mass Spectrometer

(ESI source), using a Poroshell 120 EC-C18 column (100 mm × 3.0 mm, 2.7 µm)

maintained at 25 °C. The mobile phase consisted of acetonitrile (0.1% formic acid (B)) and

water (5 mM ammonium formate (A)), held isocratically at a 75:25 ratio with solvent B,

flowing at 0.5 mL/min over a 30-min run. Data acquisition was carried out in both

positive and negative ion modes (ESI + and ESI −) with multiple reaction monitoring

(MRM) using Agilent Mass Hunter software. Optimized collision energy parameters were

applied to improve ion fragmentation and transmission. The MS conditions included a

capillary voltage of 4000 V, with the drying gas heated to 350 °C and nitrogen delivered at

11 mL/min for nebulization and 15 mL/min for desolvation (Rabhi et al. 2025). Method

validation was performed following the approach described by Yilmaz (2020) to evaluate

analytical performance in terms of linearity and sensitivity. Quantification of phenolic

compounds was carried out using external calibration curves prepared from authentic

standards at several concentration levels covering the working range. Calibration curves

were obtained by plotting peak area against analyte concentration using linear

regression, and linearity was assessed through the correlation coefficient (R2). Sensitivity

of the method was evaluated by determining the limits of detection (LOD) and limits of

quantification (LOQ) based on signal-to-noise ratios of 3 and 10, respectively.

In Vitro Anti-enzymatic Activity Evaluation

The inhibitory activities against acetylcholinesterase (AChE) and butyrylcholinesterase

(BChE) were evaluated following Ellman’s method (Ellman et al. 1961) with slight

modifications. Ten microliters of ethanolic extract of O. angustissima was mixed with 150

µL of sodium phosphate buffer (100 mM, pH 8.0), followed by 20 µL of AChE (5.32 × 10−3

U) or BChE (6.85 × 10−3 U). After incubation for 15 min at 25 °C, 10 µL of DTNB (0.5 mM)

and 10 µL of acetylthiocholine iodide (0.71 mM) or butyrylthiocholine chloride (0.2 mM)

were added. Absorbance was measured at 412 nm at 0-, 5-, 10-, and 15 min. Inhibition

percentage (I %) was determined using the following formula:

11/05/2026 02:14 Analytical Profiling of Phenolic and Flavonoid Constituents in Ononis angustissima Using LC–ESI–MS/MS Coupled with Multiv…

https://link.springer.com/article/10.1007/s12161-026-03089-6 6/49



where A  and A  represent the absorbance of control and extract-treated samples,

respectively. Galantamine hydrobromide was used as a positive control. All assays were

performed in triplicate for each extract concentration. Results are expressed as mean IC

values (µg/mL) ± SD calculated from three independent experiments.

In Vitro Anti-proliferative Activity Evaluation

The cytotoxic effects of O. angustissima ethanolic extract were examined against two

human cancer cell lines, pancreatic carcinoma (CAPAN-1) and colorectal adenocarcinoma

(DLD-1), as well as a non-tumorigenic fibroblast line (L929). All cell lines were provided

by the laboratory of Prof. Dr. Mustafa Türk (Kırıkkale University, Türkiye). Cells were

cultured in Corning (USA) 96-well plates using complete Sigma-Aldrich’s Dulbecco’s

modified Eagle’s medium (DMEM) enriched with the necessary growth supplements. The

antiproliferative activity was evaluated via the MTT colorimetric assay following protocols

documented by Boncler et al. (2013) with minor adaptations. Briefly, 10,000 cells were

seeded into each individual well and incubated for 24 h, then treated with gradient doses

of the O. angustissima ethanolic extract (0.25, 0.5, 0.75, and 1 mg/mL) dissolved in

complete culture medium. After another 24 h, the treatment medium was removed and

replaced with 100 µL of MTT reagent (1 mg/mL in PBS; Sigma-Aldrich, USA). Plates were

incubated in the dark at 37 °C for 2 h to permit formazan formation. Subsequently, the

supernatant was discarded, and formazan crystals were solubilized in 100 µL isopropanol

(Merck, Germany). Absorbance was then read at 570 nm on a Thermo Scientific

Multiskan GO microplate reader. Cell viability was expressed as a percentage relative to

untreated controls, calculated using the equation:

where A  represents the absorbance of treated cells and A  represents the absorbance of

control cells. All assays were performed in triplicate for each extract concentration.

Results are expressed as mean IC  values (µg/mL) ± SD calculated from three

independent experiments.

In Silico Analysis

$$I\left(\%\right)=\frac{{A}_{\text{c}}-{A}_{\text{e}}}{{A}_{\text{c}}}$$

c e

50

$$\text{Cells viability percentage }\left(\text{\%}\right) =100 -

\left(\frac{{A}_{\text{s}}}{{A}_{\text{c}}}\right)\times 100$$

s c

50
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ADME

The bioavailability of the identified phytochemicals was estimated using in silico

predictive approaches based on key physicochemical parameters, including molecular

weight, lipophilicity, polarity, and aqueous solubility, as described by Mhadhbi et al.

(2023). In addition, their pharmacokinetic profiles were evaluated through ADME

(absorption, distribution, metabolism, and excretion) modeling to explore their potential

as drug-like candidates (Derbak et al. 2024). These computational predictions provide

preliminary insights into the pharmacokinetic behavior of the compounds and should be

considered as hypothesis-generating tools that require further experimental validation.

