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ABSTRACT
This study evaluated the multifunctional ability of Beta vulgaris leaves in dual therapy for Alzheimer's disease (AD) and type 2
diabetes (T2D). Flavonoid‐rich extracts of B. vulgaris leaves (FREBVL) were tested for their antidiabetic properties. The inhi-
bition of α‐amylase and α‐glucosidase was assessed. Anti‐cholinesterase activities against AChE, BchE, and monoamine oxidase
were investigated. Molecular docking and dynamic simulations identified potential bioactive flavonoids. Compared with
acarbose, FREBVL had moderate activity against α‐amylase (IC50 = 102.808 � 3.153 μg/mL) (IC50 = 27.104 � 0.270 μg/mL).
Appreciable activity against α‐glucosidase (IC50 = 79.131 � 1.129 μg/mL) was observed. The significant inhibitory activity
against AChE (IC50 = 902.738 � 1.199 μg/mL) was weaker than that of galantamine (IC50 = 27.950 � 0.122 μg/mL). The notable
inhibitory effects on BChE (IC50 = 143.742 � 0.785 μg/mL) were comparable to those of galantamine (IC50 = 23.126 � 0.683 μg/
mL). FREBVL protected against Fe2þ‐mediated brain damage by suppressing monoamine oxidase activity. Bioactive flavonoids
(e.g., rutin, myricetin, apigenin) showed promising binding tendencies. Molecular dynamic simulations confirmed the stability
of the complexes. FREBVL has potential as a multifunctional agent for dual therapy in T2D and AD.
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1 | Introduction

On the basis of the data from Global Health and Aging (2010),
the proportion of people over 65 years of age is expected to in-
crease to 16%, with almost 426 million by 2050 (Padeiro
et al. 2023). This demographic change underscores the pressing
concern of age‐related conditions, notably type 2 diabetes mel-
litus (T2DM) and Alzheimer's disease (AD). Without effective
intervention, the convergence of these ailments poses a signifi-
cant socioeconomic challenge in the future (Hernández‐Con-
treras et al. 2023).

Alzheimer's disease (AD) is a chronic and irreversible neuro-
degenerative disease characterized by progressive memory loss
and cognitive decline (O. A. Ojo et al. 2021). With an estimated
46.8 million people affected worldwide, this figure is projected
to double by 2030 due to the absence of effective therapeutic
interventions (Abeysinghe et al. 2020). Although we do not
know exactly what causes AD, researchers have identified
several factors that may play a role in its development, including
reduced acetylcholine (ACh) levels, oxidative stress, and amy-
loid‐β (Aβ) accumulation. Biometal dyshomeostasis was also
observed. These factors are being studied as potential mecha-
nisms underlying AD progression (Abeysinghe et al. 2020; Chen
et al. 2022). The “cholinergic hypothesis” suggests that acetyl-
cholinesterase (AChE) and butyrylcholinesterase (BuChE) play
important roles in controlling cholinergic neurotransmission.
By inhibiting both AChE and BuChE, we can potentially
improve the management of Alzheimer's disease (AD). This
approach increases the availability of acetylcholine (ACh) in the
brain, which helps address cholinergic dysfunction (Moreira
et al. 2022).

Type 2 diabetes mellitus (T2DM) is a common metabolic dis-
order that typically occurs as people age. It affects approxi-
mately 10% of the global population, with India, China, and the
United States being identified as high‐risk areas by the World
Health Organization (Tinajero and Malik 2021). T2DM is
characterized by cells becoming resistant to insulin, chronic
inflammation, and various metabolic abnormalities (Reed
et al. 2021). These factors lead to elevated blood sugar levels
(hyperglycemia) and can cause complications in multiple or-
gans, such as the liver, heart, kidneys, eyes (retina), and brain.
One potential strategy to manage postmeal hyperglycemia in-
volves inhibiting enzymes that breakdown carbohydrates, spe-
cifically α– and α–glucosidases, which delay glucose digestion
(Tinajero and Malik 2021).

In recent years, increasing evidence from studies on pop-
ulations, disease mechanisms, and genetics has suggested a
connection between T2DM and Alzheimer's disease (AD) (Sun
et al. 2020; Hardy et al. 2022; Lynn et al. 2022). Both conditions
often occur together due to complex interactions that either
promote or hinder the development of their respective patho-
logical processes. Various factors contribute to their coexistence,
including abnormal protein clumping, impaired insulin
signaling, inflammation, oxidative stress, problems with energy
production in cell powerhouses (mitochondria), excessive for-
mation of harmful molecules called advanced glycation end
products (ages), obesity, changes in gene activity without

alterations to the DNA sequence (epigenetic modifications),
impaired recycling of cellular components (autophagy),
signaling problems involving a protein called transforming
growth factor β (TGF‐β), and genetic predispositions (Athana-
saki et al. 2022; Hardy et al. 2022). However, we still do not fully
understand the exact disease mechanisms that link T2DM and
AD. A common early characteristic under both conditions is
oxidative stress, which refers to an imbalance between harmful
molecules called free radicals and the natural defense mecha-
nisms that neutralize them. This imbalance becomes more
pronounced as we age. As a result, there is interest in exploring
the potential benefits of antioxidants, substances that can
counteract free radicals, as treatments for AD and T2DM (Lynn
et al. 2022).

Conventional medications for the treatment of AD and T2DM
symptoms often have severe side effects and can lead to drug
resistance with prolonged use. Therefore, the World Health
Organization is focusing on developing safer herbal medicines.
The use of this medicinal system since 2000 BC has led to the
identification of plants with antidiabetic and neuroprotective
properties (Wang et al. 2021; Richter et al. 2023). These plants
have been used worldwide for treating AD and T2DM, but their
effectiveness has not been scientifically proven.

