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Abstract

Context: Alzheimer's disease (AD) is a debilitating neurodegenerative condition primarily afflicting the elderly, causing a progressive decline in cognitive
function. It is marked by the presence of beta-amyloid protein plaques that trigger inflammation and neuronal death. Unfortunately, effective treatments for
Alzheimer's remain elusive. One promising approach involves targeting the mitochondrial cascade to shield neurons from inflammation-induced cell death,
and flavonoids have been identified for their potential neuroprotective properties.

Aims: To investigate the most potential bioactive compound that has neuroprotective effects, especially for Alzheimer's, through molecular simulation and in
vitro studies.

Methods: The study employed molecular simulations to identify apigenin as a potential neuroprotective compound. Quercetin and donepezil were selected as
control compounds. The MTT assay was conducted to evaluate the neuroprotective activity of apigenin, quercetin, and donepezil on the SHSY5Y cell line
induced by beta-amyloid protein.

Results: The MTT assay demonstrated the neuroprotective activity of apigenin and reference compounds quercetin and donepezil against beta-amyloid-
induced damage in the SHSY5Y cell line.

Conclusions: These findings suggest that apigenin could hold promise as a neuroprotective treatment for AD. However, further research is essential to
elucidate its mechanism of action and evaluate its efficacy in more complex organisms. This study underscores the crucial role of bioinformatics tools and
experimental validation in the quest for potential neuroprotective compounds for the treatment of AD.
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Resumen

Contexto: La enfermedad de Alzheimer (EA) es una patologia neurodegenerativa debilitante que afecta principalmente a las personas mayores y provoca un
deterioro progresivo de la funcidn cognitiva. Se caracteriza por la presencia de placas de proteina beta-amiloide que desencadenan inflamacién y muerte
neuronal. Por desgracia, los tratamientos eficaces siguen siendo dificiles de encontrar. Un enfoque prometedor implica dirigirse a la cascada mitocondrial
para proteger a las neuronas de la muerte celular inducida por la inflamacién, y se han identificado flavonoides por sus potenciales propiedades
neuroprotectoras.

Objetivos: Investigar mediante simulacién molecular y estudios in vitro el compuesto bioactivo con mayor potencial neuroprotector, especialmente para la
enfermedad de Alzheimer.

Métodos: El estudio empled simulaciones moleculares para identificar la apigenina como compuesto neuroprotector potencial. La quercetina y el donepezilo
se seleccionaron como compuestos de control. Se realizd el ensayo MTT para evaluar la actividad neuroprotectora de la apigenina, la quercetina y el
donepezilo en la linea celular SHSY5Y inducida por la proteina beta-amiloide.

Resultados: El ensayo MTT demostro la actividad neuroprotectora de la apigenina y de los compuestos de referencia quercetina y donepezilo frente al dafio
inducido por beta-amiloide en la linea celular SHSY5Y.

Conclusiones: Estos resultados sugieren que la apigenina podria ser prometedora como tratamiento neuroprotector para la EA. Sin embargo, es esencial
seguir investigando para dilucidar su mecanismo de accién y evaluar su eficacia en organismos mas complejos. Este estudio subraya el papel crucial de las
herramientas bioinformaticas y la validacion experimental en la bisqueda de potenciales compuestos neuroprotectores para el tratamiento de la EA.

Palabras Clave: Alzheimer; bioinformatica; flavonoide; linea celular SHSY-5Y; neuroprotector.
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Abbreviations: AD: Alzheimer's disease; ADME: absorption, distribution, metabolism and excretion; AKT1: serine-threonine protein
kinase; ATP5A1: ATP synthase F1 subunit alpha; ATP5B: mitochondrial ATP synthetase, beta subunit; ATP5C1: ATP synthase gamma
chain; ApB: beta-amyloid protein; CASP3: caspase 3; CASP9: caspase 9; CYP: cytochrome P450; DMSO: Dimethyl sulfoxide; KEGG: Kyoto
encyclopedia of genes and genomes; MAPKS: mitogen-activated protein kinase 8; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide; NFT: neurofibrillary tangles; NMDAR: N-methyl-D-aspartate receptor; Rg: radius of gyration; RMSD: root-mean-
square deviation; RMSF: root mean square fluctuation; ROS: reactive oxygen species; SASA: surface area of the solute; SMILES: simplified

molecular-input line-entry system.

INTRODUCTION

Alzheimer's disease (AD) is a progressive neuro-
degenerative disorder linked to changes in protein
structure (Malhotra, 2018). Improper protein pro-
cessing leads to conformational alterations, disrupting
neuronal function and causing memory loss (Shen et
al., 2017). This disease primarily affects individuals
over 65, with an estimated 5.8 million affected in the
US by 2020 (Centers for Disease Control and Preven-
tion, 2018). Symptoms include cognitive decline, sleep
difficulties, speech disturbances, and memory loss
(Weller and Budson, 2018).

