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Background. Neurological disorders like Alzheimer’s disease (AD) and Parkinson’s disease (PD) manifest through gradually
deteriorating cognitive functions. An encouraging strategy for addressing these disorders involves the inhibition of precursor-
cleaving enzyme 1 (BACEL1). Objectives. In the current research, a virtual screening technique was employed to identify potential
BACE]1 inhibitors among selected herbal isolates. Methods. This study evaluated 79 flavonoids, anthraquinones (AQs), and
cinnamic acid derivatives for their potential blood—brain barrier (BBB) permeability. Using the AutoDock 4.0 tool, molecular
docking analysis was conducted to determine the binding affinity of BBB permeable compounds to the BACE1 active site.
Molecular dynamics (MD) simulations were performed to assess the stability of the docked poses of the most potent inhibitors.
The interactions between the most effective plant-based inhibitors and the residues within the BACEI catalytic site were examined
before and after MD simulations. Results. Ponciretin, danthron, chrysophanol, and N-p-coumaroyltyramine were among the
highest-ranking BACEL1 inhibitors, with inhibition constant values calculated in the nanomolar range. Furthermore, during 10 ns
simulations, the docked poses of these ligands were observed to be stable. Conclusion. The findings propose that ponciretin,
danthron, chrysophanol, and N-p-coumaroyltyramine might serve as potential choices for the treatment of AD and PD, laying the
groundwork for the creation of innovative BACEI inhibitors.

1. Introduction

Understanding the fundamental mechanisms of aging and their
involvement in initiating and advancing neurodegenerative dis-
eases are crucial to developing effective interventions [1]. With
age, Alzheimer’s disease (AD) has significantly increased, and
Parkinson’s disease (PD) is another neurodegenerative disorder
linked to aging. AD and PD are characterized by the gradual loss
of neurons and synaptic connections, resulting in progressive
functional decline over time. Despite their distinctive pathology,
they are specific neurodegenerative conditions that typically
occur sporadically and later in life compared to inherited forms
[2]. Neurodegenerative diseases have impacted 50 million people
worldwide; no current disease-modifying treatment is available.

AD is characterized by the accumulation of tau neurofibrillary
tangles and amyloid-/3 (Ap) extracellular plaques. The preclinical
phase of AD is prolonged, with tau lesions and associated neu-
ronal loss first appearing in the subcortical nuclei, followed by
cognitive decline and neuropsychiatric symptoms in the limbic
regions as the disease progresses. Unlike tau lesions, there is no
significant correlation between the distribution of Af and symp-
toms. Apart from age, risk factors for neurodegenerative diseases
include cerebrovascular diseases, diabetes, hypertension, obesity,
dyslipidemia, and genetic mutations such as triggering receptors
expressed on myeloid cells 2 and ApolipoproteinE-¢4. Early
onset AD, which develops before age 65, accounts for ~5% of
cases. Familial AD is responsible for around 20% of early onset
cases, and mutations in presenilin proteinsl (PSEN-1),
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presenilin proteins2 (PSEN-2), or Amyloid-beta precursor pro-
tein (APP) are responsible for less than 1% of all AD cases [3].

p-site amyloid precursor protein cleaving enzyme 1 (BACE1)
is an aspartyl protease belonging to the pepsin family. Unlike
other peptidases in the same family, such as Cathepsin D and E,
BACE]1 is unique in that it has a transmembrane domain.
Although BACE1 is commonly found in specific types of neu-
ronal cells, it is widely expressed throughout the brain, with a
significant presence in neurons, oligodendrocytes, and astro-
cytes. In addition to Af plaques surrounding synaptic endings,
BACEI1 was detected in endosomal vesicles and plasma mem-
branes of healthy synaptic endings [4]. The sequential cleavage
of amyloid precursor protein (APP) by BACE1 and y-secretase
results in the production and release of the Af peptide in the
brain. Consequently, amyloidogenic secretases are being studied
as potential therapeutic targets for treating AD. Research sug-
gests BACEI inhibitors may effectively prevent AD progression
by reducing Af brain accumulation [5]. Moreover, Lange et al.
[6] elucidated a notable association between the genetic variant
15638405 within BACE1 and elevated susceptibility to PD. This
groundbreaking discovery establishes a fresh and intricate
genetic connection between Af pathology and the onset of PD.

