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Background
Plant phenolics are increasingly being investigated for their diverse biological activities, including neuroprotective effects relevant to conditions like Alzheimer’s disease.
Objective
The neurobiological potential of 37 plant phenolics was screened through a multifaceted approach encompassing in vitro enzyme inhibition and antioxidant assays, in vivo antiamnesic evaluation, and in silico molecular docking and toxicity predictions.
Methods
The compounds were tested for their cholinesterase (ChE) inhibition potentials, metal-chelation activities, and copper-reducing antioxidant capacities (CUPRACs) using a microtiter assay as well as ferric-reducing antioxidant power assays. Additionally, the in silico ADME, pharmacokinetic, and toxicokinetic profiles of the compounds were predicted using computational platforms.
Results
Several compounds exhibited significant inhibition of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) activities. Of these, quercetin was found to be the most active inhibitor, with IC50 values of 1.22 ± 0.79 mM against AChE and 2.51 ± 0.04 mM against BChE. Some of the other compounds, including caffeic acid (IC50: 3.51 ± 0.62 mM), apigenin (IC50: 3.52 ± 0.08 mM), and taxifolin (IC50: 7.18 ± 2.05 mM), also showed AChE inhibition. Then, oleuropein, rosmarinic acid, gallic acid, epigallocatechin gallate, and 3-hydroxytyrosol were further investigated for their antiamnesic activities using a passive avoidance test in scopolamine-induced mice; our data showed that these compounds were effective considering the latency time of the mice and that 3-hydroxytyrosol showed the highest antiamnesic effect. The dual inhibitory compounds were subjected to molecular docking experiments with ChEs, and the in silico toxicities of three compounds were assessed using the PASS and SwissADME prediction programs.
Conclusion
Our data provide compelling evidence for the neuroprotective potentials of several plant phenolics. Notably, 3-hydroxytyrosol was identified for the first time as a ChE inhibitor with significant in vivo antiamnesic activity and warrants further investigation.
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INTRODUCTION
Natural products are increasingly being considered inspiring lead molecules in pharmaceutical research. In this sense, numerous molecules have been identified from herbal sources that have shown remarkable neurobiological effects (Wasik and Antkiewicz-Michaluk, 2017; Khadka et al., 2020; Zhu et al., 2022). Neurodegeneration is broadly defined as mass gradual neuron loss and atrophy and comprises many conditions like Alzheimer’s disease (AD), Parkinson’s disease, Huntington’s disease, multiple sclerosis, and amyotrophic lateral sclerosis, all of which progress via complex pathological mechanisms (Dugger and Dickson, 2017). Among these, AD is the commonest type of dementia and is a progressive neurological disease with a high incidence rate, especially in the elderly population, which makes it burdensome in terms of pharmaceutical care (Niu et al., 2017). The AD type of dementia constitutes approximately 50%–60% of all dementia cases seen over the age of 65 today (Niu et al., 2017; Lopez and Kuller, 2019). The most prominent or characteristic symptom of AD is memory loss (Jahn, 2013; Kirova et al., 2015), for which there is no available cure to impede the disease but only symptomatic treatment at the moment. The cholinergic hypothesis is the most accepted theory to describe the pathology of AD and is related to a deficit in acetylcholine that is hydrolyzed by the enzyme acetylcholinesterase (AChE) (Anand and Singh, 2013; Saxena and Dubey, 2019). Another target enzyme in the cholinergic system is butyrylcholinesterase (BChE), which is reportedly linked to the pathology of AD via excess accumulation in amyloid beta (Aβ) plaques in the brains of AD patients (Darvesh, 2016; Xing et al., 2021). Although the amyloid hypothesis is another widely accepted theory associated with the pathology of AD, no relevant drugs have been developed till date that act through this mechanism (Gouras et al., 2015; Paroni et al., 2019).
The most prescribed class of drugs for the treatment of AD is cholinesterase (ChE) inhibitors (i.e., rivastigmine, tacrine, donepezil, and galantamine), along with N-methyl-D-aspartate (NMDA) receptor antagonists like memantine for pharmacotherapy of the disease (Dou et al., 2018; Guo et al., 2020). It is noted that galantamine, which is the latest generation of ChE inhibitory drugs, is originally a natural product that was initially isolated from the bulbs of Galanthus woronowii Losinsk (snowdrop plant, Amaryllidaceae); over time, it has been developed into a clinical drug for symptomatic therapy of AD (Heinrich and Lee, 2004; Naguy et al., 2022). Relevantly, physostigmine (syn. eserine) is another natural compound obtained from Physostigma venenosum Balf (locally known as Calabar bean, Fabaceae); it was earlier used as the first-line ChE inhibitor against AD and has since been considered as a chemical model or lead molecule for designing next-generation ChE inhibitors (Mohs et al., 1985; Pinho et al., 2013). Thus, we can foresee the utility of leading natural products for treating AD. Accumulation of metals like aluminum, iron, and copper in the Aβ plaques in the brains of AD patients has been frequently reported to contribute to its pathology; thus, metal chelation has been proposed to assist with AD therapy (Das et al., 2021; Singh et al., 2022). Many relevant studies have shown that inhibition of enzymes like ChE, secretase family, and prolyl endopeptidase can be considered first-step assays for determining the neuroprotective effects against AD since the currently available clinical drugs against AD are mostly ChE inhibitors. Neuroprotection can also be tested via several in vivo experimental models like the passive avoidance test, Y-maze test, and zebrafish assays.
The search for effective treatments to combat the debilitating conditions of AD remains a critical priority in pharmaceutical research. Many studies have reported that plant polyphenols, particularly flavonoids, have encouraging effects against AD and other neurodegenerative diseases through various mechanisms (Lopez and Kuller, 2019; Firdaus and Singh, 2021). Preclinical studies help elucidate the underlying mechanisms by which plant phenolics exert their neuroprotective effects. In the present work, previous outcomes based on pertinent plant phenolics inspired us to screen 37 selected phenolic compounds shown in Table 1 for possible neuroprotective effects; these compounds were mainly selected on the basis of their wide availability in medicinal plants and neuroprotective potential using a combination of in vitro, in vivo, and in silico methods. Given these two reasons, the selection of compounds was also based on the limited data of their exploitation for the activities studied, variations in the experimental methods used for identical activities, use of different enzyme sources, purity and stability, and differences in the dose administration or concentrations, which can be explained in most cases. In addition, bioactivity studies on natural compounds in their pure forms are rather limited compared to those on herbal extracts. Although previous in silico and in vitro studies have suggested the anticholinesterase potentials of several of these phenolic compounds, there remains a gap in literature regarding the direct biological effects. Specifically, there is a lack of evidence from a multifaceted approach combining in vitro enzyme assays with behavioral in vivo models to confirm the neuroprotective efficacies. Therefore, of the 37 plant phenolics considered herein, five compounds with dual ChE inhibition effects, namely, oleuropein, rosmarinic acid, gallic acid, epigallocatechin gallate (EGCG), and 3-hydroxytyrosol, in amounts sufficient for the in vivo experiments were subjected to a passive avoidance test in scopolamine-induced amnesic mice. In particular, we note that no prior studies have demonstrated the antiamnesic effects of 3-hydroxytyrosol in living organisms. The molecular interactions of these inhibitory compounds were examined through molecular docking simulations, while their possible in silico toxicity effects were assessed using the prediction of activity spectra for substances (PASS) and SwissADME programs.
TABLE 1 | AChE and BChE inhibitory effects (inhibition% ± SD) as well as IC50 values of the tested phenolics.	No.	Phenolic compounds	Chemical class	Enzyme inhibition (% ± SDa) at 10 mM and IC50 values
	AChE	BChE
	1	Gallic acid	Hydroxybenzoic acid	79.23 ± 0.54 (IC50: 4.22 ± 0.07 mM)	84.40 ± 2.25 (IC50: 3.29 ± 0.32 mM)
	2	Syringic acid	2.39 ± 4.18	17.56 ± 4.24
	3	Vanillic acid	-b	35.06 ± 3.21
	4	Chlorogenic acid	Ester of caffeic acid and (-)-quinic acid	18.67 ± 1.76	25.35 ± 1.72
	5	Ellagic acid	Dimeric derivative of gallic acid	—	—
	6	Trans-ferulic acid	Hydroxycinnamic acid	6.26 ± 2.55	14.91 ± 11.10
	7	p-Coumaric acid	—	5.15 ± 3.96
	8	Caffeic acid	57.33 ± 4.54 (IC50: 3.51 ± 0.62 mM)	47.82 ± 2.75
	9	Rosmarinic acid	Caffeic acid ester	69.99 ± 1.84 (IC50: 3.08 ± 0.50 mM)	68.91 ± 4.51 (IC50: 6.14 ± 0.09 mM)
	10	D-(-)-quinic acid	Cyclohexanecarboxylic acid	5.44 ± 4.01	5.84 ± 4.60
	11	p-Tyrosol	Phenethyl alcohol	—	35.58 ± 3.54
	12	3-Hydroxytyrosol	62.40 ± 0.68 (IC50: 4.56 ± 0.27 mM)	94.35 ± 2.40 (IC50: 6.96 ± 3.15 mM)
	13	Oleuropein	Secoiridoid	84.10 ± 3.11 (IC50: 5.39 ± 0.35 mM)	90.54 ± 2.51 (IC50: 6.48 ± 1.03 mM)
	14	Pelargonidin	Anthocyanidin	34.25 ± 0.50	25.29 ± 4.13
	15	Trans-resveratrol	Stilbene	54.02 ± 3.59 (IC50: 5.19 ± 2.83 mM)	53.21 ± 5.13 (IC50: 9.87 ± 1.01 mM)
	16	Catechin	Flavan-3-ol	—	—
	17	Epigallocatechin gallate (EGCG)	69.11 ± 3.91 (IC50: 4.85 ± 2.03 mM)	84.43 ± 0.86 (IC50: 5.04 ± 0.29 mM)
	18	Quercetin	Flavonol	80.98 ± 1.24 (IC50: 1.22 ± 0.79 mM)	99.40 ± 0.76 (IC50: 2.51 ± 0.04 mM)
	19	Kaempferol	30.91 ± 1.83	—
	20	Myricetin	—	—
	21	Fisetin	96.21 ± 0.06 (IC50: 1.28 ± 1.28 mM)	76.19 ± 2.48 (IC50: 9.62 ± 0.81 mM)
	22	Morin	9.72 ± 0.96	2.81 ± 3.83
	23	Luteolin	Flavone	—	—
	24	Apigenin	76.97 ± 1.50 (IC50: 3.52 ± 0.08 mM)	—
	25	Taxifolin	Flavononol	50.43 ± 1.12 (IC50: 7.18 ± 2.05 mM)	14.36 ± 1.71
	26	Tricin	Methoxyflavone	—	10.48 ± 4.13
	27	Tangeretin	—	9.97 ± 4.09
	28	Diosmetin	—	18.94 ± 2.07
	29	Hesperetin	Flavanone	19.19 ± 2.75	25.58 ± 3.92
	30	Naringin	Flavanone 7-O-glycoside	4.27 ± 4.28	14.94 ± 0.13
	31	Isoquercitrin	Flavone 3-O-glycoside	43.17 ± 1.65	31.77 ± 0.39
	32	Orientin	Flavone 8-C-glycoside	—	—
	33	Vitexin	Flavone 8-C-glycoside	17.32 ± 2.77	23.14 ± 3.30
	34	Daidzein	Isoflavone	46.63 ± 16.87	19.62 ± 7.10
	35	Genistein	13.05 ± 0.5	—
	36	Glycitein	—	29.77 ± 0.01
	37	Amentoflavone	Biflavonoid	—	—
	Reference	Galantamine	Alkaloid	98.34 ± 0.72 (IC50: 0.0018 ± 0.00005 mM)	87.22 ± 2.08 (IC50: 0.25 ± 0.01 mM)