One such plant is Beta vulgaris, commonly known as beet. It
has various effects on the body, such as protecting the liver
and kidneys, reducing inflammation, lowering blood sugar
levels, and fighting harmful microorganisms (O. A. Ojo,
Agboola, et al. 2023). B. vulgaris leaves, commonly known as
beet greens, have been studied for their nutritional and
phytochemical properties in animal feed. Research indicates
that these leaves are rich in proteins, carbohydrates, fatty
acids, vitamins, and fibers, making them a valuable source of
nutrients for livestock (Iwuozor and Afiomah 2020). Studies
have shown that incorporating B. vulgaris leaves into animal
diets can improve growth performance, enhance the immune
response, and provide antioxidant benefits because of their
high contents of phenolic acids, flavonoids, and betalains.
These findings suggest that B. vulgaris leaves could be a
sustainable and health‐promoting feed option for animals
(Iwuozor and Afiomah 2020). However, there is very little
research on whether beet leaves can be used as a dual
treatment for AD and T2DM. Therefore, a systematic evalu-
ation of flavonoid‐rich extracts of B. vulgaris leaves is war-
ranted to explore their anticholinesterase, antidiabetic,
antioxidant, and neuroprotective activities, as well as their
phytochemical profiles, to develop potent agents for dual
therapy of AD and T2DM via experimental and computational
studies.

2 | Materials and Methods

2.1 | Beet Leaf Collection

Leaves of B. vulgaris L. were sourced from the Jos Terminal
Market, Plateau State, Nigeria. Plant identification was
confirmed by the Forestry Research Institute of Nigeria (FHI
114105). The name was authenticated from the plantlist.org.
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2.2 | Flavonoid‐Rich Extract Preparation

Fifty grams (50 g) of powdered B. vulgaris leaves were subjected
to maceration for 72 h using 80% methanol as the solvent,
resulting in the extraction of a crude methanolic extract. We
followed the method of O. A. Ojo et al. (2024) in the extraction
of flavonoid‐rich extracts from crude methanolic extracts.

2.3 | Determination of the Enzyme Inhibitory
Activities of Flavonoid‐Rich Extracts of B. vulgaris
Leaves

2.3.1 | Alpha‐Amylase Inhibitory Activity

The α‐amylase inhibitory activity of flavonoid‐rich extracts from
B. vulgaris leaves was assessed via the method described by Shai
et al. (2010). Acarbose served as the reference compound, and
the experiment was conducted in triplicate. The percentage in-
hibition was calculated as follows:

Percentage inhibition

=
Absorbance of control − Absorbance of sample

Absorbance of control
x 100

2.3.2 | Alpha‐Glucosidase Inhibitory Activity

α‐Glucosidase activity was measured spectrophotometrically at
400 nm using p‐nitrophenyl‐α‐D‐glucopyranoside (p‐NPG) as
the substrate, following the protocol of Loukili et al. (2022).
Acarbose served as a positive control. The percent inhibition
was calculated as follows:

Percentage inhibition

=
Absorbance of control − Absorbance of sample

Absorbance of control
x 100

2.3.3 | Cholinesterase Activity

The enzyme inhibitory effects of B. vulgaris leaf extract on
acetylcholinesterase (AChE) and butyrylcholinesterase (BChE)
activities were determined following the protocol of Perry
et al. (2000).

2.4 | Ex Vivo Studies

2.4.1 | Animals and Brain Preparation

Male Wistar rats (150–200 g) were obtained from the Depart-
ment of Biochemistry. The brain tissue was prepared according
to the protocol described by O. A. Ojo et al. (2024).

2.4.2 | Induction of Brain Injury ex Vivo

Brain damage was induced ex vivo via the addition of Fe2þ

following the methods described by Erukainure et al. (2020) and
O. A. Ojo et al. (2024).

2.4.3 | Evaluation of Monoamine Oxidase (MAO)
Activity

The monoamine oxidase (MAO) activity was evaluated via the
procedure described by Green and Haughton (1961).

2.5 | HPLC‒DAD Analysis of Flavonoid‐Rich
Extracts of B. vulgaris Leaves

Flavonoid‐rich extracts of B. vulgaris were subjected to HPLC
to identify the potential bioactive flavonoids present. The
procedure described in a previously published article was
followed for this process (Araujo‐León et al. 2019; O. A. Ojo
et al. 2024).

2.6 | Molecular Docking Studies of Target
Compounds From Flavonoid‐Rich Extracts of
B. vulgaris Leaves Identified by HPLC

2.6.1 | Protein Structure Preparation

Protein structures for human α‐amylase‐acarbose (PDB ID: 1B2Y),
α‐glucosidase‐acarbose (PDB ID: 3TOP), acetylcholinesterase‐
donepezil (PDB ID: 4EY7), butyrylcholinesterase‐decametho-
nium (PDB ID: 6EP4), and monoamine oxidase B‐safinamide
(PDB ID: 2V5Z) were retrieved from the Protein Data Bank.

(http://www.rcsb.org) selected the active site regions on the basis
of their high‐resolution quality and completeness. To prepare
these structures for molecular docking, standard structural opti-
mization procedures were applied, which included the removal of
existing ligands and water molecules, and missing hydrogen
atoms were added via MGL‐AutoDockTools (ADT, v1.5.6)
(Morris et al. 2009). As the structures were of high quality with no
significant missing regions, homology modeling was not needed.
This optimization ensured accurate docking interactions and
reliable simulation outcomes.

