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Abstract
Objectives: Our study examines the potential of flavonoid-rich extracts from avocado seeds
(Persea americana) in combating Alzheimer’s disease and diabetes.

Methods: The antidiabetic activity of the extracts was assessed via the inhibition of a-amylase
and a-glucosidase enzymes. Additionally, their anti-Alzheimer properties were evaluated
through their anti-cholinesterase activities against AChE, BChE, and monoamine oxidase
(MAO). Molecular docking and dynamics simulations were conducted to identify potential
flavonoid inhibitors for the enzymes a-amylase, a-glucosidase, AChE, BChE, and monoamine
oxidase.

Key findings: Notably, the extracts exhibited significant inhibitory activity against AChE (ICso
=38.105 % 0.32 ug/mL) and BChE (ICsp = 72.542 * 1.470 ug/mL). MAO suppression protected
against Fe2+-mediated brain damage. Additionally, the flavonoid-rich extract of P. americana
showed considerable inhibitory activity against a-amylase (ICso = 608.516 * 26.917 pg/mlL)
and a-glucosidase (ICso = 790.570 £ 6.846 pg/mlL) activities. HPLC-DAD profiling revealed
the presence of gallic acid, caffeic acid, ferulic acid, rutin, p-coumaric acid, and quercetin.
Molecular docking studies identified rutin, ferulic acid, and quercetin as the most promising
ligands for the five protein targets investigated. Molecular simulations confirmed the stability
of the protein-ligand complexes, as evidenced by favorable thermodynamic parameters.

Conclusions: Overall, our findings revealed that P. americana seed extracts have promising
anti-Alzheimer’s and antidiabetic effects.

Keywords: Pharmacology; Drug discovery; Medicinal plants; Noncommunicable diseases;
Biocomputation



Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by
cognitive decline, ultimately leading to various forms of dementia (Perluigi et al. 2024;
Lekmine et al. 2024a). According to Tahami Monfared et al. (2022) and O’Neal (2024),
approximately 1 in 9 individuals over 65 years of age are affected by AD, with women
comprising two-thirds of the patient population. AD pathology is characterized primarily by
the accumulation of toxic amyloid-beta (AB) plaques, neurofibrillary tangles of the tau protein,
and neuroinflammation mediated by microglial activation. However, recent studies have
emphasized the critical role of acetylcholinesterase (AChE), butyrylcholinesterase (BChE),
and monoamine oxidases (MAOs) in the progression of AD and related dementias (Okpala et
al. 2025, Ojo et al. 20244a). These enzymes are usually elevated in people with AD, leading to
impaired cognitive function due to the inactivation of neurotransmitters such as
acetylcholine, catecholamine and 5-hydroxytryptamine (Harilal et al. 2020; Walczak-Nowicka
and Herbet 2021; Liu et al. 2022).

Emerging evidence suggests that diabetes mellitus significantly increases the risk of
developing AD (Zhang et al. 2021a; Zhang et al. 2021b; Hamzé et al. 2022). According to a
comprehensive review conducted by Zhang et al. (2021a), data from 24 longitudinal studies
on diabetes indicate that people with diabetes have a relative risk of developing AD of 1.43%
(CI= 1.25-1.62, 95%). Molecular studies on the crosstalk between AD and diabetes also
suggest that AD pathogenesis is exacerbated when amyloid-beta, a protein implicated in AD,
interacts with the islet amyloid peptide, a peptide implicated in diabetes (Zhang et al. 2021b;
Hamzé et al. 2022). Studies have also shown that individuals with an abnormal glycemic
index tend to have higher levels of phosphorylated tau proteins in their cerebrospinal fluid,
which further implicates diabetes in the onset and progression of AD (Hobday and Parmar
2021; Rojas et al. 2021; Bellia et al. 2022). Since the brain is highly dependent on glucose
metabolism, insulin resistance or insufficient insulin production can impair neuronal
signaling, leading to deficits in memory formation, synaptic plasticity, and cognitive function
(Sharma and Singh 2020; Blazquez et al. 2022). These findings suggest that therapeutic
agents that target AChE, BChE and MAO and have antidiabetic effects could be effective in

the management of AD and its associated dementias.



In silico studies play crucial roles in modern research by providing valuable insights
into the potential biological effects of bioactive molecules from plant extracts. These
computational approaches, including molecular docking, molecular dynamics simulations,
and absorption, distribution, metabolism, excretion, and toxicity (ADMET) predictions
(Lekmine et al. 2024b), allow researchers to analyze the interactions between plant-derived
compounds and biological targets at the molecular level (Benslama et al., 2025). By
simulating these interactions, in silico methods help identify promising bioactive molecules
(Lekmine et al. 2025a), predict their binding affinities, and understand their mechanism of
action before conducting extensive in vitro and in vivo experiments (Moussa et al., 2024). This
not only accelerates the drug discovery process but also reduces costs, ethical concerns, and
the need for excessive experimental testing. Furthermore, in silico studies aid in the
optimization of lead compounds by assessing their pharmacokinetics and drug-likeness
properties, thereby enhancing their therapeutic potential (Gherdaoui et al. 2024; Lekmine et
al. 2025b). In the context of neurodegenerative diseases, metabolic disorders, and
antimicrobial research, computational approaches provide a powerful tool for screening
plant-derived compounds and identifying candidates for further biological validation (Ojo et
al. 2022).

Plants serve as valuable sources of bioactive compounds that are widely utilized in
traditional medicine and modern drug discovery. A single plant can be rich in lignans,
flavonoids, tannins, polyphenols, triterpenes, sterols, and alkaloids, which endows the plant
with immense medicinal properties. The different parts of a plant also contain varying
concentrations and forms of these phytoconstituents, resulting in variations in the
pharmacological activities of parts of the plant. Persea americana (Mill), commonly known as
avocado, is one such plant, as a series of studies have explored the medicinal properties of
different parts of the plant. The leaves of P. americana are rich in glycosides, alkaloids,
tannins, saponins, flavonoids, and terpenoids (Boadi et al. 2015). The methanol extract from
the leaves of P. americana also possesses strong antimicrobial properties against Bacillus
subtilis, Salmonella typhi, Streptococcus aureus, and Candida albicans (Boadi et al. 2015). The

fruits of P. americana are rich in vitamins, carotenoids, phenolic compounds and fatty acids



and possess anti-inflammatory, antioxidant and cardioprotective properties (Ochoa-Zarzosa
et al. 2021).