Research shows distinct natural substances with significant
physiological and neuroprotective activity have been found in
several marine macroalgae [7]. Several plant-derived secondary
metabolites can target the Nrf2/Keap1/ARE pathway and related
mediators in AD, including phenolic compounds, alkaloids, ter-
penoids, carotenoids, and sulfur compounds [8]. The intricate
biochemical effects of natural phenolic compounds render them
a feasible alternative and supplementary treatment for age-
related degenerative diseases. Phenolic compounds increase neu-
rogenesis by stimulating neurotrophic factors like brain-derived
neurotrophic factor (BDNF) and activating various pathways,
including cAMP response element-binding protein (CREB), cal-
cium/calmodulin-dependent protein kinase II (CAMKII),
Na—-K-ClI cotransporter, and protein kinases. Additionally,
they play a vital role in regulating cell differentiation, survival,
growth, and maintenance [9]. Studies on animal models of
neurodegenerative diseases have shown that phenolic substances
can reduce the loss of dopaminergic and cholinergic synapses
[10]. Additionally, donating electrons to the environment allows
phenolic compounds to neutralize radicals. Plant phenolics can
also inhibit radical reactions by releasing hydrogen radicals into
the medium instead of electrons. More than 4,000 flavonoid
compounds have been identified from natural sources, making
the flavonoid group an essential element of the phenolic chemi-
cal family [11].

The ability of flavonoids to electron conjugate and have a
diverse range of substituent sites allows them to act as che-
lating agents and radical scavengers. These polyphenolic
compounds are mainly present in the aerial parts of plants
[11]. Multiple studies have characterized polyphenols as
agents with antioxidant and anticancer properties [12, 13].
Anthraquinone (AQ) metabolites can be found in various
plant species, with a higher concentration in families such
as Rubiaceae, Polygonaceae, and Rhamnaceae. AD patients
may benefit from AQ-based compounds because they inhibit
cholinesterase, reduce protein aggregate formation, and
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suppress ROS production, which can mitigate the loss of
cholinergic function [14]. The BACEI inhibitory capacity
of alaternin was found to be promising by Jung et al. [15]
following their investigation of AQs isolated from Cassia
obtusifolia. Cinnamic acids are bioactive compounds abun-
dant in a diverse range of fruits, vegetables, and whole grains.
Their pharmacological functions have been extensively stud-
ied, highlighting their anti-inflammatory, antioxidant, anti-
diabetic, and anticancer effects. They also exhibit various
pharmacological properties that can assist in treating differ-
ent neurological conditions [16, 17].

Legislation enacted in late December 2022, and endorsed
by President Joe Biden, has now eliminated the mandatory
requirement for animal testing in the evaluation process for
new pharmaceuticals seeking approval from the U.S. Food
and Drug Administration (FDA). This transformative adjust-
ment, a longstanding aspiration of animal welfare advocacy
groups, has the potential to instigate a substantial departure
from the longstanding reliance on animal experimentation
that has characterized drug development for over eight dec-
ades. This momentous shift underscores the need for scien-
tists to embrace alternative methodologies, such as computer
modeling, organ chips, and other innovative nonanimal
approaches that have emerged and matured over the past
10-15 years [18]. These points to the growing confidence in
the reliability and viability of computational results in the
realm of drug design and discovery.

An integrated bioinformatics analysis was performed in
this study to investigate the neuroprotective effects of flavo-
noids, AQs, and cinnamic acid derivatives as BACE1 inhibi-
tors. The study involved predicting the BBB permeability of
selected compounds, assessing their binding affinity to the
BACE!I active site using AutoDock 4.0, and conducting
molecular dynamics (MD) simulation to evaluate the stabil-
ity of docked poses of components with significant binding
affinities.

2. Materials and Methods

2.1. Blood—Brain Barrier (BBB) Permeability. Using the
online tool SwisADME (http://www.swissadme.ch/) [19], a
total of 79 herbal isolates, comprising 46 flavonoids [20],
21 AQs (18), and 12 cinnamic acid derivatives [21], were
assessed for BBB permeability. After identifying the BBB
permeable compounds, they were subjected to molecular
docking analysis with the BACE1 catalytic site.