a Standard deviation (n = 3).
b No inhibition.
MATERIALS AND METHODS
Chemicals
The reference phenolic compounds used in this study (Table 1) as well as galantamine (reference drug) and scopolamine hydrobromide (S1875-5G) were acquired from Sigma-Aldrich (St. Louis, MO, United States); all compounds had purity values over 95%.
Microtiter assay for ChE inhibition
Inhibitory activities of electric eel AChE (Type VI-S, EC 3.1.1.7, Sigma, St. Louis, MO, United States) and horse serum BChE (EC 3.1.1.8, Sigma) were determined using Ellman’s method with slight modifications (Ellman et al., 1961). Briefly, 140 µL of 0.1 mM sodium phosphate buffer (pH 8), 20 µL of 5,5′-dithio-bis (2-nitrobenzoic) acid (DTNB, 0.4 mM, Sigma), 20 µL of the enzyme (either AChE or BChE, 5.32 × 10−3 U), and 20 µL of the test sample were added to the reaction mixture and incubated for 15 min at 25 °C. Next, approximately 10 µL of acetylthiocholine iodide (0.4 mM) or butyrylthiocholine chloride (0.4 mM) was added to the incubated sample as the substrate reacting with DTNB to form 5-thio-2-nitrobenzoate anion, which resulted in a yellow-colored complex. The absorbance was then measured at 417 nm using a 96-well ELISA microplate reader (VersaMax, Molecular Devices, San Jose, CA, United States). Here, galantamine hydrobromide was used as the reference drug.
Data processing for enzyme inhibition assays
The measurements and calculations were processed using Softmax PRO 4.3.2. LS software. The percentage inhibitions of AChE and BChE were determined by comparing the reaction rates of the test samples with those of blank samples. The extent of the enzymatic reaction was calculated using the equation I% = [(C–T)/C] × 100, where I% is the activity of the enzyme given as percentage inhibition, C is the absorbance of the control solvent (blank) in the presence of the enzyme, and T is the absorbance of the test sample or positive control/reference inhibitor (i.e., galantamine) in the solvent in the presence of the enzyme. This value expresses the effect of the test sample or positive control/reference inhibitor on AChE or BChE enzymatic activity in terms of the percentage of remaining activity in the presence of the test sample or positive control. The data were expressed as average inhibition ± standard deviation (SD), and the results were taken from at least three independent experiments performed in triplicate.
Passive avoidance test in mice
Male Swiss albino mice (20–25 g) were used in the experiments. The animal study was conducted in adherence to the Animal Research: Reporting of In Vivo Experiments guidelines, and all experimental procedures were approved by the Local Animal Ethics Committee of Gazi University (approval number: G.Ü.ET-19.057; 4 October 2019). The animals were housed under controlled laboratory conditions (temperature: 21–24 °C; 12-h light/12-h dark cycles) for at least 1 week prior to the start of the experiments. During testing, the background noise was minimized, and the experiment room was consistently illuminated according to standard protocols. Throughout the study, the animals were provided a standard pellet feed and water ad libitum. Following the 1-week acclimatization period, the mice were randomly divided into eight groups, with eight mice per group. This group size was based on previous studies employing similar behavioral models, where a minimum of eight animals per group was reported (Orhan and Aslan, 2009; Getova and Mihaylova, 2013; Barkur and Bairy, 2015; Budzynska et al., 2015). The eight groups were as follows: A: 0.9% NaCl (sham), B: scopolamine hydrobromide (control), C: oleuropein, D: 3-hydroxytyrosol, E: gallic acid, F: rosmarinic acid, G: EGCG (phenolic compound), and H: galantamine (reference). During the acquisition phase of the passive avoidance test, each mouse was first placed in a light compartment; the guillotine door was opened 10 s later, and the step-through latency of the animal to a dark compartment was recorded. Upon entry, the door to the compartment was closed automatically, and a foot shock of 0.1 mA/10 g of body weight was delivered for 3 s (Orhan and Aslan, 2009). Immediately after the acquisition phase, the animals received their respective treatments: group A (sham) received only 0.9% NaCl; groups C–G were administered oleuropein, 3-hydroxytyrosol, gallic acid, rosmarinic acid, and EGCG, respectively, where each compound was prepared in 0.9% NaCl at a concentration of 20 mg/kg and delivered via intraperitoneal (i.p.) injection; group H received the reference drug galantamine at a dose of 10 mg/kg via subcutaneous (s.c.) injection (De Bruin and Pouzet, 2006). Thirty minutes after treatment, groups B–H received scopolamine hydrobromide (1 mg/kg, dissolved in 0.9% NaCl) via i.p. injection to induce amnesia. Twenty-four hours after scopolamine administration, the mice were reintroduced to the light compartment, and their step-through latencies to the dark compartment were measured. Mice that did not enter the dark compartment within 9 min (cutoff time) were considered to have retained a passive avoidance memory. The behavioral assessments were conducted by a single trained investigator who was blinded to the treatment procedures during the testing phase. Statistical analyses were performed using one-way ANOVA with GraphPad Prism version 6.01.
Molecular docking studies
The molecular docking studies were carried out using induced-fit docking (IFD) protocols implemented in the Schrödinger Small-Molecule Drug Discovery Suite (Schrödinger, LLC, New York, NY, United States) (Zou et al., 2014). The compounds constructed using the builder panel in Maestro were subjected to ligand preparation with LigPrep (Schrödinger Release 2023-1: LigPrep, Schrödinger) under the default conditions. The x-ray crystal structures of hAChE (PDB: 4EY7) and hBChE (PDB: 4TPK) were retrieved from the Protein Data Bank (Cheung et al., 2012; Brus et al., 2014). The proteins were prepared using the Protein Preparation Wizard tool, where hydrogen atoms were added first, followed by the assignment of all atom charges and atom types. Finally, energy minimization and refinement of the structures were performed to 0.3 Å of root mean-squared deviation (RMSD) by applying the OPLS3e force field. The receptor grid was generated by defining the centroid of the cocrystallized ligand as the box center, and the option “Dock ligands similar in size to Workspace ligand” was selected to automatically define the box size. A van der Waals (vdW) radius scaling factor of 1.00 and a partial charge cutoff of 0.25 were also used. The OPLS3e force field was applied throughout the grid generation process. The compounds prepared using LigPrep were docked onto hAChE and hBChE using the IFD protocol, which considers flexibility for both compounds and receptors. For hAChE, the residues D74, W86, Y124, Y133, S203, W286, F295, F297, Y337, F338, and H447 lining the binding sites of AChE were retained as flexible. The initial docking protocol was set to employ a 0.50 vdW radius scaling factor, and the resulting top-20 orientations of each compound were taken. An extra-precision algorithm was employed to redock the compounds with the low-energy refined structures generated by the Prime molecular mechanics/generalized Born surface area (MM/GBSA) method.
MM/GBSA study
The ligand-residue free energies of the binding calculations were obtained using the MM/GBSA method in the Schrödinger suite. The equation used to calculate the binding energy is as follows:
ΔGbind=ΔEMM+ΔGsolv+ΔGSA,
where ΔEMM is the difference in minimized energies given by
ΔEMM=Ecomplex - Eligand - Ereceptor
The difference in GBSA solvation energies between the complex and the sum of ligands and proteins is denoted by ΔGsolv. Furthermore, ΔGSA is the difference in the surface area energies between the complex and the sum of proteins and ligands. A script was used to calculate the average MM/GBSA binding energy, which also generates the Coulomb energy (Coulomb), covalent binding energy (Covalent), hydrogen-bonding energy (H-bond), lipophilic energy (Lipo), generalized Born electrostatic solvation energy (Solv_GB), and vdW energy.
SwissADME-based prediction of drug-likeness and ADMET parameters
The selected compounds were comprehensively evaluated for their physicochemical properties, pharmacokinetic profiles, drug-likeness parameters, and medicinal chemistry characteristics through the SwissADME computational platform developed and maintained by the Molecular Modeling Group at the Swiss Institute of Bioinformatics (Daina et al., 2017). This web-accessible resource integrates numerous validated predictive algorithms to generate detailed absorption, distribution, metabolism, and excretion (ADME) profiles for the candidate molecules. The topological polar surface area (TPSA) was assessed by the fragment-based methodology established by Ertl et al. (2000) that allows efficient and precise estimates of the molecular polar surface area, which is a parameter widely utilized in predicting the transport characteristics of drug candidates. The lipophilicity assessment incorporated multiple predictive models for the octanol–water partition coefficient (log Po/w) by combining physics-driven approaches such as iLOGP, which reduces the overfitting tendency, with data-centered models trained on extensive experimental measurements. To enhance the reliability of prediction, a consensus log P value was calculated by integrating the outputs from multiple individual predictive models.
The toxicokinetic evaluation employed SwissADME’s integrated screening systems to identify structural motifs associated with pan-assay interference compounds (PAINS), which are known to generate false-positive signals in biological screening assays. Furthermore, Brenk filters were applied to identify potentially hazardous or chemically reactive functional groups that could compromise the compound safety or stability profile. The pharmacokinetic parameters, including substrate affinity for P-glycoprotein (P-gp) and inhibitory potential against cytochrome P450 (CYP450) enzyme isoforms, were predicted using support-vector-machine-based binary classification models embedded within the SwissADME framework. These predictive models were validated through 10-fold cross-validation protocols and independent test datasets and can be used to assess a compound’s probability of interacting with transport proteins and metabolic enzymes based on molecular descriptors and structural similarity to established substrates or inhibitors.
The skin permeability coefficient (log Kp) was calculated using the linear regression model established by Potts and Guy (1992), which correlates transdermal permeability with the molecular dimensions and lipophilicity parameters; more negative log Kp values are indicative of reduced capacity for passive diffusion across the epidermal layers. Additionally, the gastrointestinal (GI) absorption efficiencies and blood–brain barrier (BBB) penetration capabilities were evaluated using the BOILED-Egg classification model, which categorizes the compounds according to their predicted passive absorption and central nervous system access based on the apparent polarity (TPSA) and lipophilicity (WLOGP) values (Daina and Zoete, 2016). Within this visualization framework, compounds predicted to exhibit high GI absorption are represented in the “white” region, while those likely to traverse the BBB appear in the “yellow” (yolk) region. The model further indicates the P-gp substrate potential through distinct color-coded markers.
RESULTS
ChE inhibitory effects of the phenolic compounds
As shown in Table 1, all compounds from various chemical groups were tested against 10 mM of the ChEs, of which 12 compounds were able to inhibit AChE, while 8 compounds achieved BChE inhibition over 50%. Among these, gallic acid, rosmarinic acid, 3-hydroxytyrosol, trans-resveratrol, EGCG, quercetin, and fisetin possessed the ability to inhibit both ChEs. The most active inhibitor against AChE and BChE was found to be quercetin (IC50: 1.22 ± 0.79 mM and 2.51 ± 0.04 mM, respectively). In our screening, the isoflavone (e.g., daidzein, genistein, and glycitein) and methoxyflavone (e.g., tricin, tangeretin, and diosmetin) derivatives as well as flavone O- and C-glycosides (e.g., isoquercitrin, orientin, and vitexin) were either completely inactive or exerted low inhibition capacities against both ChEs. Amentoflavone, myricetin, ellagic acid, and luteolin showed no inhibition toward the ChEs. However, caffeic acid (IC50: 3.51 ± 0.62 mM), apigenin (IC50: 3.52 ± 0.08 mM), and taxifolin (IC50: 7.18 ± 2.05 mM) were able to inhibit only AChE. Although several of the phenolic compounds were found to be promising ChE inhibitors, it is obvious that their inhibitory effects are lower than those of the reference drug galantamine.
Antiamnesic activities of the phenolic compounds
To determine the antiamnesic activities of the compounds, we selected oleuropein, rosmarinic acid, gallic acid, EGCG, and 3-hydroxytyrosol for their dual ChE inhibition owing to their adequate quantities and conducted further evaluations using the passive avoidance test in mice as the prominent in vivo experimental model for memory deficit (Hornedo-Ortega et al., 2018). Here again, the animals were divided into eight groups (n = 8 per group) as follows: A: 0.9% NaCl (sham), B: scopolamine (control), C: oleuropein, D: 3-hydroxytyrosol, E: gallic acid, F: rosmarinic acid, G: EGCG, and H: galantamine (reference). During the acquisition period, the mice were first placed in the light compartment, followed by opening of the guillotine door 10 s later, and measurement of their transition times to the dark compartment using a digital timer (Table 2). After entering the dark compartment, the guillotine door was closed, and the mouse was retained on its feet for 3 s. Then, an electric current of 0.1 mA/10 g of body weight was applied throughout. Immediately after the learning period, only 0.9% NaCl was given to group A (sham) while groups B–G were administered the respective drugs through the i.p. route; to the animals in the H group, the reference drug galantamine was applied via s.c. injection at a dose of 10 mg/kg (Jang et al., 2008). After 30 min, scopolamine (1 mg/kg) was dissolved in 0.9% NaCl and administered by i.p. injection to groups B–G to induce amnesia. Twenty-four hours after the application, the mice were placed back in the light compartment, and their latency times were measured after opening the guillotine door. It was concluded that the mice that did not enter the dark compartment within 9 min (cutoff time) remembered the passive avoidance action. Our findings indicate that the aforementioned five phenolic compounds are effective in mice, with 3-hydroxytyrosol displaying the strongest antiamnesic effect.
TABLE 2 | Doses administered to the experimental groups, weight averages, transition times to the dark compartment on the first and second days [mean (min) ± SEM], and statistical analysis results for the passive avoidance test.	Experimental groups	Dose (mg/kg)	Mean weight of mice (g)	Mean latency time (min) ± SEMa
(1st day)	Mean latency time (min) ± SEMa
(2nd day)
	A	Sham		37	0.25 ± 0.04	3.52 ± 0.74
	B	Control (scopolamine)	1	37	0.38 ± 0.04	0.91 ± 0.14
	C	Oleuropein	20	40	0.39 ± 0.07	7.68 ± 0.55***
	D	3-Hydroxytyrosol	20	37	0.44 ± 0.03	8.39 ± 0.31****
	E	Gallic acid	20	39	0.29 ± 0.03	6.76 ± 1.11***
	F	Rosmarinic acid	20	39	0.48 ± 0.11	6.02 ± 1.16**
	G	EGCG	20	39	0.38 ± 0.04	4.01 ± 0.77c
	H	Galantamineb	10	40	0.35 ± 0.08	6.42 ± 1.06***