Molecular Docking
Molecular docking analyses were conducted to evaluate the interactions of four selected

ligand (Fig. 1): luteolin (2-(3,4-dihydroxyphenyl)−5,7-dihydroxy-4H-chromen-4-one;

C H O , PubChem CID: 5,280,445), quercetin (2-(3,4-dihydroxyphenyl)−3,5,7-

trihydroxy-4H-chromen-4-one; C H O , PubChem CID: 5,280,343), baicalein (5,6,7-

trihydroxy-2-phenyl-4H-chromen-4-one; C H O , PubChem CID: 5,281,605), and

galantamine ((4aS,6R,8aS)−4a,5,9,10,11,12-hexahydro-3-methoxy-11-methyl-6H-

benzofuro[3a,3,2-ef][2]benzazepin-6-ol; C H NO , PubChem CID: 9651) with two

Alzheimer’s disease-related enzymes: AChE and BChE. The crystal structures of human

AChE (PDB ID: 4PQE) and BChE (PDB ID: 4BDS) were retrieved from the Protein Data

Bank (www.rcsb.org). Prior to docking, all crystallographic water molecules were

removed, and polar hydrogens, as well as Kollman charges, were added using

AutoDockTools (ADT) version 1.5.7. Ligands were energy-minimized, converted to pdbqt

format, and prepared for flexible docking. Docking simulations were performed using

AutoDock Vina, and the binding affinities (kcal/mol) of each ligand were calculated. The

best-scoring conformations were selected based on docking energy and key interactions,

such as hydrogen bonds, π–π stacking, and hydrophobic contacts, which were further

analyzed using Discovery Studio Visualizer.

Fig. 1

15 10 6
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Structures of ligand molecules used for molecular docking

Statistical Analysis

All statistical analyses were conducted using Minitab 19 (Minitab Inc., USA), with

response surface plots generated in Statistica 10 (StatSoft, France). Data are presented as

mean ± standard deviation of three independent experiments (n = 3), with each

experiment comprising three technical replicates for TPC, TFC, enzyme inhibition, and

cytotoxicity assays. Model adequacy was verified through ANOVA, lack-of-fit testing, and

the coefficient of determination (R2). Tukey’s multiple range test was applied for post hoc

comparisons, with statistical significance set at p < 0.05. For IC  calculations, non-linear

regression analysis was performed using GraphPad Prism (version 9.0), with values

expressed as mean ± SD from three independent experiments.

Results and Discussion

50
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Extraction Optimization

The maceration extraction of TPC and TFC from O. angustissima aerial parts was

optimized by evaluating the effects of extraction time, solvent concentration, and liquid-

to-solid ratio. The face-centered central composite design within a response surface

methodology framework was employed to assess and model the extraction efficiency. The

results of the 20 experimental tests are presented in Table 2.

Table 2 Factorial design and response measurements in the optimization of Ononis
angustissima extraction

The powdered extracts of O. angustissima demonstrated considerable variation in their

total phenolic and flavonoid contents. Total phenolic concentrations ranged from 18.94 ± 

0.22 to 76.44 ± 0.64 mg GAE/g dry weight (dw), whereas total flavonoid levels varied

between 8.95 ± 0.11 and 66.42 ± 0.79 mg QE/g dw. A regression analysis was carried out on

the experimental dataset to assess the statistical relevance of model coefficients

influencing the extraction yield of phenolic and flavonoid constituents. As presented in

Table 2, the coefficients of determination values were 0.803 for TPC and 0.818 for TFC,

indicating a significant correlation between the predictive model and the observed

experimental outcomes. The relationships between solvent percentage, extraction time,

and liquid-to-solid ratio and their impact on phenolic and flavonoid yields are

mathematically described in Eqs. 1 and 2, respectively.

$$\text{TPC}=-27.596+1.649{X}_{1}+1.424{X}_{2}-1.621{X}_{3}- 0.015{{X}_{1}}^{2}-

0.016{{X}_{2}}^{2}-0.058{{X}_{3}}^{2}-0.004{X}_{1}{X}_{2}+0.009{X}_{1}

{X}_{3}+0.061{X}_{2}{X}_{3}$$

(1)

$$\text{TFC}=41.455+0.855{X}_{1}-0.857{X}_{2}-1.603{X}_{3}- 0.01 {{X}_{1}}^{2}+

0.002 {{X}_{2}}^{2}- 0.038 {{X}_{3}}^{2}+ 0.002{X}_{1}{X}_{2}+0.007 {X}_{1}

{X}_{3}+0.048 {X}_{2}{X}_{3}$$

(2)
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The results obtained from multiple regression analysis were consistent with those derived

from response surface analysis for both TPC and TFC, as illustrated in Figs. 2 and 3. The

influence of extraction time and ethanol concentration on polyphenol yield is depicted in

Fig. 2a, whereas their effects on flavonoid content are presented in Fig. 3a. Among the

studied factors, extraction time proved to be a dominant factor, exhibiting a strong

quadratic influence in addition to its positive linear trend. The most elevated TPC

readings occurred within the 65–75% ethanol concentration range and extraction

durations between 45 and 55 h. In parallel, maximum flavonoid concentrations were

achieved within an ethanol concentration range of 80% to 90% and an extraction time

window of 50 to 65 h. These findings align with previous reports highlighting that the use

of aqueous-organic solvent mixtures creates a moderately polar extraction medium,

thereby enhancing solvent-matrix interactions (Paniwnyk et al. 2009). Figure 2b depicts

the combined impacts of extraction duration and liquid-to-solid ratio on polyphenol

concentration, while Fig. 3b illustrates these parameters’ impact on flavonoid yield. The

extraction of polyphenols peaked at 60 h with a liquid-to-solid ratio of less than

1 g/24 mL. Maximum flavonoid yield was similarly observed at 60 h with a corresponding

ratio below 1 g/20 mL. These results confirm that plant material concentration exerts a

significant influence on the extraction efficiency of both compound classes (Zhang et al.

