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Epidemiological studies identify risk factors for Alzheimer’s disease (AD), which induces oxidative stress and infammation.
Pharmaceuticals aimed against the nuclear receptor PPARc, including TZDs, have been associated with considerable negative
consequences in AD treatment. Te bael fruit (Aegle marmelos) has bioactive compounds with therapeutic promise. Te purpose
of our study was to investigate the pharmacological and pharmacokinetic properties of marmeline, a bioactive compound isolated
from Aegle marmelos, as a potential therapeutic agent for AD. Specifcally, we aimed to identify its molecular targets with respect
to AD pathology, compare its binding afnity with important AD proteins (BACE1 and AChE) to established drugs, predict its
metabolism through in silico liver metabolism studies, assess its pharmacokinetic properties, particularly blood–brain barrier
permeability, determine optimal solvent conditions for extraction, and investigate gene expression patterns to understand its
efects on AD. Network pharmacology investigation reveals that marmeline activates PPARc in brain cells via the PPAR–PPRE
pathway. Marmeline reduces BACE1 by higher binding afnity than donepezil and verubecestat, therefore, perhaps reducing
amyloid-beta generation. Marmeline also targets increased CDK6 and PDE5A, which regulate cognition, amyloidogenesis, and
neuroinfammation. Marmeline’s cognitive advantages might result from neuroinfammation control and synaptic plasticity.
Using acetone helps stable marmeline extraction remain the most efective. Tese results suggest that by altering amyloid-beta
aggregation, tau phosphorylation, and oxidative stress, marmeline could be a possible natural AD therapy, though further in vitro
testing is required.
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1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder characterized by cognitive decline, memory loss,
and behavioral changes, representing a major global health
concern afecting millions of elderly individuals [1].

Presently, there are an estimated 35.6 million cases of de-
mentia globally, a fgure predicted to triple by the years 2030
and 2050 [2, 3]. In the last century, there has been substantial
progress in understanding and predicting methods for this
disease since it was frst described. AD may be classifed into
two main types: familial AD (FAD), which is caused by
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genetic abnormalities and results in a signifcantly faster
onset, and sporadic AD (SAD), which is characterized by
a progressive deterioration in cognitive function [4]. Te
importance of AD research is emphasized by its increasing
incidence and the current lack of efective treatment options
[5, 6]. Despite decades of research, current therapeutic
options remain limited, with available treatments primarily
addressing symptoms rather than modifying disease pro-
gression [7, 8]. Te recent approval of amyloid-targeting
therapies such as lecanemab and donanemab marks a sig-
nifcant advancement, as they demonstrate the ability to slow
disease progression [9]. However, these treatments represent
only the beginning of efective AD management, and sub-
stantial knowledge gaps remain in understanding the
complex pathophysiology of AD.

Amyloid-beta (Aβ), an oligomeric peptide, is a signifcant
component of amyloid plaques. It originates from the pro-
teolytic cleavage of β-amyloid precursor protein (β-APP) by
β- and c-secretases. Te most important enzyme for Aβ
synthesis is β-secretase, also known as BACE1 [10, 11].
BACE1 inhibition is a well-known strategy for treating AD,
highlighting its importance. BACE1 and the cholinergic
hypothesis have helped develop AD treatments. Acetylcho-
linesterase (AChE) degrades acetylcholine (ACh) [12, 13].
Early AD treatment focuses on cholinergic system stimulation
due to ACh depletion [14, 15]. Cholinergic inhibitors
donepezil and galantamine target AChE and are essential to
AD treatment [12]. In the temporal cortex of a normal brain,
AChE accounts for 90% of ChE activity [16]. Tus, con-
comitant inhibition of AChE and BACE1 may beneft mul-
timodal AD therapy. New drug research decision-making
involves three crucial stages: lead compound discovery, new
drug optimization, and clinical development, each with its
own costs, length, and risks [17]. In response, pharmaceutical
companies are using computational innovation to reduce
research and development costs and improve medication
discovery. Following years of rigorous study and develop-
ment, computer-aided drug design (CADD) has become
a core technique in drug research, rising in importance [18].
Computer chemistry–based CADD simulates ligand-receptor
biomacromolecule interactions to optimize and create lead
compounds [19]. Notably, CADD might signifcantly reduce
medication development costs and time. Aliskiren, boce-
previr, captopril, dorzolamide, nolatrexed, oseltamivir,
rupintrivir, saquinavir, and zanamivir have predicted and
screened several low-molecular–weight drugs using network
pharmacology and molecular docking models. Further in-
vestigation of the identifed chemicals after ADMET shows
a variety of therapeutic uses [18].

Our investigation also showed that similar methods
may be used in molecular docking analysis and network
pharmacology software. CADD requires the investigation
and classifcation of compounds with or without phar-
macological activity. Previous CADD research supports
this necessity. Bael or Bilwa, Aegle marmelos, is a perennial
Rutaceae tree endemic to tropical and subtropical
Southeast Asia, mostly Tailand. Most Bael components
are essential in ancient therapeutic herbs, especially
Ayurveda, Unani, and Siddha systems. Tey cure

dysentery, dyspepsia, and persistent diarrhea [20]. A drink
made from fruit pulp is used to regulate body temperature
in Tailand’s hot season. Aqueous bael fruit’s extract
lowers blood sugar in streptozotocin-induced diabetic
mice. Te extract had this efect when taken orally and
intraperitoneally [21, 22]. Furthermore, Te Phra Maha
Kwanchai Akkachayo at Wat Kiriwong, Chumphon
Province, Tailand, has used bael fruit to treat Alzheimer’s
patients for over 30 years. Our study aims to fll one such
gap by investigating marmeline, a bioactive compound
from Aegle marmelos (bael fruit), as a potential multitarget
therapeutic for AD. We hypothesize that marmeline may
provide therapeutic benefts through simultaneous in-
hibition of beta-secretase 1 (BACE1) and AChE, key en-
zymes in AD pathology.

2. Materials and Methods

2.1. Identifcation and Acquisition of Potential Targets.
Te process of identifying and acquiring potential targets for
the active chemical constituents within bael fruit was exe-
cuted utilizing online platforms, specifcally PharmMapper
[23], SEA [24], and SwissTargetPrediction [25]. Te search
procedure incorporated the application of the keyword
“Marmeline.” Te resultant fndings from these platforms
were collated and deemed as viable objectives.

2.2. Target Acquisition for AD and Medicinal Investigation.
Te phrase “Alzheimer” was detected in the GeneCards Suite
index [26]. Te index word search was conducted on Feb-
ruary 22, 2022. Te database results were utilized to get the
relevant targets related to AD. Later, the targets associated
with marmeline in the context of AD were visualized and
analyzed using a Venn diagram [27].Te overlapping targets
were acknowledged as prospective candidates for Alz-
heimer’s therapy in conjunction with marmeline.

2.3. Prediction of Metabolites Using Computational Methods.
BioTransformer 3.0 [28] was employed to predict drug
metabolism, as depicted in Table 1, utilizing the SMILES string
for marmeline (CC(�CCOC1�CC�C(C�C1)C(CNC(�O)
C�CC2�CC�CC�C2)O)). BioTransformer 3.0 represents
a freely accessible software application explicitly designed for
the efcient and accurate forecasting of metabolic processes
concerning small compounds within mammals and environ-
mental microbes.Tis tool facilitates the prediction of potential
human metabolites of small molecules, particularly pharma-
ceutical medications.Te construction of metabolite structures
was executed through the utilization of PubChem Sketcher [29]
(see Table 1).