Different extracts from the seeds of P. americana possess antidiabetic, antimicrobial,
organ-protective, and hormone-regulatory properties (Ochoa-Zarzosa et al. 2021; Orabueze
et al. 2021; Ojo et al. 2022a; Kupnik et al. 2023). In our previous study Ojo et al. (2022a), we
explored the antidiabetic effect of the aqueous extract in an alloxan-induced rat model. Given
the growing evidence of the molecular link between AD and diabetes, investigating the
neuroprotective potential of known antidiabetic agents is essential. Hence, this research
sought to evaluate the anti-Alzheimer’s and antidiabetic properties of flavonoid-rich extracts

from the seeds of P. americana via in vitro, ex vivo and in silico models.



Methods
Persea americana seed collection
The fruits of P. americana were collected from a local farm settlement in Ado-Ekiti metropolis,
Ekiti State, after permission was obtained from the farm owner to collect the fruits of P.
americana. The fruits were air-dried for several weeks and peeled to remove the seeds. The
seeds were then chopped into shade-dried pieces before being pulverized into powder. The
plant was authenticated and identified at the Forestry Research Institute of Nigeria (FRIN),
and the voucher number was FHI 113162.
Preparation of flavonoid-rich extracts

Fifty grams of powdered Persea americana seeds were subjected to maceration (1:10)
in 80% methanol for three days at room temperature to yield a crude methanolic extract
(31.78 g). The mixture was stirred periodically. At the end of the extraction, the micelles were
separated by filtration using cheesecloth. This crude extract was hydrolyzed by refluxing in
10% sulfuric acid at 100°C for 30 minutes (Ojo et al. 2024b). The resulting flavonoid aglycones
were precipitated and dissolved in warm 95% ethanol, then filtered and diluted to 100 mL
with 95% ethanol. The solution was concentrated under reduced pressure via a rotary
evaporator. Flavonoids were extracted from the filtrate by precipitation with concentrated
ammonium hydroxide, followed by washing with diluted ammonium hydroxide, with an
extraction yield of 22.14 g (Ojo et al. 2024b).
Determination of the Enzyme Inhibitory Activities of Flavonoid-rich Extracts of P.
americana Plants
Determination of a-amylase Inhibitory Activity
The method of Shai et al. (2010) was used to evaluate the a-amylase inhibitory property of
flavonoid-rich extracts of P. americana seeds. Briefly, an aliquot of 5 uL of enzyme (Molychem,
India) was made in cold 20 mM PBS (pH 6.7) and 6.7 mM NaCl. Thereafter, 250 uL of the
enzyme was combined with the inhibitor acarbose or flavonoid-rich extract of P. americana
(7.81-1000 pg/mlL) at various concentrations, and the mixture was incubated at 37°C for 20
mins. A 0.5% (w/v) starch mixture was subsequently introduced, and the mixture was
allowed to incubate for an additional 15 min at room temperature. Immediately after the

mixture was incubated, DNS reagent was added, mixed and placed in a water bath at 100°C



for 10 mins. Finally, the absorbance was read at 540 nm. Acarbose was used as a standard.
The experiment was performed in triplicate, and the percentage inhibition was determined.

The percentage inhibition was calculated as follows:

Absorbance of control— Absorbance of sample
Absorbance of control

x 100

Percentage inhibition =

Determination of the a-glucosidase Inhibitory Activity

The protocol was defined by Loukili et al. (2022). a-Glucosidase activity was measured at 400
nm spectrophotometrically by quantifying the release of p-nitrophenol from p-NPG. To
evaluate a-glucosidase activity, 100 uL of 50 mM sucrose, 1000 uL of 50 mM phosphate buffer
(pH 7.5), and 100 pL of a-glycosidase enzyme solution were prepared as the test solutions.
Different solutions were added to this mixture, including a control (distilled water), positive
control (acarbose), or flavonoid-rich extract of P. americana at varying concentrations (7.81-
1000 pg/mL). The absorbance of the final solution was read at 500 nm. Acarbose served as
the standard control. The percentage inhibition was then calculated.

The percentage inhibition was calculated as follows:

Absorbance of control— Absorbance of sample
Absorbance of control

x 100

Percentage inhibition =

Determination of the cholinesterase activity of flavonoid-rich extracts of P. americana
seeds

The inhibitory effects of the flavonoid-rich extract of P. americana seeds on
acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) activities were determined via
Ellman’s method described by Perry et al. (2000). Briefly, 100 uL of the tissue samples mixed
with varying concentrations of the flavonoid-rich extract were added to 50 uL of Ellman’s
reagent and 250 uL of 100 mM sodium phosphate buffer. The mixture was incubated for 20
min at 25°C, and 50 puL of 50 mM acetylcholine iodide was added. The absorbance was
measured immediately at 412 nm at 3 min intervals for 15 min.

Ex vivo analysis

Preparation of animals and organs

Healthy male Wistar rats, each weighing 150-200 g, were obtained from the Department of
Biochemistry at Bowen University. After an overnight fast, the rats were euthanized with

halothane. Their brains were then removed and homogenized in 1% Triton X-100 in 50 mM



phosphate buffer. The supernatants were collected in plain tubes for ex vivo research after
homogenization was performed at 3,000 rpm and 40°C. The procedures followed the approved
policies of the Bowen University Research Ethics Committee (approval number:
BUI/BCH/2024/0004) and were reported in agreement with the ARRIVE guidelines.

Ex vivo induction of brain damage

Ex vivo brain damage was induced via Fe?', following the methodology outlined by Erukainure
et al. (2020) and Ojo et al. (2024b). In brief, 100 puL of 0.1 mM FeSO4 was mixed with 200 uL
of the tissue lysate containing varying concentrations (15-240 ug/mL) of the flavonoid-rich
extract. The samples were then incubated for 30 min at 37°C before being used for
biochemical evaluations. The reaction mixture containing only the tissue supernatant served
as the normal control, whereas the mixture containing only the tissue supernatant and FeSO4
served as the negative control.