Histopathological features of Alzheimer's include
the buildup of beta-amyloid protein (Ap) outside cells
and neurofibrillary tangles (NFT) formation inside
cells (Atri, 2019). AB accumulation starts with the
breakdown of amyloid precursor protein (APP) by
specific enzymes (Kozlov et al., 2017; Sehar et al.,
2022). This triggers inflammation and neurotoxicity
(Kadowaki et al., 2005; Sinsky et al., 2021).

Current FDA-approved medications for Alzhei-
mer's only alleviate symptoms (Carmona et al., 2020).
Acetylcholinesterase inhibitors (e.g., donepezil, galan-
tamine, rivastigmine) and N-methyl-D-aspartate re-
ceptor (NMDAR) antagonists (e.g., memantine) are
commonly used, but they come with side effects such
as gastrointestinal issues, insomnia, hallucinations,
confusion, and fatigue. (Amat-Ur-Rasool et al., 2021;
Cummings et al., 2019b; Liu et al., 2019). However,
the drug-drug interaction with the elderly with de-
mentia has severe effects on them physically. It is
caused by a decrease in liver function and hepatic
metabolism (Bogetti-Salazar et al., 2016). The drugs
are metabolized in the liver using cytochrome P450
(CYP) enzyme. Severe side effects because of drug-
drug interaction sometimes occur in the elderly, for
example, gastrointestinal bleeding after being given a
proton pump inhibitor (Bogetti-Salazar et al., 2016;
Ruangritchankul et al, 2020), and because of this
statement, NIH is concerned about finding a new
drug for curing AD.

Research efforts, following NIH guidelines, are
exploring various therapeutic pathways, including
the mitochondrial cascade (Cummings et al., 2019a;
Das et al., 2006) AP accumulation affects mitochon-
drial function, increasing reactive oxygen species
(ROS) production, causing oxidative damage and cell
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death (Ali et al., 2018). Targeting this pathway could
prevent neurotoxicity and apoptosis (Kadowaki et al.,
2005).

Indonesia, with its rich natural resources, includ-
ing medicinal plants, offers potential solutions
(Budiarti et al., 2020). Traditional Indonesian medi-
cine, known as jamu, utilizes herbs with abundant
bioactive compounds like flavonoids (Khan et al.,
2020; Widyowati and Agil, 2018). Flavonoids possess
antioxidant properties, protecting against oxidative
stress and reducing apoptosis (Dourado et al., 2020;
Song et al., 2022). These compounds have demon-
strated antioxidant, anti-inflammatory, acetylcholin-
esterase inhibitory, neuroprotective, and Ap-
suppressing effects in Alzheimer's (Arslan et al., 2021;
Dourado et al., 2020; Gregory et al., 2021).

Bioinformatics plays a crucial role in efficient drug
discovery (Batool et al.,, 2019). It involves scanning
drug candidates, determining pharmacological net-
works, and conducting molecular modeling and sim-
ulations (Arwansyah et al., 2022; Azminah et al., 2019;
Erlina et al., 2022; Zu et al., 2021). However, wet lab
validation is essential to confirm the efficacy of mo-
lecular simulations (Arslan et al., 2021; Md et al,
2018). This study aims to evaluate a virtual screening
and molecular simulation using a bioinformatics ap-
proach to find the best flavonoid compounds for a
neuroprotective cure, with confirmation through the
MTT test, evaluating cell viability and determining
candidate compound effectiveness.

MATERIAL AND METHODS

Materials

The tools used were Laptop Dells Vostro Radeon
Graphic, Cytoscape 3.9, String database, Autodock
4.2.6, MarvinSketch, YASARA, Biosafety Cabinet
Level I, incubator COs, inverted microscope, refriger-
ated centrifuge, micropipette 1000 uL, micropipette 10
uL, micropipette 200 pL, hemacytometer, ELISA read-
er, well plate 96, flask T-25, conical tube 50 mL, coni-
cal tube 15 mL, microtube, and tip.

As for the consumable thing, were used SHSY-5Y
cell line from ELABSCIENCE, fetal bovine serum,
Ham F-12 medium, MEM, phosphate buffer saline,
and trypan blue from GIBCO, trypsin EDTA 0.25%
from Thermo, dimethyl sulfoxide and 3-(4,5-
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dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) reagent from ABIRAMA, beta-amyloid
protein complex from Genscript, apigenin and quer-
cetin from TCI, and donepezil from ELOKARSA.

Collection of genes involved in the AD pathway

The Kyoto Encyclopedia of Genes and Genomes
(KEGG) database, which can be accessed at
https:/ /www.genome.jp/kegg/, was used to down-
load gene data related to AD. The keywords human
diseases were selected in the pathway maps section,
followed by the specification neurodegenerative dis-
ease: specific types 05010 AD. Gene data can also be
obtained in the pathway entry section. All gene data
was gathered by copying all gene name lists into an
Excel spreadsheet.