a Standard error of the mean.
b Reference.
c Not statistically significant: p > 0.05, ** Statistically significant compared to control group at p < 0.01, ***Statistically significant compared to control group at p < 0.001, **** Statistically significant compared to control group at p < 0.0001.
Findings of the molecular docking studies with AChE
The molecular interactions of the selected compounds that displayed inhibitory effects against AChE were determined through the residues at its active site using the Glide module in Schrödinger suite. As seen from the results, the compounds reached the catalytic triad subunit of the enzyme active site and interacted mainly with the oxyanion region comprising residues (Figure 1). Relevantly, rosmarinic acid localized to the active site of AChE by occupying the oxyanion and PAS sites. The presence of hydrogen bonds was observed between the hydroxyl groups on the phenyl ring close to the carboxylic acid group and the residues G120, Y133, and E202. The carboxylic acid group interacted with Y124, a member of the PAS site, via hydrogen bonding. The other dihydroxyphenyl ring in the compound structure formed a π–π interaction with Y341 belonging to the PAS region. The binding energy for rosmarinic acid was calculated as −11.26 kcal/mol. Next, 3-hydroxytyrosol localized to the enzyme active site by interacting with the oxyanion site residues; the hydroxyl group at the third position of the phenyl ring was hydrogen bonded with Y133 and G120, while the hydroxyl group at the fourth position was hydrogen bonded with E202 and the hydroxyl group attached to the ethyl group was hydrogen bonded with S125 at the entrance of the active site. The binding energy for 3-hydroxytyrosol was calculated as −6.48 kcal/mol. As gallic acid is a small molecule, it penetrated the enzyme active site deeply and was located near the residues forming the catalytic triad; the docked complex was stabilized by hydrogen bonds formed between the hydroxyl groups and the residues G120, Y133, and E202. The AChE binding energy for gallic acid was calculated as −5.92 kcal/mol. Quercetin is oriented to the catalytic site of the enzyme with the coumarin ring; because of this orientation, hydrogen bonding and π–π interaction occurred between the coumarin ring and the catalytic triad members S203 and H447, respectively. Other π–π interactions stabilizing quercetin at the active site occurred between the coumarin ring and F338 belonging to the oxyanion site. In addition, the hydroxyl group at the third position of the phenyl ring attached to the coumarin ring interacted with the side chain of F295 in the acyl binding site via hydrogen bonding. The AChE binding energy for quercetin was calculated as −12.24 kcal/mol. While occupying the oxyanion site, oleuropein also interacts with the residues of the PAS site; the hydroxyl group at the fourth position on the tetrahydropyran ring in the structure interacted with the oxyanion site member W86 side chain via hydrogen bonding. The other interactions detected at the PAS site were the hydrogen bond between the carbonyl group and Y124 as well as the π–π interaction between the dihydroxyphenyl ring and W286. The binding energy for oleuropein was calculated as −11.58 kcal/mol. EGCG formed hydrogen bonds with the hydroxyl groups of the benzopyran ring E202 and the side chain of the catalytic triad member H447, and a π–π interaction was observed between the benzopyran ring and H447. The hydroxyl groups of the trihydroxyphenyl ring directly linked to the benzopyran ring formed hydrogen bonds with the PAS site member D74, whereas the gallate moiety showed a π–π interaction with Y341. The AChE binding energy for EGCG was calculated as −12.95 kcal/mol. The conformation of resveratrol was stabilized through hydrogen bonding with the side chains of F295 and H447 as well as π–π interactions with W86 and Y341. The binding energy for resveratrol was calculated as −9.14 kcal/mol. The binding mode of fisetin in the hAChE active site indicated that it formed π–π contacts with both the catalytic triad member H447 and oxyanion hole residue F338 through its chromen-4-one ring. The hydroxyl group in the seventh position on the same ring formed hydrogen bonds with S203 in the catalytic triad and G122 in the PAS region, while the hydroxyl group of the phenyl ring interacted with F295 in the acyl binding region via hydrogen bonding. The binding energy of fisetin at the AChE active site was calculated as −11.33 kcal/mol.
[image: Protein-ligand interaction diagrams in eight panels labeled A to H, displaying complex molecular structures. Each panel highlights specific amino acid residues such as E202, Y133, G120, S125, H447, F295, and Y341, depicted in various colors including orange, blue, and green. The diagrams illustrate different binding configurations with curved and straight lines denoting interactions. Each structure is surrounded by a network of molecular bonds in a detailed 3D format.]FIGURE 1 | Proposed binding modes of (A) rosmarinic acid; (B) 3-hydroxytyrosol; (C) gallic acid; (D) quercetin; (E) oleuropein; (F) epigallocatechin gallate (EGCG); (G) resveratrol; (H) fisetin at the active site of human acetylcholinesterase (hAChE; PDB: 4EY7). The compounds are presented as green ball and stick models. The residues are colored as follows: catalytic triad: magenta, oxyanion hole: orange, acyl binding site: blue, peripheral anionic site: cyan. The hydrogen bonds and π–π interactions are shown by yellow and cyan dashed lines, respectively.In the crystal structure of human AChE complexed with donepezil (PDB: 4EY7), we identified several key interactions between the ligand and residues lining the active site gorge. Notably, aromatic residues such as W86, Y124, W286, Y337, F338, Y341, and H447 formed hydrophobic and π–π contacts to stabilize the ligand within the gorge. Among these, W86, W286, and Y341 had some of the largest contact surface areas, effectively anchoring the ligand. In addition, a hydrogen bond was formed between the backbone or side chain of F295 and a polar group on donepezil, reinforcing its orientation near the catalytic center. Polar and charged residues like D74 and R296 are also involved in polar or ionic interactions, further enhancing the binding specificity. The compounds analyzed in the molecular docking simulations exhibited similar key interactions with the active-site residues and reflected comparable binding modes to that of the cocrystallized ligand.
Findings of the molecular docking studies with BChE
The interactions of the selected phenolic compounds that displayed inhibitory effects against BChE were investigated through the amino acids constituting the active site of the enzyme. Based on our outcomes from the molecular docking experiments, these compounds were patterned to reach the catalytic triad subunit of the active site and interacted predominantly with the residues belonging to the oxyanion hole (Figure 2). The conformation for rosmarinic acid at the BChE active site showed an interaction between the hydroxyl groups on the terminal phenyl ring and L286, a member of the acyl binding site, via hydrogen bonds; we also observed interactions between the hydroxyl groups on the other phenyl ring located close to the carboxylic acid group and A328 and Y440 via hydrogen bonds. In addition, the terminal phenyl ring showed a π–π interaction with F329. The BChE binding energy for rosmarinic acid was calculated as −10.39 kcal/mol. Next, 3-hydroxytyrosol was positioned in a region between the oxyanion site and the catalytic triad. The hydroxyl group at the third position of the phenyl ring formed a hydrogen bond with H438, a member of the catalytic triad, while the other hydroxyl group on the ring interacted with G78 and Y440 via hydrogen bonding. The ring interacted with W82, a member of the oxyanion site, via π–π interactions. The binding energy for 3-hydroxytyrosol was calculated as −6.14 kcal/mol. Gallic acid formed π–π interactions between its phenyl ring and W82 as well as a hydrogen bond with the hydroxyl group in the third position on the ring and H438. The docked complex was additionally stabilized by water-bridged hydrogen bonds with G117, E197, and S198 via its carboxylic acid group. The BChE binding energy for gallic acid was calculated as −6.03 kcal/mol. Quercetin formed a water-mediated hydrogen bond network between the hydroxyl group on the coumarin ring and G117 as well as its catalytic triad member S198. In addition to π–π interactions between the coumarin ring and F329 at the oxyanion site, the hydroxyl groups of the phenyl ring interacted with H438 and Y440 via hydrogen bonding. The BChE binding energy for quercetin was calculated as −8.60 kcal/mol. Oleuropein approached the catalytic triplet of the enzyme active site by forming direct hydrogen bonds between the hydroxyl groups on the tetrahydropyran ring and H438 and Y440. The compound also occupied the PAS site with its u-shaped binding mode and attached to the oxyanion site through a π–π interaction between the terminal dihydroxyphenyl ring and F329. The BChE binding energy for oleuropein was calculated as −11.41 kcal/mol. EGCG formed hydrogen bonds between L286 and H438, with the trihydroxyphenyl ring directly attached to the benzopyran ring, as well as π–π interaction with F329. The terminal phenyl ring formed a π–π interaction with W82 as well as a water-mediated hydrogen bond with E197. Another interaction stabilizing the enzyme–inhibitor complex is the hydrogen bond between the hydroxyl group attached to the terminal phenyl ring and the side chain of H438. The BChE binding energy for EGCG was calculated as −13.52 kcal/mol. Resveratrol localized to the BChE active site by interacting with the oxyanion and acyl binding sites; the hydroxyphenyl ring showed strong π–π interactions with amino acids W231 and F329 as well as formed hydrogen bonds with L286 via the hydroxyl group. Resveratrol formed π–π interactions with W82 through the dihydroxyphenyl ring as well as water-bridged hydrogen bonds with S79 and D70 in the PAS through the hydroxyl group. The binding energy for resveratrol was calculated as −7.01 kcal/mol. Fisetin was accommodated in the BChE active site primarily through hydrogen bonding; the carbonyl oxygen of the chromen-4-one ring interacted with E197 and the catalytic triad member S198 via a water-mediated hydrogen bond network, while the hydroxyl group in the seventh position on the same ring formed a hydrogen bond with A328. Additionally, the hydroxyl group at the fourth position on the phenyl ring, which is attached to chromen-4-one, was anchored at the acyl binding site to form a hydrogen bond with S287. The binding energy for the fisetin–BChE complex was calculated as −8.18 kcal/mol. The cocrystallized ligand (3F9, PDB: 4TPK) was lodged deep within the active site gorge through π–π and π–cation interactions with F329, W231, and Y332; hydrogen bonds were also formed with D70 and E197. The interactions identified with the coligand were also observed for the tested compounds, along with additional contacts that further stabilized the binding.
[image: Eight molecular diagrams labeled A to H, illustrating different interactions between compounds and amino acids. Each diagram showcases specific amino acids like Y440, H438, F329, W82, and others around a central green molecule with red oxygens. Colored lines indicate molecular bonding and interactions, with water molecules labeled in red (HOH). Each panel highlights unique spatial arrangements and interactions within a protein environment.]FIGURE 2 | Proposed binding modes of (A) rosmarinic acid; (B) 3-hydroxytyrosol; (C) gallic acid; (D) quercetin; (E) oleuropein; (F) EGCG; (G) resveratrol; (H) fisetin at the active site of human butyrylcholinesterase (hBChE; PDB: 4TPK). The compounds are presented as green ball and stick models. The residues are colored as follows: catalytic triad: magenta, oxyanion hole: orange, acyl binding site: blue, peripheral anionic site: cyan. The hydrogen bonds and π–π interactions are shown by yellow and cyan dashed lines, respectively.To further validate the docking results, MM/GBSA binding free energy calculations were performed for all docked complexes using Prime from the Schrödinger suite. The calculated ΔGbind values generally supported the docking-derived rankings. For AChE, donepezil (cocrystallized ligand, PDB: 4EY7) displayed the most favorable binding free energy of −103.49 kcal/mol. Among the phenolics, EGCG (−95.42 kcal/mol), fisetin (−59.01 kcal/mol), and quercetin (−56.49 kcal/mol) exhibited highly favorable binding energies, whereas gallic acid (−3.50 kcal/mol) and 3-hydroxytyrosol (−17.96 kcal/mol) showed comparatively weaker stabilization (Table 3). For BChE, the cocrystallized ligand 3FP (PDB: 4TPK) had a ΔGbind value of −86.11 kcal/mol, similar to oleuropein (−83.89 kcal/mol) and EGCG (−75.68 kcal/mol); in contrast, gallic acid (−2.51 kcal/mol) and 3-hydroxytyrosol (−27.68 kcal/mol) exhibited notably weaker binding energies (Table 4). These data validate the docking results and quantitatively position the phenolic compounds relative to donepezil in AChE and with respect to the reference ligand in BChE.
TABLE 3 | Docking scores and molecular mechanics/generalized Born surface area (MM/GBSA) binding free energy components of the docked compounds and donepezil against AChE (PDB: 4EY7).	Compounds	Docking score (kcal/mol)	MM/GBSA dG bind	MM/GBSA dG bind coulomb	MM/GBSA dG bind covalent	MM/GBSA dG bind hbond	MM/GBSA dG bind lipo	MM/GBSA dG bind solv_GB	MM/GBSA dG bind vdW
	Rosmarinic acid	−11.26	−22.63	73.23	11.66	−2.52	−30.33	−23.58	−48.43
	3-Hydroxytyrosol	−6.48	−17.96	−20.88	7.96	−1.50	−14.74	33.06	−21.35
	Gallic acid	−5.92	−3.50	65.51	4.32	−1.91	−9.31	−40.25	−21.39
	Quercetin	−12.24	−56.49	−26.60	2.55	−1.22	−23.69	30.35	−35.69
	Oleuropein	−11.58	−42.99	−36.46	15.99	−1.53	−53.64	68.99	−33.18
	EGCG	−12.95	−41.60	−45.13	26.14	−2.63	−37.10	73.13	−52.44
	Resveratrol	−9.14	−32.81	−12.32	1.34	−0.49	−26.36	41.23	−32.06
	Fisetin	−11.33	−59.01	−28.26	2.46	−1.22	−23.73	28.30	−34.38
	Donepezil	−19.21	−103.49	−93.66	7.14	−0.72	−52.30	102.86	−57.83