2.4. Constructing the Protein–Protein Interaction (PPI) Net-
work and Identifying Key Genes. Leveraging the putative
target genes delineated in Table 2, we performed gene en-
richment analysis and pathway through the utilization of the
ShinyGo program [30], as illustrated in Figures 1 and 2.
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Table 1: Hepatic metabolism profling of standard drugs (donepezil and verubecestat) and marmeline, the active compound in bael fruit.

Compounds Drug metabolism Structure Abbreviation

Donepezil

O-Hydroxylation of monosubstituted
benzene: cytochrome P450 1A2 D1

Hydroxylation of nonterminal aliphatic carbon
adjacent to

aromatic ring: cytochrome P450 1A2
D2

O-Dealkylation from CyProduct:
cytochrome P450 1A2 D3

N-Oxidation of alicyclic tertiary
amine: cytochrome P450 1A2 D4

N-Dealkylation of alicyclic tertiary amine from
CyProduct: cytochrome P450 1A2 D5

Advances in Pharmacological and Pharmaceutical Sciences 3
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Table 1: Continued.

Compounds Drug metabolism Structure Abbreviation

Hydroxylation of benzene on carbon para to
electron donating group: cytochrome P450 1A2 D6

Hydroxylation of heteroalicyclic secondary carbon:
cytochrome P450 1A2 D7

Formation of imminium ion from N-substituted
piperidine: cytochrome P450 2C19 D8

N-Dehydrogenation of aliphatic azaheterocyclene:
cytochrome P450 2D6 D9

Ring opening of N-substituted piperidine:
cytochrome P450 3A4 D10

4 Advances in Pharmacological and Pharmaceutical Sciences
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Table 1: Continued.

Compounds Drug metabolism Structure Abbreviation

Verubecestat

Reduction of carbonyl: carbonyl reductase
(NADPH) D11

Pyridine N-oxidation: cytochrome P450 1A2 V1

N-Hydroxylation of secondary arylamide:
cytochrome P450 1A2 V2

Hydroxylation of benzene on carbon ortho to the
strongly electron donating group: cytochrome P450

1A2
V3

Hydroxylation of benzene on carbon ortho to the
strongly electron donating group: cytochrome P450

1A2
V4

Hydroxylation of heteroalicyclic secondary carbon:
cytochrome P450 1A2 V5

Advances in Pharmacological and Pharmaceutical Sciences 5
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Table 1: Continued.

Compounds Drug metabolism Structure Abbreviation

Marmeline

Hydroxylation of aromatic
carbon ortho to the

halide group: cytochrome
P450 1A2

V6

Hydroxylation of
aromatic carbon ortho to the

halide group:
cytochrome P450 1A2

V7

V8

Hydroxylation from
CyProduct: cytochrome P450 1A2 V9

Hydroxylation of aromatic
carbon meta to the

halide group: cytochrome
P450 2A6

V10

V11

O-Hydroxylation of
monosubstituted benzene:
cytochrome P450 1A2

M1

6 Advances in Pharmacological and Pharmaceutical Sciences

 3152, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/adpp/6634761 by U

m
ea U

niversity, W
iley O

nline L
ibrary on [03/06/2025]. 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



Table 1: Continued.

Compounds Drug metabolism Structure Abbreviation

Oxidation of secondary alcohol to ketone:
cytochrome P450 1A2 M2

O-Dealkylation from CyProduct: cytochrome P450
1A2 M3

Hydroxylation of benzene on carbon ortho to the
electron donating group: cytochrome P450 1A2 M4

Hydroxylation of benzene on carbon ortho to the
electron donating group: cytochrome P450 1A2 M5

Hydroxylation of benzene on carbon para to the
electron donating group from CyProduct:

cytochrome P450 1A2
M6

Epoxidation of alkene: cytochrome P450 1A2 M7

Epoxidation of alkene: cytochrome P450 1A2 M8

O-Dealkylation from CyProduct: cytochrome P450
2C9 M9

Hydroxylation from CyProduct: cytochrome P450
2C19 M10

Hydroxylation from CyProduct: cytochrome P450
2C9 M11

Advances in Pharmacological and Pharmaceutical Sciences 7
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2.5.MolecularDocking. It commences with the examination
of binding interactions involving key compounds present in
bael fruit, as delineated in Table 3, through the process of
molecular docking. Subsequently, structures demonstrating
favorable binding with target proteins underwent detailed
scrutiny to identify novel features arising from metabolic
processes facilitated through the liver.

Te molecular structures of all marmeline metabolites
were generated using PubChem software. Concurrently, the
structures of BACE1 and AChE were retrieved from the PDB
database. Te data underwent processing with MGLTools

1.5.6 and were saved as pdbqt fles [31]. Active sites and grid
box coordinates of BACE1 and AChE were determined
based on the analysis of robust binding sites using
CavityPlus. Te coordinates for BACE1 and AChE proteins
were 21.565× 22.477× 44.952 and −0.783× −51.77× 2.859,
respectively. Te dimensions of each box were 80× 90×108
and 62× 94×126 grids for BACE1 and AChE, respectively.
Te docking process involved small-molecule proteins and
employed ArgusLab, AutoDock, and AutoDock Vina Version
1.1.2 for molecular docking analyses. Standardization of
molecular structures was performed using PyMOL [32], and

Table 2: Diferentially expressed genes (DEGs) of Alzheimer’s disease (AD) and marmeline (MML).

Names Total Diferentially
expressed genes

AD–MML 103

VDR MMP2 HCK ErbB4 ZAP70 RARG STS CCL5 C1S CDK6 HMOX1 CSK
MMP7 NOS2 MMP13 LCK DCK GALE RARA FNTA CMA1 MMP3 FGFR1

FABP7 PPARA RORα ACADM JAK3 IMPA1 SETD7 BACE1 MMP8 KIT FABP4
AKT1 RXRα JAK2 NR1H2 PDPK1 RAB5A PDK2 NR1H3 TPH1 XIAP APOA2
CD1A PADI4 MDM2 MIF AKT2 EGFR NQO1 DPP4 TGM3 FCAR CDC42

ALDH2 IL2 ESR1 ACE2 PNMT GSTT2 SHBG FABP5 PAK6 PDE4D KIF11 NR1I2
MMP16 CASP7 CCNT1 THRB PDE5A QPCT ARSA CCNA2 ADK ISG20 GSK3β
PPARγ DAPK1 NQO2 EPHB4 DUT STAT1 NOS3 GSTP1 ANXA5 MMP12 BST1
ST14 SRC PDE4B CASP3 NR1H4 PDE3B CBR1MMP9NR1I3 DPEP1OAT FABP6