2.2. BACEI and Small Molecules Structure Preparation. The
Structural Bioinformatics Protein Data Bank (PDB ID: 2ZHV
[22]), accessible at https://www.rcsb.org [23], was used to
obtain the three-dimensional structure of BACE1 with an
x-ray resolution of 1.85A. The analysis of the 2ZHV file
demonstrated that the protein consisted of one polypeptide
chain (chain A) comprising 411 residues. To minimize the
protein’s energy, the Swiss-pdbViewer version 4.1.0 was used,
available at https://spdbv.unil.ch/ [24]. Hassan et al.’s [25]
study identified the key residues within the BACE1 active
site. Thirteen amino acids, namely Leu30, ASP32, Tyr71,
Thr72, GIn73, Gly74, Lys107, Phel08, Ile110, Trpll5,
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Ile118, Asp228, and Gly230, were detected within the BACE1
catalytic site. The BBB permeable ligands were screened to
identify potential BACELI inhibitors and the ligands were sub-
jected to the structural preparation and energy minimization
according to previous reports [20, 21, 26]. Eight positive con-
trol inhibitors for BACE1 were identified from the DrugBank
online database [27], accessed at https://go.drugbank.com.
These components were assigned the following DrugBank
IDs: DB07206, DB07734, DB07345, DB07303, DB07874,
DB07573, DB07110, and DB07346.

2.3. Molecular Docking and MD Simulations. A Windows-
based computer with an Intel Core i7 CPU, a 64-bit operat-
ing system, and 32 GB of RAM was utilized for molecular
docking analyses. A more robust computer configuration
was used for the MD simulations, featuring a 64 GB DDR5
installed RAM and an Intel 24-Core i9-13900KF processor.
Molecular docking was conducted using AutoDock version
4.0, found at http://autodock.scripps.edu. MD simulations
were performed using Discovery Studio Client version
16.1.0.15350. The AutoDock utilizes the Lamarckian genetic
algorithm to identify the chemical inside the protonated
protein. Scientists commonly employ the Gibbs free energy
of binding (Gpinding) formula to calculate the energy required
to maintain a ligand’s binding [28, 29]:

AGyinging = Intermolecular Energy + Total Internal Energy
+ Torsional Free Energy
— Unbound System’s Energy

(1)

The PDBQT files of the receptor and ligands were also
prepared before the docking process [30]. With a spacing of
0.375 A, the grid box’s dimensions were set to X-dimension
of 60, Y-dimension of 56, and Z-dimension of 60, while the
X-center, Y-center, and Z-center were 72.077, 49.722, and
11.654, respectively.

Polar hydrogens were introduced to the protein, followed
by the incorporation of — 0.496 Kolman charges to the recep-
tor [31]. The genetic algorithm parameters were set, with a gene
mutation rate of 0.02, a crossover rate of 0.8, and a Cauchy
distribution variance for gene mutation established at 1.0.
Additionally, the criterion for selecting the least fit individ-
ual across generations was determined as 10.

Each ligand underwent 100 docking runs, and the most
significant cluster’s docked model with the lowest G-binding
energy was selected, utilizing a root-mean-square deviation
(RMSD) tolerance of 2.0 A. The top-ranked BACEL1 inhibi-
tors were identified based on the inhibition constant values
in the nanomolar range and chosen for further analysis,
including the assessment of interaction patterns and MD
simulations lasting for 100 ns.

In the setup of the MD simulations, the designated
parameters were outlined as follows: employing an ortho-
rhoombic cell shape, maintaining a minimum distance of
10 A from the boundaries, utilizing water as the solvent, set-
ting a target temperature of 310 K, adopting the CHARMm

force field, implementing the explicit periodic boundary for
solvation model, and incorporating a point charge
distribution.

During the simulation, the BACE1 complexes with top-
ranked inhibitors and a standard drug were examined, and
the RMSD of the backbone atoms and root-mean-square
fluctuation (RMSF) were calculated. Furthermore, computa-
tions were conducted for the receptor’s radius of gyration
(ROG) and total energy, contributing to heightened result
reliability. The BIOVIA Discovery Studio Visualizer version
19.1.0.18287 was employed to present and evaluate the
ligands and BACE] interactions.