Protein-protein interaction

The STRING web server, which is integrated into
the Cytoscappe application, is used to perform pro-
tein-protein interactions involved in the mechanism
of AD. The previously prepared protein list in Excel
format was copied into the Cytoscape application in
the entry section, and a confidence score of at least
0.99 was set. The formed protein interactions were
then chosen based on the linked proteins in a network
unit. Proteins outside the network was eliminated to
ensure that the selected proteins had high-confidence
interactions. The visualization was appeared in the
Cytoscape application right away. The interaction
results were then grouped using the STRING web
server, which could be accessed via https://string-

db.org/.

Drug-protein interaction

The list of proteins generated from the protein-
protein interaction step was used to perform drug-
protein interactions. The list of flavonoid derivative
compounds was obtained from the PubChem data-
base and analyzed with the Cytoscape application's
STITCH webserver (https://stitch.embl.de/). The
confident score parameter was used in the Cytoscape
application, with a high confidence category of 0.9.
Drug-protein interactions will be visualized immedi-
ately in the Cytoscape application. The visual results
were saved in png format, while the interaction re-
sults were saved in tsv format.

KEGG and GO enrichment

The target protein identified through protein-
protein interaction analysis was examined for func-
tion. All target protein lists were uploaded into the
Enrichr database, which can be accessed via the
https://maayanlab.cloud/Enrichr/ page. The analy-
sis was carried out through KEGG pathway and gene
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functional (GO) enrichment. Biological processes,
molecular functions, and cellular components com-
prise gene ontology. Proteins that interacted with
flavonoid-derived compounds were then investigated
by predicting therapeutic pathways using the Shiny-
GO 0.77 webserver, which can be found at
http:/ /bioinformatics.sdstate.edu/go/. Furthermore,
Biorender was used to summarize and visualize the
data.

Absorption, distribution, metabolism and excretion
(ADME) and toxicity prediction

The list of flavonoid derivative compounds dis-
covered as a result of drug-protein interactions was
then uploaded to the SwissADME, ADMETLab 2.0,
and Protox II web servers. The simplified molecular-
input line-entry system (SMILES) format from Pub-
Chem was used for uploading. The results of the
ADME and toxicity profiles were then entered into
Microsoft Excel for data processing and compilation.

The data analysis for ADME and toxicity predic-
tion was followed by Lipinski rule of 5 to determine
the druglikeness. The Lipinski rule of 5 was allowed if
the molecular weight was less than 500, HBA less
than 10, and HBD less than 5. For the pharmacokinet-
ics, we were concerned about GI absorption and
blood-brain barrier penetration. Hence, we also pay
more attention to the inhibition of CYP enzyme.

Molecular docking

When the protein and ligand preparations were
finished, molecular docking was performed. After
that, files in pdbqt format are uploaded to the Auto-
Dock 4.2.6 software. A suitable binding pocket and a
Lamarckian genetic algorithm were used for molecu-
lar docking. The generated output data were in dpf
format and was executed via the command prompt.
The molecular docking results were then converted
into binding complexes using Autodock 4.3.6 and
saved as pdb files. The BioVIA Discovery Studio Vis-
ualizer was used to visualize the 2D molecular dock-
ing results, which was entered in PDB format and
saved in PNG format. LigandScout 4.4.8 was used for
3D molecular docking visualization by entering the
complex in PDB and PNG format.

The data analysis for molecular docking was di-
vided into two sections. One was for validation, and
the other was for the real docking. For validation, it
was to pay attention to the root-mean-square devia-
tion (RMSD) parameter, which needs to be below 2.0
A. We saw the binding energy and inhibition con-
stants parameter for the real docking. For binding
energy, the preferable value was between -4.00 and -
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10.00 kcal/mol, while the inhibition constants were
around nM until uM.

Molecular dynamic

The protein binding complex containing the test
compound was then entered into the YASARA soft-
ware and run with the md_run.mcr file. The pH used
was 7.4, the ions were Na and Cl, the temperature
was 298K, the shape of the simulation box was a cube,
the duration is 50 ns or 50000 ps, the save interval was
10000 ps or every 10 ns, and the Amberl4 forcefield
were all parameters to consider in the md_run.mcr
file. The results of molecular dynamics simulations'
surface area of the solute (SASA), radius of gyration
(Rg), hydrogen bonding, RMSD and root mean square
fluctuation (RMSF) were then analyzed and visual-
ized in Microsoft Excel. For data analysis, we
searched for the most stable graph in SASA, Rg, hy-
drogen bonding, RMSD, and RMSF.

SHSY-5Y cell culture

Cell culture

The SHSYS5Y culture was grown according to the
protocol provided by ELABSCIENCE. The new
SHSYS5Y culture was extracted from liquid nitrogen
and thawed. The culture was then homogenized with
1 mL of complete medium (MEM:HAM F-12, 10%
fetal bovine serum, 1% P/S). The homogenate was
then centrifuged for 3 minutes at 1500 rpm. The su-
pernatant was discarded. In the same conical tube, 1
mL of complete medium was added and homoge-
nized to mix the pellet. The homogenate was then
taken as much as 10 uL to be counted by adding 10 pL
trypan blue and put into the hemacytometer counting
chamber.