CLK1

AD 184

PPARD HMGCR LGALS2 MAN1B1 NR3C2 FECH SDS PITPNA GSR TK1 HPN
HSD17B1 CYP19A1 CYP2C8 MTHFD1 GSTA1 IGF1 MAPK14 PLAU SULT1E1
KDR FABP3 PAK1 GC GLO1 CTSS TGFBR2 SOD2 PTPN1 HAGHMET AKR1C1
CRABP2 RAB11A AMY1A PRKCQ FAP GSTZ1 TTR ADAM17 MAOB LYZ
FGFR2 PSAP MAPKAPK2 NMNAT1 AMY2A CSNK1G2 ADAMTS4 CTNNA1
RBP4 FHIT CFB HNMT PIK3R1 GM2A MAPK1 IMPDH2 PYGL CTSG ELANE
PLEKHA4 TEK SRM OTC IMPDH1 PRKACA F2 NT5M TNK2 PTPN11 ARG1
RNASE3 PIK3CG PLAT PCK1 PLK1 SULT2A1 CBS MAP2K1 ADH1C TGFBR1
CYP2C9 ARHGAP1 HK1 PPCDC REN HEXB BHMT PLA2G2A HNF4G TPI1
WAS HSD11B1 LCN2 AKR1C3 LGALS3 GNPDA1 CYP21A2 ADH5 TYMS
TRAPPC3 ALB CHEK1 TPSB2 ITK TREM1 DTYMK HRAS AZGP1 ANG

HSD17B11 BIRC7 GCK FKBP1B GPI F7 MAPK8 MME ABO IGF1R BCAT2
HDAC8 F10 ESRRA MTAP DHODH ABL1 SULT2B1 CDA AR MAPK10 CALM1
CHIT1 AKR1B1 CA2 HSP90AB1 ESR2 CSNK2A1 BRAF GSTA3 CTSF FDPS

SORD PLA2G10 HSPA4 FKBP1A RHOA CDK5R1 AMD1 HSPA8 SHMT1 CES1
MMP1 SERPINA1 CA12 TYMP TNNC1 AKR1C2 CFD ITGAL EPHX2 AHCY
BLVRB AURKA ESRRG LSS REG1A CDK2 PAH DHFR ACP3 PGR LTA4H PNP

HSP90AA1 SEC14L2 PIM1 S100A9 UCK2 PARP1 NR3C1 F11 THRA

MML 191

P03956 CALM FKB1A P49789 TPIS P78536 SAHH FABPH P14061 TGFR1 TTHY
CATS P22830 Q06520 RET4 Q9NPB1 P07686 P08238 MCR VTDB TIE2 P11586
SEPR P35520 P20132 P11142 S10A9 BRAF1MP2K1 ANDR P04179 P11309 AK1C3
O43617 AMYP TYPH CP2C9 SPYA ALDR ADHX Q96CA5 P09874 P04183 RASH
O76054 O00204 ADA17 KPCT NGALHMDHQ9UBX1 NEP GLYCMK08 P00519
RB11A PTGD2 Q16772 CAH2 CFAD Q9NP99 P49137 Q9BY41 PAK7 CAH12
PRGR P68400 P21802 Q13126 PNPH ALBU PPAP Q9BZX2 GCR O15382 P05451
P35558 MK10 DHSO Q93088 P61626 HXK4 P00326 MK01 Q14541 ANGI ELNE
LGUL Q16539 P35968 G6PI P01343 TRYB2 P10827 P85A Q9H4M7 DYR FPPS
KTHY ERG7 P11474 AOFB AMPM2 P29373 CP2C8 HYES CDD P63316 CHK1
P10828 Q04828 LEG2 P08263 PYRD P17900 Q03181 P06737 Q9NY01 KC1G2
P30043 LKHA4 P53350 FA10 IMDH1 P24941 CFAB FKB1B CATGARGI1 Q16775
PTN1 LEG3 P07602 FA7 Q9HAN9 HXK1 TGFR2 P00517 DHI1 Q07960 O14965
UROK P11511 O43708 ACK1 O15496 ITAL P05981 DCAM P32589 TYSY CTNA1
P46926 PK3CG P62508 P00390 EST1 DHB11 Q13231 P37243 ATS4 TPAQ9UKM7
WASP Q08881 P04745 IMDH2 PH4H P08069 PTN11 FA11 AK1C2 Q96CD2
P12724 P14555 CATB Q62986 ST1E1 P07900 CD5R1 P50135 Q00169 P00480

P19623 A1AT CAH1 P08581 P16442 ZA2G P61586 RENI

8 Advances in Pharmacological and Pharmaceutical Sciences
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the conformations exhibiting the highest scores were visu-
alized and assessed using BIOVIA Discovery Studio Visu-
alizer [33]. PubChem was utilized to depict molecular
structures of compounds, subsequently transformed into
three-dimensional (3D) structures with Avogadro software
[34]. Te refnement of these structures was realized through
optimization utilizing MMFF94 force felds [35]. Te 3D
structures of BACE1 and AChE were sourced from the RCSB
Protein Data Bank (https://www.rcsb.org), with particular
emphasis on selecting the 3D structures of BACE1 (PDB ID:
2QP8) and AChE (PDB ID: 4EY6) specifcally for protein
docking. Conversion of both proteins and chemicals to
PDBQT format was executed using AutoDockTools [36].
ArgusLab [37], AutoDock [38], and AutoDock Vina [39] are
softwares which utilized the molecular docking method. To
enhance computational precision, the parameter exhaus-
tiveness was adjusted to a value of 20 [40, 41]. Default values
were assigned to all parameters, except for explicitly indicated
ones. Subsequently, the conformation characterized by the
highest score value was selected for a thorough data analysis.

2.6. Pharmacokinetic Assessment Using the SwissADME
Predictor. Te SwissADME predictor [42] serves as a pivotal
tool in discerning the bioavailability of compounds and their
metabolites. Tis tool, characterized as a complementary
online resource, is instrumental in evaluating the

pharmacokinetics, drug-likeness, and medicinal chemistry
compatibility of small compounds. In the landscape of freely
available web-based tools for pharmacokinetics, advanced
methodologies such as iLOGP7 or the BOILED-Egg have
emerged, ofering users the capability to visualize, store, and
share data for individual molecules or through compre-
hensive intuitive and interactive graphical representations.
Te 2D structure of marmeline was delineated on PubChem,
while the 3D structures were meticulously generated on
Avogadro by minimizing energy using the MMFF94 option,
with the imported structure presented in the SMILES for-
mat. Subsequently, an investigation into SwissADME
medication design was undertaken, and the ensuing results
were meticulously documented.

2.7. Data Mining. Te Gene Expression Omnibus (GEO)
database includes high-throughput gene expression data
submitted by researchers worldwide. Large sample sizes
were considered to provide more reliable results in the
screening of diferentially expressed genes (DEGs). Tere-
fore, this research employed a gene expression profle dataset
of AD that was downloaded from the GEO public database
(https://www.ncbi.nlm. https://nih.gov/geo). Te GSE5281
dataset containing 74 control samples and 87 AD samples
based on the GPL570 platform was selected for further
analysis in the present study. Data from the GEO database
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Figure 1: Te results of a Gene Ontology (GO) enrichment analysis are presented graphically in the form of a bubble chart, which
emphasizes the 17 most important keywords corresponding to their respective fold enrichment values for the following categories:
(a) biological process (BP), (b) cellular component (CC), (c) molecular function (MF), and (d) Kyoto Encyclopedia of Genes and Genomes
(KEGG). Te color scheme is organized in accordance with the −log value, while the term “marmeline” signifes the number of target genes
associated. Te 103 components derived from the KEGG pathway analysis are presented in ascending order based on their negative
logarithmic values. Te intensity of the red hue signifes a higher level of enrichment.
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are accessible and free of charge, and their utilization does
not require the approval of an ethics committee.