2.6.2 | Ligand Preparation

The structural data (SDF) of reference inhibitors (donepezil,
galantamine, decamethonium acarbose and safinamide) and the
ligand compounds of Syzygium aromaticum were downloaded
from www.pubchem.ncbi.nlm.nih.gov. The ligands were then
converted to the pdb format via Open Babel.
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2.6.3 | Validation of the Molecular Docking Studies

Molecular docking studies were validated following the detailed
procedure described by O. A. Ojo et al. (2024).

2.6.4 | Molecular Docking of Phytochemicals With
Targeted Active Sites

The reference inhibitors and the ligands were docked at the
active site against the five protein targets via AutoDock Vina
version 1.1.2 in PyRx 0.8 (Trott and Olson 2010). The default
parameters of AutoDock Vina were employed, including an
exhaustiveness of 8. PyRx 0.8's Open Babel 2.3.2 version, which
employs its default force field (O'Boyle 2011), was used to
minimize energy. The grid box dimensions for each protein
target were meticulously defined to encompass the entire active
site, ensuring comprehensive sampling of potential binding
poses; the binding site coordinates are presented in Supporting
Information S1: Table S1.

2.6.5 | Molecular Dynamics

Molecular dynamics simulation at 100 ns was performed for the
hit compounds with 4EY7 and 1B2Y. This was achieved via the
GROMACS 2019.2 and GROMOS96 43a1 force fields (O. A. Ojo
et al. 2024). The protein and ligand topology files were gener-
ated via Charmm GUI (Lee et al. 2016, 2020). The enzymes and
ligand‒enzyme complex systems were immersed in a cubic box
using the TIP4P water model, with periodic boundary condi-
tions applied. The system was set to a physiological concentra-
tion of 0.154 M and maintained with neutralized NaCl ions. For
α‐amylase (PDB ID: 1B2Y), the grid box was centered around
the carbohydrate‐binding pocket, with adjustments made to
better accommodate its extended hydrophilic cleft. For acetyl-
cholinesterase (PDB ID: 4EY7), the grid was repositioned to
encompass the aromatic‐rich gorge region, and the side‐chain
flexibility of key active site residues was considered to better
mimic native ligand interactions. These targeted optimizations
allowed the docking simulations to more accurately reflect the

unique structural and chemical environments of each enzyme's
active site. On the basis of previous research studies, the pa-
rameters employed are as described previously (Ogunyemi
et al. 2023; Gyebi et al. 2021; Ogunyemi et al. 2021; O. A. Ojo
et al. 2024).

2.6.6 | Binding Free Energy Calculation Via MM‐GBSA

The binding free energies of the top two phytochemicals were
calculated via MM‐GBSA implemented in the gmx MMPBSA
package (Valdés‐Tresanco et al. 2021; Miller III et al. 2012). Per‐
residue decomposition analysis was performed for residues
within 0.5 nm of the ligand, following our established methods
(Gyebi et al. 2021; O. A. Ojo et al. 2024).

2.7 | Data Analysis

The data are presented as the means � SDs (n = 3). One‐way
ANOVA followed by Tukey's multiple comparison test was
used to determine statistical significance (p < 0.05). Graphs
were generated via GraphPad Prism version 9.0.

3 | Results

3.1 | Inhibition of α‐Amylase and α‐Glucosidase
Enzymes

Inhibiting α‐amylase and α‐glucosidase enzymes significantly
delays starch hydrolysis into sugars, thereby lowering blood
glucose levels and rendering enzyme inhibitors potential can-
didates for antidiabetic therapy. Figure 1A and 2 illustrate the
percentage inhibitory effects of various extracts against these
enzymes at different concentrations. In particular, the
flavonoid‐rich extract of B. vulgaris leaves exhibited consider-
able (p < 0.0001) α‐amylase inhibitory activity (p < 0.0001), with
an IC50 of 102.808 � 3.153 μg/mL, albeit weaker than that
of the established starch blocker acarbose, with an IC50 of
27.104 � 0.270 μg/mL (Figure 1B). Furthermore, the flavonoid‐

FIGURE 1 | α‐Amylase inhibitory activity of Beta vulgaris leaf flavonoid‐rich extracts: (A) α‐amylase percentage inhibitory activity; (B) inhibitory
concentration (IC50) values of BVL and acarbose. Data are represented as the mean � SD (n = 3); ****p < 0.0001 indicates an extremely significant
difference compared with the standard drug (acarbose). Acarbose, standard drug; BVL, B. vulgaris leaf.

4 Food Safety and Health, 2025
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rich extract of B. vulgaris leaves inhibited α‐glucosidase in a
concentration‐dependent manner, with an IC50 of
79.131 � 1.129 μg/mL, in contrast to the IC50 of acarbose
(17.389 � 0.436 μg/mL) for acarbose (Figure 2A,B).

3.2 | Acetylcholinesterase and
Butyrylcholinesterase Inhibitory Activity

The potential of the flavonoid‐rich B. vulgaris leaf extract to
inhibit acetylcholinesterase (AChE) and butyrylcholinesterase
(BChE), key enzymes involved in neurotransmitter regulation,
was evaluated. Figures 3 and 4 illustrate the dose‐dependent
inhibitory effects on both enzymes. The extract moderately
inhibited AChE (IC50 = 902.738 � 1.199 μg/mL, p < 0.0001) and
BChE (IC50 = 143.742 � 0.785 μg/mL, p < 0.0001), although less
potently than the standard control, galantamine (IC50 =
27.950 � 0.122 μg/mL for AChE) and (IC50 = 23.126 � 0.683 μg/
mL for BChE) (Table 1).

3.3 | Monoamine Oxidase Activity

Figure 5 illustrates the inhibitory effects of flavonoid‐rich ex-
tracts on MAO activity in oxidized brain tissue. Untreated rats
presented significantly increased MAO activity (p < 0.0001).
Treatment with various doses of B. vulgaris leaf extract resulted
in a significant decrease in MAO activity (p < 0.0001). The
inhibitory effect was concentration dependent, with the greatest
inhibition observed at 1000 μg/mL.