The viable cells were then placed in a T25 flask
coated with collagen and given 5 mL of complete
medium. The cell was inserted and flattened on the
surface of the T-25 flask using a 1000 pL tip. The cells
in the T-25 flask were then observed under a micro-
scope to determine their distribution before being
placed in a 5% CO; incubator at 37°C.

SHSYS5Y neuronal cell viability assay

After counting the cells, up to 5,000 were planted
in each of the 96 microplate wells. The cells were then
incubated for 24 hours at 37°C in a 5% CO; incubator.
Cells grew on the bottom of the well plate, and addi-
tional test compounds, such as the screening test
compound, donepezil as positive control, quercetin as
positive control of flavonoid, and AP protein, were
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added in different concentration variations that were
optimized from 200 ppm to 3.125 ppm with 0.5 con-
centration intervals. After 1 x 24 hours of cell growth,
the compound was added, and the cells were incubat-
ed for another 1 x 24 hours.

The cells were then examined under a microscope
for another 24 hours. After discarding the compound
sample, MTT reagent was added at a 5 mg/mL con-
centration and diluted 10 times. In each well, cells
were given 100 pL of MTT and incubated for 3-4
hours. When cells were treated with MTT reagent,
they produced purple formazan crystals, which indi-
cated that the cells were alive. By first decanting the
MTT reagent, formazan crystals were dissolved with
dimethyl sulfoxide (DMSO) reagent. Readings were
performed with an ELISA reader (Diatek, Wuxi Hi-
well Dlatek Instrument, China) with a 630 nm wave-
length. This experiment used eight different concen-
trations with three repetitions in each concentration.
Using Microsoft Excel, absorbance was obtained to
create a relationship curve between concentration and
% cytotoxicity. The half-maximal inhibitory concen-
tration (ICso) was calculated from this curve.

Neuroprotective test using MTT assay

The 50% cytotoxic effect was achieved through the
inhibitory concentration test. Neuroprotective tests
was performed on ICsp and ICy to determine the dif-
ferences in neuroprotective activity between the two
compounds. In each 96-well microplate, 5,000 cells
were grown. The attached cells were exposed to the
test compounds derived from flavonoids, donepezil,
and quercetin in different wells and incubated for 1 x
24 hours. The compound sample was then discarded
and replaced with AP ICsp protein dissolved in 100 uL
of complete medium and incubated for 1 x 24 hours
in each well. After that, samples containing A induc-
tion protein were discarded and replaced with MTT
reagent. After incubating the cells for 3-4 hours, they
were replaced with a DMSO reagent and then read.
At a wavelength of 630 nm, readings were taken with
an ELISA reader. The absorbance values of positive
control, negative control, and test compounds were
then compared to determine the neuroprotective ef-
fect on cell viability.

Statistical analysis

Statistical analysis was conducted using SPSS
ver25. Data from the neuroprotective test were
dropped, and the test run. Kruskal-Walis was used in
this test of significance because the dataset was not
normal. The conclusion was taken when the p-value
was more than 0.05 (p<0.05).
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Figure 1. Network pharmacology visualization.

(A) Protein-protein interaction of Alzheimer's disease, (B) Protein clustering, (C) Drug and protein interaction.

RESULTS

Network pharmacology

Protein information was gathered from the KEGG
database using the keyword Alzheimer's disease. As
many as 384 genes associated with Alzheimer's dis-
ease were discovered. Meanwhile, compounds de-
rived from flavonoids were retrieved from the Pub-
Chem database by searching for flavonoids. As many
as 1420 compounds were obtained. We did the pro-
tein-protein interaction using the confidence interest
0.999 and got the 184 nodes displayed in Fig. 1A. Pro-
tein interactions revealed relationships and functions
between proteins.

The 184 protein interactions were then classified
into six groups using the formula * = V&), where n was

the number of nodes in the group. Clustering was
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used to create a visual representation that will serve
as the foundation for gene functional annotation. Fig.
1B represents the clustering.

A KEGG pathway enrichment analysis using the
Enrichr database revealed that the top ten enriched
pathways associated with AD can be seen in Fig. 2.
These pathways were related to neurodegenerative
diseases, specifically Alzheimer's. The p-values, rep-
resenting the level of enrichment, were calculated
using the Fisher method. The p-values were sorted in
ascending order, with a smaller p-value indicating a
more significant enrichment.

The functional enrichment analysis of gene ontol-
ogy proteins associated with AD considers three fac-
tors: Biological processes, molecular functions, and
cellular components. The analysis revealed a total of
1946 enriched biological processes implicated in mito-
chondrial respiration and AP protein formation. Ad-

J Pharm Pharmacogn Res (2024) 12(2): 208



https://jppres.com/

Fadilah et al.

ditionally, 209 molecular processes related to mito-
chondrial activity and transmembrane transport ac-
tivity were identified through molecular functional
enrichment. Furthermore, 144 cellular components
associated with mitochondrial respiration and the

In silico and in vitro neuroprotective flavonoids for Alzheimer

induction of cell death signals were identified
through cellular component screening. The enrich-
ment results were assessed using the Fisher method,
comparing the calculated p-values. A p-value of 0.01
indicated significant enrichment in the samples.
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Oxidative phosphorylation
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Diabetic cardiomyopathy
Pathways of neurodegeneration
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Figure 2. Kyoto encyclopedia of genes and genomes (KEGG) pathways enriched pathways.
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Table 1. ADMETOX analysis for five targets flavonoid derivates compound. (A) Druglikeness, (B) ADME, (C) Toxicity.