3. Results

3.1. BBB Permeable Compounds. The BBB was crossed by a
total of eight flavonoids (ponciretin, chrysin, hemileiocarpin,
isoliquiritigenin, glabridin, licochalcone A, flavone, and for-
mononetin), four AQs (danthron, chrysophanol, alizarin, and
rubiadin), and six cinnamic acid derivatives (N-p-coumaroyl-
tyramine, caffeic acid phenethyl ester, o-coumaric acid, ferulic
acid, p-coumaric acid, and cinnamic acid). Table S1 contains
the names of the plant-based compounds assessed for their
potential to cross the BBB in this study.

3.2. Binding Affinity between BACEI and Studied
Compounds. The AutoDock 4.0 tool was utilized to gauge
the binding affinity of the permeable flavonoids, AQs, and
cinnamic acid derivatives to the BACEI active site. The
study’s results revealed that four compounds, consisting of
one flavonoid, two AQs, and one cinnamic acid derivative,
effectively bound to the BACEL catalytic site at the nanomo-
lar level and were consequently identified as the top-ranked
BACEL1 inhibitors in this investigation. By computing the
AGyinding Value, the binding energy between ponciretin, dan-
thron, chrysophanol, N-p-coumaroyltyramine, and the BACE1L
active site, were found to be —8.78, — 8.30, — 8.21, and — 8.51
kcal/mol, respectively. Four control inhibitors, DB07206 (6-[2-
(1H-INDOL-6-YL) ETHYL] PYRIDIN-2-AMINE), DB07734
(N-(1-benzylpiperidin-4-yl)-4-sulfanylbutanamide), DB07345
(4-(2-aminoethyl)-2-cyclohexylphenol), and DB07303 (N~
3~—[3-(5-METHOXYPYRIDIN-3-YL) BENZYL] PYRIDINE-
2,3-DIAMINE), were found to have inhibition constant values
(Ki) in the nanomolar range. The study’s findings are presented
in three different formats. Table 1 illustrates the Ki and AGyinding
values for 18 herbal isolates and eight positive controls, while
Table 2 outlines the energy details between the BACEI active site
and the top-ranked components. In last, Figure 1 compares the
binding affinity of the top-ranked compounds and control
inhibitors to the BACEL1 active site.

3.3. Interaction Mode Analysis. The study examined the pos-
sible interactions between the top-ranked inhibitors and the
BACEI catalytic site before and after 100 ns MD simulations.
The identified interactions included hydrogen bonds, hydro-
phobic interactions, and electrostatic interactions. During
MD simulations, ponciretin and N-p-coumaroyltyramine
exhibited the most stable interactions with the residues
inside the BACEL1 active site.
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TasLE 1: The binding energy and Ki values between the BACE1 active site and 18 herbal isolates and eight positive control drugs were
estimated in this study.

PubChem ID Ligand name Binding energy (kcal/mol) Ki
A. Flavonoids
25201019 Ponciretin -8.78 366.56 nM
5281607 Chrysin —-8.01 1.34uM
629440 Hemileiocarpin -7.97 1.43 uM
638278 Isoliquiritigenin —7.66 2.42 uM
124052 Glabridin ~7.55 2.93uM
5318998 Licochalcone A -7.04 6.94 uM
10680 Flavone -6.85 9.49 uM
5280378 Formononetin - 6.55 15.77 uM
B. Anthraquinones
2950 Danthron —-8.30 824.47 nM
10208 Chrysophanol -821 965.54nM
6293 Alizarin —-7.64 2.49 uM
124062 Rubiadin -6.13 31.99 uM
C. Cinnamic acid derivatives
5372945 N-p-Coumaroyltyramine —-8.51 573.79nM
5281787 Caffeic acid phenethyl ester —-7.86 1.74 uM
637540 0-Coumaric acid -6.38 20.89 uM
445858 Ferulic acid -6.03 37.96 uM
637542 p-Coumaric acid -597 41.75 uM
444539 Cinnamic acid —-5.74 62.34 uM
Drugbank ID Ligand name Binding energy (kcal/mol) Ki
D. Control positive compounds
DB07206 6-[2-(1H-INDOL-6-YL)ETHYL]PYRIDIN-2-AMINE —10.64 15.91 nM
DB07734 N-(1-benzylpiperidin-4-yl)-4-sulfanylbutanamide -8.8 354.01 nM
DB07345 4-(2-aminoethyl)-2-cyclohexylphenol —8.66 452.53 nM
N ~ 3~—[3-(5-METHOXYPYRIDIN-3-YL)BENZYL]PYRIDINE-2,
DB07303 [3-( 3-DIAMINE ) ] -8.53 554.33nM
6S)-2-amino-6-(3’-methoxybiphenyl-3-yl)-3,6-dimethyl-5,
DB07874 © 6—éihydropyri};nigin—él}E?»H)}i(Zne ! —794 1.52uM
DB07573 (25)-1-(2,5-dimethylphenoxy)-3-morpholin-4-ylpropan-2-ol -7.16 5.68 uM
DB07110 4-(4-FLUOROBENZYL)PIPERIDINE -71 6.28 uM
DB07346 4-(2-aminoethyl)-2-ethylphenol -6.98 7.60 uM