Assessment of monoamine oxidase (MAO) activity

The monoamine oxidase (MAO) activity was evaluated following the protocol defined by Green

and Haughton (1961). The orange-yellow color was quantified at a wavelength of 450 nm via a UV
spectrophotometer and determined via the specified formula. Safinamide was used as the positive
control for MAO activity.

%inhibition= Abscontrol- Abstest sample/Abscontrol x100

HPLC-DAD analysis of flavonoid-rich extracts of P. americana seeds

An Agilent 1100-series HPLC system with a quaternary pump and UV-DAD detector
equipped with a Zorbax Eclipse Plus C18 column (250 mm % 4.6 mm, S pm) was used. The
oven temperature varied in the range of 0-55°C. Chromatographic separation was performed
via a gradient elution method with H.O:MeOH:THF, as described by Araujo-Leodn et al. (2019).
The mobile phase consisted of a gradient of (A) water containing 1% H3;PO and (B)
methanol:tetrahydrofuran (80:20, v/v). The gradient program was as follows: 0-5 min, 90%
A; 5-15 min, linear gradient to 50% A; 15-20 min, 50% A; 20-22 min, linear gradient to 90%
A; 22-25 min, 90% A. The water contained 1% H3PO, and the flow rate was 1.5 mL/min. A

20 uL sample was injected, and the column was purged and equilibrated for 10 minutes each.



Flavonoid standard compounds include rutin, quercetin, kaempferol, apigenin, gallic acid,
caffeic acid, p-coumaric acid, and ferulic acid. Sample analysis took 40 minutes, and spectral
data were collected. The column temperature was maintained at 25°C, and the detection
wavelengths were set at 254 and 420 nm.

Molecular docking

Preparation of protein structure

Three-dimensional (3D) structures of protein-ligand complexes were retrieved from the
Protein Data Bank (PDB) for human a-glucosidase complexed with acarbose (PDB ID: 3TOP),
a-amylase complexed with acarbose (PDB ID: 1B2Y), butyrylcholinesterase (hBChE)
complexed with decamethonium (PDB ID: 6EP4), monoamine oxidase B complexed with
safinamide (PDB ID: 2V5Z), and acetylcholinesterase (hAChE) complexed with donepezil (PDB
ID: 4EY7). Ligands and water molecules were removed from the downloaded crystal
structures, and missing hydrogen atoms were added via GL-AutoDockTools (ADT, v1.5.6)
(Fahmy et al. 2024, Ojo et al. 2025a; Ogunlakin et al. 2025).

Preparation of ligands

Structure data files (SDF) containing reference inhibitors (donepezil, decamethonium,
acarbose, and safinamide) and HPLC-identified phytocompounds from P. americana seed
extracts enriched with flavonoids were retrieved from the PuBChEm database. These
compounds are already available in the database. These structures were then converted to
the Protein Data Bank (PDB) chemical format via Open Babel software (v. 3.1.1). Nonpolar
hydrogen atoms were merged with their bonded carbon atoms, whereas Gasteiger charges
were assigned to polar hydrogen atoms. Finally, the prepared ligand molecules were converted
to the dockable PDBQT format via AutoDock Tools (v. 4.2.6) (Benslama et al. 2023; Owumi
et al. 2024). Prior to docking, the ligand structures were energy-minimized via Open Babel
with the universal force field (UFF) and conjugate gradient descent algorithms.

Molecular Docking Validation

To evaluate the accuracy of our docking method, we compared the crystal structure of the
extracted cocrystallized ligand with the predicted docking poses of the standard ligands

(acarbose and donepezil) that had the lowest binding affinity in our initial docking. We used



Discovery Studio Visualizer to calculate the root-mean-square deviation (RMSD) between
these structures.

Molecular docking of phytochemicals with targeted active sites

Molecular docking studies were conducted via the methods outlined in previous works (Ojo
et al., 2022b; Okoli et al., 2022). Both standard inhibitors and HPLC constituents were
docked into the active sites of five target proteins (Trott and Olson 2010). Before docking, we
optimized the ligand structures via Open Babel and PyRx 0.8, employing the universal force
field (UFF) and conjugate gradient descent algorithm (O'Boyle 2011). Table 1 provides the
binding site coordinates for these target enzymes. We analyzed the molecular interactions
between ligands and proteins via Discovery Studio Visualizer version 16, with default settings
for additional parameters.

Molecular dynamics

To delve deeper into the dynamics of the top two phytochemical-protein complexes (4ey7 and
1b2y), we conducted 100 ns molecular dynamics simulations via GROMACS 2019.2 and the
GROMOS96 43al force fields. Charmm-GUI was used to generate protein and ligand topology
files (Lee et al. 2016; Lee et al. 2020). Other conditions of the simulations were as described
in earlier reports (Gyebi et al., 2021; Ogunyemi et al., 2021, 2023). To maintain temperature
and pressure, we employed velocity rescaling and the Parrinello-Rahman barostat,
respectively (Owumi et al. 2024, Ojo et al. 2025b). The simulations were run with a 2 femtosec
timestep via the Leap-Frog integrator, generating 1000 snapshots per system. From the MD
trajectories, we calculated the RMSD, RMSF, ROG, SASA, and hydrogen bond interactions.

Calculation of the Binding Free Energy via the Molecular Mechanics Generalized Born
Surface Area (MM-GBSA)

To quantify the binding affinities of the top two phytochemicals identified by docking, we
employed the MM-GBSA protocol and associated decomposition analysis through the gmx
MMPBSA package. This approach allowed us to calculate the binding energies of individual
amino acid residues within 0.5 nm of the ligand (Miller III et al., 2012; Valdés-Tresanco et
al., 2021). The methodology used here aligns with our previously published work (Gyebi et
al., 2021; Ogunyemi et al., 2021).