2018). Furthermore, the influence of ethanol-to-water ratio and liquid-to-solid ratio on

the recovery of phenolics and flavonoids was notably evident, as demonstrated in Fig. 2c

for polyphenols, and Fig. 3c for flavonoids. Polyphenol extraction was optimized at

ethanol concentrations exceeding 85%, whereas optimal flavonoid recovery was achieved

at ethanol levels above 85% as well (Fig. 4). These trends underscore the solvent system’s

critical role in modulating the extractability of bioactive compounds across different plant

matrices (Mungwari et al. 2024).

Fig. 2
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Response surface plots indicating combined effects of maceration parameters on TPC: a time and

solvent ratio, b time and liquid–solid ratio, and (c) solvent ratio and liquid–solid ratio

Fig. 3

Response surface plots indicating combined effects of maceration parameters on TFC: a time and

solvent ratio, b time and liquid–solid ratio, and (c) solvent ratio and liquid–solid ratio

Fig. 4
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LC–ESI–MS/MS-based chemical profiling of the ethanolic extract of Ononis angustissima. 1, gallic

acid; 2, protocatechuic acid; 3, chlorogenic acid; 4, hydroxybenzaldehyde; 5, caffeic acid; 6. vanillin;

7, o-coumaric acid; 8, salicylic acid; 9, taxifolin; 10, trans-ferulic acid; 11, hesperidin; 12,

isoquercitrin; 13, kaempferol-3-glucoside; 14, chrysin; 15, trans-cinnamic acid; 16, quercetin; 17,

baicalein; 18, luteolin; 19, biochanin A

The R2 values (80.3% for TPC, 81.8% for TFC) confirm that the response surface models

adequately capture the relationship between extraction parameters and yields, aligning

with reported ranges for medicinal plant optimization, where R2 > 75% is considered

satisfactory due to inherent material variability (Nissar et al. 2024). The adjusted R2

values (75.2% for TPC, 76.4% for TFC) were close to their respective R2 values, indicating

that non-significant terms did not cause model overfitting. Additionally, the predicted R2

values (71.5% for TPC, 72.8% for TFC) showed reasonable agreement with adjusted R2,

further supporting the models’ predictive capability.

Based on these results, the optimal extraction conditions and predicted response values

were determined using a desirability function approach, with desirability scores ranging
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from 0.95 to 1.0, where 1.0 indicates the most desirable outcome. To experimentally

validate the model, three independent replicate extractions were performed using the

optimal parameters identified through response surface methodology (extraction time:

72 h, ethanol concentration: 90%, liquid-to-solid ratio: 30 mL/g). The validation results

are summarized in Table 3.

Table 3 Estimated optimal conditions and predicted and experimental values of the
investigated responses

LC–ESI–MS/MS Analysis

To further elucidate the chemical composition of the ethanolic extract of O. angustissima,

this study employed liquid chromatography coupled with electrospray ionization mass

spectrometry (LC–ESI–MS), a highly effective analytical technique (Benouchenne et al.

2020). LC–MS methods are widely recognized for their ability to significantly advance

phytochemical investigations due to the biochemical diversity of plant matrices. These

techniques enable efficient separation and detection of a broad range of semi-polar

compounds, including major classes of secondary metabolites (El Sayed et al. 2020). The

ethanolic extract was selected for LC–ESI–MS/MS profiling as it constitutes the parent

extract from which all fractions were obtained via liquid–liquid partitioning. This

strategy ensures a comprehensive phytochemical characterization of O. angustissima and

provides a chemical foundation for the subsequent identification of bioactive constituents

in any active fraction. The chemical composition of the ethanolic extract of O.

angustissima, determined by LC–ESI–MS/MS analysis, is presented in Table 4.

Table 4 LC–ESI–MS/MS characterization of the ethanolic extract of Ononis angustissima

According to Table 4, a total of 19 compounds were identified and quantified in the

ethanolic extract of O. angustissima. The most abundant compound was luteolin, which

was present at a concentration of 143.55 ± 1.76 µg/g dw of extract, followed by salicylic acid

at 45.82 ± 0.24 µg/g dw, trans-ferulic acid at 40.53 ± 0.43 µg/g dw, and o-coumaric acid at
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26.56 ± 0.76 µg/g dw. Luteolin, a flavonoid commonly found in medicinal plants, is

recognized for its significant anticancer properties (Ganai et al. 2021). It exerts its

therapeutic effects by inhibiting tumor cell proliferation, protecting against carcinogenic

agents, and inducing apoptosis through various molecular signaling pathways (Imran et

al. 2019). Additionally, other bioactive compounds with substantial therapeutic potential

were detected in the ethanolic extract of O. angustissima. Similarly, salicylic acid, although

primarily recognized for its keratolytic and anti-inflammatory roles, also exhibits anti-

cancerous properties by promoting apoptosis through increased nitric oxide production

(Ausina et al. 2020). Trans-ferulic acid, known for its potent antioxidant capacity and role

in mitigating oxidative stress, was linked with improved cholinesterase inhibition and

neuroprotective effects against Alzheimer’s disease, further enhancing the functional

value of the extract (Singh et al. 2020; Bhuia et al. 2024). Moderate levels of isoquercitrin,

kaempferol-3-glucoside, and quercetin were detected, all of which are flavonoids with

strong free radical scavenging activity and established pharmacological effects, including

anti-cancer properties (Azeem et al. 2022; Karimi and Valizadeh 2023; Liu et al. 2023).