Ki, inhibition constant; BACE1, f-site amyloid precursor protein cleaving enzyme 1.

TasLE 2: Details of energies between top-ranked herbal isolates and BACEI catalytic site achieved from the AutoDock software.

Ligand name Intermolecular Total internal Torsional free Unbound system’s Free binding
energy (kcal/mol)  energy (kcal/mol)  energy (kcal/mol) energy (kcal/mol) energy (kcal/mol)
Ponciretin -8.57 -2.26 1.49 -0.55 -8.78
Chrysophanol —-7.54 —-2.18 1.19 -0.31 -8.21
Danthron -7.67 -2.13 1.19 -0.31 —-8.30
N-p-Coumaroyltyramine -11.03 -0.63 2.98 -0.17 —-8.51

BACE], f-site amyloid precursor protein cleaving enzyme 1.

Before the commencement of MD simulations, poncir-
etin established a presence involving two hydrogen bonds
and four hydrophobic interactions with residues within the
BACE] active site. Upon completing a 100 ns computer sim-
ulation, this botanical compound showcased an altered inter-
action profile, now engaging in three hydrogen bonds and

two hydrophobic interactions with residues within the
BACEL catalytic cleft. Notably, one of the hydrogen bonds
and two of the hydrophobic interactions exhibited stability
throughout the entire MD simulation.

Before initiating MD simulations, N-p-coumaroyltyramine
established a complex network comprising four hydrogen bonds,
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FiGure 1: By plotting the compounds’ ID on the x-axis and their estimated binding energies (kcal/mol) on the Y-axis, the study presented the
AGpinding values between the most potent herbal inhibitors, positive control compounds, and the BACEI active site. The blue diamonds
represented control compounds, while the yellow spots depicted the top-ranked inhibitors in the study. BACE1, f-site amyloid precursor

protein cleaving enzyme 1.

two hydrophobic interactions, and two electrostatic interactions
(salt-bridges) with amino acids within the BACEI active site.
Additionally, this compound showcased a refined interaction
pattern, engaging in three hydrogen bonds, one hydrophobic
interaction, and two electrostatic interactions with residues situ-
ated within the BACEI1 catalytic cleft. Impressively, one of the
hydrogen bonds and two of the electrostatic interactions main-
tained their stability throughout the entire 100 ns computer sim-
ulation. According to previous research, the salt-bridge
interaction is widely recognized as one of the most stabilizing
interactions between the ligands and receptors [32].

The outcomes were juxtaposed with those obtained from the
standard drug, 6-[2-(1H-INDOL-6-YL) ETHYL] PYRIDIN-2-
AMINE. The reference drug consistently formed two enduring
hydrogen bonds with the residues within the BACE1 catalytic
cleft before and following a 100 ns MD simulation.

Figure 2 offers two-dimensional representations of the
highest-ranked compounds and the reference drug within
the BACEL1 active site, both pre and post-MD simulations.
Conversely, Table 3 elucidates the specific interactions
between the top-ranked herbal isolates, the standard drug,
and the residues within the BACE1 active site.