2.8. Gene Expression Analysis (GEA). We utilize shinyGEO
to procure gene expression datasets directly from theGEO.We
select datasets based on the intersection with the marmeli-
ne–AD disease for analysis. Subsequently, the raw gene ex-
pression data were transformed into a log2 scale. Tis
transformation is essential as it normalizes the data, facilitating
the identifcation of fold changes (FCs) in gene expression.Te
log2 Fold-Change (log2 FC) is preferred because it simplifes
statistical analysis and aids in detecting biologically relevant
changes. Within shinyGEO, we defne the genes by selecting
samples belonging to both the healthy and AD groups. We
ensure that the healthy group comprises 74 samples and the
AD group consists of 87 samples to enhance the reliability of
the analysis. We conduct diferential expression analysis by
comparing the average expression levels of genes between the
AD and healthy groups. Te objective is to identify genes that
are signifcantly upregulated or downregulated in the AD
group compared to the healthy group. We employ a statistical
t-test to determine signifcance, using a cutof p value of less
than 0.001. We examine the results for log2 FC and p values.
A positive log2 FC indicates upregulation, whereas a negative

value signifes downregulation of the genes in the AD group
relative to the healthy group.

2.9. Analysis of Solubility and Interaction Profles of Mar-
meline With Various Solvents. Te molecular structure of
marmeline was obtained from PubChem, which was then
used further for checking its interactions and solubility with
diferent solvents by using COSMOquick as the earlier study
[41, 43]. Tis method provides meaningful information
regarding electrostatic characteristics and solubility behav-
ior of marmeline under diferent chemical conditions.
Electrostatic potential maps show the charge distribution in
all solvents including acetone, ethyl acetate, ethanol, water,
and heptane. Te visualizations demonstrate positive and
negative potentials, which allow us to understand how
marmeline interacts with these diferent solvents. Herein,
the derived structure of marmeline is given that indicates the
regions of charge distribution that may interact with solvent,
thus establishing the molecular basis for interpreting in
a particular solvent environment. Charge density plots
additionally provide a comparison of the active electronic
environments of marmeline and the solvents, revealing
distinct areas of positive and negative charge where the
possible interaction sites that could infuence solubility exist.

Figure 2: Alterations in the PPAR signaling pathway, denoted by the red color, where the entities targeted by marmeline are indicated.

10 Advances in Pharmacological and Pharmaceutical Sciences
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Tese profles demonstrate the interaction of the marmeline
with the hydrogen and nonhydrogen bond acceptor/donor
in each solvent. A table also presents the solubility data of the
marmeline across a temperature range of 25°C–100°C. Te
data is represented using a color-coded scheme to indicate
the stepwise degree of solubility.

In summary, this investigation reveals the solubility
features of marmeline due to the charge compatibilities
between the types of solvents and marmeline. Tis research,
which helps make predictions about how marmeline in-
teracts with diferent solvents and its behavior in other
chemical contexts as well, represents the frst step in
a thorough understanding of how solvents and temperature
infuence the energy required for a compound to transition
from a solid to a liquid state. Regarding this study, the
solubility of the chosen solvents in several solvents can be
computationally predicted from the COSMOquick software
approach according to equation (1): Estimation of the Gibbs
free energy change upon melting can be used to make this
estimation. In the above example, ΔGfus is the Gibbs free
energy change for fusion, ΔHfus is the enthalpy change of
fusion and T is the temperature at which the process is
evaluated, and Tm is the melting point of the substance.

ΔGfus �
ΔHfus − ΔHfus(1 − T)

Tm

. (1)

3. Results and Discussion

3.1. Target Identifcation for AD and Active Compounds.
GeneCards was used to assess Alzheimer-related genes and
PharmMapper, SEA, and SwissTargetPrediction were ad-
ditionally utilized to identify potential targets of marmeline.
Following the extensive investigation of genes listed in
Table 2, 287 genes with diferential expression in AD were
detected. Furthermore, 294 genes manifested diferential
expression within the prospective targets of the marmeline

group. Te intersection in the Venn diagram (Figure 3)
representing the two distinct groups of DEGs comprised
a total of 103 DEGs.

Tis overlap suggests that marmeline may indeed have
a substantial anti-AD efect by modulating multiple genes
involved in the disease pathology. Te use of multiple
bioinformatics tools, including GeneCards, PharmMapper,
SEA, and SwissTargetPrediction, provides a comprehensive
approach to target identifcation. Tis multiplatform strat-
egy enhances the reliability of the results by cross-validating
potential targets across diferent databases and prediction
algorithms. Te identifcation of 287 DEGs in AD highlights
the complex nature of the disorder, involving numerous
genetic pathways and molecular mechanisms. Similarly, the
294 genes identifed as potential targets of marmeline in-
dicate that this compound may have pleiotropic efects,
potentially addressing multiple aspects of AD pathology
simultaneously. Te 103 overlapping DEGs between
AD–related genes and marmeline targets suggest that this

Table 3: Binding energies of compounds isolated from bael fruit in comparison with standard inhibitors Donepezil and Verubecestat as
positive controls.

Compounds
ArgusLab AutoDock AutoDock vina

AChE BACE1 AChE BACE1 AChE BACE1
Donepezil −12.2857 −10.2176 −7.63 −6.55 −8.5 −6.7
Verubecestat −9.0988 −9.02403 −7.57 −5.48 −8.7 −7.6
Chlorogenic acid −10.6627 −11.0622 −3.7 −3.21 −9.9 −7.8
Marmeline −13.4258 −11.3812 −5.86 −5.55 −8.1 −7.4
Isoscoparin −8.99362 −9.78634 −6.08 −3.51 −8.2 −7.5
Astragalin −8.8409 −9.56985 −3.7 −2.33 −8.4 −7.4
Kaempferol 3-O-α-L-rhamnopyranosyl-(1-6)-β-D-glucopyranoside −9.80292 −10.2305 −2.22 −2.14 −8.9 −8.5
Kaempferol 3-O-α-L-rhamnopyranosyl-(1-2)-β-D-glucoronopyranoside −8.07306 −9.0612 −3.44 −2.17 −9.0 −8.2
Kaempferol 3-O-β-D-glucoronopyranoside −9.39773 −10.1921 −3.47 −3.7 −8.3 −8.1
Myricetin 3′,5′-dimethyl ether 3-O-β-D-glucopyranoside −8.9348 −9.55236 −3.43 −3.05 −8.5 −7.5
Quercetin 3-O-β-D-glucopyranoside −9.86721 −10.0134 −3.69 −2.55 −8.9 −8.8
Isorhamnetin 3-O-β-D-glucopyranoside −8.69247 −8.77628 −5.56 −3.86 −8.2 −7.2
Isorhamnetin 3-O-α-L-rhamnopyranosyl-(1⟶ 6)-β-D-glucopyranoside −9.90749 −8.83744 −1.6 −1.61 −9.4 −8.6
β-Sitosterol glucopyranoside −10.8543 −11.6236 −4.72 −4.37 −8.4 −6.8
Squalene −15.4327 −13.269 −4.61 −3.53 −5.5 −5.7
Clionasterol −9.76188 −10.5008 −7.8 −5.68 −7.9 −6.5

MML

AD

21.55% 39.96%38.49%

184 103 191

Figure 3: Comparative Venn diagram illustrating the distinct and
overlapping sets of diferentially expressed genes (DEGs) in Alz-
heimer’s disease (AD) and marmeline (MML) datasets.
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compound may be particularly well-suited for AD treat-
ment. Tese shared genes likely represent key pathways
involved in AD pathogenesis that marmeline can potentially
modulate. Further investigation into the specifc functions
and interactions of these overlapping genes could provide
valuable insights into the mechanism of action of marmeline
and its potential therapeutic efects in AD.