Taxifolin, known for its promising effects on tumor management, microbial infections,

oxidative stress, and cardiovascular and hepatic disorders, also displays enhanced

anticancer activity (Sunil and Xu 2019). Baicalein, another noteworthy compound, has

demonstrated considerable therapeutic potential in the treatment of Alzheimer’s and

Parkinson’s diseases. Its pharmacological activities include reducing oxidative stress,

inhibiting amyloid protein aggregation, and promoting neurogenesis and neuronal

differentiation (Li et al. 2017). The high concentration of phenolic compounds with

notable therapeutic properties in the ethanolic extract of O. angustissima emphasizes the

importance of further exploring their biological activities, including antioxidant activity,

free radical scavenging, and the inhibition of cancer cell proliferation.

The findings of this investigation are consistent with prior phytochemical studies of the

Ononis genus, which is well-documented for its high phenolic content and associated

bioactivities (Mhamdi et al. 2015; Mezrag et al. 2017; Youssef et al. 2024). The presence of

gallic acid, chlorogenic acid, caffeic acid, vanillin, and quercetin in the methanolic extract

of Ononis natrix, with gallic acid identified as the predominant constituent, was reported

by Youssef et al. (2024). Additionally, Stojković et al. (2020) identified caffeic acid,

kaempferol-3-O-glucoside, and various quercetin derivatives in Ononis spinosa. The

profiling of structurally and functionally related phenolic compounds in O. angustissima
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provides compelling chemotaxonomic evidence and underscores its value as a potent

source of pharmacologically important metabolites.

Anti-Enzymatic Activity

The ethanol, chloroform, ethyl acetate, and n-butanol extracts of O. angustissima were

assessed for their anti-enzymatic activity through enzyme inhibition assays targeting

Alzheimer’s disease-related enzymes (AChE and BChE). The inhibitory potential of these

extracts, expressed as IC  values, was compared with that of the reference standard,

galantamine, and the results are presented in Table 5.

Table 5 In vitro Alzheimer’s inhibitory activity of Ononis angustissima extracts

According to the anti-enzymatic activity results, the chloroform extract of O. angustissima

was the only fraction to exhibit significant BChE inhibition, with an IC  value of 20.52 ± 

0.58 µg/mL. This observed activity stems from the complex phytochemical mixture

present in the chloroform fraction rather than a single isolated compound, with

synergistic or additive interactions among multiple constituents likely contributing to the

overall inhibitory effect (Vaou et al. 2022). Under the tested in vitro conditions, the

chloroform fraction showed stronger inhibitory activity (lower IC ) than galantamine

(34.75 ± 1.99 µg/mL), a reference standard included for benchmarking purposes. This

comparison reflects relative performance in the enzymatic assay and should not be

construed as direct therapeutic equivalence. The stronger inhibition of BChE compared to

AChE suggests that the bioactive compounds in O. angustissima may have a greater

affinity for BChE’s broader active site, which is known to accommodate a wider range of

ligands due to its larger size and more open structure compared with AChE (Fang et al.

2011; Revadigar et al. 2014). BChE inhibition has attracted growing interest due to its

therapeutic relevance in Alzheimer’s disease (AD). AD is a progressive neurodegenerative

disorder characterized by cognitive decline, memory impairment, and cholinergic

deficits, which are linked to decreased acetylcholine (ACh) levels in the brain (Chen et al.

2022). Both AChE and BChE play key roles in regulating ACh levels: AChE dominates in

the healthy brain and in early AD, while BChE activity progressively increases as AChE

activity declines in later stages of the disease (Chen et al. 2017). Consequently, BChE
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inhibitors are particularly important for advanced AD management, complementing or

offering more benefits than AChE inhibition (Zhou et al. 2019; Sadeghi et al. 2024).

While several synthetic cholinesterase inhibitors such as donepezil, rivastigmine, and

galantamine are widely used for AD treatment, their clinical benefits remain limited due

to side effects, short half-life, and tolerance issues (Gidaro et al. 2015). In this context,

natural products and plant-derived compounds have emerged as a promising alternative

due to their structural diversity, multitarget potential, and generally lower toxicity

(Gökhan et al. 2015). Notably, many flavonoids and phenolic acids reported in O.

angustissima, such as luteolin, quercetin, and baicalein, have been associated with dual

antioxidant and cholinesterase inhibitory activities (Katalinić et al. 2009; Olennikov et al.

2017; Liao et al. 2022a, b). The high luteolin content (143.55 ± 1.76 µg/g dw) in our LC–

MS/MS analysis suggests that this compound, along with other flavonoids, may be

contributing significantly to the observed BChE inhibition, as luteolin has been

previously identified as a potent and selective BChE inhibitor (Katalinić et al. 2009). In

addition, cholinesterase inhibitors have been linked to potential benefits in metabolic

disorders such as diabetes mellitus, where BChE activity is often elevated and associated

with insulin resistance and metabolic dysregulation (Vujanović et al. 2019). Thus, the

significant BChE inhibitory effect observed for the chloroform fraction of O. angustissima

suggests potential interest for further investigation in the context of neurodegenerative

and metabolic disorders.