A
Druglikeness
Compounds Lipinski Class (LDso)
MW g/mol HBA HBD Log P
Morin hydrate 320.4 8 6 0.9 Yes Class 5
Quercetin 302.2 7 5 1.23 Yes Class 5
Luteolin 286.2 6 4 1.73 Yes Class 5
Apigenin 270.2 5 3 211 Yes Class 5
Donepezil 379.5 4 0 4.00 Yes Class 4
Genistein 270.2 5 3 2.04 Yes Class 5
B
Pharmacokinetics
Compounds ) BBB Inhibitor CYP
Gl absorption
permeant CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4
Morin hydrate  High No Yes No No Yes Yes
Quercetin High No Yes No No Yes Yes
Luteolin High No Yes No No Yes Yes
Apigenin High No Yes No No Yes Yes
Donepezil High Yes No No No Yes Yes
Genistein High No Yes No No Yes Yes
C
Toxicity
Compounds . .
Ora.l ?cute Skm. .. Carcinogenicity Res.pl.ratory LCsoFM LCs0DM
toxicity sensitization toxicity
Morin
- + .27 .301
hydrate 5.270 5.30
Quercetin - + 5.222 5.331
Luteolin - + 5.222 5.302
Apigenin - + 5.208 5.209
Donepezil - - + 5.338 6.367
Genistein - + 5.275 5.632

MW: molecular weight; HBA: Hydrogen bond acceptor; HBD: Hydrogen bond donor; LDso: lethal dose 50; Gl: gastrointestinal;
BBB: blood brain barrier; CYP: cytochrome P450; LCsoFM: Lethal concentration 50 fathead minnow; LCsoDM: Lethal concentration

50 Daphnia magna.

As we know from the results figures, the target
protein is linked to mitochondrial and AD pathways.
Fig. 3 provides a visual representation of these find-
ings.

Drug-protein interactions were investigated by study-
ing the interactions between 184 target proteins and
1420 flavonoid-derived compounds. Analysis of drug-
protein interactions was performed using STITCH at
a confidence level of 0.9. Among the interactions iden-
tified, there were 16 instances involving proteins such
as caspase 3 (CASP3), caspase 9 (CASP9), serine-
threonine protein kinase (AKT1), mitogen-activated
protein kinase 8 (MAPKS), mitochondrial ATP syn-
thetase, beta subunit (ATP5B), ATP synthase gamma
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chain (ATP5C1), and ATP synthase F1 subunit alpha
(ATP5A1), and compounds including morine hydrate,
quercetin, apigenin, luteolin, and genistein. Fig. 1C
illustrates the depicted interaction.

ADME and toxicities prediction analysis

The Lipinski rule of 5 was used to conduct the
Drug Likeness analysis, which states that the molecu-
lar weight should not exceed 500 g/mol, hydrogen
atom donors should not exceed 5, and hydrogen atom
acceptors should not exceed 10. Log P denotes water
solubility. Table 1A shows the results of each Drug
Likeness.
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Table 2. Molecular docking from targeted protein and flavonoid derivates.

In silico and in vitro neuroprotective flavonoids for Alzheimer

CASP3 CASP9 AKT1 MAPKS8
No.  Compound Binding Inhibition Binding Inhibition Binding Inhibition Binding Inhibition
energy constant energy constant energy constant energy constant
1 Apigenin -6.57 15.88 uM -5.3 129.58 uM -7.23 4.99 uM -6.94 8.2uM
2 Genistein -5.09 185.19 uM -5.67 69.78 uM -7.12 6.03 uM -7.04 6.89 uM
3 Luteolin -6.55 15.32 uM -5.67 70.04 uM -6.91 8.61 uM -6.98 7.66 uM
4 Quercetin -4.95 233.77uM -5.35 119.91 uM -6.82 9.9 uM -6.8 10.36 pM
5 Z';rt': hy- -5.91 4633uM  -5.33 12445uM  -6.58 1514uM  -6.66 13.11 M
6 Donepezil -1.37 3.96 uM -9.49 110.73 nM -8.47 619.89 nM -8.63 472.3nM

CASP3: caspase 3; CASP9: caspase 9; AKT1: serine-threonine protein kinase; MAPK8: mitogen-activated protein kinase 8.