3.4. MD Simulations. Based on the RMSD plot depicted in
Figure 3(a), ponciretin emerged as the most robust BACE1
inhibitor, trailed by N-p-coumaroyltyramine and the stan-
dard drug. The stability of BACEI backbone atoms was also
observed to persist after approximately 50 ns of simulation,
particularly when the BACE1 active site was obstructed by
ponciretin. As illustrated in Figure 3(b), the BACEI1 active
site exhibited diminished fluctuations when interacting with

ponciretin and N-p-coumaroyltyramine compared to its
interaction with the reference drug.

After 100 ns of MD simulations, both BACE1-ponciretin
and BACE1-N-p-coumaroyltyramine displayed lower total
energy values than the MAPK3-standard drug (Figure 3(c)).
Complementing the MD analyses, it was observed that the
ROG value for the BACE1 complexes with ponciretin and
N-p-coumaroyltyramine was also lower compared to that of
the BACE1-standard drug (as illustrated in Figure 3(d)). For
a visual representation, the superimposed structures of the
BACE1 complexes with the highest-ranked inhibitors and
the standard drug were shown both before and after 10 ns
of MD simulations in Figure 4.

4. Discussion

PD and AD stand as the predominant neurodegenerative
conditions related to aging. PD primarily manifests as a
movement irregularity, with its distinctive motor traits pre-
dominantly arising from the decline of dopaminergic neurons
within the substantia nigra pars compacta [33]. Nevertheless,
individuals afflicted with PD might encounter an array of
nonmotor indications, encompassing certain attributes often
linked with AD, such as minor cognitive impairment that
frequently evolves into dementia [34]. Past accounts have
underscored the noteworthy involvement of BACE1 in both
AD and PD.

Computer-aided drug design and virtual screening have
become crucial in discovering new lead compounds. By nar-
rowing down the biological target, this approach significantly
reduces the time and cost of trials [35]. Recent research has
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ular dynamics.

shown that virtual screening techniques centered on plant-
derived compounds effectively identify possible inhibitors of
biological targets [35]. Due to their advantageous chemical
and structural properties, flavonoids have been proposed as
inhibitors of BACEI. Nevertheless, no flavonoids have been
developed into BACEI inhibitors that have progressed to the
clinical trials [36]. As per recent results, the BACE1 active
site showed significant binding affinity to ponciretin, dan-
thron, chrysophanol, and N-p-coumaroyltyramine.

Recent research indicates that poncirin is transformed
into ponciretin, the active ingredient of Poncirus trifoliata,
by gut bacteria both in vitro and in vivo [37]. The study
revealed that ponciretin had the highest binding affinity of
all the BBB-permeable flavonoids listed, with a binding
energy of —8.78 kcal/mol. In a study by Yusof et al. [36] it
was found that flavanones with sugar moieties had a more
potent inhibitory effect against BACEI than those without
sugar moieties. The number and position of the glycosidic
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FiGURE 3: (a) RMSD, (b) RMSF, (c) total energy, and (d) radius of gyration plots of BACEI backbone atoms in the presence of top-ranked
anthraquinones and DB07206 during a 100 ns MD simulation. The x-axis presents the residue in the plot (b) and the simulation time in other
plots. The y-axis presents RMSD, RMSF, total energy, and radius of gyration in plots (a—d), respectively. The location of the asterisks in part
(b) is within the protein’s active site. RMSD, root-mean-square deviations; RMSF, root-mean-square fluctuation; BACEI, f-site amyloid
precursor protein cleaving enzyme 1; MD, molecular dynamics; DB07206, 6-[2-(1H-INDOL-6-YL)ETHYL]PYRIDIN-2-AMINE.

linkages also influenced the compounds’ inhibitory effect.
Kang and Kim [38] suggested that poncirin is converted into
ponciretin in the gut following ingestion. Both compounds
were observed to reduce colitis by inhibiting NF-«B activa-
tion via decreased lipopolysaccharide (LPS) binding to
macrophages and restoring Th17/Treg cell interactions. The
researchers proposed that ponciretin significantly impacted
the central nervous system. Recent reports have indicated
that all synthesized flavone derivatives had an excellent bind-
ing affinity for the BACE1 binding pocket. Their inhibition
of BACE1 might be due to interactions with catalytic site
residues, such as Asp32 and Asp228 [39]. It has also been
reported that Anacardiaceae flavonoids obtained from Rhus
verniciflua Stokes exhibit neuroprotective effects against LPS-
activated BV2 microglia and glutamate-induced HT22 hip-
pocampal damage. Various flavonoids have been found to
possess therapeutic efficacy against neurodegenerative disor-
ders characterized by oxidative stress and pathological