Cytotoxicity of the O. angustissima Ethanolic Extract

To explore the biomedical relevance of O. angustissima, its ethanolic extract was tested for

antiproliferative effects on three different cell lines: CAPAN-1, DLD-1, and L929. CAPAN-1

and DLD-1 cell lines were selected due to the well-established role of oxidative stress and

chronic inflammation in the initiation and progression of pancreatic and colorectal

cancers (Mouillet-Richard et al. 2021; Ameur et al. 2024). The L929 fibroblast cell line

served as a non-malignant control to determine the selectivity and potential safety of the

extract toward healthy cells (Alshabi et al. 2022). The concentration range tested (0.25–

1 mg/mL) was determined from prior screening assays, which indicated negligible

cytotoxic effects below 0.25 mg/mL, ensuring the relevance of the selected doses for

observing biologically meaningful antiproliferative effects.
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The extract exhibited a dose-dependent inhibition of cancer cell proliferation, with a

marked reduction in cell viability observed at concentrations above 0.5 mg/mL (Figs. 5

and 6). The calculated IC  values were 0.82 ± 0.07 mg/mL for DLD-1 and 0.87 ± 

0.06 mg/mL for CAPAN-1, while L929 exhibited an IC  greater than 1 mg/mL, indicating

selective cytotoxicity toward cancer cells. At 1 mg/mL, CAPAN-1 and DLD-1 cells

displayed viability reductions of over 70%, whereas L929 cells were significantly less

affected, highlighting the selective cytotoxicity of the extract, a property of high

therapeutic importance for anticancer drug development. It should be noted that while

1 mg/mL is considered a relatively high concentration for crude plant extracts, this initial

screening successfully demonstrated that the extract possesses selective cytotoxic effects,

warranting further investigation through bioassay-guided fractionation to isolate and

identify the active principles, which may exhibit enhanced potency at lower

concentrations. The phytochemical profile of O. angustissima, determined through LC–

ESI–MS/MS analysis, provides a plausible explanation for these bioactivities. Luteolin

(143.55 ± 1.76 µg/g dw), the most abundant flavonoid, alongside quercetin, baicalein, and

isoquercitrin, is known for its pro-apoptotic, anti-inflammatory, and antioxidant

mechanisms, which contribute to the suppression of tumor growth and progression (Lin

et al. 2008; Luiz-Ferreira et al. 2023; Shahbaz et al. 2023; Cai et al. 2024). Additionally, the

high content of salicylic acid (45.82 ± 0.24 µg/gdw) in the extract suggests a

complementary mechanism of action, as salicylic acid has been reported to inhibit

cyclooxygenase (COX)-mediated inflammatory pathways and induce apoptosis in cancer

cells, thereby enhancing the anticancer potential of the extract (Liu et al. 2017; Guenzle et

al. 2019).

Fig. 5
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Cytotoxicity of Ononis angustissima ethanolic extract against DLD-1, CAPAN-1, and L929 cell

lines. (A)-(C) indicate statistically significant differences between groups (p 0.05), according to

one-way ANOVA followed by Tukey’s HSD test

Fig. 6

Dose–response curves of Ononis angustissima ethanolic extract against DLD-1, CAPAN-1, and L929

cell lines
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The findings of our investigation align with and expand on earlier research on the Ononis

genus. Stojković et al. (2020) investigated the cytotoxic profile of O. spinosa methanolic

extract and observed no cytotoxic effects on normal human gingival fibroblast (HGF-1)

cells at concentrations up to 400 µg/mL, indicating strong biocompatibility. This

contrasts with the current results, where O. angustissima ethanol extract exhibited

significant activity against cancer cells while maintaining a relatively mild effect on L929

fibroblasts, thereby combining efficacy with selectivity. Similarly, Youssef et al. (2024)

reported that ethanol extracts of O. natrix showed strong antiproliferative activity against

a panel of cancer cell lines, with IC  values of 109 ± 2 µg/mL for CaCo-2 (colorectal

adenocarcinoma), 55 ± 2 µg/mL for PC-3 (prostate carcinoma), 68 ± 2 µg/mL for HepG-2

(hepatocellular carcinoma), 123 ± 2 µg/mL for MCF-7 (breast cancer), and 79 ± 1 µg/mL

for HeLa (cervical carcinoma). Importantly, their extract demonstrated low cytotoxicity

towards normal WI-38 fibroblasts (IC  of 122 ± 4 µg/mL), reinforcing the notion that

Ononis species hold therapeutic promise as selective anticancer agents with reduced side

effects compared to conventional chemotherapeutics.

The significant antiproliferative response observed in CAPAN-1 and DLD-1 cells suggests

that O. angustissima ethanol extract could act through mechanisms linked to oxidative

stress modulation, inhibition of inflammatory mediators, or interference with key

signaling pathways such as PI3K/Akt and MAPK (Merecz-Sadowska et al. 2020; Zughaibi

et al. 2021). Lu et al. (2017) stated in their study that luteolin was shown to inhibit the

phosphorylation of AKT, PI3K, and mTOR within the PI3K signaling cascade, thereby

suppressing cell proliferation, inducing cell cycle arrest, and promoting DNA damage and

apoptotic progression in colorectal cancer cells through modulation of the MAPK pathway.