A
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Figure 4. Molecular docking visualization.
(A) CASP3 with apigenin, (B) CASP9 with genistein, (C) AKT1 with apigenin, (D) MAPK8 with genistein.
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In addition to the Lipinski rule of 5, ADME map-

ping was performed based on pharmacokinetics. The
observed targets include gastrointestinal absorption,
blood-brain barrier penetration, and inhibition of CYP
drug-metabolizing enzymes. Table 1B shows the re-
sults.
Toxicity was another factor to consider when select-
ing compounds. Ingestion toxicity, skin allergy, car-
cinogenicity, and respiratory toxicity if inhaled are all
major concerns. Toxicity to the environment and tox-
icity to the body had a significant impact, as evi-
denced by bioindicators in the environment. Table 1C
displays the toxicity prediction results.

Molecular docking

After passing ADME and toxicity predictions, all
candidate compounds underwent molecular docking.
There are two types of docking: blind docking and
targeted docking. Important parameters observed in
this process are binding energy and inhibition con-
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stant. Tethering was performed by attaching the na-
tive ligand to the active site. In cases where no native
ligand was available, blind docking was carried out,
and the coordinates and size of the imaginary box
used were recorded. The results showed that CASP3
had a binding site within a 50 x 50 x 50 box, with an
RMSD of 2.21. AKT1 had a 40 x 40 x 40 box with an
RMSD of 0.78, and MAPKS8 had a 60 x 60 x 60 box
with an RMSD of 1.01. For CASP9, the box size was
100 x 92 x 80, with coordinates of 204.997, 219.175,
and 161,602.

The results of molecular docking are shown in Ta-
ble 2. Among the compounds tested, apigenin
showed the strongest binding and the smallest inhibi-
tion constant on CASP3 (with values of -6.57 and
1.588 pM, respectively) and on AKT1 (with values of -
7.23 and 4.99 uM, respectively). Genistein exhibited
the strongest binding and the smallest inhibition con-
stant on CASP9 (with values of -5.67 and 69.78 uM,
respectively) and on MAPKS (with values of -7.04 and
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6.89 uM, respectively). The results of molecular dock-
ing can be visualized in Fig. 4.

Molecular dynamic

Molecular dynamics were performed using the
YASARA software, and data describing the SASA, Rg,
hydrogen bonding, RMSD, and RMSF were collected.
The results can be seen in Fig. 5.

Molecular dynamics simulations were conducted
to assess the stability of target compounds binding to
target proteins in a fluid environment. The surface

In silico and in vitro neuroprotective flavonoids for Alzheimer

area analysis (Fig. 5B,D) showed that AKT1 and
MAPKS8 proteins have large attachment surfaces,
while CASP3 and CASP9 formed hydrogen bonds
(Fig. 5E,G). Protein flexibility, measured by Rg values,
varied among the proteins (Fig. 5I-L). The RMSD
analysis indicated stable behavior for all proteins (Fig.
5M-P). RMSF analysis highlighted amino acid interac-
tions (Fig. 5Q-T), with significant deviations observed
for MAPKS8 and AKT1. Apigenin demonstrated high-
er stability in binding to CASP3 and AKT1 compared
to genistein with CASP9 and MAPKS.

Surface Area of The Solute 2xyg Surface Area of the Solute 3ELI

Hydrogen Bond 3ELI

Hydrogen Bond 2Y6

Radius of Gyration 2XYG Radius of Gyration 3ELJ

RMSDAI RMSDAI

Solits protsimnuclaic acd residus RMSF Salule prateinucie

Figure 5. Molecular dynamics results

Surface Area of The Solute 4GV1 Surface Area of The Solute SIUY

Hydrogen Bond 4GV1 Hydrogen Bond SIUY

Radius of Gyration 5IUY

et

RMSDAI RMSDAI

Radius of Gyratian 4G¥1

Sohte preteininusiei ac resklue RMSF Soluta proleinnucteic acid residus RUSF

(A) SASA of Casp3 and apigenin, (B) SASA of AKT1 and apigenin, (C) SASA of CASP9 and genistein, (D) SASA of MAPK8 and genistein, (E) Hydrogen bond of CASP3
and apigenin, (F) Hydrogen bond of AKT1 and apigenin, (G) Hydrogen bond of Casp9 and genistein, (H) Hydrogen bond of MAPK8 and genistein, (1) Rg of CASP3
and apigenin, (J) Rg of AKT1 and apigenin, (K) Rg of CASP9 and genistein, (L) Rg of MAPK8 and genistein, (M) RMSD of CASP3 and apigenin, (N) RMSD of AKT1 and
apigenin, (0) RMSD of CASP9 and genistein, (P) RMSD of MAPK8 and genistein, (Q) RMSF of CASP3 and apigenin, (R) RMSF of AKT1 and apigenin, (S) RMSF of
CASP9 and genistein, (T) RMSF of MAPK8 and genistein.
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Table 3. Cytotoxicity of apigenin, quercetin, donepezil, and protein induction.