Data analysis
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Data analysis was performed via one-way ANOVA, and the results are expressed as the means
*+ standard deviations (n = 3). Statistical significance was determined at a p value < 0.05 via
multiple comparisons. Graphical representations were generated via GraphPad Prism version

9.0.
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Results

Experimental results

Effect of the flavonoid-rich extract of avocado seeds on diabetes indicators

Compared with the renowned antidiabetic drug acarbose, the flavonoid-rich extract of P.
americana (PA) showed moderate inhibitory potential against a-amylase and a-glucosidase.
As shown in Fig. 1A, the percentage inhibition of PA and acarbose increased in a dose-
dependent manner. At 1000 ug/mL, PA inhibited amylase by 50%, whereas acarbose
inhibited amylase by 90%. The concentrations of PA and acarbose required to inhibit amylase
by 50% were 608.51 + 26.91 ug/mL and 27.10 + 0.27 ug/mL, respectively (Fig. 1B). At 1000
ug/mL, the percentages of a-glucosidase inhibited by PA and acarbose were 55% and 90%,
respectively (Fig. 2A). As shown in Fig. 2B, the IC50 of PA (790.57 + 6.84 pg/mlL) was
significantly lower than that of acarbose (17.39 + 0.44 pg/mlL). Although the inhibitory
activity of PA against a-amylase and a-glucosidase is significantly lower than that of acarbose,
the findings from this study indicate that the phytochemicals in PA could be explored as

antidiabetic agents.

Effect of the flavonoid-rich extract of avocado seeds on brain indices

The anti-Alzheimer activity of the flavonoid-rich extract of P. americana was assessed on the
basis of the ability of the extract to inhibit the activities of acetylcholinesterase (AChE),
butyrylcholinesterase (BChE) and monoamine oxidase (MAO). As shown in Fig. 3A, the
inhibitory activity of PA against AChE increased and compared favorably with that of
galantamine. The concentrations of PA and galantamine required to inhibit 50% of AChE
activity were 38.11 + 0.33 ug/mL and 27.95 £ 0.122 ug/mlL, respectively (Fig. 3B). Compared
with that of galantamine, the inhibitory activity of PA against BChE also increased in a similar
manner (Fig. 4A). However, the data presented in Fig. 4B show that the IC50 of PA (73.54 *
1.47 ug/ml) was significantly greater than that of galantamine (23.13 £ 0.68 ug/mL). The
data presented in Figure 5 show that PA (31.25-1000 pg/mlL) significantly decreased iron-
induced alterations in MAO levels in the brains of the exposed rats in a dose-dependent

manner.
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Phytochemicals in the flavonoid-rich extract of P. americana

HPLC-DAD screening of P. americana seeds revealed that the plant extracts contained gallic

acid, caffeic acid, rutin, p-coumaric acid, ferulic acid and quercetin (Figure 6, Table 2).

Molecular docking results

Validation of the molecular docking

To evaluate our methodology, we superimposed the docked poses of reference compounds
(donepezil and safinamide) with their lowest energy conformations onto the native ligands
cocrystallized with the protein targets (4EY7 and 2V5Z) (Figure 1). We then calculated the
root-mean-square deviation (RMSD) between the superimposed structures. The RDDs for
donepezil and safinamide were 0.6211 and 0.7231 A, respectively. These low RMSD values
indicate that our docking protocol is suitable for predicting the binding poses of HPLC-
identified phytochemicals.

Molecular docking of bioactive flavonoid compounds from flavonoid-rich extracts of

Persea americana seeds against target proteins

After the validation protocol, with the same docking parameters, the HPLC-identified
phytochemicals were docked to the active sites of the proteins. Table 3 presents the binding
affinities of the HPLC-identified compounds docked to the five protein targets. On the basis
of active site interactions, minimal binding affinities, and favorable binding poses, the two hit
compounds for each target were selected for further analysis. The binding energies of these
phytochemicals were ranked, and the top two compounds for each target exhibited binding
energies comparable to those of standard inhibitors (Table 3). The cocrystallized reference
compounds donepezil, decamethonium, acarbose, and safinamide for 4EY7, 6EP4, 1B2Y,
3TOP and 2V5Z were docked into the binding sites of the target proteins with binding affinity
scores of -12.2, -5.4 -12.5, 14.2 and -11.1 kcal/mol, respectively. The binding affinity scores
of the two hit compounds to the 4EY7, 6EP4, 1B2Y and 3TOP protein targets are -8.1, -9.8,
-8.5 and -9.2 kcal/mol for quercetin and -9.4, -10.6, -8.9 and -8.8 kcal/mol for rutin,
respectively, whereas those for 2V5Z are -7.5 kcal/mol for rutin and -7.3 kcal/mol for ferulic
acid (Table 4). Among the top docked compounds, rutin demonstrated multiple top binding

tendencies to all five protein targets, quercetin also demonstrated multiple top binding
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tendencies to four protein targets, and ferulic acid was among the top two docked compounds
to the 2V5Z protein targets.

Interactions of the two hit bioactive flavonoid compounds and standard compounds
with the five protein targets

The interactions between the standard molecule and two hit bioactive flavonoids from the
flavonoid-rich extract of P. americana seeds that were discovered via HPLC and had target
protein binding site residues are displayed in Table 5. Most of the interactions between the
ligand groups of the top docked phytochemicals and the enzyme residues were hydrophobic,
with few H-bonds occurring below 3.40 A.

Interactive analysis revealed that donepezil adopts a binding conformation in 4ey7
cells similar to that of the native ligand, extending into the long, narrow hydrophobic gorge.
Quercetrin and rutin, the top-ranked phytochemicals for 4EY7, exhibited similar binding
modes in the active site gorge (Table 5, Figure 8). The top-ranked phytochemicals (rutin and
quercetin) established several hydrogen bonds with the catalytic amino acid residues involved
in decamethonium binding (Figure 9). In the 1B2Y binding site, although acarbose extended
into five subsites, the top phytochemicals (rutin and quercetin) occupied the -3 and -1
subsites (Figure 10). For 3TOP, the top phytochemicals (rutin and quercetin) adopted a
binding mode similar to that of acarbose, interacting with corresponding amino acid residues
(Figure 11). Unlike safinamide, which forms only one hydrogen bond with Gln206 and
hydrophobic interactions, the top phytochemicals for MAO (ferulic acid and rutin) establish
hydrogen bonds and hydrophobic interactions with amino acid residues (Figure 12).

Molecular dynamics simulation

Table 6 displays all of the parameter averages and standard deviations, whereas Figures 13-
17 display the complex spectrum map. The RMSD plots for both systems (4EY7 and 1B2Y)
revealed that equilibration occurred before 10 ns, with minimal fluctuations that were less
than (£3) (Figure 13). The mean RMSD of the top docked compounds (rutin and quercetin)
was greater than that of the reference compound acarbose. The mean RMSF values of the
three 4EY7 systems were relatively consistent, and those of all the 1B2Y complex systems

were comparable (Figure 14). The RoG graphs and SASA showed minimal fluctuations
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throughout the simulation (Figures 15 and 16). The average number of hydrogen bonds
formed in the entire molecule remained relatively stable during the experiment, with ligand-
bound complexes exhibiting a similar number of hydrogen bonds (Figure 17).