TABLE 4 | Docking scores and MM/GBSA binding free energy components of the docked compounds and the cocrystallized ligand (3FP) against BChE (PDB: 4TPK).	Compounds	Docking score (kcal/mol)	MM/GBSA dG bind	MM/GBSA dG bind coulomb	MM/GBSA dG bind covalent	MM/GBSA dG bind hbond	MM/GBSA dG bind lipo	MM/GBSA dG bind solv_GB	MM/GBSA dG bind vdW
	Rosmarinic acid	−10.39	−33.42	48.43	0.02	−1.86	−23.92	−13.88	−41.29
	3-Hydroxytyrosol	−6.14	−27.68	−21.82	4.12	−1.07	−16.12	26.64	−19.17
	Gallic acid	−6.03	−2.51	31.64	1.31	−1.56	−8.86	−4.60	−18.51
	Quercetin	−8.60	−27.63	−23.94	4.03	−0.90	−15.52	42.18	−32.56
	Oleuropein	−11.41	−83.89	−35.89	8.32	−1.42	−43.65	47.62	−57.82
	EGCG	−13.52	−75.68	−55.75	4.92	−1.75	−29.80	59.70	−49.44
	Resveratrol	−7.01	−29.05	−23.35	5.33	−0.57	−20.86	39.86	−28.03
	Fisetin	−8.18	−32.50	−18.46	1.99	−0.80	−16.80	36.49	−33.50
	3FP	−12.49	−86.11	−51.63	2.93	−0.03	−50.02	67.01	−53.18