3.4 | HPLC‒DAD Analysis of Flavonoid‐Rich
Extracts of B. vulgaris Leaves

Chromatograms obtained at different retention times from
HPLC‐DAD analysis of the flavonoid‐rich extract of B. vulgaris
leaves (Supporting Information S1: Figure S1) revealed several
constituents: gallic acid, caffeic acid, syringic acid, rutin, myr-
icetin, apigenin, and kaempferol (Table 2).

FIGURE 2 | α‐Glucosidase inhibitory activity of B. vulgaris leaf flavonoid‐rich extracts: (A) α‐glucosidase percentage inhibitory activity;
(B) inhibitory concentration (IC50) values of BVL and acarbose. Data are represented as the mean � SD (n = 3); ****p < 0.0001 indicates an
extremely significant difference compared with the standard drug (acarbose). Acarbose, standard drug; BVL, B. vulgaris leaf.

FIGURE 3 | Acetylcholinesterase activity of B. vulgaris leaf flavonoid‐rich extracts: (A) AchE percentage inhibitory activity and (B) inhibitory
concentration (IC50) values of BVL and galanthamine. Data are represented as the mean � SD (n = 3); ****p < 0.0001 indicates an extremely
significant difference compared with the standard drug (galanthamine). BVL, B. vulgaris leaf; galanthamine, standard drug.
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3.5 | Molecular Docking Studies

3.5.1 | Molecular Docking of HPLC‐Identified
Compounds From Flavonoid‐Rich Extracts of B. vulgaris
Leaves Against Target Proteins

Table 1 presents the binding affinities of the identified com-
pounds against five protein targets. The top two compounds with
the lowest binding energies and favorable interactions within the
catalytic site were selected for further analysis. Notably, these top
two compounds presented binding energies closely resembling
those of the reference inhibitors (as indicated in Table 1). To
validate the docking protocol, cocrystallized reference com-
pounds (donepezil and acarbose) were docked into their respec-
tive protein binding sites, yielding binding energies of −12.2 and
−12.5 kcal/mol, respectively (Supporting Information S1: Figure
S2). To validate the docking scores, cocrystalized reference com-
pounds (donepezil and acarbose) were docked into the binding
site of the cocrystalized proteins with binding energies of −12.2

and −12.5 kcal/mol, respectively (Supporting Information S1:
Figure S2). With the exception of the 6EP4 targets, where rutin
and myricetin were the top docked compounds with binding
energies of −10.6 and −9.5, respectively, apigenin and myricetin
demonstrated the highest binding tendencies (−9.1 and −8.8, −9
and −9.1, −10.2 and −10.1, and −9.4 and −9.3, respectively, to the
remaining protein targets (3top, 1b2y, 4ey7 and 2v5z)) (Support-
ing Information S1: Table S2).

3.5.2 | Interactions of Amino Acids With the Top Two
Docked HPLC‐Identified Phytochemicals From
Flavonoid‐Rich Extracts of B. vulgaris Leaves and
Reference Compounds With Five Protein Targets

Table 3 summarizes the interactions between the reference
compounds and the top‐scoring ligands with the catalytic resi-
dues of the target proteins. Most interactions are hydrophobic,

FIGURE 4 | Butyrylcholinesterase activity of B. vulgaris leaf flavonoid‐rich extracts: (A) BchE percentage inhibitory activity and (B) inhibitory
concentration (IC50) values of BVL and galanthamine. Data are represented as the mean � SD (n = 3); ****p < 0.0001 indicates an extremely
significant difference compared with the standard drug (galanthamine). BVL, B. vulgaris leaf; galanthamine, standard drug.

TABLE 1 | Binding energies of HPLC‐identified compounds from flavonoid‐rich extracts of Beta vulgaris leaves against target proteins.

Ligand
Binding affinity

1B2Y 3TOP 4EY7 6EP4 2V5Z

Donepezil (uff_E = 306.68) −12.2 −9.6 −11.1

Decamethonium (uff_E = 261.56) −6.8 −5.4 −6.2

Acarbose_3top (uff_E = 372.76) −12.5 −14.2

Safinamide (uff_E = 122.72) −9.8

Rutin (uff_E = 751.29) −8.9 −8.8 −9.4 −10.6 −7.5

Myricetin_uff_E = 388.24) −9.1 −8.8 −10.1 −9.5 −9.3

Apigenin (uff_E = 233.26) −9 −9.1 −10.2 −9.3 −9.4

Kaempferol (uff_E = 362.50) −8.8 −8.7 −9.3 −9.3 −9.2

Caffeic_acid (uff_E = 98.70) −6.6 −6.9 −7.7 −6.8 −7.3

Gallic_acid (uff_E = 77.81) −6.2 −6.4 −6.6 −6 −6.3

Syringic_acid (uff_E = 109.99) −5.7 −6.1 −6.6 −5.9 −6.3

6 Food Safety and Health, 2025
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with few hydrogen bonds. Donepezil formed a single hydrogen
bond with Phe295 and multiple pi‐pi and pi‐alkyl interactions
with Tyr337, Tyr341, Trp86, His447, Trp286, and Phe338. Api-
genin and myricetin, the top‐scoring ligands for 4EY7, adopt a
similar binding orientation, forming multiple hydrogen bonds
and hydrophobic contacts (Figure 6). Decamethonium, the
reference compound for 6EP4, was deeply docked into the active
site gorge. Although they formed no hydrogen bonds, the top‐
scoring ligands (rutin and myricetin) formed multiple hydrogen
bonds with the catalytic residues, mimicking the interactions of
decamethonium (Figure 7). For 1B2Y, acarbose occupied all five
subsites, whereas apigenin and myricetin primarily targeted the
−3 and −1 subsites (Figure 8). Both phytochemicals interact with
catalytic residues, such as Trp‐59, Tyr62, His299, Asp197, His305,
Glu233, Arg197, and Ala198. For 3TOP, apigenin and myricetin
adopt a similar binding mode to acarbose, interacting with cata-
lytic residues within the active site (Figure 9). In contrast, safi-
namide formed only one hydrogen bond with Gln206 and several
hydrophobic interactions. The top‐scoring ligands established

additional hydrogen bonds with the catalytic residues, enhancing
their interactions (Figure 10).