3.2. Functional Enrichment Analysis. To explore potential
pathways, the DAVID database [44] was employed for
comprehensive analysis encompassing biological processes
(BPs), cellular components (CCs), and molecular functions
(MFs). Marmeline is a compound that has the potential to
help treat Alzheimer’s. From the results shown in Figure 1,
the mechanism of action of marmeline can be summarized
as follows. In Figure 1(a), the BP enrichment analysis
highlights several key activities related to AD as top en-
richment such as nuclear receptor activity and ligand-
activated transcription factor activity. Tese functions are
crucial in regulating gene expression, including genes in-
volved in neuroinfammation and neuroprotection. Acti-
vation of peroxisome proliferator–activated receptor-
gamma (PPARγ), a nuclear receptor, is known to reduce
infammation and promote clearance of Aβ peptides.
Nonmembrane-spanning protein tyrosine kinase activity is
involved in signaling pathways that regulate cell growth,
diferentiation, and survival, which are critical in neuronal
health. In Figure 1(b), the CC analysis shows the enrichment
of components critical to Alzheimer’s pathology. Cyclin-
dependent protein kinase holoenzyme complex is involved
in the cell cycle regulation, and dysregulation can lead to
neuronal apoptosis. Changes in cytoplasmic and plasma
membrane particles can afect cell signaling and integrity,
which are crucial in the maintenance of synaptic function.
Extrinsic components of membrane and caveola are in-
volved in endocytosis and signal transduction, processes that
are disrupted in AD. Anchoring junction and anchoring
protein activity are vital for maintaining cell structure and
communication, which are compromised in neurodegen-
erative diseases. In Figure 1(c), the MF analysis highlights
several key pathways relevant to AD. Te intracellular re-
ceptor signaling pathway includes nuclear receptors such as
PPARγ, which are involved inmodulating infammation and
metabolism in neurons. Te regulation of infammatory
response is a hallmark of Alzheimer’s pathology, and reg-
ulating this response is crucial for therapeutic interventions.
Response to hormones and endogenous stimuli can afect
brain function and is implicated in AD. Response to oxi-
dative stress is a signifcant contributor to neuronal de-
generation in Alzheimer’s. Regulation of the apoptotic
process to prevent excessive neuronal apoptosis is vital in
maintaining cognitive functions in Alzheimer’s patients. In
addition, enrichment analysis of genomes (KEGG) was
conducted for the identifed targets [45, 46]. Subsequently,
the top 17 outcomes were selected based on their ascending
order of magnitude (Figure 1(d)). PPAR-α, a key pathway in
this study, plays a crucial role in regulating the expression of
genes responsible for encoding enzymes involved in the

metabolism of APP [47]. It exerts inhibitory control over
β-secretase (BACE1), the principal enzyme implicated in the
release of Aβ peptides in AD [48].

Tis inhibition is characterized by multitarget and
multicomponent efects, with specifc targets elucidated in
Figure 2. Since the focus of the study is on the genes involved
in the PPAR signaling pathway, as shown in the KEGG
pathway (Figure 2), it is crucial to highlight the represen-
tative target genes. Te regulation of gene expression
encoding enzymes implicated in the metabolism of APP is
largely dependent on the PPAR signaling pathway. It has
been shown that PPARγ activation selectively inhibits the
activity of β-secretase (BACE1), the primary enzyme in
charge of cleaving Aβ peptides, which are a hallmark of the
pathophysiology of AD. Furthermore, the pathway includes
the regulation of AChE activity, a neurotransmitter notably
diminished in people with AD, and its levels need to be
sustained. PPARγ, RXRα, and FABP4 are some of the critical
genes involved in these regulatory processes. PPARγ, RXRα,
and FABP4 are some of the critical genes involved in these
regulatory processes.Te focus of this work is onmarmeline,
a natural PPARγ activator with the potential to modulate
these pathways and ofer therapeutic benefts for AD.

Marmeline’s mechanisms of action and therapeutic
promise in AD can be revealed by functional enrichment
analysis of its possible targets. Tis thorough examination
of BPs, CCs, and molecular activities suggests that mar-
meline may treat AD’s complicated pathophysiology in
several ways. Te enrichment of nuclear receptor activity
and ligand-activated transcription factor activity implies
that marmeline may modulate neuroprotection and anti-
infammatory gene expression. Active PPARγ reduces in-
fammation and promotes the clearance of Aβ peptides,
which are crucial in AD pathogenesis.Te predominance of
nonmembrane-spanning protein tyrosine kinase activity
suggests that marmeline may afect signaling pathways that
govern neuronal health, development, and survival, which
are crucial for cognitive function and AD prevention. Te
cyclin-dependent protein kinase holoenzyme complex,
cytoplasmic and plasma membrane particles, extrinsic
membrane and caveola components, and anchoring
junctions are important to AD pathogenesis. Tese com-
ponents prevent neuronal death, maintain synaptic func-
tion, facilitate signal transduction, and preserve cell shape
and communication, which are commonly disrupted in
neurodegenerative illnesses suh as AD. MF research sug-
gests that marmeline may afect AD–related pathways. Te
intracellular receptor signaling system, infammatory re-
sponse, hormone and endogenous stimulus response, ox-
idative stress response, and apoptotic processes are
examples. Tese actions are essential for treating AD
pathophysiology, from neuronal infammation and meta-
bolism to neuronal death prevention. Te KEGG pathway
analysis reveals marmeline’s putative mode of action, fo-
cusing on the PPAR signaling pathway. Tis pathway
controls gene expression for enzymes that metabolize APP
and block β-secretase (BACE1), which releases Aβ pep-
tides. AChE activity, essential for neurotransmitter levels in
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AD patients, is regulated by the PPAR signaling pathway.
RXRα, FABP4, and PPARγ are the key genes in these
processes.

3.3. Molecular Docking and In Silico Metabolite Prediction.
Te molecular docking methodology was performed in it-
erations. First, it was performed to identify the key com-
pounds in bael fruit which can antagonize BACE1 and AChE
proteins. Importantly, besides marmeline, the major com-
ponent of bael fruit, several biologically signifcant com-
pounds were detected [49]. Tese include chlorogenic acid
[50], kaempferol 3-O-α-L-rhamnopyranosyl-(1-6)-β-D-
glucopyranoside [51], kaempferol 3-O-α-L-rhamnopyr-
anosyl-(1-2)-β-D-glucoronopyranoside [50], quercetin 3-O-
β-D-glucopyranoside [52], isorhamnetin 3-O-α-L-rham-
nopyranosyl-(1⟶ 6)-β-D-glucopyranoside [53], squalene
[54], and clionasterol [55], meticulously outlined in Table 3.
Te presence of these compounds unequivocally demon-
strated heightened efcacy in inhibiting both BACE1 and
AChE proteins.