Such mechanisms are consistent with the known bioactivities of the major flavonoids

quantified in O. angustissima ethanolic extract, particularly luteolin and quercetin

(Almatroodi et al. 2021; Singh and Shukla 2024). These results underscore the high

biomedical relevance of O. angustissima and also suggest a synergistic interplay between

its flavonoid-rich composition and phenolic content, such as salicylic acid (Almatroodi et

al. 2021; Bielecka et al. 2025). The selective cytotoxicity observed against cancer cells,

coupled with the plant’s known antioxidant and anti-enzymatic properties, points to its

potential as a multi-target agent for both cancer prevention and therapy (Kopustinskiene

et al. 2020).

Molecular Docking
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The molecular docking results revealed that the selected compounds from O. angustissima,

namely luteolin, quercetin, and baicalein, exhibited promising binding affinities toward

both AChE and BChE, with docking scores ranging from − 7.8 to − 8.5 kcal/mol (Table 6).

Among these, luteolin showed the highest affinity for BChE (− 8.5 kcal/mol), while the

reference compound galantamine exhibited a docking score of − 8.0 kcal/mol under the

same in silico conditions. Both luteolin and quercetin displayed binding energies of − 

8.3 kcal/mol for AChE, compared with − 7.0 kcal/mol for galantamine. These docking

results indicate potential binding interactions that warrant experimental validation,

suggesting that these flavonoids may possess dual inhibitory potential against

cholinesterase enzymes. The predicted interactions can be attributed to their structural

features, particularly hydroxyl groups and conjugated aromatic systems, which facilitate

hydrogen bonding and π–π stacking within the active sites of cholinesterases (Singh et

al. 2022). Previous studies have also highlighted luteolin and quercetin as cholinesterase

inhibitors with neuroprotective properties (Imran et al. 2019), supporting the current

computational findings. Baicalein, while exhibiting slightly lower affinity for AChE (− 

7.8 kcal/mol), demonstrated comparable binding to BChE (− 8.3 kcal/mol), suggesting

potential as a selective BChE inhibitor, a characteristic that may be relevant in advanced

stages of Alzheimer’s disease where BChE activity predominates (Chen et al. 2017).

Table 6 Computational docking scores of selected phytochemicals from Ononis

angustissima with AChE and BChE enzymes (in silico predictions)

Quercetin exhibited favorable binding interactions with both AChE and BChE (Fig. 7),

with docking scores of − 8.3 kcal/mol for each enzyme. In the AChE binding pocket

(Fig. 7a, b), quercetin formed conventional hydrogen bonds with GLN527 and HIS381,

along with π-related interactions that contributed to its stabilization within the enzyme’s

aromatic gorge. In BChE (Fig. 7c, d), quercetin established hydrogen bonds with TYR440,

ALA328, and TRP82, as well as stabilizing contacts with GLY116 and PRO285, indicating a

binding orientation that may facilitate enzyme inhibition (Liao et al. 2022a, b). These

findings align with previous docking studies by Liao et al. (2022a, b), who reported a

binding energy of − 8.8 kcal/mol for quercetin with AChE, noting multiple hydrogen

bonds with Asp74, Glu202, Gly120, and Tyr133, as well as π–π stacking with Trp86,

Tyr337, and Phe338. Similarly, Kurt‐Celep et al. (2024) reported that compounds such as

11/05/2026 02:14 Analytical Profiling of Phenolic and Flavonoid Constituents in Ononis angustissima Using LC–ESI–MS/MS Coupled with Multiv…

https://link.springer.com/article/10.1007/s12161-026-03089-6 21/49



isoquercitrin interact with conserved AChE residues, including GLY120, GLY121, PHE338,

and TRP86 through π–π and π–sigma interactions associated with inhibitory activity.

Fig. 7

Active sites of the Alzheimer’s disease-related enzymes (AChE and BChE) with quercetin: a H-bond

interaction between quercetin and AChE; b two-dimensional view of the interactions between

quercetin and the amino acids of the AChE receptor. c H-bond interaction between quercetin and

BChE; d two-dimensional view of the interactions between quercetin and the amino acids of the

BChE receptor

Baicalein showed binding energies of − 7.8 kcal/mol with AChE and − 8.3 kcal/mol with

BChE (Fig. 8). Within the AChE active site (Fig. 8a, b), baicalein was stabilized by π–π T-

shaped interactions and π-alkyl contacts involving HIS381, TYR382, and ALA528, along

with a π–cation interaction. In the BChE binding pocket (Fig. 8c, d), baicalein formed

hydrogen bonds with TRP82, ASN83, SER287, GOL605, and THR120, with hydroxyl
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groups playing a crucial role. This hydrogen-bonding network suggests affinity toward

the enzyme, consistent with its predicted inhibitory potential (Chen et al. 2016). These

observations are supported by previous in silico studies showing baicalein binding to

BACE1 (− 8.6 kcal/mol) through six hydrogen bonds involving its hydroxyl groups (Han et

al. 2019), highlighting the recurring role of these moieties in multitarget interactions

relevant to Alzheimer’s disease therapy (Cacabelos et al. 2024).