Molecular mechanics generalized born surface area (MMGBSA) analysis

Through MMGBSA, we determined the binding free energies of the top two phytochemicals
docked to 4ey7 and 1B2Y. Quercetrin exhibited the highest binding affinity for 4ey7, while
rutin had the strongest binding affinity for 1B2Y. Notably, the binding free energies of the top
phytochemicals docked to 4EY7 exceeded that of the reference compound, whereas only the
binding free energy of rutin surpassed that of the reference inhibitor for 1B2Y. Quercetrin
displayed a particularly low binding free energy of -0.68 + 2.42. Table 7 provides a breakdown
of the individual components contributing to the total binding free energy. Decomposition
analysis revealed the specific amino acid residues involved in these energy contributions
(Figures 18-19). Interestingly, the residues identified through static docking analysis were
primarily responsible for the majority of the total binding free energy.

Discussion

The findings from this study showed that the flavonoid-rich extract of P. americana
possesses moderate inhibitory activity against a-amylase and a-glucosidase, which is
indicative of the antidiabetic properties of the plant. This finding is similar to the findings of
Ojo et al. (2022a), who also suggested that an aqueous extract of P. americana could inhibit
a-amylase and a-glucosidase. These two enzymes work synergistically to break down complex
carbohydrates into glucose. However, overstimulation of these enzymes can lead to high blood
sugar levels. By inhibiting these enzymes, P. americana can slow the breakdown of the
complex into glucose, and the increase in blood glucose levels after meals is reduced. This is
the mechanism of action of known antidiabetic agents such as acarbose, miglitol and

voglibose (Hussain et al. 2023).

P. americana also showed dose-dependent inhibitory activity against AChE, BChE and
MAO. These findings indicate that P. americana works by increasing the availability of
neurotransmitters such as acetylcholine and catecholamine, which is the mechanism of

action of the known anti-Alzheimer’s drugs donepezil, rivastigmine and galantamine (Uddin
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et al. 2021; Youdim 2022). A similar study published by Thu et al. (2019) reported that n-
butanol extracts from the seeds of P. americana presented strong AChE inhibitory activity,
which supports our findings that PA could be a promising agent for managing and treating

AD.

The HPLC results revealed that P. americana contains gallic acid, caffeic acid, rutin,
p-coumaric acid, ferulic acid and quercetin. These findings suggest that the anti-diabetic
properties of PA are due to the presence of these compounds, as studies have reported the
anti-diabetic properties of gallic acid (Rahimifard et al. 2020), rutin (Igbal et al. 2024),
quercetin (Shaikhomar and Bahattab 2021), caffeic acid (Xu et al. 2020), and ferulic acid (Qi
et al. 2020). Gallic acid, caffeic acid and quercetin increase serum insulin levels and reduce
diet-induced hyperglycemia (Rahimifard et al. 2020; Xu et al. 2020; Shaikhomar and
Bahattab 2021). This finding suggests that the mechanism of action by which P. americana
elicits its antidiabetic potential goes beyond the inhibition of a-amylase and a-glucosidase
but transcends the stimulation of transcription factors involved in insulin sensitivity

(Shaikhomar and Bahattab 2021; Ojo et al. 2022a).

Numerous reports have also revealed that gallic acid, rutin ferulic acid, and quercetin
have anti-Alzheimer’s disease effects (Szwajgier et al. 2020a; Orhan 2021; Li et al. 2023, Ojo
et al. 2022). Like the findings presented in this study, (Orhan 2021) also identified quercetrin
as a bifunctional molecule with antidiabetic and anticholinesterase activity. The findings from
this study show that P. americana and its constituents could be used to treat diabetes and
AD. The use of P. americana in the management of diabetes could also help reduce the risk
of AD, as the compounds identified in P. americana are multifunctional and could help

regulate the different pathways involved in the onset of AD.

In this study, identified bioactive flavonoids were docked against a-amylase and a-
glucosidase via molecular docking, molecular dynamics and binding free energy calculations
on the basis of MMGBSA. Rutin, quercetin, and ferulic acid were shown to be the top

substances that docked to both enzymes.
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Interestingly, most of the interactions between the ligand groups of the top docked
phytochemicals and the enzyme residues were hydrophobic, with few H-bonds occurring
below 3.40 A.

For the 4EY7 interaction, the interactive analysis revealed that donepezil adopts a
binding conformation in 4EY7 similar to that of the native ligand, extending into the long,
narrow hydrophobic gorge. Quercetrin and rutin, the top-ranked phytochemicals for 4EY7,
exhibited similar binding modes in the active site gorge. The top-ranked phytochemical rutin
established several hydrogen bonds with catalytic amino acid residues (Leu76, Tyr72, Thr75,
Asp74, Ser293, Gln291, Trp286, and Tyr341), whereas quercetin established hydrogen bonds
with interacting amino acids (Tyrl124, His287, Phe295, Trp286, GIn291, Leu289, Phe295,
and Phe338). Furthermore, donepezil forms both hydrogen bonds (Phe295) and hydrophobic
interactions (Leu289, Tyr72, Trp286, Tyr341, Tyr337, Phe338, Trp86, His447) at the active
site of the protein.

In the 6EP4 binding site, decamethonium binding results in hydrophobic interactions
at the sites with amino acid residues (His438, Trp82, and Asp70). Quercetrin forms both
hydrogen bond interactions (Tyr124, His287, Phe295, Trp286, Gln291, Leu289, Phe295, and
Phe338) and hydrophobic interactions (Tyr341, Trp286, and His287) at the active site. Rutin
forms hydrogen bonds with the amino acids Leu76, Tyr72, Thr75, Asp74, Ser293, GIn291,
Trp286, and Tyr341 at the target site and hydrophobic interactions with amino acid residues
(Val294, Trp286, and Tyr341).