In the second phase, rigorous scrutiny was applied to
marmeline extracts to elucidate their metabolic pathways
within diverse physiological processes before systemic ab-
sorption and entry into the bloodstream. Cytochromes P450s,
constituting a superfamily of isoenzymes accountable for the
metabolism of a myriad of substances originating from both
exogenous and endogenous origins, have been identifed as
pivotal entities associated with toxicological events [56].
Medication interactions stemming from metabolic processes
pose a signifcant challenge in the realm of drug development.
Te concurrent administration of multiple pharmaceutical
agents, vying for occupancy of the same P450 enzyme,
wherein one drug exhibits a pronounced afnity for the
enzyme either as a substrate or an inhibitor, has the potential
to impede themetabolic processes of the coadministered drug
[57]. Tis circumstance can elevate levels of the other drug in
the bloodstream, heightening the risk of adverse side efects.
Early identifcation of interactions between compounds and
P450 CYP enzymes is imperative for mitigating potential
issues during the initial phases of lead optimization. Phar-
maceutical enterprises predominantly investigate fve critical
human CYP isoforms, namely, 1A2, 2C9, 2C19, 2D6, and
3A4. Cumulatively, these isoforms constitute over 60% of the
overall hepatic CYPs and exert substantial infuence on the
metabolism of pharmaceutical agents [58].

Analysis of Table 1 reveals the distinctive metabolic
pathways of three compounds, namely, donepezil, ver-
ubecestat, and marmeline, within the hepatic environment.
Donepezil undergoes comprehensive structural modifca-
tions as 11 metabolites through hepatic metabolism, notably
facilitated by the enzymatic activities of CYP450 isoforms
1A2, 2C9, 2D6, and 3A4. In addition, donepezil undergoes
metabolic transformations catalyzed by carbonyl reductase
(NADPH). Te metabolic processing of verubecestat in-
volves 11 unique metabolites. Notably, the enzymatic me-
diation is pronounced, primarily orchestrated by CYP450
isoforms 1A2 and 2A6. Marmeline exhibits a parallel pat-
tern, undergoing structural alterations as 11metabolites.Te

metabolic transformations are prominently guided by the
enzymatic activities of CYP450 isoforms 1A2, 2C9, and
2C19. Te structures of the substance, as metabolized by the
liver, were subsequently re-evaluated to investigate its in-
teractions with both proteins. It was found that the structure
of the majority of marmeline, which has been altered by the
liver, can interact better with both BACE1 and AChE
compared to the two standard substances currently used for
treatment. Tis observation is based on the high negative
energy values [43], as shown in Figure 4.

From Table 4, it is found that the structure of D2,
a metabolite of donepezil processed by the liver through the
hydroxylation of nonterminal aliphatic carbon adjacent to
the aromatic ring by cytochrome P450 1A2, can interact best
with both AChE and BACE1 when compared to other
conformations of donepezil. Meanwhile, the structure of V1,
a metabolite of verubecestat processed by the liver through
pyridine N-oxidation by cytochrome P450 1A2, can best
interact with AChE, and V8, another metabolite of ver-
ubecestat processed by the liver through hydroxylation of
aromatic carbon ortho to the halide group by cytochrome
P450 1A2, can best interact with BACE1. On the other hand,
the structure of M9, a metabolite of marmeline processed by
the liver through O-dealkylation from CyProduct by cyto-
chrome P450 2C9, can best interact with AChE, and M2,
another metabolite of marmeline processed by the liver
through oxidation of secondary alcohol to ketone by cy-
tochrome P450 1A2, can best interact with BACE1.

When comparing the efcacy of substances that undergo
liver metabolism with their efectiveness in inhibiting
BACE1 and AChE through molecular docking processes, as
shown in Table 4, it is found that the most efective substance
is V8 of verubecestat.Tis is achieved through the formation
of hydrogen bonds with GLN73, THR133, GLN134, and
GLY291 of BACE1 (Figures 5(b) and 5(e)). Following closely
is M2 of marmeline, which forms hydrogen bonds with
THR133, GLN134, GLY291, and THR292 of BACE1
(Figures 5(c) and 5(f)). Te least inhibitory efect is observed
with D2 of donepezil, forming hydrogen bonds with
THR293 of BACE1 (Figures 5(a) and 5(d)).

Regarding the inhibition of AChE, as shown in Figure 6,
V1 of verubecestat (Figures 6(b) and 6(e)) is the most ef-
fective, forming hydrogen bonds with GLU313 and ARG296.
Te next efective substance is M9 of marmeline
(Figures 6(c) and 6(f )), forming hydrogen bonds with
SER293. Te least inhibitory efect is observed with D2 of
donepezil (Figures 6(a) and 6(d)), and no hydrogen bond
formation was detected.

However, it is found that the number of modifed
structures capable of inhibiting both BACE1 and AChE the
most is marmeline. It is observed that marmeline has
structures up to 6 and 3 conformations with binding energy
values in the range of −9 to −9.9 kcal/mol for inhibiting AChE
and BACE1, respectively. Next in line is verubecestat, which
has 1 and 2 conformations in the same range for inhibiting
AChE and BACE1, respectively. Donepezil, on the other
hand, has only 1 conformation capable of inhibiting AChE in
the range of −9 to −9.9 kcal/mol and no conformations that
can inhibit BACE1 in the same range, as shown in Figure 4.
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Tis study’s molecular docking and in silico metabolite
prediction reveal marmeline and other bael fruit chemicals’
potential to cure AD. Tis thorough study illuminates these
drugs’ metabolic pathways, medication interactions, and

interactions with important AD–related proteins. Molecular
docking showed that marmeline and other physiologically
relevant chemicals in bael fruit inhibited BACE1 and AChE
proteins. Chlorogenic acid, kaempferol, quercetin de-
rivatives, isorhamnetin, squalene, and clionasterol demon-
strate that bael fruit is rich in AD–targeting chemicals. Tis
discovery emphasizes the relevance of natural products in
developing innovative AD therapies and their synergistic
potential in treating diferent AD disease features. Te
metabolism of marmeline, donepezil, and verubecestat was
examined in the second phase. Tis study is essential for
medication interactions and adverse efects. All three drugs
undergo considerable metabolic changes, mostly mediated
by CYP isoforms, according to the research. CYP isoforms
1A2, 2C9, 2C19, 2D6, and 3A4 metabolize nearly 60% of
pharmacological drugs, making them important in drug
development and medication-drug interactions. Tis study
found that numerous liver-altered marmeline metabolites
interacted better with BACE1 and AChE than conventional
therapy drugs. Marmeline’s metabolites may be more ef-
fective than existing AD therapies due to their strong
negative energy values. Te comprehensive study of par-
ticular metabolites indicated that verubecestat (V8)
inhibited BACE1 best, followed by marmeline (M2) and
donepezil (D2). Another verubecestat metabolite (V1)
inhibited AChE best, followed by M9 and D2. Te study
found that marmeline produced the most BACE1 and
AChE-inhibiting metabolites. For AChE and BACE1 in-
hibition, marmeline produced 6 and 3 conformations with
binding energies of −9 to −9.9 kcal/mol. Verubecestat fol-
lowed, whereas donepezil performed poorly. Tese data
imply that marmeline may be a more efective and adaptable
AD therapy than existing medications. Te capacity of
marmeline’s metabolites to retain or increase their in-
hibitory efects on key AD–related proteins suggests sus-
tained treatment activity and may be fewer adverse efects.