Computational ADME, pharmacokinetic, and toxicokinetic predictions
The predictions revealed notable differences in the pharmacokinetic profiles of the five phenolic compounds analyzed (Figures 3, 4). Oleuropein exhibited suboptimal drug-likeness mainly owing to its high molecular weight (540.52 g/mol) and elevated TPSA (161.21 Å2), both of which exceeded the thresholds associated with good oral bioavailability; although its consensus log P value (2.41) indicated moderate lipophilicity, oleuropein was predicted to have low GI absorption with limited brain penetration and to be a substrate of P-gp, suggesting restricted cellular uptake. From the perspective of a structure–activity relationship (SAR), the absorption differences observed across the series can be rationalized by their physicochemical parameters. Oleuropein’s bulky glycosylated scaffold increases the polarity and hydrogen-bonding capacity, which together with its high molecular weight and flexibility reduces the passive permeability severely; in contrast, smaller phenolics like 3-hydroxytyrosol and gallic acid combine low TPSAs with limited rotatable bonds to enable efficient intestinal uptake. Rosmarinic acid represents an intermediate case, where favorable absorption is supported by its moderate lipophilicity despite the relatively high polarity. However, EGCG mirrors oleuropein in exhibiting excessive polarity and multiple hydrogen-bond donors, which correlate with its poor predicted absorption.
[image: Radar charts comparing Oleuropein, 3-Hydroxytyrosol, Gallic Acid, Rosmarinic Acid, and EGCG across six attributes: LIPO (lipophilicity), SIZE, POLAR, INSOLU (insolubility), INSATU (insaturation), and FLEX (flexibility). Each chart shows a red line representing the compound's profile relative to these attributes.]FIGURE 3 | Colored zones showing the suitable physicochemical spaces for oral bioavailability of the corresponding compounds. LIPO (lipophilicity): −0.7 < XLOGP3 < 5; SIZE: 150 g/mol < molecular weight < 500 g/mol; POLAR (polarity): 20 Å2 < topological polar surface area < 130 Å2; INSOLU (insolubility): −6 < log S (ESOL) < 0; INSATU (insaturation): 0.25 < Csp3 fraction < 1; FLEX (flexibility): 0 < number of rotatable bonds < 9.[image: Scatter plot showing WLOGP versus TPSA for five molecules, labeled 1 to 5. Molecule 1 is marked in blue, while others (2, 3, 4, 5) are in red. Yellow and white ellipses highlight regions.]FIGURE 4 | Molecules located in the BOILED-Egg yolk area (orange) are predicted to passively permeate through the blood–brain barrier. Molecules located in the white area are predicted to be passively absorbed by the gastrointestinal (GI) tract. Molecules located in the light-blue background area are neither absorbed by the GI tract nor cross the blood–brain barrier. The red dots are molecules predicted to not be effluxed from the central nervous system by P-glycoprotein. Molecule 1: oleuropein, Molecule 2: 3-hydroxytyrosol, Molecule 3: gallic acid, Molecule 4: rosmarinic acid, Molecule 5: EGCG.The SAR-based interpretations are aligned with the findings of the BOILED-Egg classification, where highly polar compounds cluster outside the white region of high GI absorption. In contrast, 3-hydroxytyrosol displayed favorable characteristics with a low molecular weight (140.14 g/mol), optimal TPSA (60.69 Å2), and balanced hydrophilic–lipophilic properties (log P: 0.60); it was predicted to be efficiently absorbed in the GI tract without crossing the BBB or interacting with P-gp. However, some potential CYP3A4 inhibition is suggested, indicating a possible risk of metabolic interactions. As the most hydrophilic compound in the series (log P: 0.21; TPSA: 97.99 Å2), gallic acid also shows high predicted GI absorption and no BBB permeability; similar to 3-hydroxytyrosol, it was not identified as a P-gp substrate but was predicted to inhibit CYP3A4. Rosmarinic acid presented intermediate properties with a molecular weight of 345.30 g/mol, TPSA close to the upper permeability limit (136.32 Å2), and moderate lipophilicity (log P: 1.17); despite its size and polarity, it was predicted to be well absorbed via the GI tract but not cross the BBB. No interactions with P-gp or the major CYP enzymes were anticipated. Lastly, EGCG had the highest TPSA (177.14 Å2) and a molecular weight of 394.33 g/mol, alongside a nearly neutral lipophilicity profile (log P: –0.03); these features correlated with poor predicted GI absorption and no BBB penetration. EGCG was also not expected to act as a P-gp substrate or CYP inhibitor.
In terms of water solubility, all compounds displayed favorable profiles ranging from soluble to very soluble according to the log S (ESOL) model; 3-hydroxytyrosol and gallic acid demonstrated the highest solubility with ESOL values of −1.48 and −1.64, respectively, which makes them very soluble. Oleuropein showed the lowest water solubility with an ESOL value of −4.76, making it “moderately soluble” while still being within an acceptable range for pharmaceutical formulations. The skin permeability coefficient (log Kp) values were negative for all compounds and ranged from −6.71 cm/s for 3-hydroxytyrosol to −8.39 cm/s for EGCG, indicating limited passive permeation across the skin. This suggests that topical formulations of these compounds would likely remain localized at the application site without significant systemic absorption.
Findings from in silico toxicity screening
SAR analyses were performed to evaluate the mutagenic effects of the selected phenolic compounds. In the PASS program, the probabilities are obtained as Pa (probability of being active) and Pi (probability of being inactive) values. When these values are related as “Pa > Pi” with the difference between them being large, the probability for the biological activity in question increases. In the SwissADME target prediction program, the probability for the biological activity in question is given directly as a percentage value. The screening results for the compounds that were active in the ChE inhibition assay as well as passive avoidance test are shown in Tables 3, 4. These compounds exhibited high probabilities of acting as Aβ aggregation inhibitors, which is another treatment strategy for AD. Apolipoprotein A1 (APOA1) is a structural protein from the group of high-density lipoproteins (Table 3); although the relationship between APOA1 and AD is complex and multifaceted, emerging evidence suggests that APOA1 may play a role in modulating the pathogenesis of AD. Given its involvement in lipid metabolism, inflammation, and neuroprotection, APOA1 has been proposed as a potential therapeutic target for AD (Endres, 2021). Therefore, it is notable that the compounds tested in our in silico analysis exhibited high probabilities for enhancing APOA1 expression. The in silico estimations of the compounds indicated the probabilities of common toxic effects like tremors, genotoxicity, vascular toxicity, hematemesis, and color changes to urine (Table 4).
To evaluate the potential metabolic interactions and off-target liabilities, the selected phenolic compounds were analyzed for their predicted inhibitions of the CYP450 enzymes as well as presence of structural motifs flagged by PAINS and Brenk filters. These computational alerts provide early indicators of potential assay interference, promiscuous binding, or chemical reactivity, which could compromise lead optimization or result in misleading biological outcomes. Among the compounds analyzed, 3-hydroxytyrosol and gallic acid were predicted to inhibit CYP3A4, one of the most clinically relevant isoforms involved in drug metabolism. This suggests the potential for drug–drug interactions when coadministered with substrates of this enzyme. In contrast, rosmarinic acid, EGCG, and oleuropein were not predicted to inhibit any of the major CYP enzymes evaluated, indicating a potentially lower risk of CYP-mediated interactions.
Despite the favorable CYP profiles for some of the compounds, all five molecules triggered at least one PAINS alert that was most associated with catechol_A substructures. According to Baell and Holloway (2010), such motifs are frequently linked to nonspecific activities across multiple biological targets, thereby increasing the risk of false-positive results in high-throughput screening assays. These findings underscore the importance of experimental validations to distinguish true pharmacological effects from assay artifacts. Additionally, Brenk alerts identifying chemically reactive or metabolically unstable functional groups were detected in several compounds. Specifically, 3-hydroxytyrosol, gallic acid, and EGCG triggered the catechol alert, while rosmarinic acid exhibited multiple alerts for catechol, hydroquinone, and michael_acceptor_1, indicating greater potentials for chemical reactivity or toxicity. Collectively, while the CYP inhibition profiles suggest a low risk of metabolic interactions for most of the compounds, the presence of PAINS and Brenk alerts highlights potential challenges in lead development. These findings emphasize the need for structural optimization and biological confirmation to ensure selective activity while reducing false-positive outcomes in early-stage drug discovery.
DISCUSSION
Phenolic compounds with various desirable biological effects for human health are among the most common secondary metabolite groups found in medicinal plants. According to our results from the passive avoidance test in mice with scopolamine-induced amnesia, the statistically most effective phenolic compound was found to be 3-hydroxytyrosol (Table 2). The results from our in vivo experiments were also consistent with the results of the ChE inhibition assays. The potential biological activity estimates of the phenolic compounds screened in this study display notable consistency with outcome of the in silico biological activity prediction program (PASS) (Table 3). Similarly, the results of our in silico molecular docking experiments show that the compounds identified as active ChE inhibitors have strong interactions with the amino acid units at the active sites of both enzymes (Figures 1, 2). The cumulative neuroprotective activity results show that oleuropein, 3-hydroxytyrosol, rosmarinic acid, gallic acid, and EGCG are the most useful phenolic compounds among those examined herein. Consistently, several studies have been reported on the neuroprotective effects of quercetin on ChE inhibition, including the study published previously by our group (Khan et al., 2009; Adedara et al., 2017; Abdel-Diam et al., 2019; Orhan, 2021). Moreover, there are other available studies on ChE inhibition by rosmarinic acid (Gulcin et al., 2016; Chao et al., 2022). For example, in a study examining the inhibitory effects of various herbal phenolics against ChEs, the inhibitory effects of the compounds were reported to be in the order rosmarinic acid > caffeic acid > gallic acid = chlorogenic acid (Szwajgier, 2015), which are compatible to our present results. It has also been reported that the presence of the CH=CH-COOH group has a highly positive effect on anti-AChE activity compared to the CH2-CH2-COOH or COOH group (Szwajgier, 2013), which is also consistent with the structures of the active inhibitory phenolic compounds in our screening.
In another study, rosmarinic acid was reported to exhibit ChE inhibitory effects (Gulcin et al., 2016), similar to our current prediction; the Ki values for rosmarinic acid were 42.52 pM and 121.60 pM for AChE and BChE, respectively. In our previous study, rosmarinic acid isolated from Perovskia atriplicifolia Benth. was shown to inhibit BChE selectively with an IC50 value of 6.59 ± 0.37 μg/mL (Senol et al., 2017), which is compatible with our present findings. In addition to the in vitro experiments carried out herein, data on the positive effects of rosmarinic acid on memory loss have been reported in various in vivo experiments involving ethanol-induced or lipopolysaccharide-induced cognitive dysfunction (Ozarowski et al., 2013; Hasanein et al., 2016; Fachel et al., 2020). In a study by Ozarowski et al. (2013), subchronic administration of the leaf extract of Rosmarinus officinalis L. to scopolamine-induced rats at a p.o. dose of 200 mg/kg indicated improvements in their long-term memory as well as AChE inhibition in the rat brains, which was attributed to rosmarinic acid. Pertinently, Hasanein et al. (2016) reported that rosmarinic acid as the main compound in Salvia officinalis L. exerted positive effects on memory and learning in normal and diabetic rats induced with streptozocin at doses over 400 mg/kg; rosmarinic acid was also found to increase the activities of superoxide dismutase (SOD) and catalase (CAT) enzymes while inhibiting lipid peroxidation and hyperglycemia.
Our screening shows that 3-hydroxytyrosol as one of the olive polyphenols could inhibit ChEs; it has been reported to exert remarkable neuroprotective effects in the SH-SY5Y cell line (Omar et al., 2018). In fact, 3-hydroxytyrosol as well as caffeic and chlorogenic acids have been found to effectively inhibit BChE as well as prevent protein and lipid oxidation (Roche et al., 2009). According to our literature survey, the neuroprotective effects of 3-hydroxytyrosol have been studied using the passive avoidance test in mice in the current study for the first time. It is also worth mentioning that 3-hydroxytyrosol was shown to display neuroprotection, particularly toward AD, through various action mechanisms. For instance, it caused significant decreases in lactate dehydrogenase efflux in a dose-dependent manner in rat models with hypoxic brains following 7 d of treatment at daily doses of 5 and 10 mg/kg (González-Correa et al., 2008). The compound also showed neuroprotective effects by enhancing mitochondrial dysfunction (Zheng et al., 2015), decreasing the formation of Aβ plaques (Nardiello et al., 2018), inhibiting microglia-mediated neuroinflammation (Khan et al., 2009), blocking oxidative damage (Rizzo et al., 2017), and modulating the hippocampal neuronal caspase-dependent apoptotic pathway (Arunsundar et al., 2015).
Oleuropein is another olive polyphenol that has been reported to have neuroprotective effects through assorted mechanisms, such as prevention of tau fibrillization and neuroinflammation (Chandler et al., 2010; Romero-Márquez et al., 2023). An equal mixture of oleuropein aglycone and hydroxytyrosol was tested in a cellular model of AD via exposure of the Aβ1–42 oligomers to a human SH-SY5Y cell line (Leri et al., 2021). This mixture led to a significant time-dependent reduction in the level of p62, a protein involved in AD, due to autophagic degradation through the binding of the autophagy marker LC3. Mnafgui et al. (2021) reported that oleuropein had the ability to alleviate brain damage in male Wistar rats that had experienced ischemic stroke. The compound improved the oxidative status by elevating the levels of SOD, CAT, and glutathione peroxidase while notably diminishing the levels of plasma fibrinogen and cardiac dysfunctional enzymes and inhibiting angiotensin-converting enzyme. In another work, oleuropein administration at doses of 10 and 20 mg/kg (p.o.) was shown to reverse amnesia in adult male Wistar rats (Hosseini et al., 2019). Oleuropein also had memory-improving effects at doses of 10, 15, and 20 mg/kg (p.o.) in colchicine-induced cognitive dysfunction, as demonstrated through the Morris water maze test in adult male rats (Pourkhodadad et al., 2016). The previous and current data confirm the neuroprotective potential of oleuropein at the preclinical level.
Gallic acid was found to be active in both of the ChE inhibition assays along with the passive avoidance test herein; it was consistently reported to be effective in a similar test in male rats treated at 10 and 20 mg/kg doses, which led to memory enhancement measured via the brain oxidant status and malondialdehyde (MDA) level (Azadeh et al., 2019). The same research group also showed the neuroprotective effects of gallic acid at doses of 5, 10, and 20 mg/kg over 21 d in stress-induced memory deficit in BALB/c mice, which led to a decrease in the elevated MDA levels in the mice brains (Salehi et al., 2018). Gallic acid also exhibited beneficial effects in ischemic rats with brain damage by augmenting memory, as assessed by the passive avoidance test, as well as cell viability in the hippocampus and cortex (Sarkaki et al., 2014). Gallic acid administered at doses of 50, 100, and 200 mg/kg (p.o.) for 10 d also displayed enhancement of memory deficit and cerebral oxidative stress levels induced by 6-hydroxydopamine in male adult Wistar rats (Wu et al., 2022); gallic acid was also reported to inhibit AChE on the same compound (Mansouri et al., 2013), as per our current finding.
Gallocatechins like (-)-epigallocatechin, (-)-epicatechin, (-)-epicatechin-3-gallate, and EGCG are the main bioactive polyphenols in Camellia sinensis L. Among these, EGCG has been reported to display neuroprotection through various molecular mechanisms. It modulates the aggregation of Aβ oligomers, detaches the fibrils deprived of increasing toxic intermediates, possesses a metal-chelation effect, suppresses neuroinflammation, and prevents oxidative stress, among others (Youn et al., 2022). Consistent with our data, Roche et al. (2009) identified EGCG as a notable inhibitor of human-serum-albumin-bound BChE, in addition to 3-hydroxytyrosol, oleuropein, quercetin, caffeic acid, and chlorogenic acid. These compounds were also able to prevent lipid peroxidation. In another study (Okello and Mather, 2020), EGCG markedly inhibited both ChEs with IC50 values of 0.0148 μmol/mL and 0.0251 μmol/mL. EGCG was also tested for its antiamnesic activity on male Sprague–Dawley rats having scopolamine-induced amnesia (Kim et al., 2021); these rats were administered EGCG by i.p. injection at a dose of 5 mg/kg/d for 10 d and showed improved memory deficit caused by scopolamine, similar to our current findings. In the same study, EGCG was shown to decrease AChE activities in the hippocampi of the rat brains. Furthermore, EGCG administered at doses of 20 and 40 mg/kg/d for 7 weeks was reported to alleviate memory and learning in streptozocin-induced amnesic rats (Baluchnejadmojarad and Roghani, 2011). EGCG was also reported to cause a dose-dependent decline in Aβ1–42-induced memory dysfunction evaluated via the passive avoidance and water maze tests (Lee et al., 2009). Eventually, the results of several previous studies and our current study indicate that EGCG is a remarkable herbal neuroprotective agent.
There are very few reported studies on the ChE inhibitory effects of fisetin. In an earlier study by Katalinić et al. (2010), several selected flavonoid derivatives comprising galangin, kaempferol, quercetin, myricetin, fisetin, apigenin, luteolin, and rutin were screened for inhibition of human BChE; of these, the most potent inhibitor was revealed to be galangin. Many studies have reported that the remarkable ChE inhibitory effects of flavonoids depend on the numbers and locations of the hydroxyl groups in their structures. Consistent with the results of our docking experiments, the inhibitory compounds were shown to bind to the active site of BChE by interacting with various hydrogen bonds and π–π stackings. In a recent study by Shi et al. (2024), a combination of fisetin and galantamine was shown to augment the binding affinity between AChE and galantamine, which led to a mixed type of inhibition through a synergistic action. Since fisetin was available only in a small amount in our laboratory, we were unable to evaluate it in the passive avoidance test. Nevertheless, fisetin has been disclosed to exhibit neuroprotection in an Aβ1–42-induced rat model of AD through the passive avoidance and Morris water maze tests (Wang et al., 2023); here, the compound was administered to the rats by the i.g. route at doses of 100, 50, and 25 mg/kg, and the hippocampal SOD and CAT levels were significantly increased in the fisetin-treated rats. Fisetin has also been shown to enhance choline acetyltransferase and diminish the activity of AChE, which are in agreement with our current findings.
SARs are undoubtedly important for evaluating the ChE inhibitory effects of phenolics. It was reported that the presence of a hydroxyl group, especially in the A ring of the flavonoid, as well as the double bond between C2 and C3 increased the affinity of the enzyme (hydrogen bonds) and enhanced the AChE inhibitory properties of flavonoids (Smyrska-Wieleba and Mroczek, 2023). The fact that the presence of a methoxy group negatively influences the activity of a flavonoid may also explain the null or low ChE inhibitory activities of the methoxyflavones tested herein (Lee et al., 2009). Consistent with our findings, apigenin has been described as an AChE inhibitor (Xie et al., 2014; Islam et al., 2021). In fact, the presence of the double bond between C2 and C3 in the structure of apigenin was concluded to decrease the affinity for AChE. Taxifolin (dihydroquercetin) has been consistently reported by several researchers to inhibit AChE effectively (Gocer et al., 2016; Kuppusamy et al., 2017; Lee et al., 2018).
We conducted in silico toxicity analyses on seven compounds that showed dual inhibition out of the 37 phenolics in the present work. The probabilities for acetylcholine neuromuscular blocking, cystathionine-β-synthase (CBS) inhibition, Aβ aggregation inhibition, and APOA1 expression enhancement were observed to be high for most of these seven compounds. CBS is a key enzyme involved in the metabolism of methionine and cysteine that plays critical roles in maintaining the sulfur amino acid balance, regulating homocysteine levels in the body, and contributing to the production of hydrogen sulfide (H2S) in the brain. Dysregulation of CBS activity has significant implications for health problems, such as intellectual disability, vascular thrombosis, skeletal abnormalities, and eye abnormalities. Relevant to our in silico findings, EGCG has been reported to strongly inhibit CBS (Zuhra et al., 2022), whereas there are no available data for the remaining CBS inhibitory phenolics tested herein. However, our in silico evaluations provide a strong hint that the other tested phenolic compounds may also have CBS inhibitory effects in the real experimental environment. Moreover, findings from previous studies show the Aβ aggregation inhibitory or anti-amyloidogenic activities of some of these compounds, such as resveratrol (Zuhra et al., 2022), fisetin (Aarabi and Mirhashemi, 2017), rosmarinic acid (Taguchi et al., 2017), EGCG (Fernandes et al., 2021), gallic acid (Liu et al., 2013), and 3-hydroxytyrosol (Chaari, 2020), which are in line with our in silico results. Considering their enhancement effects on APOA1, only one relevant study was available for EGCG, which selectively improved the mobilities of specific backbone and side-chain sites of APOA1 fibrils (Townsend et al., 2018). The in silico toxic or adverse effects of the dual inhibitory phenolic compounds are presented for the first time in the present study, which should be taken into consideration. Undoubtedly, the real toxicities of these phenolics may be different from our estimates; moreover, only limited amounts of data points are used to produce these predictions, whose precisions may change with more accessible data.
The optimal oral bioavailability for a drug candidate is influenced by a set of interrelated physicochemical parameters that define its favorable chemical space; these include lipophilicity (XLOGP3 between −0.7 and +5.0), molecular weight (150–500 g/mol), TPSA (20–130 Å2), aqueous solubility (log S of 6 to 0), molecular saturation (csp3 fraction of 0.25–1), and limited molecular flexibility (0–9 rotatable bonds). Together, these parameters support a balance between solubility, permeability, metabolic stability, and binding efficiency, thereby optimizing the likelihood of oral bioavailability (Lipinski et al., 2012). The SARs across the series further illustrate how deviations from the optimal physicochemical window translate to distinct pharmacokinetic profiles. Oleuropein violates multiple criteria simultaneously, namely molecular weight, polar surface area, and hydrogen-bonding capacity, resulting in poor drug-likeness and limited absorption. EGCG shares a similar liability owing to excessive polarity and hydrogen-bond donors. Conversely, 3-hydroxytyrosol and gallic acid fit well within the recommended absorption window, highlighting how small sizes and balanced polarity strongly favor bioavailability. Rosmarinic acid demonstrates a borderline profile; although its TPSA approaches the upper limit, the moderate lipophilicity compensates to maintain adequate absorption. Collectively, these trends emphasize the central roles of polarity, flexibility, and molecular size in shaping the absorption potential and reinforce the predictive power of in silico ADME models when interpreted in the SAR framework. While the Lipinski’s Rule of Five remains a cornerstone for evaluating oral drug-likeness (molecular weight < 500 g/mol, MLOGP < 4.15, hydrogen bond acceptors ≤10, hydrogen bond donors ≤5), natural products often fall outside these bounds yet retain their bioactivities and therapeutic relevance (Grabowski et al., 2008).
The evaluations of the five selected phenolic compounds reveal various levels of compliance with the drug-likeness criteria (Figure 3). Oleuropein violates Lipinski’s rule in two respects by exceeding both the molecular weight and allowed number of hydrogen bond acceptors; it also fails the Ghose, Veber, Egan, and Muegge filters, primarily owing to its size and high polarity/TPSA. Consequently, a low oral bioavailability score (0.17) is assigned to oleuropein, indicating its limited drug-likeness and significant formulation challenges. In contrast, 3-hydroxytyrosol adheres to all of the Lipinski criteria. Despite its small molecular size violating the Ghose and Muegge rules, it achieves a moderate bioavailability score (0.55). However, the presence of a catechol moiety resulted in one PAINS alert (catechol_A) and one Brenk alert (catechol), indicating potential assay interference or reactivity. Gallic acid exhibited a nearly identical profile as that of 3-hydroxytyrosol, fully complying with Lipinski’s rule and receiving a bioavailability score of 0.56. Similar to 3-hydroxytyrosol, it triggered the same PAINS and Brenk alerts, reflecting similar structural concerns. Rosmarinic acid demonstrated broader compliance by passing the Lipinski, Ghose, Veber, and Muegge criteria and violating only Egan’s rule owing to the TPSA exceeding the optimal range slightly; despite these minor deviations, its bioavailability score was also 0.56. However, multiple structural alerts were identified, including catechol_A (PAINS) and catechol, hydroquinone, and michael_acceptor_1 (Brenk), suggesting a higher probability of chemical reactivity or toxicity. EGCG violated one Lipinski criterion (hydrogen bond donors > 5) and failed the Veber, Egan, and Muegge rules owing to its high TPSA and hydrogen-bonding capacity; despite these, it received a comparable bioavailability score (0.55). EGCG also exhibited the same PAINS and Brenk alerts (catechol-based) observed in the other polyphenolic compounds screened herein.
In terms of the synthetic accessibility model, 3-hydroxytyrosol (score: 1.00) and gallic acid (1.22) were identified as the most synthetically tractable molecules; rosmarinic acid (2.58) and EGCG (4.13) were moderately accessible, while oleuropein (5.43) was the most challenging to synthesize, which could potentially complicate its development and scalability. Together, these findings highlight a broader SAR principle; polar polyphenols with extended hydrogen-bonding networks tend to show limited passive permeabilities, while compact phenolic scaffolds with fewer rotatable bonds achieve higher absorption efficiencies. This pattern is particularly relevant for natural products, which often lie outside the classical drug-likeness filters but can still inspire rational optimization. From a medicinal chemistry perspective, strategies such as reducing the TPSA, masking the hydrogen-bond donors/acceptors, and constraining the molecular flexibility may enhance the oral bioavailability. In this manner, SAR-informed modifications can guide future efforts to improve the pharmacokinetic profiles of structurally complex phenolics like oleuropein without compromising their biological activities.
Our preclinical data, which includes the in vitro, in silico, and in vivo animal model results, serve as the scientific foundation for the pharmaceutical potentials of the active compounds investigated herein. In particular, the findings on 3-hydroxytyrosol are a crucial first step in its potential translation from a natural product to a therapeutic agent. By demonstrating its significant in vivo antiamnesic activity, our work provides compelling evidence that warrants further investigation into its use as a lead compound for a drug molecule or as a nutraceutical to support cognitive health. The next critical steps would therefore entail detailed toxicological assessments and human clinical trials to fully evaluate its safety and efficacy.
CONCLUSION
The present study provides a comprehensive evaluation of the neuroprotective potentials of several plant phenolics based on a multifaceted approach integrating in vitro, in vivo, and in silico methodologies. The in vitro screening revealed that several compounds, including gallic acid, rosmarinic acid, 3-hydroxytyrosol, trans-resveratrol, EGCG, quercetin, and fisetin, exhibit significant inhibitory activities against both AChE and BChE, suggesting their potential to modulate cholinergic neurotransmission. Furthermore, the in vivo passive avoidance test demonstrated the antiamnesic effects of oleuropein, rosmarinic acid, gallic acid, EGCG, and particularly 3-hydroxytyrosol in scopolamine-induced amnesic mice, highlighting their ability to ameliorate memory deficits. The molecular docking studies further elucidated the interactions of these active compounds with the active sites of AChE and BChE, providing insights into their binding modes and potential action mechanisms. Notably, the in silico ADME, pharmacokinetic, and toxicokinetic predictions offer a preliminary assessment of their drug-likeness and safety profiles. Although some compounds show lower ChE inhibitory activities than the reference drug galantamine, the identification of 3-hydroxytyrosol as a novel and potent ChE inhibitor with significant in vivo antiamnesic activity is a noteworthy finding. The favorable ADME and pharmacokinetic profiles predicted for 3-hydroxytyrosol further support its potential as a hopeful drug candidate. Future research efforts should also prioritize detailed mechanistic studies to fully elucidate the neuroprotective mechanisms of 3-hydroxytyrosol as well as in vivo toxicological assessments and clinical trials to translate these promising findings into effective treatments for neurodegenerative diseases.
Study limitations
The main limitations of the present study are as follows. Although this study acknowledges the ChE inhibition potentials of several phenolic compounds, the inhibitory effects were generally lower than that of the reference drug galantamine. The in vivo experiments were conducted on scopolamine-induced amnesic mice, which is a widely used model for studying memory impairment that may not fully replicate the complex pathology of AD. Therefore, we recognize that the lack of dual-observer scoring is a limitation. The lack of detailed pharmacokinetic information and optimal dosing schedules for each molecule should be considered a limitation and warrants further investigations combining behavioral and pharmacokinetic assessments. The in silico toxicity assessment provides valuable predictive insights. However, further experimental validations are required to confirm the safety profiles of the active compounds. While the docking results offer valuable insights into the probable binding sites, a definitive characterization of the inhibition mechanism requires further investigation. We believe that a detailed mechanistic study, including kinetic analyses using methods like the Lineweaver–Burk plots, is a logical and important next step. Such future research would provide a more in-depth understanding of the precise interactions between these phenolic compounds and their target enzymes, further solidifying their therapeutic potentials.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was approved by the Animal Experiments Local Ethics Board at Gazi University. The study was conducted in accordance with all local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
TU: Methodology, Writing – original draft, Writing – review and editing, Data curation, Formal analysis. FS: Methodology, Writing – original draft, Writing – review and editing, Investigation, Validation. IS: Investigation, Methodology, Writing – original draft, Writing – review and editing, Data curation. GE: Data curation, Methodology, Writing – original draft, Writing – review and editing, Software. OU: Data curation, Methodology, Software, Writing – original draft, Writing – review and editing, Validation. IO: Methodology, Writing – original draft, Writing – review and editing, Conceptualization, Funding acquisition, Project administration, Resources, Supervision, Visualization.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This research was funded by the Scientific Research Project Unit of Gazi University (Ankara, Türkiye, grant number: 02/2019-31).
ACKNOWLEDGMENTS
The authors would like to thank the Scientific Research Project Unit of Gazi University (Ankara, Türkiye) for the project grant provided for this work. The authors also acknowledge the kind assistance provided by Prof. Dr. Mürşide Ayşe Demirel from the Department of Basic Pharmaceutical Sciences, Faculty of Pharmacy, Gazi University (Ankara, Türkiye) during the animal experiments.
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers at the time of submission. This had no impact on the peer review process and the final decision.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
ABBREVIATIONS
Aβ, amyloid beta; AChE, acetylcholinesterase; AD, Alzheimer’s disease; APOA1, apolipoprotein A1; BBB, blood–brain barrier; BChE, butyrylcholinesterase; CAT, catalase; CBS, cystathionine-β-synthase; ChE, cholinesterase; DTNB, 5,5′-dithio-bis (2-nitrobenzoic) acid; EGCG, epigallocatechin gallate; GI, gastrointestinal; IC, inhibitory concentration; IFD, induced-fit docking; i.g., intragastric; i.p., intraperitoneal; MDA, malondialdehyde; NMDA, N-methyl-D-aspartate; OPLS, optimized potential for liquid simulation; P-gp, P-glycoprotein; PASS, prediction of activity spectra for substances; PDB, protein data bank; p.o., per os (oral); RMSD, root mean-squared deviation; SAR, structure–activity relationship; s.c., subcutaneous; SD, standard deviation; SOD, superoxide dismutase; TPSA, topological polar surface area; vdW, van der Waals.
REFERENCES
	Aarabi, M. H., and Mirhashemi, S. M. (2017). To estimate effective antiamyloidogenic property of melatonin and fisetin and their actions to destabilize amyloid fibrils. Pak. J. Pharm. Sci. 30 (5), 1589–1593. PMID: 29084677.