In the 1B2Y binding site, although acarbose extended into five subsites, the top
phytochemicals (rutin and quercetin) occupied the -3 and -1 subsites. Acarbose forms
hydrogen bonds with the interacting amino acid residues Trp59, GIn63, Tyr62, Thrl63,
GLy306, Thr163, His305, His299, Tyr62, Tyr151, His201, Lys200, [1e235, Argl95, Aspl197,
Lys200, Glu233, and Asp300 but only forms a single hydrophobic interaction with Trp59.
Furthermore, quercetrin forms hydrogen bonds with amino acid residues at Tyr151, Thr163,
Lys200, Ile235, Glu233, His299, Asp300, Trp59, Gly306, His305 and hydrophobic
interactions at Lys200, [e235, His201, Leul62, and Alal98. In addition, rutin forms

hydrogen interactions with amino acids at Tyrl51, Tyr62, Thr163, GIn63, Trp59, Asp356,
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Val354, Argl195, His299, Asp300, Glu233, Asp197, Alal98 and hydrophobic interactions at
Leul65, His101, Tyr62, Trp59, His305, and Asp356.

In 3TOP, the top lead compounds, rutin and quercetin, adopted a binding mode
similar to that of acarbose, interacting with corresponding amino acid residues. The standard
drug acarbose forms hydrogen bond interactions with amino acids at Aspl1555, Argl582,
Aspl1317, His1584, Trpl1355, Thr1528, Glnl1561, Lys1460, Aspl1157, Metl1421, Tyrll67,
Argl1516, and Asp1526 and hydrophobic interactions at Tyr1251 and Phe1559. Furthermore,
quercetrin forms hydrogen bonds with amino acid residues at Asp1279, His1584, Asp1420,
Aspl526, Argl510, Trpl1369, Lysl1460, and Aspll57 and hydrophobic interactions at
Trp1355, Phel559, and Tyr1251. In addition, rutin forms hydrogen interactions with amino
acids at Lys1460, Aspl1526, Tyrl167, Aspll157, Argl510, Aspl1420, Aspl279, 1le1280,
e1587, and Thr1586 and hydrophobic interactions at Phel559, Phel560, Met1421,
Tyr1251, and Trp1355.

Unlike safinamide, which forms only one hydrogen bond with GIln206 and
hydrophobic interactions with Cys172, lle316, I11e199, Tyr326, Tyr398, and Leul71. The lead
compounds for monoamine oxidase (ferulic acid and rutin) established hydrogen bonds and
hydrophobic interactions with amino acid residues. Ferulic acid forms hydrogen bonds with
[1e199 Tyr326 Tyr398 Leul71 Tyr435 and hydrophobic interactions with Cys172, Tyr60,
Phe343, and Tyr326. In addition, rutin forms hydrogen bonds with Tyr398, Gly434, Met436,
Ser59, Tyr60, Tyr326, GIn206, I1e199, Leu164, Tyr435, Cys175, and Tyr188 and hydrophobic
interactions with Leul71, 11e198, [1e199, and Tyr326.

Important residues that are connected to the inhibitory action of enzymes interact
with phytochemicals. For example, the breaking of glycosidic linkages in polysaccharides has
been found to be caused mostly by Aspl197 of HPA. It has been documented that Asp197
plays a significant role as a catalytic nucleophile in hydrolytic processes for polymeric
substrates such edible starch and that this residue interacts with known inhibitors (Zhang
et al. 2009; Taha et al. 2019). Similar investigations have demonstrated interactions between
the top docked phytochemicals and catalytic residues (Nawaz et al. 2020). The catalytic triad
of Ser203, His447, and Glu334 clearly interacts with the best docked phytocompounds

(Ordentlich et al. 1993).
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The phytochemicals studied exhibited prominent r-m stacking interactions with
aromatic residues, particularly those within the peripheral anionic site (P-site) located at the
periphery of the gorge. This P-site plays a crucial role in substrate binding and allosteric
interactions, facilitating substrate orientation and downward movement toward the catalytic
serine (A-site) in AChE. Differences in the quantity of aromatic residues within the gorge
between BChE and AChE contribute to differences in ligand binding specificity.
Consequently, compounds that strongly interact with these catalytic residues, such as
decamethonium, can inhibit enzyme catalysis (Darvesh et al., 2003; Colletier et al., 2006).

Importantly, recent studies have reported the in vitro cholinesterase inhibitory
activities of quercetin and quercetin-3-O-rhamnoglucoside (rutin) (Khan et al. 2019;
Szwajgier et al. 2020b; Iyiegbu and Enogieru 2024). Similarly, quercetrin, the glycosylated
form (quercetrin and rutin) and rutin have been reported to have diabetic effects (Ghorbani
2017; Bule et al. 2019; Dhanya 2022; Maradesha et al. 2022).

Validation is essential for assessing the accuracy, precision, and reliability of a
docking protocol (Gyebi et al., 2021). During the period of molecular dynamics, the stability
of the complexes comprising the reference inhibitor (acarbose and donepezil) and
representative proteins was examined via Tk console scripts. The trajectories obtained during
the simulation were analyzed with respect to the number of H-bonds, RMSD, RMSF, RoG,
and SASA (Ojo et al. 2024c). To determine the stability of the protein-ligand complexes, 100
ns molecular dynamics simulations were performed. Analysis of key thermodynamic metrics
(RMSD, RMSF, RoG, SAS, and H-bond number) indicated that the complexes maintained
structural integrity throughout the simulation. On the basis of our findings, the mean RMSD
values revealed that for the two systems, 4EY7 and 1B2Y rutin and quercetrin presented
minimal fluctuations. The 4EY7 systems presented consistent RMSF profiles, indicating
comparable protein flexibility. RoG, SASA, and H-bond analyses revealed that the 4EY7 and

1B2Y complexes were stable throughout the simulation period.