3.5.3 | Molecular Dynamics Simulation

We assessed the stability of complexes, including representative
proteins and reference inhibitors (acarbose and donepezil), dur-
ing the molecular dynamics phase via Tk console scripts. The MD
trajectories were analyzed via RMSD (root mean square devia-
tion), RMSF (root mean square fluctuation), RoG (radius of gy-
ration), SASA (solvent‐accessible surface area), and the number
of hydrogen bonds. Table 4 summarizes the averages and stan-
dard deviations of these parameters, whereas Supporting
Information S1: Figures S3–S6 depict the intricate spectrum plots.
Specifically, the RMSD plots for the 4EY7 and 1B2Y complexes
reached equilibrium before 10 ns, exhibiting minimal fluctua-
tions throughout the remaining simulation period (Supporting
Information S1: Figure S3). Notably, 4EY7_Apigenin and
1B2Y_Apigenin displayed the greatest fluctuations in mean
RMSD values. For the 4EY7 systems, the three variants presented
closely matched mean RMSF values, and the 1B2Y complex
exhibited similar behavior (Supporting Information S1: Figure
S4). RoG plots indicated that both the 4EY7 and 1B2Y complexes
reached equilibrium at approximately 10 ns, maintaining stability
throughout the simulation (Supporting Information S1: Figure
S5). The RoG values for apigenin, myricetin, and the reference
compounds were comparable. SASA plots (Supporting
Information S1: Figure S6) and mean SASA values confirmed
minimal fluctuations in solvent accessibility during the simula-
tion. Additionally, the number of hydrogen bonds remained sta-
ble, with minimal variation across the ligand‐bound complexes
(Supporting Information S1: Figure S7).

TABLE 2 | Bioactive principles identified in flavonoid‐rich extracts of
B. vulgaris leaves.

Compounds Retention time
Gallic acid 3.066

Caffeic acid 2.068

Syringic acid 3.544

Rutin 4.814

Myricetin 7.484

Apigenin 13.046

Kaempferol 16.355

FIGURE 5 | Effects of varying concentrations of B. vulgaris leaf flavonoid‐rich extracts on monoamine oxidase (MAO) activity in ex vivo brain
samples. Compared with the group induced solely with FeSO4, a notable reduction in MAO activity was observed in the range of flavonoid‐rich
extracts of B. vulgaris leaf concentrations. Data are represented as the mean � SD (n = 3); ****p < 0.0001 indicates an extremely significant
difference compared with the control. BVL, B. vulgaris leaf.
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3.5.4 | Molecular Mechanics Generalized Born Surface
Area (MMGBSA) Analysis

Compared with the reference compounds, myricetin and api-
genin presented the highest binding affinities for 4EY7 and
1B2Y, respectively. Table 5 summarizes the individual energy
components contributing to the total binding free energy.
Decomposition analysis (Figures S8‐S9) revealed that the resi-
dues involved in the initial docking interactions were the pri-
mary contributors to the total binding energy.

4 | Discussion

Type 2 diabetes (T2D) and Alzheimer's disease (AD) are major
health concerns worldwide. The number of people affected by
these conditions is increasing, leading to extensive research on
finding new treatments. Although they are often seen as dis-
eases of advanced age, T2D and AD share common genetic
factors and similar changes in the body; T2D affects pancreatic
cells, and AD affects the brain. Despite many studies, we still do
not fully understand how T2D and AD are connected, but there
is evidence that having T2D increases the risk of developing AD
(Sun et al. 2020; Hardy et al. 2022; Lynn et al. 2022). Both T2D

and AD have several common characteristics, including insulin
resistance, cardiovascular comorbidities, dyslipidemia,
advanced glycation end‐product formation, oxidative stress,
vascular abnormalities, aberrant protein processing, and in-
flammatory pathway activation (Sun et al. 2020; Hardy
et al. 2022). In AD, these factors contribute to the progressive
decline in cognitive function and memory loss. The brain de-
velops clumps of amyloid‐beta (Aβ) protein, twisted strands of
tau protein called neurofibrillary tangles, and experiences
damage to neurons and connections between them in regions
such as the hippocampus and cortex. On the other hand, T2D is
characterized by insufficient insulin production by pancreatic
beta cells and a reduced response of the body to insulin.
Initially, the body compensates for this by producing more in-
sulin, but over time, beta cell function decreases further, leading
to high blood sugar levels and the onset of T2D. Notably, insulin
also plays a role in the production of the Aβ protein in the brain,
which is crucial for the development of AD (Wang et al. 2021;
Richter et al. 2023).

Although various treatments are available for managing T2D
and AD, researchers are actively looking for natural compounds
that can be more effective with fewer side effects. An area of
interest is medicinal plants that have shown potential in

TABLE 3 | Amino acid interactions of the top two docked high‐performance liquid chromatography (HPLC)‐identified phytochemicals from the
docking analysis of the five target proteins.