1Cs0 1C20
No. Compound
1Cso (ng/mL) 1Cs0 (M) 1C20 (ng/mL) 1C20 (UM)
1 Apigenin 135.1046 499 9.549183655 35.33593715
2 Quercetin 111.4047252 368.6091 24.26869593 80.29876561
3 Donepezil 53.29949972 140.4466 6.398561767 16.86050531
4 Protein AR 157.3870232 4.580883638
60 * *
- I =g uE

inhibition percentage

IC50+AB IC20+AB
Donepezil

35.80%

Ap 1C50=AR

%inhibition  35.10% 51.19% 39.40%

Figure 6. Neuroprotective analysis to SHSY-

IC20+AR
Apigenin
32%

AR IC50+AR IC20+AR
Quercetin

28.60%

AB

51.19% 28.51% 51.1%%

Compound dose

5Y using apigenin, quercetin, and donepezil.

The cytotoxicity and neuroprotective analysis

A curve of the relationship between the log con-
centration and the percentage of cytotoxicity at each
concentration was used to calculate the value of 50%
cytotoxicity. The curve was then used to calculate the
ICs0 dose using linear regression. The ICy and ICsg
based on linear regression can be seen in Table 3.

Neuroprotective testing involved exposing test
compounds to ICy and ICs, followed by AP protein
induction at ICses. The results, depicted in Fig. 6, indi-
cate the potential neuroprotective effect of bioactive
compounds on SHSY5Y cells. Significantly different
outcomes were observed between administering bio-
active compounds at ICsp and ICy, as confirmed by
the Kruskal-Wallis test (p<0.05), which denotes statis-
tical significance. Notably, donepezil, apigenin, and
quercetin exhibited significant percentage inhibition
values of 0.006, 0.005, and 0.009, respectively, all be-
low the threshold of 0.05.

proteins targeted from virtual screening were CASP3,
CASP9, MAPKS, and AKT1. The four proteins played
an important role in apoptosis. Apoptosis occurs be-
cause of the regulation of mitochondria. Clustering
analysis revealed distinct clusters, with one central
cluster influencing others. This cluster is involved in
Ap protein metabolism, while others relate to electron
transport, autophagosome organization, and mito-
chondprial electron transport.

Apoptosis happens by two types of triggering sig-
nals: internal and external. The signal can be cellular
damage, DNA mutation, or the activation of a specific
death receptor (Chi et al., 2018). Caspases are a family
of protease enzymes that are inactive in mitochondria
(Zhang, 2013). Once activated, these proteins cleave
and activate the cascade, leading to apoptosis (Shar-
ma et al., 2021). In Alzheimer's people, apoptosis oc-
curs due to the AP formation. The AP formation
would induce the phosphorylation of tau protein and
produce the neurofibrillary tangle (Rehfeldt et al.,

DISCUSSION

2022). Hyperphosphorylations of tau protein would

Protein interactions provide valuable insights into
disease mechanisms and biological functions. The
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increase the influx of calcium and cause long-term
depression (Li et al., 2022). The huge influx of calcium
affects the permeability of inner membrane mito-
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chondria and causes structural changes (Dhapola et
al., 2022). This would lead to apoptosis because of the
stress and release of cytochrome c (Xie et al., 2022).

CASP3 and CASP9 are genes that code caspase
protein. CASP3 would play the important role of
death executor, while CASP9 would activate the
apoptosis cascade (Sharma et al., 2021). AKT1 would
play a role in PI3K/AKT signaling and induce neu-
ronal cell growth, survival rate, and differentiation
(Zu et al, 2021). AKT1 modulates mitochondrial-
mediating apoptosis by inhibiting the release of cyto-
chrome c and blocking the caspase cascade (You et al.,
2020). MAPKS8 would play a role in MAPK signaling
by regulating cell death through mitochondrial dys-
function (Zu et al., 2021). This can happen because
MAPKS can regulate the BCL-2 expression. BCL-2 is a
protein in mitochondria that protects the cytochrome
from escaping the inner membrane mitochondria and
causing apoptosis (Kim and Lee, 2018; Yue and
Loépez, 2020). Within this phenomenon, we would like
to inhibit the activation of CASP3, CASP9, and
MAPKS8 and induce the activation of AKT1 through
the mitochondrial cascade.

Flavonoid derivatives that are obtained from drug-
protein interaction virtual screening are apigenin,
genistein, morin hydrate, luteolin, and quercetin.
Unlike the drug donepezil, they are easily absorbed in
the digestive tract but cannot cross the blood-brain
barrier. This is because flavonoid has three aromatic
rings that affect lipophilicity (Li et al., 2022). The five
flavonoid derivatives also easily dilute in water be-
fore they reach the blood-brain barrier. They are me-
tabolized in all its way (Jones et al., 2012). Nanoparti-
cles can be used to transport flavonoid compounds
across the blood-brain barrier to enhance their effec-
tiveness in Alzheimer's treatment (Rifaai et al., 2020).

The targeted flavonoid derivatives in this study
showed no significant toxicity and are considered safe
for ingestion and respiratory exposure. They are also
not expected to cause cancer within a certain dosage
range. Additionally, the target compound exhibits
low environmental toxicity.