inflammation [40]. Other research has demonstrated that
flavonoid extracts can impact various crucial neuroinflam-
matory markers. Rosa laevigata Michx-derived flavonoid-
rich extract (FRE) showed neuroprotective effects in rats
subjected to cerebral ischemia—reperfusion (I/R). Addition-
ally, the extract exhibited anti-inflammatory effects and
reduced oxidative stress and neuronal death. Administration
of FRE at doses ranging from 50 to 200 mg/kg resulted in
decreased levels of proinflammatory markers (NF-xB, iNOS,
COX-2, MMP-9, TNF-a, IL-4, IL-6, and IL-1f) as well as
components of the p-JNK, p-ERK, and p-p38 mitogen-
activated protein kinase (MAPK) pathways [41]. In another
study, a flavonoid-rich isolate from Capparis spinosa, high in
rutin and quercetin, was administered to Wistar rats with
Ap-induced Alzheimer’s disease for 6 weeks. The treatment
decreased the expression of inflammation-related proteins
BACEL, APP, PSEN-1, and PSEN-2 in the rats’ hippocampi
[42]. In vitro experiments conducted by Shimmyo et al. [43]
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FiGure 4: The structures of BACEL in the presence of (a) ponciretin, (b) chrysophanol, (¢) danthron, (d) N-p-coumaroyltyramine, and (e)
DB07206 were superimposed after a 100 ns MD simulation. The protein chains before and after the MD analysis are depicted in gray and
blue, respectively. The anthraquinones are displayed in yellow and pink before and after the MD simulations. BACE1, f-site amyloid

precursor protein cleaving enzyme 1; MD, molecular dynamics.

revealed that myricetin, kaempferol, morin, quercetin, and
apigenin, among other flavonoids, inhibited BACE1 activity
and reduced Ap release from primary cortical neurons. In
terms of BACEI inhibitors, myricetin had the highest IC50
(2.8 uM), followed by quercetin (5.4 uM), kaempferol (14.7 uM),
morin (21.7 uM), and apigenin (38.5 uM). Docking studies
indicated that flavonoids bind to catalytic sites such as
Asp32, Trp198, and GIn73, as well as to the C3—OH group
of the C ring.

The results of this work indicate that danthron and chry-
sophanol had the most significant binding affinity to the
BACEI catalytic site compared to all other AQs tested. Chiou
et al. [44] conducted a study suggesting that danthron kills
C6 rat glioma cells through the formation of reactive oxygen
species, the collapse of mitochondrial transmembrane poten-
tial, and the release of cytochrome ¢, AIF, and Endo G. The
study also showed that the apoptotic pathways driven by
ROS and mitochondria were effective with danthron. It has
been demonstrated that the administration of danthron can
inhibit membrane lipid peroxidation and reduce glutathione
levels, which can prevent the neurotoxicity caused by f-
amyloid protein [45]. In a study involving rats with AD-
like symptoms, it was found that emodin, an AQ, lowered
plaque Af levels and tau hyperphosphorylation by reducing
BACE] levels in the hippocampi and enhancing the activity
of protein phosphatase 2A (PP2A). Additionally, emodin
was found to promote hippocampal neurogenesis and
increase synapse-related proteins, reduce oxidative stress