3.4. GEA. Te relationship between certain genes and AD is
complex and involves various genetic and molecular
mechanisms. AD is the most common neurodegenerative
disorder, characterized by progressive cognitive decline and
memory loss. Several studies have identifed genes that are
either upregulated or downregulated in individuals with
Alzheimer’s, providing insights into the disease’s patho-
physiology. In Table 5, the relationship between marmeline
and AD identifed 103 genes associated with Alzheimer’s.
However, only 31 of these genes showed signifcant changes
in expression in Alzheimer’s patients, as indicated by
a p value of less than 0.001. Tese genes are further cate-
gorized into those that are upregulated and downregulated.

Tere are 14 genes leading to being upregulated in AD.
Figure 7 include ErbB4, CDK6, CSK, GALE, FGFR1, PPARγ,
RORα, RXRα, AKT2, EGFR, matrix metalloproteinase 16
(MMP16), CASP7, CCNT1, and PDE5A. ErbB4 plays a role
in AD pathology by mediating Aβ–induced neurotoxicity
through the JNK/tau pathway, indicating involvement in tau
phosphorylation and synaptic function. Upregulation of
ErbB4 correlates with increased neurotoxicity and has been

0 2 4 6 8 10

–9 to –9.9

–8 to –8.9

–7 to –7.9

Number of compounds

Bi
nd

in
g 

en
er

gy
 (k

ca
l/m

ol
)

A-D
A-V
A-M

B-D
B-V
B-M

Figure 4: Te quantity of metabolites produced by donepezil (D),
verubecestat (V), and marmeline (M) within the human, along with
their capacity to bindwith the target proteins AchE (A) and BACE1 (B).

Table 4: Binding energy (kcal/mol) of metabolites produced by
donepezil (D), verubecestat (V), and marmeline (M) within
the human.

Metabolites
Binding energy (kcal/mol) ± SD
AChE BACE1

D1 −8.51± 1.85 −8.06± 0.20
D2 −9.09± 0.55 −8.73± 0.61
D3 −8.18± 2.09 −8.70± 1.27
D4 −8.54± 1.32 −7.46± 0.65
D5 −7.23± 1.73 −7.51± 0.29
D6 −8.43± 2.31 −8.60± 0.42
D7 −7.18± 0.25 −8.16± 0.65
D8 −7.82± 1.87 −7.53± 0.75
D9 −8.87± 1.36 −8.33± 1.17
D10 −7.64± 1.04 −7.78± 0.03
D11 −8.19± 2.10 −8.35± 0.91
V1 −9.89± 1.81 −9.18± 0.70
V2 −8.08± 0.68 −7.77± 1.04
V3 −7.85± 0.49 −8.27± 0.05
V4 −7.10± 0.42 −7.59± 0.16
V5 −7.63± 0.39 −8.11± 0.01
V6 −8.09± 0.26 −8.82± 0.69
V8 −7.69± 0.30 −9.22± 0.40
V9 −7.56± 0.21 −8.58± 0.03
V10 −7.87± 0.05 −8.24± 0.08
V11 −7.78± 0.04 −8.70± 0.14
M1 −8.77± 3.91 −8.56± 2.02
M2 −8.93± 4.07 −9.13± 2.21
M3 −9.12± 3.62 −8.82± 2.64
M4 −9.08± 3.66 −9.06± 3.21
M5 −9.01± 3.65 −8.60± 2.09
M6 −8.67± 3.10 −8.48± 2.16
M7 −9.01± 3.66 −8.76± 2.55
M8 −8.78± 3.63 −8.45± 2.52
M9 −9.41± 2.90 −8.85± 2.30
M10 −8.93± 3.14 −8.56± 2.04
M11 −9.17± 2.55 −9.00± 3.00
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Figure 5: Molecular docking of 3D BACE1 with donepezil (a), verubecestat (b), and marmeline (c) and 2D BACE1 with donepezil
(d), verubecestat (e), and marmeline (f ).
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Figure 6: Molecular docking of 3D AChE with donepezil (a), verubecestat (b), and marmeline (c) and 2D AChE with donepezil
(d), verubecestat (e), and marmeline (f ).
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Table 5: Log2 fold change (Log2 FC) and p values of diferentially expressed genes in Alzheimer’s disease (AD) patients compared to healthy
control samples.

Upregulated genes Downregulated genes
Name Log2 FC p value Name Log2 FC p value
VDR 0.06 0.829 HCK −0.08 0.716
MMP2 0.42 0.076 STS −1.12 7.01× 10−12

ErbB4 1.00 3.03×10−8 MMP13 −0.04 0.877
ZAP70 0.47 0.034 FNTA −0.71 0.001
RARG 0.23 0.294 FABP7 −0.38 0.108
CCL5 0.67 0.015 JAK3 −0.36 0.017
C1S 0.07 0.789 IMPA1 −0.45 0.008
CDK6 1.06 3.30×10−8 BACE1 −0.48 3.02×10−5

HMOX1 0.30 0.12 KIT −0.50 0.108
CSK 0.58 6.77×10−7 FABP4 −0.11 0.661
MMP7 0.03 0.924 NR1H2 −0.12 0.472
NOS2 0.01 0.951 PDPK1 −0.01 0.933
LCK 0.42 0.07 RAB5A −0.41 0.005
DCK 0.07 0.629 PDK2 −0.77 1.51× 10−4

GALE 0.67 6.94×10−5 NR1H3 −0.24 0.209
RARA 0.64 0.001 MIF −1.41 6.85×10−12

CMA1 0.14 0.588 TGM3 −0.44 0.051
MMP3 0.23 0.297 FCAR −0.21 0.377
FGFR1 0.79 6.98×10−5 CDC42 −1.91 3.17×10−6

PPARA 0.94 2.26×10−9 ESR1 −0.88 6.15×10−5

RORα 0.94 3.42×10−5 ACE2 −0.41 0.16
ACADM 0.12 0.389 GSTT2 −0.91 0.001
SETD7 0.40 0.107 FABP5 −0.69 3.06×10−4

MMP8 0.29 0.286 PAK6 −0.40 0.006
AKT1 0.09 0.628 PDE4D −0.42 0.001
RXRα 0.42 5.81× 10−4 KIF11 −0.93 1.21× 10−4

JAK2 0.45 0.052 NR1I2 −0.06 0.73
TPH1 0.42 0.149 THRB −0.26 0.087
XIAP 0.47 0.006 QPCT −0.34 0.085
APOA2 0.25 0.304 ARSA −0.32 0.06
CD1A 0.34 0.15 ADK −1.07 1.81× 10−8

PADI4 0.22 0.386 GSK3β −0.90 1.92×10−7

MDM2 0.43 0.003 PPARγ −1.08 3.51× 10−5

AKT2 0.94 1.89×10−5 DAPK1 −0.76 1.88×10−6

EGFR 0.81 1.02×10−4 NQO2 −1.08 4.67×10−12

NQO1 0.42 0.008 DUT −0.30 0.016
DPP4 0.30 0.213 STAT1 −0.75 5.69×10−7

ALDH2 0.04 0.696 NOS3 −0.28 0.211
IL2 0.10 0.724 GSTP1 −0.01 0.947
PNMT 0.27 0.217 BST1 −0.34 0.172
SHBG 0.04 0.841 PDE4B −0.56 1.01× 10−4