Conclusion
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Our results showed that P. americana possesses anti-Alzheimer’s and antidiabetic properties
by inhibiting enzymes linked to Alzheimer’s disease (AChE, BChE, and MAO) and diabetes
(a-amylase and a-glucosidase). In addition, computational analyses revealed that rutin,
quercetin and ferulic acid were the top lead compounds against these target proteins. These
findings imply that rutin, quercetin and ferulic acid are potential anti-Alzheimer’s disease
and antidiabetic drug agents. We recommend that in vivo experiments be performed to further
evaluate our results.
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Figure Legends

Figure 1: Inhibitory effect of a flavonoid-rich extract of P. americana on a-amylase
Legends: Data are presented as the means * SDs (n = 3); p < 0.0001 according to t tests. P.
americana seed; acarbose: standard drug

Figure 2: Inhibitory effect of the flavonoid-rich extract of P. americana on a-
glucosidase

Legends: Data are presented as the means * SDs (n = 3); p < 0.0001 according to t tests. P.
americana seed; acarbose: standard drug

Figure 3: Inhibitory effect of the flavonoid-rich extract of P. americana on AChE
Legends: Data are presented as the means * SDs (n = 3); p < 0.0001 according to t tests. P.
americana seed; Galanthamine: standard drug

Figure 4: Inhibitory effect of the flavonoid-rich extract of P. americana on BChE
Legends: Data are presented as the means * SDs (n = 3); p < 0.0001 according to t tests. P.
americana seed; Galanthamine: standard drug

Figure 5: Inhibitory effect of the flavonoid-rich extract of P. americana on MAO
Legend: Data are presented as the means + SDs (n = 3); p < 0.0001 according to ANOVA. P.
americana seeds.

Figure 6: HPLC-DAD chromatogram identifying compounds in the flavonoid-rich
extract of P. americana

Figure 7: Superimposition of the best docked conformer of the cocrytalized reference
compound on the extracted conformation of (a) donepezil (b) safinamide. The green
compounds represent the docked conformers, whereas the red and purple conformations
represent the conformations extracted from 4EY7 and 2V5Z, respectively.

Figure 8: Top docked phytochemicals and reference inhibitor (donepezil) from the docking
analysis of HPLC-identified phytochemicals from flavonoid-rich extracts of P. americana seeds
that interact with amino acids in the active site of 4EY7. The ligands are displayed as sticks
(a) Donepezil (b) Quercertrin (¢) Rutin.

Figure 9: Top docked phytochemicals and reference inhibitor (decamethonium) from the
docking analysis of HPLC-identified phytochemicals from flavonoid-rich extracts of P.
americana seeds that interact with amino acids in the active site of 6EP4. (S) Surface
representation of ligands in the binding sites of target proteins. The ligands are displayed as
sticks (a) Decamethonium (b) Rutin (¢) Quercetrin

Figure 10: Top docked phytochemicals and reference inhibitors (acarbose) from the docking
analysis of HPLC-identified phytochemicals from flavonoid-rich extracts of P. americana seeds
that interact with amino acids in the active site of 1B2Y. (S) Surface representation of ligands
in the binding sites of target proteins. The ligands are displayed as sticks (a) Acarbose (b)
Rutin (c) Quercetrin

Figure 11: Top docked phytochemicals and reference inhibitor (acarbose) from the docking
analysis of HPLC-identified phytochemicals from flavonoid-rich extracts of P. americana seeds
that interact with amino acids in the active site of 3TOP. (S) Surface representation of ligands
in the binding sites of target proteins. The ligands are displayed as sticks (a) Acarbose (b)
Rutin (c) Quercetrin

Figure 12: Top docked phytochemicals and reference inhibitor (safinamide) from the docking
analysis of HPLC-identified phytochemicals from flavonoid-rich extracts of P. americana seeds
that interact with amino acids in the active site of 2V5Z. (S) Surface representation of ligands
in the binding sites of target proteins. The ligands are displayed as sticks (a) Safinamide (b)
Ferulic acid (¢) Rutin
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Figure 13: Backbone-root mean square deviation (RMSD) plots of MD simulations of the top
docked HPLC-identified phytochemicals (rutin and quercetin) and reference compounds
complexed to (a) human acetylcholinesterase and (b) human a-amylase

Figure 14: Per residue root mean square fluctuation (RMSF) plots of the MD simulations of
the top docked phytochemicals (rutin and quercetin) and reference compounds complexed to
(@) human a-amylase and (b) human acetylcholinesterase

Figure 15: RoG plots of MD simulations of the top docked phytochemicals (rutin and
quercetin) and reference compounds complexed to (a) human acetylcholinesterase (b) and
human a-amylase

Figure 16: Surface accessible surface area (SASA) plots of MD simulations of the top docked
phytochemicals (rutin and quercetin) and reference compounds complexed with (a) human
acetylcholinesterase and (b) human a-amylase.

Figure 17: The number of hydrogen bonds in the complex systems of the top docked
phytochemicals (rutin and quercetin) and reference compounds complexed to (a) human
acetylcholinesterase and (b) human a-amylase

Figure 18: Molecular mechanics generalized band surface area (MM-GBSA) plot of the amino
acid residues contributing to the total binding free energy of hAChE: (a) donepezil, (b) rutin,
and (c) quercetin

Figure 19: Molecular mechanics generalized Born surface area (MM-GBSA) plot of the amino

acid residues contributing to the total binding free energy of hAChE: (a) acarbose, (b) rutin,
and (c) Quercetrin
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Table 1. Dimensions of the binding site coordinates of the target enzymes

Dimensions  3TOP (A) 2V5Z 6EP4 1B2Y (A) 4EY7
center_x -31.79 51.53 -20.23 18.87 -12.93
center_y 34.81 156.12 -40.64 6.13 -43.93
center_z 26.36 29.05 -23.74 47.10 27.45
Size x 22.08 25.0 23.07 22.08 23.38
Size y 25.28 25.81 23.67 23.46 20.10
Size z 22.08 22.84 22.31 20.473 19.81
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Table 2: Bioactive principles identified in the flavonoid-rich extract of P. americana seeds

Compounds Retention time
Gallic acid 2.822
p-coumaric acid 4.978
Ferulic acid 6.703
Caffeic acid 3.061
Rutin 4.262
Quercetrin 9.871
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Table 3: The names and structures of the top two docked HPLC-identified phytochemicals

from the flavonoid-rich extract of P. americana seeds against the five target proteins

S/No Name Structure

1 Ferulic acid

2 Quercitrin

3 Rutin
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Table 4: Binding energies of the target compounds identified by HPLC from flavonoid-rich
extracts of P. americana seeds