Molecular docking is an approach to see how lig-
ands can bind to the active site of protein to produce
the biological effect (Erlina et al., 2022). Before dock-
ing flavonoid derivatives to their protein target, we
validate using the targeted docking method. Targeted
docking is used when the native ligand exists. The
native ligand represents the binding cavities of the
protein (Wu et al., 2020). The parameter for validation
is RMSD, which shows us if the native ligand has the
same pose and binding in the binding cavities. This is
shown by its smallest distance, below 2 A (Erlina et
al., 2022; Li et al., 2018).

https://jppres.com
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We would pay attention to binding energy and in-
hibition constant parameters for the real docking be-
tween the flavonoid derivatives and the protein target
(Erlina et al.,, 2022). Binding energy, calculated in
Gibbs units, is generated by the enzyme-substrate
equation (Brandt et al., 1987). The smallest the bind-
ing energy will be, the strongest the interaction
(Wang and Zhu, 2016). As shown in Table 4, the mo-
lecular docking results provide information about the
binding strength and inhibition constants of the five
target compounds used in vacuum conditions. Lower
binding energy indicates tighter and easier binding
between the drug candidate and the target protein,
resulting in biological effects (Prasasty and Isty-
astono, 2020). The binding energy is directly propor-
tional to the inhibition constant, with smaller binding
energy corresponding to a smaller inhibition constant
(Arwansyah et al., 2022). We chose apigenin and
genistein as the lowest binding energy from the four
proteins. This indicates that apigenin and genistein
modulate or inhibit the activity of the four proteins.

Molecular dynamics simulation studies the stabil-
ity of compound-protein binding in fluid conditions
(Yang et al., 2020). It simulates an environment like
the human body, including water, ions, pressure, and
temperature (Jabir et al., 2021). The surface area pa-
rameter (SASA) indicates the bonding potential, with
larger values suggesting easier binding (Tiwari et al.,
2019). Hydrogen bonding strength influences the
stability of the protein-ligand bond. The Rg reflects
the ligand's flexibility in binding. The lowest the Rg,
the rigid the ligand will be (Abraham et al.,, 2015).
RMSD describes binding stability, while RMSF repre-
sents the stability of the protein's binding site. Bind-
ing stability was observed at different time intervals,
with bond release preventing prolonged binding and
potential toxicity. The RMSF analysis revealed vary-
ing amplitudes, where consensus amino acids exhib-
ited lower values and non-consensus amino acids
showed larger amplitudes (Lemkul, 2019).

Apigenin has the best stability in molecular dy-
namics parameters. Apigenin can bind to small pro-
teins' surface area and strongly bind due to the hy-
drogen bonds; it has 5-6 hydrogen bonds. The RMSD
and RMSF curves of apigenin have the best stability
among the four protein targets, especially for CASP3.
It suggested that apigenin could interact well with
CASP3 to inhibit apoptosis, especially in Alzheimer's
patients.

SHSY-5Y is chosen as a cell model because it can
proliferate and differentiate into cells that imitate
neurons yet express some neuronal receptors. As a
neuroblastoma, SHSY-5Y could proliferate immortal
and be genetically modified to support other studies
for neurodegenerative experiments (Strother et al.,
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2021). The four protein targets, CASP3, CASP9, AKT1,
and MAPKS, were also found in SHSY-5Y to modu-
late its survival and apoptosis. Many researchers have
found that the four proteins have an important role in
the oxidative stress pathway if it is exposed to A3 and
hyperphosphorylation of tau protein.

Neuroprotective tests were conducted to assess the
compounds' ability to protect neurons from AP pro-
tein exposure (Arslan et al., 2021). Apigenin was cho-
sen because it is the flavonoid derivative compound
that has passed the virtual screening and molecular
simulation, while donepezil and quercetin are the
positive controls. Fig. 6 illustrates the results of the
neuroprotective test. From this figure, the inhibitory
concentration of the target compound on exposure to
AP protein is smaller than the inhibitory concentra-
tion of AP protein. Exposure to AP protein without
apigenin, quercetin, or donepezil exposure will have a
growth inhibitory effect on neuroblastoma cells.
However, the growth inhibition that occurred after
exposure to the compounds apigenin, donepezil, and
quercetin before adding AP protein had a lower val-
ue. This shows that the compounds apigenin,
donepezil, and quercetin produce neuroprotective
activity. Neuroprotection can occur due to the interac-
tion of hydrogen atoms donated by flavonoid com-
pounds with ROS produced by cells (Jiang et al.,
2021). This causes ROS to become inactive and is be-
lieved to suppress excessive inflammation (Castillo et
al., 2020). Apart from that, flavonoid compounds are
also able to modulate the MAPKS8 pathway by bind-
ing to the JNK receptor so that the survival process
can be maintained (Yue and Lépez, 2020). Flavonoid
compounds are also believed to be able to provide
anti-apoptotic effects by binding to caspase executors,
especially CASP3, so that the apoptotic effect does not
occur.

In silico and in vitro neuroprotective flavonoids for Alzheimer
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