Compounds Protein
Hydrogen bonds Hydrophobic interaction

Interacting residues Interacting residues
Donepezil 4EY7 Phe295 Trp86 Phe338 His447 Tyr337 Tyr341

Trp286 Tyr72 Leu289

Apigenin Tyr341 Ser293 Gly122 Ser203 His447 Ala204 Trp286 Phe297 Tyr341 Phe338

Myricetin Ser293 Tyr341 Phe295 Phe338 Tyr124 Tyr72 Trp286 Val294 Tyr341

Decamethonium 6EP4 Asp70 His438 Trp82

Myricetin His438 Tyr332 Asn83 Gln67 Asp70 Asn68 Thr120 Trp82
Glu197 Gly115 Tyr128

Trp82 His438 Asp70

Rutin Als328 Trp82 Tyr440 His438 Thr284 Tyr332 Gly78 Asp70
Ser79 As83 Pro285 Thr120 Ala199 Gly117 Ser198 Gln119

Phe329 Thr284 Asp70 Ala328

Acarbose 1B2Y Trp59 Gln63 Tyr62 Thr163 GLy306 Thr163 His305
His299 Tyr62 Tyr151 His201 Lys200 Ile235 Arg195

Asp197 Lys200 Glu233 Asp300

Trp59

Myricetin Gln63 Tyr62 His101 Asp300 His299 Arg195 Ala198
Asp197 Glu233

Trp59 Tyr62 Asp197

Apigenin Gln63 Asp300 His299 Asp197 His305 Arg195 Glu233 Trp59 Tyr62

Acarbose 3top Asp1555 Arg1582 Asp1317 His1584 Trp1355 Thr1528
Gln1561 Lys1460 Asp1157 Met1421 Tyr1167 Arg1516

Asp1526

Tyr1251 Phe1559

Apigenin Asp1157 Lys1460 Arg1510 His1584 Asp1279 Thr1586
Trp1369

Phe1560 Trp1355 Tyr1251 Pro1159

Myricetin Trp1369 Asp1157 Lys1460 Asp1279 His1584 Ile1587
Asp1420 Asp1526 Thr1586 Arg1510

Trp1369 Trp1355 Phe1559 Phe1560
Asp1526

Safinamide 2V5Z Gln206 Tyr398 Tyr326 Leu171 Ile199 Ile316
Cys172

Apigenin Gly57 Tyr188 Gly434 Ile199 Tyr398 Leu171

Myricetin Cys172 Tyr435 Tyr188 Tyr60 Gly434 Ser59 Leu171 Tyr398 Tyr326 Ile198

8 Food Safety and Health, 2025
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FIGURE 6 | Interactions of top‐scoring ligands (apigenin and myricetin) and an acetylcholinesterase inhibitor (donepezil) within the active site of
protein 4EY7. This figure illustrates the binding interactions of the reference inhibitor donepezil and the test ligands apigenin and myricetin within
the active site of human acetylcholinesterase (AChE). Panels (a), (b), and (c) represent the ligands donepezil, apigenin, and myricetin, respectively,
each shown in (i) The 3D binding pose shows its precise orientation and position within the enzyme's active site, highlighting key residues involved in
hydrogen bonding, hydrophobic interactions, and other noncovalent forces. This view provides insight into the spatial complementarity between the
ligand and the binding pocket. (ii) The 2D interaction representation details the specific amino acid residues of 4EY7 that form direct interactions
with the ligand, along with the types of interactions (e.g., hydrogen bonds, pi‒pi stacking, and van der Waals forces). This comprehensive
visualization allows for a clear understanding of the molecular basis of ligand‒enzyme recognition and provides crucial information for structure‒
activity relationship studies and future drug design efforts.
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FIGURE 7 | Top scoring ligands (myricetin and rutin) and butylcholinestarse inhibitor (decamethonium) within the active site of protein 6EP4.
This figure illustrates the binding interactions of the reference inhibitor decamethonium and the test ligands myricetin and rutin within the active site
of human butylcholinesterase (BChE). Panels (a), (b), and (c) represent the ligands decamethonium, myricetin, and rutin, respectively, as shown in
(i) The 3D binding pose shows its precise orientation and position within the enzyme's active site, highlighting key residues involved in hydrogen
bonding, hydrophobic interactions, and other noncovalent forces. This view provides insight into the spatial complementarity between the ligand
and the binding pocket. (ii) The 2D interaction representation details the specific amino acid residues of 6EP4 that form direct interactions with
the ligand, along with the types of interactions (e.g., hydrogen bonds, pi‒pi stacking, and van der Waals forces). This comprehensive visualization
allows for a clear understanding of the molecular basis of ligand‒enzyme recognition and provides crucial information for structure‒activity
relationship studies and future drug design efforts.

10 Food Safety and Health, 2025
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FIGURE 8 | Interactions of ligands (apigenin and myricetin) with the α‐amylase inhibitor acarbose within the active site of protein 1B2Y. This
figure illustrates the binding interactions of the reference inhibitor acarbose and the test ligands apigenin and myricetin within the active site of
α‐amylase. Panels (a), (b), and (c) represent the ligands acarbose, apigenin, and myricetin, respectively, each shown in (i) 3D binding pose
showing its precise orientation and position within the enzyme's active site, highlighting key residues involved in hydrogen bonding, hydrophobic
interactions, and other noncovalent forces. This view provides insight into the spatial complementarity between the ligand and the binding
pocket. (ii) The 2D interaction representation details the specific amino acid residues of 1B2Y that form direct interactions with the ligand, along
with the types of interactions (e.g., hydrogen bonds, pi‒pi stacking, and van der Waals forces). This comprehensive visualization allows for a
clear understanding of the molecular basis of ligand‒enzyme recognition and provides crucial information for structure‒activity relationship
studies and future drug design efforts.