through modulation of malondialdehyde/superoxide dismu-
tase (MDA/SOD), and decrease levels of DNA methyltrans-
ferases 1/3, among other effects. In AD-like rats, emodin was
observed to reduce microglial activation and improve cog-
nitive function and cerebral microvascular integrity by
decreasing levels of 5-lipoxygenase (5-LO), IL-6, and TNF-«a
[46]. Another study investigated the anti-AD potential of 19
substances, which included AQs, naphtopyrones, and naph-
thalene glycosides, by assessing their inhibitory activity
against acetylcholinesterase (AChE), butyrylcholinesterase
(BChE), and BACEI. The results showed that all substances
strongly inhibited AChE, BChE, and BACE1, with cassiaside,
alaternin, and emodin being the most potent inhibitors [15].
A study by Li et al. [47] suggested that chrysophanol could
improve memory performance in rats developed with A$25-35
or D-galactose by suppressing tau hyperphosphorylation.
Among the cinnamic acid derivatives, N-p-coumaroyl-
tyramine exhibited the highest affinity to BACELI active site,
with a binding energy of —8.51kcal/mol. An experimental
study explored the inhibition of AChE and BChE by a new
group of cinnamic acid derivatives containing a 1-benzyl-
1,2,3-triazole group. The findings revealed that the compound
7b-4 ((E)-3-(3,4-dimethoxyphenyl)-N-((1-(4-fluorobenzyl)-
1H-1,2,3-triazole-4-yl)methyl) acrylamide) acrylamide had
neuroprotective properties and was influential in inhibiting
BACE] activity [48]. Takahashi and Miyazawa [49] discov-
ered a group of BACEI inhibitors based on serotonin cinna-
mamide compounds, published in 2011. N-cinnamoyl
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serotonin was identified as the most potent molecule, with an
IC50 of 86.7 M. The researchers concluded that the functional
groups solely influenced the inhibition of BACEL in the cin-
namic acid scaffold [49]. Takao et al. [50] synthesized a group
of cinnamic amides and esters of caffeic acid, ferulic acid, and
p-coumaric acid in 2017. They investigated their antioxidant
activity, acetylcholinesterase, BChE, and monoamine oxi-
dases (MAQO) A and B inhibition. The results indicated that
the amides had superior DPPH free radical scavenging activ-
ity, while the esters were more effective in inhibiting BChE
and MAO-B [50]. Researchers synthesized a new class of
cinnamic acid compounds containing an N-benzyl pyridi-
nium moiety and examined their multifunctional cholinester-
ase inhibitory properties against AD. Compound 5] was found
to have neuroprotective effects against Af (1-42) toxicity in
PC12 (rat pheochromocytoma) cells and was able to pass the
BBB both in vitro and in vivo using the BBB specific parallel
artificial membrane permeability (PAMPA-BBB) test [51].

Through studying the interplays among premier herbal
isolates and residues located within the BACEI catalytic site,
both preceding and after MD simulation, the subsequent
aspects could be highlighted:

(1) The hydroxyl groups in rings A and C of ponciretin,
a flavonoid, and form conventional hydrogen bonds.
In contrast, the benzene ring in ring C significantly
aids in generating hydrophobic interactions with
residues within the active site of BACEL.

(2) Regarding chrysophanol and danthron, which are
anthraquinone compounds, the hydroxyl groups
located within rings A, B, and C, along with the oxy-
gen atom situated within ring B, participate in estab-
lishing conventional hydrogen bonds. Furthermore,
rings A and C partake in hydrophobic interactions
with the residues of the receptor.

(3) In the instance of N-p-coumaroyltyramine, catego-
rized as a cinnamic acid, the hydroxyl functional group
on the aromatic rings and the oxygen atom within the
carboxylic acid display conventional hydrogen bonds.
Additionally, the amino (NH) functional group signif-
icantly contributes to the creation of stabilizing salt
bridges with the residues located within the BACEI
catalytic cleft.

Finally, and without diminishing its significance, it is
imperative to validate the inhibitory effects of these com-
pounds through in vitro experimentation, followed by sub-
sequent clinical trials.

5. Conclusion

The results of this study suggest that 18 organic compounds
can penetrate the BBB, with ponciretin, danthron, chrysopha-
nol, and N-p-coumaroyltyramine exhibiting significant bind-
ing affinity to the BACEI active site, and Ki values in the
nanomolar range. The AGynging values between these com-
pounds and the BACEI catalytic domain were estimated to be
—8.78, —8.30, —8.21, and —8.51kcal/mol, respectively.
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Further examinations revealed that the positioned config-
urations of these compounds, particularly ponciretin, and
N-p-coumaroyltyramine, exhibited consistent stability through-
out an MD simulation lasting approximately 50 ns. Although,
turther in vivo research is required to confirm these findings,
these compounds may be promising candidates for developing
preventive treatments against AD by inhibiting Af generation.
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