	Abdel-Diam, M. M., Samak, D. H., El-Sayed, Y. S., Aleya, L., Alarifi, S., and Alkahtani, S. (2019). Curcumin and quercetin synergistically attenuate subacute diazinon–induced inflammation and oxidative neurohepatic damage, and acetylcholinesterase inhibition in albino rats. Environ. Sci. Pollut. Res. Int. 26 (4), 3659–3665. doi:10.1007/s11356-018-3907-9

	Adedara, I. A., Ego, V. C., Subair, T. I., Oyediran, O., and Farombi, E. O. (2017). Quercetin improves neurobehavioral performance through restoration of brain antioxidant status and acetylcholinesterase activity in manganese-treated rats. Neurochem. Res. 42 (4), 1219–1229. doi:10.1007/s11064-016-2162-z

	Anand, P., and Singh, B. (2013). A review on cholinesterase inhibitors for Alzheimer's disease. Arch. Pharm. Res. 36 (4), 375–399. doi:10.1007/s12272-013-0036-3

	Arunsundar, M., Shanmugarajan, T. S., and Ravichandran, V. (2015). 3,4-Dihydroxyphenylethanol attenuates spatio-cognitive deficits in an Alzheimer's disease mouse model: modulation of the molecular signals in neuronal survival-apoptotic programs. Neurotox. Res. 27 (2), 143–155. doi:10.1007/s12640-014-9492-x

	Azadeh, S., Rabiei, Z., and Setorki, M. (2019). Effects of gallic acid and physical exercise on passive avoidance memory in male rat. Braz. J. Pharm. Sci. 55, e18261. doi:10.1590/s2175-97902019000218261

	Baell, J. B., and Holloway, G. A. (2010). New substructure filters for removal of pan assay interference compounds (PAINS) from screening libraries and for their exclusion in bioassays. J. Med. Chem. 53 (7), 2719–2740. doi:10.1021/jm901137j

	Baluchnejadmojarad, T., and Roghani, M. (2011). Chronic epigallocatechin-3-gallate ameliorates learning and memory deficits in diabetic rats via modulation of nitric oxide and oxidative stress. Behav. Brain Res. 224 (2), 305–310. doi:10.1016/j.bbr.2011.06.007

	Barkur, R. R., and Bairy, L. K. (2015). Evaluation of passive avoidance learning and spatial memory in rats exposed to low levels of lead during specific periods of early brain development. Int. J. Occup. Environ. Med. 28 (3), 533–544. doi:10.13075/ijomeh.1896.00283

	Brus, B., Kosak, V., Turk, S., Pislar, A., Coquelle, N., Kos, J., et al. (2014). Discovery, biological evaluation, and crystal structure of a novel nano-molar selective butyrylcholinesterase inhibitor. J. Med. Chem. 57 (19), 8167–8179. doi:10.1021/jm501195e

	Budzynska, B., Boguszewska-Czubara, A., Kruk-Slomka, M., Skalicka-Wozniak, K., Michalak, A., Musik, I., et al. (2015). Effects of imperatorin on scopolamine-induced cognitive impairment and oxidative stress in mice. Psychopharmacology 232, 931–942. doi:10.1007/s00213-014-3728-6

	Chaari, A. (2020). Inhibition of human islet amyloid polypeptide aggregation and cellular toxicity by oleuropein and derivatives from olive oil. Int. J. Biol. Macromol. 162, 284–300. doi:10.1016/j.ijbiomac.2020.06.170

	Chandler, D., Woldu, A., Rahmadi, A., Shanmugam, K., Steiner, N., Wright, E., et al. (2010). Effects of plant-derived polyphenols on TNF-alpha and nitric oxide production induced by advanced glycation endproducts. Mol. Nutr. Food Res. 54, S141–S150. doi:10.1002/mnfr.200900504

	Chao, W. W., Chan, W. C., Ma, H. T., and Chou, S. T. (2022). Phenolic acids and flavonoids-rich Glechoma hederacea L. (Lamiaceae) water extract against H2O2-induced apoptosis in PC12 cells. J. Food Biochem. 46 (1), e14032. doi:10.1111/jfbc.14032

	Cheung, J., Rudolph, M. J., Burshteyn, F., Cassidy, M. S., Gary, E. N., Love, J., et al. (2012). Structures of human acetylcholinesterase in complex with pharmacologically important ligands. J. Med. Chem. 55, 10282–10286. doi:10.1021/jm300871x