11

 28351096, 0, D
ow

nloaded from
 https://iadns.onlinelibrary.w

iley.com
/doi/10.1002/fsh3.70036 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [03/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



FIGURE 9 | Top scoring ligands (apigenin and myricetin) and an α‐glucosidase inhibitor (acarbose) within the active site of the 3TOP protein. This
figure illustrates the binding interactions of the reference inhibitor acarbose and the test ligands apigenin and myricetin within the active site of α‐
glucosidase. Panels (a), (b), and (c) represent the ligands acarbose, apigenin, and myricetin, respectively, each shown in (i) 3D binding pose showing
its precise orientation and position within the enzyme's active site, highlighting key residues involved in hydrogen bonding, hydrophobic interactions,
and other noncovalent forces. This view provides insight into the spatial complementarity between the ligand and the binding pocket. (ii) The 2D
interaction representation details the specific amino acid residues of 3TOP that form direct interactions with the ligand, along with the types of
interactions (e.g., hydrogen bonds, pi‒pi stacking, and van der Waals forces). This comprehensive visualization allows for a clear understanding
of the molecular basis of ligand‒enzyme recognition and provides crucial information for structure‒activity relationship studies and future drug
design efforts.

12 Food Safety and Health, 2025
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FIGURE 10 | Amino acid interactions of the top scoring ligands (apigenin and myricetin) and monoamine oxidase inhibitor (safinamide) within
the active site of protein 2V5Z. This figure illustrates the binding interactions of the reference inhibitor safinamide and the test ligands apigenin and
myricetin within the active site of monoamine oxidase (MAO). Panels (a), (b), and (c) represent the ligands safinamide, apigenin, and myricetin,
respectively, each shown in (i) 3D binding pose showing its precise orientation and position within the enzyme's active site, highlighting key
residues involved in hydrogen bonding, hydrophobic interactions, and other noncovalent forces. This view provides insight into the spatial
complementarity between the ligand and the binding pocket. (ii) The 2D interaction representation details the specific amino acid residues of
2V5Z that form direct interactions with the ligand, along with the types of interactions (e.g., hydrogen bonds, pi‒pi stacking, and van der Waals
forces). This comprehensive visualization allows for a clear understanding of the molecular basis of ligand‒enzyme recognition and provides
crucial information for structure‒activity relationship studies and future drug design efforts.
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preventing diseases. Specifically, scientists are studying plant‐
based compounds called flavonoids for their ability to improve
various health conditions.

This investigation demonstrated the significant inhibitory ef-
fects of flavonoid‐rich extracts of B. vulgaris leaves on α‐gluco-
sidase and α‐amylase enzymatic activities, which are crucial for
the regulation of postprandial hyperglycemia in individuals with
type 2 diabetes mellitus (T2DM) (Egbuna et al. 2021). Flavo-
noids, known for their antioxidant properties, have been found
to inhibit these enzymes. The presence of specific chemical
groups in flavonoids appears to be responsible for this effect
(Egbuna et al. 2021). These findings indicate that flavonoid‐rich
extracts of B. vulgaris leaves could be used as a natural treat-
ment option for postprandial hyperglycemia in patients with
T2DM. However, more research is needed to fully understand its
effectiveness and safety. Overall, this study adds to the growing
body of evidence supporting the use of natural compounds to
prevent and manage chronic diseases such as T2D and AD.

Acetylcholinesterase (AChE) and butyrylcholinesterase (BChE)
facilitate the degradation of acetylcholine, resulting in decreased
neurotransmission levels and gradual cognitive decline. By
impeding the activity of these enzymes, cholinergic trans-
mission in the brain can be increased (Moreira et al. 2022; Chen
et al. 2022). The present study revealed substantial inhibition of
AChE and BChE by the flavonoid‐rich extract of B. vulgaris
leaves, suggesting its potential neuroprotective efficacy in the
treatment of AD. In line with the therapeutic relevance of
combination strategies, although FREBVL exhibited moderate
inhibitory effects against α‐amylase, α‐glucosidase, and cholin-
esterase, its activities were lower than those of standard drugs
such as acarbose and galantamine. This observation suggests
that combining FREBVL with these reference compounds may

offer enhanced efficacy through additive or synergistic in-
teractions. Although such combination therapy experiments
were not within the scope of the current study, they represent a
promising avenue for future research aimed at improving the
pharmacological profile and clinical applicability of FREBVL in
managing metabolic and neurodegenerative disorders.

The inhibition of monoamine oxidase (MAO) is a key strategy in
Alzheimer's disease treatment. Flavonoid‐rich extracts from B.
vulgaris leaves demonstrate MAO inhibitory potential, suggest-
ing their therapeutic potential. This inhibition could increase
the levels of neurotransmitters such as dopamine and serotonin
while mitigating the oxidative stress induced by reactive oxygen
species (ROS) (Chaurasiya et al. 2022).

The combination of “wet‐lab” research and computational
techniques results in better knowledge of the chemical in-
teractions between several ligands and recognized receptors.
These molecular interactions may provide further information
for interpreting experimental data at the atomic level (Muns-
amy and Soliman 2019; O. A. Ojo, Agboola, et al. 2023). To
predict the manner of interaction between a ligand and a re-
ceptor protein, computer‐aided drug design uses structure‐
based screening techniques, which include molecular docking
and molecular dynamics simulation studies (Santana Azevedo
et al. 2012; O. A. Ojo, Ogunlakin, Gyebi, Ayokunle, Odugbemi,
Babatunde, Akintunde, et al. 2023; O. A. Ojo, Ogunlakin,
Gyebi, Ayokunle, Odugbemi, Babatunde, Ajayi‐Odoko,
et al. 2023). Potential inhibitors of a number of cholingenic
and other neurotherapeutic targets derived from plant sources
have been identified via these models (Silva et al. 2019; Falade
et al. 2022). In this study, seven (7) bioactive compounds were
identified from B. vulgaris leaves via HPLC‐DAD. The com-
pounds gallic acid, caffeic acid, syringic acid, rutin, myricetin,

TABLE 4 | The means and standard deviations of different parameters analyzed from the MDS trajectories of the top docked compounds
complexed with their respective targets.