Binding Affinity
Ligand 3TOP 2V5Z 1B2Y 6EP4 4EY7
Donepezil (E=306.68) -11.1 -9.6 -12.2
Safinamide (E=122.72) -9.8
Decamethonium (E=261.56) -6.2 -5.4 -6.8
acarbose (E=372.76) -14.2 -12.5
p-coumaric_acid (E=90.82) -7.3 -7 -6.2 -6.6 -7.6
Gallic acid (E=77.81) -6.4 -6.3 -6.2 -6 -6.6
Ferulic acid (E=171.00) -7 -7.3 -6.5 -6.8 -7.8
Caffeic_acid (E=98.70) -6.9 -7.3 -6.6 -6.8 -7.7
Quercetrin (E=588.43) -9.2 -6.8 -8.5 -9.8 -8.1
Rutin (E=751.29) -8.8 -7.5 -8.9 -10.6 -9.4

Keywords: The binding energies of the standard and some compounds are related to the
previously published work of Ojo et al. [2024].
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Table 5: Interaction of the phytochemicals selected from the docking analysis with the
five target proteins

Hydrogen bonds

Hydrophobic Interaction

Protein
Compounds Targets . . . .
Interacting residues Interacting residues
Donepezil Leu289 Tyr72 Trp286
Phe295 Tyr341 Tyr337 Phe338
Trp86 His447
Quercetrin Tyvrl :
ARY7 yr124 His287 Phe295 Trp286 .
GIn291 Leu289 Phe295 Phe338 Tyr341 Trp286 His287
Rutin
Leu76 Tyr72 Thr75 Asp74 Ser293
GIn291 Trp286 Tyr341 Val294 Trp286 Tyr341
Decamethonium
His438 Trp82 Asp70
Quercetrin Tyr124 His287 Phe295 Trp286
yr is e p .
OEP4  GIn291 Leu289 Phe295 Phe338 Tyr341 Trp286 His287
Rutin
Leu76 Tyr72 Thr75 Asp74 Ser293
GIn291 Trp286 Tyr341 Val294 Trp286 Tyr341
Acarbose TrpS9 GIn63 Tyr62 Thr163 GLy306
Thr163 His305 His299 Tyr62
Tyr151 His201 Lys200 I1e235 Trp59
Argl95 Aspl97 Lys200 Glu233
Asp300
Quercetrin 1B2Y Tyrl51 Thr163 Lys200 I1e235 .
Glu233 His299 Asp300 Trp59 if;sfl%% I}\elzfgSHlSQOl
Gly306 His305
Rutin Tyr151 Tyr62 Thr163 GIn63 Trp59 .
Asp356 Val354 Arg195 His299 ]fiuslgiliﬁég }(\3;6526
Asp300 Glu233 Asp197 Ala198 P P
Asp1555 Argl1582 Asp1317 His1584
Trp1355 Thr1528 GIn1561 Lys1460
Acarbose Asp1157 Met1421 Tyr1167 Argl516 Y7 1291 Phel5S9
Aspl526
Quercetrin STOP Asp1279 His1584 Aspl4
P is sp1420 Aspl1526
Arg1510 Trp1369 Lys1460 Asp1157  [1P1355 Phel559 Tyr1251
Rutin Lys1460 Aspl1526 Tyr1167 Aspl157
Arg1510 Asp1420 Asp1279 Ile1280 $h511255519 11?:1611355650 Met1421
lle1587 Thr1586 M P
) . Cysl172 11e316 I1e199
Safinamide GIn206 Tyr326 Tyr398 Leul71
Rutin Tyr398 Gly434 Met436 Ser59 Tyr60
2V5Z  Tyr326 GIn206 Ile199 Leul64 Leul71 Ile198 Tle199

Ferulic acid

Tyr435 Cys175 Tyr188
[1e199 Tyr326 Tyr398 Leul71
Tyr435

Tyr326

Cys172 Tyr60 Phe343
Tyr326

32



Table 6: The means and standard deviations of the parameters analyzed from the MDS

trajectories of the top docked compounds complexed with their respective targets.

RMSD RMSF RoG SASA H-Bonds
Mean (A) Mean(A) Mean (A) Mean (A) Mean (A)
4EY7_ 1.69 + 23.10
DONEPEZIL 0.93 0.86 + 0.70 0.10 23046.95 + 465.99 114.29 + 9.23
1.72 23.41 +
4EY7_ RUTIN 0.85+ 0.29 23121.45+429.51 115.90 +9.81
0.26 0.09
4EY7_ 1.73 + 23.52 +
QUERCETRIN 0.12 0.86 + 0.56 0.0 23165.39 + 473.26 115.25 + 8.31
1.53 23.33 21387.142 +
1B2Y_ ACARBOSE 0.85+ 0.53 121.71 +9.37
0.25 0.08 438.87
1.42 + 23.28 +
1B2Y_ RUTIN 0.81 +0.51 20830.01 + 425.35 126.27 + 8.84
0.25 0.09
1B2Y_ 1.51 + 23.20
QUERCETRIN 0.93 0.84 + 0.54 o011 21214.73 + 459.58 124.41 + 8.67
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Table 7: Means and SDs of different energy components that determine the binding free energies

of the top docked phytochemicals to target proteins

SYSTEM EY7 Donepesll  Luiil  Quercefrin  Acarbose  Rutin  Quercotrin
AvpwaaLs -42.78 £+ 3.08 -29.25+ 3.17 -32.22+3.23 -10.53+8.67 -14.13+2.86 -1.97 £ 3.96
AL -9.71£11.53 -13.01+£6.50 -32.24+11.24 -16.01 £20.79 -16.34 £ 12.0 -2.37 £5.75
AEecs 38.59 + 10.65 32.21 +£6.2 55.16 £5.15 18.47 £19.76 21.94 +6.29 4.02 +7.63
AEsurr -5.99 £ 0.37 -3.09 £ 0.53 -5.08 £ 0.29 -2.25+£1.82 -2.71+£0.40 -0.36 £ 0.73
Acaas -52.49 +12.24 -43.31+1.34 -68.31 £ 5.15 -26.54 +£27.77 -30.47+11.8 -4.34 £ 8.97
AcsoLv 32.6 £ 10.5 28.12 +2.09 50.18 £5.65 16.22 £18.05 19.24 £6.01 3.65 £6.95
AroraL -19.89 £+ 3.61 -20.23£6.18 -22.15+4.13 -10.32+10.61 -11.23+7.05 -0.68 £ 2.42
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