Fig. 8

Active sites of the enzymes Alzheimer’s disease (AChE and BChE) with baicalein: a H-bond

interaction between baicalein and AChE; b two-dimensional view of the interactions between

baicalein and the amino acids of the AChE receptor. c H-bond interaction between baicalein and

BChE; d two-dimensional view of the interactions between baicalein and the amino acids of the

BChE receptor

The interaction profiles of luteolin, the most abundant metabolite quantified by LC–ESI–

MS/MS analysis (Fig. 9), further support its potential as a cholinesterase inhibitor based
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on computational predictions. Luteolin displayed binding affinities of − 8.3 kcal/mol for

AChE and − 8.5 kcal/mol for BChE, which were more favorable than those of galantamine

in the docking simulations. In the AChE binding site (Fig. 9a, b), luteolin engaged in

hydrogen bonding with GLN527 and HIS381, along with π–π stacking interactions. In

BChE (Fig. 9c, d), it formed hydrogen bonds with TYR440, ALA328, and TRP82, and

interacted with GLY116 and PRO285. The compound's multiple hydroxyl groups and rigid

aromatic structure enable both polar and nonpolar interactions, suggesting potential

binding specificity (Juárez-Saldívar et al. 2020). Comparatively, a study on luteolin 7-O-

(2″-glucuronyl)-glucuronide, a glycosylated derivative, reported even stronger binding

energies of − 10.1 kcal/mol for AChE and − 10.3 kcal/mol for BChE (Stojković et al. 2025),

suggesting that glycosylation may enhance binding affinity.

Fig. 9

Active sites of the Alzheimer’s disease-related enzymes (AChE and BChE) with luteolin: a H-bond

interaction between luteolin and AChE; b two-dimensional view of the interactions between luteolin
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and the amino acids of the AChE receptor. c H-bond interaction between luteolin and BChE; d two-

dimensional view of the interactions between luteolin and the amino acids of the BChE receptor

Galantamine, included as a reference standard, exhibited docking scores of − 7.0 kcal/mol

for AChE and − 8.0 kcal/mol for BChE (Fig. 10). In AChE (Fig. 10a, b), galantamine formed

π–cation and π–alkyl interactions with HIS381, TYR382, ALA397, and ALA528, with fewer

hydrogen bonds than the flavonoids. In the BChE pocket (Fig. 10c, d), it interacted via

hydrogen bonding with TRP82, ASN83, THR120, and GOL605 but lacked the extensive

bonding network observed with luteolin and baicalein.

Fig. 10

Active sites of the Alzheimer’s disease-related enzymes (AChE and BChE) with galantamine: a H-

bond interaction between galantamine and AChE; b two-dimensional view of the interactions

between galantamine and the amino acids of the AChE receptor. c H-bond interaction between
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galantamine and BChE; d two-dimensional view of the interactions between galantamine and the

amino acids of the BChE receptor

It should be noted that these molecular docking results represent computational

predictions rather than experimental confirmation. While docking simulations offer

valuable insights into potential binding modes, they cannot fully replicate biological

complexity, including solvation effects and protein flexibility (Agu et al. 2023).

Accordingly, these in silico findings should be interpreted as hypothesis-generating tools

that complement but do not replace experimental validation. Future studies employing

isolated compounds (particularly luteolin, quercetin, and baicalein) in enzymatic assays

are necessary to confirm their true inhibitory potential and binding selectivity.

ADME Analysis

The comprehensive ADME analysis of the 19 bioactive compounds identified in the

ethanol extract of O. angustissima offers valuable insights into their pharmacokinetic

behavior and therapeutic potential. The evaluation of physicochemical properties

presented in Table 7 reveals crucial structure–activity relationships that govern their

biological effects.

Table 7 The absorption, distribution, metabolism, and excretion (ADME) properties of
compounds identified in Ononis angustissima

Smaller molecular weight compounds such as gallic acid with molecular weight 154.12,

and protocatechuic acid, with molecular weight 290.27, demonstrate favorable absorption

characteristics, consistent with Lipinski’s Rule of Five (Lipinski et al. 1997; Roumaissa et

al. 2025). These compounds exhibit optimal lipophilicity values, with gallic acid showing

Log P 0.65 and protocatechuic acid Log P 0.85, suggesting good membrane permeability.

The analysis highlights significant variability in absorption potential among the

identified compounds. While phenolic acids like caffeic acid, with Log P 1.08, and trans-

ferulic acid, with Log P 0.62, show high gastrointestinal absorption scores, larger

molecules such as chlorogenic acid, with a molecular weight of 354.31 and Log P of − 0.38,
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face substantial bioavailability challenges (Zhang et al. 2022). The topological polar

surface area values further support these observations, with compounds like

hydroxybenzaldehyde showing a favorable TPSA of 37.3 Å2 compared with kaempferol-3-

glucoside with TPSA 210.51 Å2. Blood–brain barrier penetration emerges as a critical

differentiator among these compounds. While most exhibit limited CNS access,

hydroxybenzaldehyde and o-coumaric acid demonstrate predicted BBB permeability,

potentially contributing to the plant’s neuroprotective effects. This finding gains

particular relevance when considering the cholinesterase inhibitory activity reported for

O. angustissima extracts. The metabolic stability predictions reveal important

considerations, with baicalein and luteolin showing significant CYP450 inhibition

potential, including CYP1A2, CYP2D6, and CYP3A4 enzymes (Upadhyay 2014; Chahna et

al. 2025). The bioavailability scores range from 0.11 for chlorogenic acid to 0.85 for several

phenolic acids, with luteolin presenting particularly promising characteristics. This

abundant compound, present at 143.55 ± 1.76 μg/g dw, combines moderate lipophilicity