RMSD RMSF RoG SASA H‐bonds
Mean (Å) Mean(Å) Mean (Å) Mean (Å) Mean (Å)

4EY7_Donepezil 1.69 � 0.23 0.86 � 0.70 23.10 � 0.10 23046.95 � 465.99 114.29 � 9.23

4EY7_Apigenin 1.75 � 0.26 0.80 � 0.49 23.14 � 0.08 23041.45 � 419.53 115.60 � 8.71

4EY7_Myricetin 1.71 � 0.22 0.83 � 0.54 23.12 � 0.08 23146.39 � 487.86 114.23 � 9.31

1B2Y_ Acarbose 1.53 � 0.25 0.95 � 0.53 23.33 � 0.08 21387.142 � 438.87 121.71 � 9.37

1B2Y_Apigenin 1.70 � 0.22 0.80 � 0.48 23.26 � 0.07 21166.23 � 286.37 126.08 � 8.55

1B2Y_Myricetin 1.53 � 0.21 0.84 � 0.46 23.34 � 0.09 21155.54 � 361.45 123.78 � 9.02

TABLE 5 | Means and SDs of different energy components that determine the binding free energies of the top docked phytochemicals to target
proteins.

System ΔVDWAALS ΔEEL ΔEGB ΔESURF ΔGGAS ΔGSOLV ΔTOTAL

4ey7_ Donepezil −42.78 � 3.08 −9.71 � 11.53 38.59 � 10.65 −5.99 � 0.37 −52.49 � 12.24 32.6 � 10.5 −19.89 � 3.61

4EY7_Apigenin −31.28 � 4.17 −15.09 � 7.50 28.26 � 5.26 −4.09 � 0.53 −46.37 � 9.34 24.18 � 5.09 −22.19 � 5.17

4EY7_Myricetin −38.22 � 3.73 −34.14 � 10.24 51.66 � 6.75 −5.08 � 0.29 −72.36 � 9.55 46.58 � 6.65 −25.77 � 4.03

1B2Y_ acarbose −10.53 � 8.67 −16.01 � 20.79 18.47 � 19.76 −2.25 � 1.82 −26.54 � 27.77 16.22 � 18.05 −10.32 � 10.61

1B2Y_Apigenin −29.05 � 2.74 −20.61 � 5.48 34.03 � 4.51 −3.77 � 0.36 −49.66 � 6.07 30.26 � 4.29 −19.40 � 2.76

1B2Y_Myricetin −23.47 � 4.97 −26.11 � 15.01 35.05 � 9.59 −3.13 � 0.64 −49.58 � 14.68 31.92 � 9.28 −17.66 � 6.00

14 Food Safety and Health, 2025
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apigenin and kaempferol were tested against five protein tar-
gets relevant to T2DM and AD, namely, α‐amylase, α‐gluco-
sidase, AChE, BChE, and MAO. Reference protein targets
(donepezil, deecamethonium, and acarbose) were compared
with these targets. Apigenin, myricetin, and rutin were
selected as lead drug candidates with high binding affinities for
two or more targets.

The inhibitory effects of the flavonoid‐rich extract of B. vulgaris
leaves may be due to the presence of bioactive flavonoids in the
plant. The exceptional inhibitory binding tendencies of these
bioactive flavonoids may be explained by the numerous hy-
droxyl groups and oxygen atoms they have linked to their
various structural frames. Numerous in vitro, in vivo, and in
silico studies have demonstrated the antidiabetic and neuro-
protective properties of these lead bioactive flavonoids through
the inhibition of one or more targets examined in this work
(Khan et al. 2018; Javaid et al. 2021; Oh et al., 2021; Abd El‐Aziz
et al. 2021; Sánchez‐Martínez et al. 2021; Karimi et al. 2021).
Thus, it can be inferred that the lead bioactive flavonoids, which
showed various high binding affinities to the studied targets,
may have contributed partially or cooperatively to the enzyme
inhibitory activities (α‐amylase, α‐glucosidase, AchE, BchE, and
MAO) of the flavonoid‐rich extract.

To assess 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 4EY7_Api-
genin and 1B2Y_Apigenin presented the greatest fluctuations.
The 4EY7 systems exhibited similar 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.

The lead bioactive flavonoids did not induce significant
conformational changes in the protein structures. Instead, they
formed more compact complexes, as evidenced by RMSF anal-
ysis (Dong et al. 2018; A. B. Ojo et al. 2022). The close mean
values of various thermodynamic parameters for the ligand‐
bound and unbound proteins suggest that ligand binding did
not compromise protein integrity (Dong et al. 2018; Gyebi
et al. 2022). MM‐GBSA calculations provided insights into the
binding mechanisms of the top‐ranked phytochemicals for the
4EY7 and 1B2Y proteins (Kollman et al. 2000).

5 | Conclusions

This study explored the potential of B. vulgaris leaf extract to
inhibit enzymes linked to type 2 diabetes mellitus (T2DM) and
Alzheimer's disease (AD). Bioactive compounds, including
rutin, apigenin, and myricetin, were identified via HPLC.
Computational studies, including in silico docking, revealed
strong interactions between these compounds and key protein
targets associated with T2DM and AD. These findings suggest
that B. vulgaris leaf extract may offer therapeutic benefits for the
management of these diseases.
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