	Daina, A., and Zoete, V. (2016). A BOILED-Egg to predict gastrointestinal absorption and brain penetration of small molecules. ChemMedChem 11 (11), 1117–1121. doi:10.1002/cmdc.201600182

	Daina, A., Michielin, O., and Zoete, V. (2017). SwissADME: a free web tool to evaluate pharmacokinetics, drug-likeness and medicinal chemistry friendliness of small molecules. Sci. Rep. 7, 42717. doi:10.1038/srep42717

	Darvesh, S. (2016). Butyrylcholinesterase as a diagnostic and therapeutic target for Alzheimer's disease. Curr. Alzheimer Res. 13 (10), 1173–1177. doi:10.2174/1567205013666160404120542

	Das, N., Raymick, J., and Sarkar, S. (2021). Role of metals in Alzheimer's disease. Metab. Brain Dis. 36 (7), 1627–1639. doi:10.1007/s11011-021-00765-w

	De Bruin, N., and Pouzet, B. (2006). Beneficial effects of galantamine on performance in the object recognition task in Swiss mice: deficits induced by scopolamine and by prolonging the retention interval. Pharmacol. Biochem. Behav. 85 (1), 253–260. doi:10.1016/j.pbb.2006.08.007

	Dou, K. X., Tan, M. S., Tan, C. C., Cao, X. P., Hou, X. H., Guo, Q. H., et al. (2018). Comparative safety and effectiveness of cholinesterase inhibitors and memantine for Alzheimer's disease: a network meta-analysis of 41 randomized controlled trials. Alzheimers Res. Ther. 10 (1), 126. doi:10.1186/s13195-018-0457-9

	Dugger, B. N., and Dickson, D. W. (2017). Pathology of neurodegenerative diseases. Cold Spring Harb. Perspect. Biol. 9 (7), a028035. doi:10.1101/cshperspect.a028035

	Ellman, G. L., Courtney, K. D., Andres, V., and Featherstone, R. M. (1961). A new and rapid colorimetric determination of acetylcholinesterase activity. Biochem. Pharmacol. 7, 88–95. doi:10.1016/0006-2952(61)90145-9

	Endres, K. (2021). Apolipoprotein A1, the neglected relative of apolipoprotein E and its potential role in Alzheimer's disease. Neural Regen. Res. 16 (11), 2141–2148. doi:10.4103/1673-5374.310669

	Ertl, P., Rohde, B., and Selzer, P. (2000). Fast calculation of molecular polar surface area as a sum of fragment-based contributions and its application to the prediction of drug transport properties. J. Med. Chem. 43 (20), 3714–3717. doi:10.1021/jm000942e

	Fachel, F. N. S., Michels, L. R., Azambuja, J. H., Lenz, G. S., Gelsleichter, N. E., Endres, M., et al. (2020). Chitosan-coated rosmarinic acid nanoemulsion nasal administration protects against LPS-induced memory deficit, neuroinflammation, and oxidative stress in Wistar rats. Neurochem. Int. 141, 104875. doi:10.1016/j.neuint.2020.104875

	Fernandes, L., Cardim-Pires, T. R., Foguel, D., and Palhano, F. L. (2021). Green tea polyphenol epigallocatechin-gallate in amyloid aggregation and neurodegenerative diseases. Front. Neurosci. 15, 718188. doi:10.3389/fnins.2021.718188

	Firdaus, Z., and Singh, T. D. (2021). An insight in pathophysiological mechanism of Alzheimer's disease and its management using plant natural products. Mini Rev. Med. Chem. 21 (1), 35–57. doi:10.2174/1389557520666200730155928

	Getova, D. P., and Mihaylova, A. S. (2013). Effects of Rhodiola rosea extract on passive avoidance tests in rats. Cent. Eur. J. Med. 8 (2), 176–181. doi:10.2478/s11536-012-0124-7

	Gocer, H., Topal, F., Topal, M., Küçük, M., Teke, D., Gulcin, I., et al. (2016). Acetylcholinesterase and carbonic anhydrase isoenzymes I and II inhibition profiles of taxifolin. J. Enzyme Inhib. Med. Chem. 31 (3), 441–447. doi:10.3109/14756366.2015.1036051

	González-Correa, J. A., Navas, M. D., Lopez-Villodres, J. A., Trujillo, M., Espartero, J. L., and De La Cruz, J. P. (2008). Neuroprotective effect of hydroxytyrosol and hydroxytyrosol acetate in rat brain slices subjected to hypoxia-reoxygenation. Neurosci. Lett. 446 (2-3), 143–146. doi:10.1016/j.neulet.2008.09.022

	Gouras, G. K., Olsson, T. T., and Hansson, O. (2015). β-Amyloid peptides and amyloid plaques in Alzheimer's disease. Neurotherapeutics 12 (1), 3–11. doi:10.1007/s13311-014-0313-y

	Grabowski, K., Baringhaus, K. H., and Schneider, G. (2008). Scaffold diversity of natural products: inspiration for combinatorial library design. Nat. Prod. Rep. 25 (5), 892–904. doi:10.1039/b715668p

	Gulcin, I., Scozzafava, A., Supuran, C. T., Koksal, Z., Turkan, F., Cetinkaya, S., et al. (2016). Rosmarinic acid inhibits some metabolic enzymes including glutathione S-transferase, lactoperoxidase, acetylcholinesterase, butyrylcholinesterase and carbonic anhydrase isoenzymes. J. Enzyme Inhib. Med. Chem. 31 (6), 1698–1702. doi:10.3109/14756366.2015.1135914

	Guo, J., Wang, Z., Liu, R., Huang, Y., Zhang, N., and Zhang, R. (2020). Memantine, donepezil, or combination therapy – what is the best therapy for Alzheimer's disease? A network meta-analysis. Brain Behav. 10 (11), e01831. doi:10.1002/brb3.1831

	Hasanein, P., Felehgari, Z., and Emamjomeh, A. (2016). Preventive effects of Salvia officinalis L. against learning and memory deficit induced by diabetes in rats: possible hypoglycaemic and antioxidant mechanisms. Neurosci. Lett. 622, 72–77. doi:10.1016/j.neulet.2016.04.045

	Heinrich, M., and Lee, H. T. (2004). Galanthamine from snowdrop – the development of a modern drug against Alzheimer's disease from local Caucasian knowledge. J. Ethnopharmacol. 92 (2–3), 147–162. doi:10.1016/j.jep.2004.02.012

	Hornedo-Ortega, R., Cerezo, A. B., de Pablos, R. M., Krisa, S., Richard, T., García-Parrilla, M. C., et al. (2018). Phenolic compounds characteristic of the Mediterranean diet in mitigating microglia-mediated neuroinflammation. Front. Cell Neurosci. 12, 373. doi:10.3389/fncel.2018.00373

	Hosseini, P. S., Rafieirad, M., and Esmaeili, S. (2019). The effect of oleuropein on working and passive avoidance memory in the pentylenetetrazole-induced seizure animal model. J. Bas. Res. Med. Sci. 6 (1), 41–48.

	Islam, M. A., Zaman, S., Biswas, K., Al-Amin, M. Y., Hasan, M. K., Alam, A. H. M. K., et al. (2021). Evaluation of cholinesterase inhibitory and antioxidant activity of Wedelia chinensis and isolation of apigenin as an active compound. BMC Complement. Med. Ther. 21 (1), 204. doi:10.1186/s12906-021-03373-4

	Jahn, H. (2013). Memory loss in Alzheimer's disease. Dialogues Clin. Neurosci. 15 (4), 445–454. doi:10.31887/DCNS.2013.15.4/hjahn

	Jang, M. H., Piao, X. L., Kim, J. M., Kwon, S. W., and Park, J. H. (2008). Inhibition of cholinesterase and amyloid-beta aggregation by resveratrol oligomers from Vitis amurensis. Phytother. Res. 22 (4), 544–549. doi:10.1002/ptr.2406

	Katalinić, M., Rusak, G., Domaćinović Barović, J., Sinko, G., Jelić, D., Antolović, R., et al. (2010). Structural aspects of flavonoids as inhibitors of human butyrylcholinesterase. Eur. J. Med. Chem. 45 (1), 186–192. doi:10.1016/j.ejmech.2009.09.041

	Khadka, B., Lee, J. Y., Park, D. H., Kim, K. T., and Bae, J. S. (2020). The role of natural compounds and their nanocarriers in the treatment of CNS inflammation. Biomolecules 10 (10), 1401. doi:10.3390/biom10101401

	Khan, M. T., Orhan, I., Senol, F. S., Kartal, M., Sener, B., Dvorská, M., et al. (2009). Cholinesterase inhibitory activities of some flavonoid derivatives and chosen xanthone and their molecular docking studies. Chem. Biol. Interact. 181 (3), 383–389. doi:10.1016/j.cbi.2009.06.024

	Kim, M. J., Hwang, E. S., Kim, K. J., Maeng, S., Heo, H. J., Park, J. H., et al. (2021). Anti-amnesic effects of epigallocatechin gallate on scopolamine–induced learning and memory dysfunction in Sprague–Dawley rats. Antioxidants (Basel) 11 (1), 1. doi:10.3390/antiox11010001

	Kirova, A. M., Bays, R. B., and Lagalwar, S. (2015). Working memory and executive function decline across normal aging, mild cognitive impairment, and Alzheimer's disease. Biomed. Res. Int. 2015, 748212. doi:10.1155/2015/748212

	Kuppusamy, A., Arumugam, M., and George, S. (2017). Combining in silico and in vitro approaches to evaluate the acetylcholinesterase inhibitory profile of some commercially available flavonoids in the management of Alzheimer's disease. Int. J. Biol. Macromol. 95, 199–203. doi:10.1016/j.ijbiomac.2016.11.062

	Lee, J. W., Lee, Y. K., Ban, J. O., Ha, T. Y., Yun, Y. P., Han, S. B., et al. (2009). Green tea (-)-epigallocatechin-3-gallate inhibits beta-amyloid-induced cognitive dysfunction through modification of secretase activity via inhibition of ERK and NF-kappaB pathways in mice. J. Nutr. 139 (10), 1987–1993. doi:10.3945/jn.109.109785

	Lee, J. S., Kim, J. H., Han, Y. K., Ma, J. Y., Kim, Y. H., Li, W., et al. (2018). Cholinesterases inhibition studies of biological active compounds from the rhizomes of Alpinia officinarum Hance and in silico molecular dynamics. Int. J. Biol. Macromol. 120 (Pt B), 2442–2447. doi:10.1016/j.ijbiomac.2018.09.014

	Leri, M., Bertolini, A., Stefani, M., and Bucciantini, M. (2021). EVOO polyphenols relieve synergistically autophagy dysregulation in a cellular model of Alzheimer’s disease. Int. J. Mol. Sci. 22, 7225. doi:10.3390/ijms22137225

	Lipinski, C. A., Lombardo, F., Dominy, B. W., and Feeney, P. J. (2012). Experimental and computational approaches to estimate solubility and permeability in drug discovery and development settings. Adv. Drug Deliv. Rev. 64, 4–17. doi:10.1016/j.addr.2012.09.019

	Liu, Y., Pukala, T. L., Musgrave, I. F., Williams, D. M., Dehle, F. C., and Carver, J. A. (2013). Gallic acid is the major component of grape seed extract that inhibits amyloid fibril formation. Bioorg. Med. Chem. Lett. 23 (23), 6336–6340. doi:10.1016/j.bmcl.2013.09.071

	Lopez, O. L., and Kuller, L. H. (2019). Epidemiology of aging and associated cognitive disorders: prevalence and incidence of Alzheimer's disease and other dementias. Handb. Clin. Neurol. 167, 139–148. doi:10.1016/B978-0-12-804766-8.00009-1

	Mansouri, M. T., Farbood, Y., Sameri, M. J., Sarkaki, A., Naghizadeh, B., and Rafeirad, M. (2013). Neuroprotective effects of oral gallic acid against oxidative stress induced by 6-hydroxydopamine in rats. Food Chem. 138 (2-3), 1028–1033. doi:10.1016/j.foodchem.2012.11.022

	Mnafgui, K., Ghazouani, L., Hajji, R., Tlili, A., Derbali, F., da Silva, F. I., et al. (2021). Oleuropein protects against cerebral ischemia injury in rats: molecular docking, biochemical and histological findings. Neurochem. Res. 46 (8), 2131–2142. doi:10.1007/s11064-021-03351-9

	Mohs, R. C., Davis, B. M., Johns, C. A., Mathé, A. A., Greenwald, B. S., Horvath, T. B., et al. (1985). Oral physostigmine treatment of patients with Alzheimer's disease. Am. J. Psychiatry 142 (1), 28–33. doi:10.1176/ajp.142.1.28

	Naguy, A., Husain, K., and Alamiri, B. (2022). Galantamine beyond Alzheimer's disease – a fact or artefact?CNS Spectr. 27 (3), 268–271. doi:10.1017/S1092852920002229