(Log P 1.23) with good absorption properties, supporting its potential as a candidate

compound for further investigation (Javed et al. 2025). However, it should be noted that

these pharmacokinetic parameters were obtained from in silico prediction models and,

therefore, represent preliminary estimations of ADME behavior. Experimental studies,

such as permeability and metabolic stability assays, would be required to confirm these

predictions. The current analysis suggests several important directions for future

research. First, the favorable drug-like properties of luteolin, caffeic acid, and trans-

ferulic acid warrant prioritized investigation. In addition, formulation strategies should

be explored to enhance the bioavailability of promising but poorly absorbed compounds

such as chlorogenic acid. Furthermore, the significant CYP450 inhibition potential of

several compounds necessitates careful evaluation of potential herb–drug interactions in

clinical applications. Overall, these results provide preliminary insights into the possible

pharmacokinetic behavior of the identified compounds rather than definitive evidence of

pharmacokinetic suitability. Figure 11 displays the molecular distribution of O.

angustissima’s ethanolic extract based on the boiled-egg model. This model evaluates

molecule–phase interactions, offering valuable insights into their bioactivity potential

and partitioning behavior within the system.

Fig. 11
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The boiled-egg model depicts the gastrointestinal absorption and blood–brain barrier permeability

of compounds detected and quantified by LC–ESI–MS/MS analysis in the ethanol extract of O.

angustissima. 1, gallic acid; 2, protocatechuic acid; 3, chlorogenic acid; 4, hydroxybenzaldehyde; 5,

caffeic acid; 6, vanillin; 7, o-coumaric acid; 8, salicylic acid; 9, taxifolin; 10, trans-ferulic acid; 11,

hesperidin; 12, isoquercitrin; 13, kaempferol-3-glucoside; 14, chrysin; 15, trans-cinnamic acid; 16,

quercetin; 17, baicalein; 18, luteolin; 19, biochanin A

While in silico ADME predictions provide valuable preliminary insights into the

pharmacokinetic properties of the identified compounds, certain inherent limitations

should be acknowledged. Computational models, despite their utility, cannot fully

replicate the complex in vivo physiological environment, including factors such as active

transport, metabolic saturation, and inter-individual variability (Lipinski et al. 1997).

Consequently, specific predictions warrant particular caution. The observed CYP450

inhibition for compounds such as baicalein, luteolin, and biochanin A suggests potential

herb–drug interactions requiring experimental validation (Upadhyay 2014), while
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compounds with high TPSA values or low predicted gastrointestinal absorption may face

bioavailability constraints in vivo despite favorable computational scores (Zhang et al.

2022). These in silico findings should therefore be interpreted as hypothesis-generating

tools rather than definitive evidence, necessitating confirmation through experimental

approaches such as permeability assays, metabolic stability studies, and in vivo

pharmacokinetic evaluations.

Conclusion

This study offers valuable insight into the chemical composition and therapeutic potential

of Ononis angustissima, a limitedly studied endemic plant in Algeria that is largely used in

folk medicine, through a multidisciplinary evaluation of its phytochemical composition,

enzyme inhibitory properties, cytotoxic effects, and molecular interactions. The

optimized extraction process significantly improved the yield of phenolic and flavonoid

compounds, laying the foundation for subsequent bioactivity assessments. LC–ESI–

MS/MS profiling identified a range of biologically active constituents, including luteolin,

salicylic acid, and trans-ferulic acid—compounds previously associated with anti-

enzymatic properties and anticancer activities. The chloroform extract demonstrated

selective and potent in vitro anticholinesterase activity, with IC  values surpassing

standard inhibitor galantamine, and suggested potential in the management of

neurodegenerative disorders such as Alzheimer’s disease. Additionally, the ethanol

extract showed a strong antiproliferative effect against DLD-1 and CAPAN-1, with limited

toxicity toward L929. These cytotoxic responses may stem from the bioactive metabolites

in the extract’s influence on cell signaling pathways relevant to cancer progression. In

silico molecular docking further corroborated these findings, revealing favorable binding

affinities and stable interactions between major flavonoids and key residues in the AChE

and BChE active sites. Complementary ADME analysis indicated that key compounds,

particularly luteolin, caffeic acid, and trans-ferulic acid, possess favorable absorption,

lipophilicity, and bioavailability, while also revealing potential CYP450 inhibition that

warrants further evaluation for herb–drug interaction risks. These findings suggest that

O. angustissima represents a promising botanical source of bioactive compounds with

notable anticholinesterase and antiproliferative activities in vitro. The present study

provides a foundational basis for future investigations, including bioassay-guided

isolation of active constituents, elucidation of molecular mechanisms, and in vivo

validation, which are necessary steps to assess its potential relevance for

50

11/05/2026 02:14 Analytical Profiling of Phenolic and Flavonoid Constituents in Ononis angustissima Using LC–ESI–MS/MS Coupled with Multiv…

https://link.springer.com/article/10.1007/s12161-026-03089-6 29/49



phytopharmaceutical applications targeting cancer and neurodegenerative diseases. As

the first investigation of this species, the results contribute to the growing body of

knowledge on underutilized medicinal plants and open new perspectives for further

research.

Data Availability

The data will be available to the authors upon request.
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