	Nardiello, P., Pantano, D., Lapucci, A., Stefani, M., and Casamenti, F. (2018). Diet supplementation with hydroxytyrosol ameliorates brain pathology and restores cognitive functions in a mouse model of amyloid-β deposition. J. Alzheimers Dis. 63 (3), 1161–1172. doi:10.3233/JAD-171124

	Niu, H., Álvarez-Álvarez, I., Guillén-Grima, F., and Aguinaga-Ontoso, I. (2017). Prevalence and incidence of Alzheimer's disease in Europe: a meta-analysis. Neurologia 32 (8), 523–532. doi:10.1016/j.nrl.2016.02.016

	Okello, E. J., and Mather, J. (2020). Comparative kinetics of acetyl- and butyryl-cholinesterase inhibition by green tea catechins: relevance to the symptomatic treatment of Alzheimer's disease. Nutrients 12 (4), 1090. doi:10.3390/nu12041090

	Omar, S. H., Scott, C. J., Hamlin, A. S., and Obied, H. K. (2018). Biophenols: enzymes (β-secretase, cholinesterases, histone deacetylase and tyrosinase) inhibitors from olive (Olea europaea L.). Fitoterapia 128, 118–129. doi:10.1016/j.fitote.2018.05.011

	Orhan, I. E. (2021). Cholinesterase inhibitory potential of quercetin towards Alzheimer's disease – a promising natural molecule or fashion of the day? A narrowed review. Curr. Neuropharmacol. 19 (12), 2205–2213. doi:10.2174/1570159X18666201119153807

	Orhan, I., and Aslan, M. (2009). Appraisal of scopolamine-induced antiamnesic effect in mice and in vitro antiacetylcholinesterase and antioxidant activities of some traditionally used Lamiaceae plants. J. Ethnopharmacol. 122 (2), 327–332. doi:10.1016/j.jep.2008.12.026

	Ozarowski, M., Mikolajczak, P. L., Bogacz, A., Gryszczynska, A., Kujawska, M., Jodynis-Liebert, J., et al. (2013). Rosmarinus officinalis L. leaf extract improves memory impairment and affects acetylcholinesterase and butyrylcholinesterase activities in rat brain. Fitoterapia 91, 261–271. doi:10.1016/j.fitote.2013.09.012

	Paroni, G., Bisceglia, P., and Seripa, D. (2019). Understanding the amyloid hypothesis in Alzheimer's disease. J. Alzheimers Dis. 68 (2), 493–510. doi:10.3233/JAD-180802

	Pinho, B. R., Ferreres, F., Valentão, P., and Andrade, P. B. (2013). Nature as a source of metabolites with cholinesterase-inhibitory activity: an approach to Alzheimer's disease treatment. J. Pharm. Pharmacol. 65 (12), 1681–1700. doi:10.1111/jphp.12081

	Potts, R. O., and Guy, R. H. (1992). Predicting skin permeability. Pharm. Res. 9 (5), 663–669. doi:10.1023/A:1015810312465

	Pourkhodadad, S., Alirezaei, M., Moghaddasi, M., Ahmadvand, H., Karami, M., Delfan, B., et al. (2016). Neuroprotective effects of oleuropein against cognitive dysfunction induced by colchicine in hippocampal CA1 area in rats. J. Physiol. Sci. 66 (5), 397–405. doi:10.1007/s12576-016-0437-4

	Rizzo, M., Ventrice, D., Giannetto, F., Cirinnà, S., Santagati, N. A., Procopio, A., et al. (2017). Antioxidant activity of oleuropein and semisynthetic acetyl-derivatives determined by measuring malondialdehyde in rat brain. J. Pharm. Pharmacol. 69 (11), 1502–1512. doi:10.1111/jphp.12807

	Roche, M., Dufour, C., Loonis, M., Reist, M., Carrupt, P. A., and Dangles, O. (2009). Olive phenols efficiently inhibit the oxidation of serum albumin-bound linoleic acid and butyrylcholine esterase. Biochim. Biophys. Acta 1790 (4), 240–248. doi:10.1016/j.bbagen.2009.01.007

	Romero-Márquez, J. M., Forbes-Hernández, T. Y., Navarro-Hortal, M. D., Quirantes-Piné, R., Grosso, G., Giampieri, F., et al. (2023). Molecular mechanisms of the protective effects of olive leaf polyphenols against Alzheimer's disease. Int. J. Mol. Sci. 24 (5), 4353. doi:10.3390/ijms24054353

	Salehi, A., Rabiei, Z., and Setorki, M. (2018). Effect of gallic acid on chronic restraint stress-induced anxiety and memory loss in male BALB/c mice. Iran. J. Basic Med. Sci. 21 (12), 1232–1237. doi:10.22038/ijbms.2018.31230.7523

	Sarkaki, A., Fathimoghaddam, H., Mansouri, S. M., Korrani, M. S., Saki, G., and Farbood, Y. (2014). Gallic acid improves cognitive, hippocampal long-term potentiation deficits and brain damage induced by chronic cerebral hypoperfusion in rats. Pak. J. Biol. Sci. 17 (8), 978–990. doi:10.3923/pjbs.2014.978.990

	Saxena, M., and Dubey, R. (2019). Target enzyme in Alzheimer's disease: acetylcholinesterase inhibitors. Curr. Top. Med. Chem. 19 (4), 264–275. doi:10.2174/1568026619666190128125912

	Senol, F. S., Ślusarczyk, S., Matkowski, A., Pérez-Garrido, A., Girón-Rodríguez, F., Cerón-Carrasco, J. P., et al. (2017). Selective in vitro and in silico butyrylcholinesterase inhibitory activity of diterpenes and rosmarinic acid isolated from Perovskia atriplicifolia Benth. and Salvia glutinosa L. Phytochemistry 133, 33–44. doi:10.1016/j.phytochem.2016.10.012

	Shi, W., Han, W., Liao, Y., Wen, J., and Zhang, G. (2024). Inhibition mechanism of fisetin on acetylcholinesterase and its synergistic effect with galantamine. Spectrochim. Acta A Mol. Biomol. Spectrosc. 305, 123452. doi:10.1016/j.saa.2023.123452

	Singh, S. K., Balendra, V., Obaid, A. A., Esposto, J., Tikhonova, M. A., Gautam, N. K., et al. (2022). Copper-mediated β-amyloid toxicity and its chelation therapy in Alzheimer's disease. Metallomics 14 (6), mfac018. doi:10.1093/mtomcs/mfac018

	Smyrska-Wieleba, N., and Mroczek, T. (2023). Natural inhibitors of cholinesterases: chemistry, structure–activity and methods of their analysis. Int. J. Mol. Sci. 24 (3), 2722. doi:10.3390/ijms24032722

	Szwajgier, D. (2013). Anticholinesterase activity of phenolic acids and their derivatives. Z. Naturforsch C 68 (3-4), 0125–0132. doi:10.5560/ZNC.2013.68c0125

	Szwajgier, D. (2015). Anticholinesterase activity of selected phenolic acids and flavonoids – interaction testing in model solutions. Ann. Agric. Environ. Med. 22 (4), 690–694. doi:10.5604/12321966.1185777

	Taguchi, R., Hatayama, K., Takahashi, T., Hayashi, T., Sato, Y., Sato, D., et al. (2017). Structure–activity relations of rosmarinic acid derivatives for the amyloid β aggregation inhibition and antioxidant properties. Eur. J. Med. Chem. 138, 1066–1075. doi:10.1016/j.ejmech.2017.07.026

	Townsend, D., Hughes, E., Akien, G., Stewart, K. L., Radford, S. E., Rochester, D., et al. (2018). Epigallocatechin-3-gallate remodels apolipoprotein A-I amyloid fibrils into soluble oligomers in the presence of heparin. J. Biol. Chem. 293 (33), 12877–12893. doi:10.1074/jbc.RA118.002038

	Wang, Y., Wu, X., Ren, W., Liu, Y., Dai, X., Wang, S., et al. (2023). Protective effects of fisetin in an Aβ1–42-induced rat model of Alzheimer's disease. Folia Neuropathol. 61 (2), 196–208. doi:10.5114/fn.2023.126893

	Wasik, A., and Antkiewicz-Michaluk, L. (2017). The mechanism of neuroprotective action of natural compounds. Pharmacol. Rep. 69 (5), 851–860. doi:10.1016/j.pharep.2017.03.018

	Wu, M., Liu, M., Wang, F., Cai, J., Luo, Q., Li, S., et al. (2022). The inhibition mechanism of polyphenols from Phyllanthus emblica Linn. fruit on acetylcholinesterase: an interaction, kinetic, spectroscopic, and molecular simulation study. Food Res. Int. 158, 111497. doi:10.1016/j.foodres.2022.111497

	Xie, Y., Yang, W., Chen, X., and Xiao, J. (2014). Inhibition of flavonoids on acetylcholine esterase: binding and structure–activity relationship. Food Funct. 5 (10), 2582–2589. doi:10.1039/c4fo00287c

	Xing, S., Li, Q., Xiong, B., Chen, Y., Feng, F., Liu, W., et al. (2021). Structure and therapeutic uses of butyrylcholinesterase: application in detoxification, Alzheimer's disease, and fat metabolism. Med. Res. Rev. 41 (2), 858–901. doi:10.1002/med.21745

	Youn, K., Ho, C. T., and Jun, M. (2022). Multifaceted neuroprotective effects of (-)-epigallocatechin-3-gallate (EGCG) in Alzheimer’s disease: an overview of pre-clinical studies focused on beta-amyloid peptide. Food Sci. Hum. Wellness 11, 483–493. doi:10.1016/j.fshw.2021.12.006

	Zheng, A., Li, H., Xu, J., Cao, K., Li, H., Pu, W., et al. (2015). Hydroxytyrosol improves mitochondrial function and reduces oxidative stress in the brain of db/db mice: role of AMP-activated protein kinase activation. Br. J. Nutr. 113 (11), 1667–1676. doi:10.1017/S0007114515000884

	Zhu, T., Wang, L., Wang, L. P., and Wan, Q. (2022). Therapeutic targets of neuroprotection and neurorestoration in ischemic stroke: applications for natural compounds from medicinal herbs. Biomed. Pharmacother. 148, 112719. doi:10.1016/j.biopha.2022.112719

	Zou, K., Luo, H., Wang, J., and Huang, N. (2014). Induced-fit docking and virtual screening for 8-hydroxy-3-methoxy-5H-pyrido[2,1-c]pyrazin-5-one derivatives as inducible nitric oxide synthase inhibitors. J. Chem. Pharm. Res. 6, 1187–1194.

	Zuhra, K., Petrosino, M., Gupta, B., Panagaki, T., Cecconi, M., Myrianthopoulos, V., et al. (2022). Epigallocatechin gallate is a potent inhibitor of cystathionine beta-synthase: structure–activity relationship and mechanism of action. Nitric Oxide 128, 12–24. doi:10.1016/j.niox.2022.07.007


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Ucar Akyurek, Senol Deniz, Suntar, Eren, Ulutas and Orhan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-16-1640034-g003.jpg
uPo

FLEX

INSATU

INSOLU

size

uPo

FLEX size

INSATU POLAR

INSOLU

upo

FLEX size

INSATU POLAR

INSOLY

FLEX size

INSATU POLAR

INSOLU

upo
FLEX
INSATU
INSOLU

size

POLAR

Oleuropein

3-Hydroxytyrosol

Gallic Acid

Rosmarinic Acid

EGCG






OPS/images/fphar-16-1640034-g004.jpg
WLOGP

20

40

o
Molecule 2

60

80

o
Molecule 1

o
Molecule 4

o
Molecule 3 o
Molecule 5

100 120 140 160 180 TPSA





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		3-Hydroxytyrosol as a phenolic cholinesterase inhibitor with antiamnesic activity: a multimethodological study of selected plant phenolics		Background

		Objective

		Methods

		Results

		Conclusion

		INTRODUCTION

		MATERIALS AND METHODS		Chemicals

		Microtiter assay for ChE inhibition

		Data processing for enzyme inhibition assays

		Passive avoidance test in mice

		Molecular docking studies

		MM/GBSA study

		SwissADME-based prediction of drug-likeness and ADMET parameters





		RESULTS		ChE inhibitory effects of the phenolic compounds

		Antiamnesic activities of the phenolic compounds

		Findings of the molecular docking studies with AChE

		Findings of the molecular docking studies with BChE

		Computational ADME, pharmacokinetic, and toxicokinetic predictions

		Findings from in silico toxicity screening





		DISCUSSION

		CONCLUSION		Study limitations





		DATA AVAILABILITY STATEMENT

		ETHICS STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		ACKNOWLEDGMENTS

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		ABBREVIATIONS

		REFERENCES









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

3-Hydroxytyrosol as a phenolic
cholinesterase inhibitor with
antiamnesic activity: a
multimethodological study of
selected plant phenolics





OPS/images/fphar-16-1640034-g001.jpg





OPS/images/fphar-16-1640034-g002.jpg









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