MMP16 0.71 < 0.001 CASP3 0.00 0.957
CASP7 0.94 < 0.001 PDE3B −0.40 0.029
CCNT1 0.79 < 0.001 CBR1 −0.60 0.003
PDE5A 1.09 < 0.001 MMP9 −0.01 0.928
CCNA2 0.29 0.014 OAT −0.69 1.31× 10−4

ISG20 0.47 0.037 FABP6 −0.83 3.63×10−5

EPHB4 0.58 0.007
ANXA5 0.38 0.006
MMP12 0.12 0.65
ST14 0.62 0.004
SRC 0.36 0.085
NR1H4 0.54 0.038
NR1I3 0.17 0.534
DPEP1 0.45 0.070
CLK1 0.10 0.446
Note:Te table lists both upregulated and downregulated genes identifed from the GSE5281 dataset, which includes 74 control samples and 87 AD samples.
Genes with p value < 0.001 are considered signifcantly diferentially expressed.
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linked to synaptic dysfunction in AD models [59]. CDK6
regulates AD pathology, neuroinfammation, and cognitive
functions through signaling pathways impacting amyloi-
dogenesis and tauopathy. Its dysregulation contributes to
neuronal death and has been implicated in the processes of
cell cycle reentry associated with neurodegenerative diseases
[60]. CSK inhibits Src family kinases (SFKs) which are
critical in regulating apoptosis and cellular signaling path-
ways in AD pathology, potentially afecting tau phosphor-
ylation and neuronal survival [61]. UDP–galactose
4-epimerase (GALE) is an enzyme involved in the Leloir
pathway of galactose metabolism, catalyzing the reversible
conversion of UDP–galactose to UDP–glucose. It also in-
terconverts UDP–N-acetylgalactosamine and UDP–N-
acetylglucosamine, playing a crucial role in maintaining
UDP–monosaccharide pools necessary for glycosylation
processes [62]. Tere is no direct evidence linking GALE
upregulation specifcally to AD. However, understanding its
metabolic roles can provide insights into its potential in-
direct efects. GALE’s function in carbohydrate metabolism
and glycosylation could infuence cellular processes that are
critical in neurodegenerative diseases [63]. Disruptions in
these pathways might contribute to cellular stress or dys-
function, which are factors in AD pathology. Proper gly-
cosylation is essential for protein folding and function.
Misregulation in this process could theoretically afect
proteins involved in AD, although specifc connections to
GALE have not been established. Te FGFR1 gene is in-
volved in the formation, survival, and movement of nerve
cells and regulates neurogenesis and neuroinfammation,
impacting neuronal functions critical for cognitive pro-
cesses. It facilitates neuronal damage repair and is implicated
in the pathogenesis of AD through efects on tau phos-
phorylation and Aβ processing activities [64]. PPARA
regulates the expression of genes involved in lipid meta-
bolism and APP metabolism, infuences Aβ processing, and
helps improve synaptic plasticity, which is crucial in AD
pathology [65]. RORα is a nuclear receptor that is upre-
gulated in the hippocampus of AD patients. It is involved in
transcriptional regulation and may play roles in Aβ pro-
cessing and tau phosphorylation, contributing to synaptic
function. Studies have shown RORα’s potential involvement
in regulating cellular mechanisms afected by Alzheimer’s
pathology [66]. RXRα participates in vanilla Aβ aggregation
and tau phosphorylation further procesing synaptic function
and thus the pathology of AD RXR signaling when stim-
ulated has been proven to limit amyloid deposit, reduce
neurodegeneration, and dampen the AD pathology–assessed
neuroinfammation [67]. Te PI3K/Akt signaling pathway
plays a critical role in regulating Aβ processing and tau
phosphorylation, and AKT2 is involved in them. It is in-
volved in neuronal survival and synaptic function, helping to
avoid neurodegeneration in Alzheimer’s [68]. Importantly,
EGFR has been recognized in AD as mediating Aβ toxicity
and tau phosphorylation. All of these results also suggested,
implicating that it is related to synaptic dysfunction and
neuroinfammation, which can all contribute to the path-
ogenesis of Alzheimer’s. EGFR inhibitors have been iden-
tifed as potential Aβ path modifers which can ameliorate

Aβ pathology and cognitive dysfunction suggesting its role
within key pathways of AD [69]. Matrix metalloproteinases
(MMP16) are part of a large family of enzymes that break
down extracellular matrix (ECM) proteins. MMP16 is one of
the MMPs that have been reported to be involved in neu-
rodegenerative disease processes including AD. MMPs, such
as MMP16, are classically recognized as ECM remodeling
enzymes. While dysregulation of this process may induce
pathology, it is essential for maintaining normal functioning
of the brain. Dysregulated ECM remodeling in AD can alter
neuronal interactions and synaptic plasticity and may be the
basis for cognitive decline. MMPs play a role in the mod-
ulation of neuroinfammatory responses through cytokine
and chemokine processing. MMP16 could also promote the
infammatory environment involved in this key feature of
AD pathology neuroinfammation. By degrading tight
junction proteins, MMPs can undermine blood–brain
barrier (BBB) integrity. Tis disturbance contributes to
leakiness and the entry of damaging materials into the brain,
promoting the pathology of AD. While specifc studies on
MMP16’s interaction with Aβ are limited, other MMPs have
been shown to degrade Aβ or infuence its aggregation. Tis
alludes to a functional role for MMP16 in the regulation of
Aβ dynamics, the major hallmark of AD pathology. Matrix
metalloproteinase elevated levels have been found in the
brains of AD cases adding to the potential role of these
proteins in the clinical expression of the disease. Dysregu-
lation of MMP activity can hamper ECM integrity, in turn,
disrupting the integrity of the BBB and improving neuro-
infammation, all of which are pathological to AD [70]. It is
involved in the apoptotic process and microglial activation
and contributes to neurodegeneration in AD. A loss-of-
function variant in CASP7 protects against AD, indicating
its role in AD susceptibility [71]. Cyclin T1 (CCNT1) plays
a role in the regulation of transcription elongation by
forming a complex with CDK9, infuencing Aβ processing
and synaptic functions in relation to AD pathology. It is
involved in maintaining synaptic integrity and may have
a role in tau phosphorylation pathways, though explicit
statements connecting it directly to these processes in AD
are less frequent. Terefore, it functions contextually in
neuronal health and neurotransmission, contributing in-
directly to AD pathologies [72]. PDE5A is involved in
memory function and synaptic plasticity, and its inhibition
can improve cognitive defcits in AD models by enhancing
the cGMP signaling pathway and reducing Aβ and tau
pathologies [73].

Tere are 17 genes to be downregulated in AD. Figure 8
includes STS, BACE1, PDK2, macrophage migration in-
hibitory factor (MIF), CDC42, ESR1, FABP5, KIF11,
adenosine kinase (ADK), GSK3β, PPARγ, DAPK1, NQO2,
signal transducer and activator of transcription 1-alpha/beta
(STAT1), PDE4B, ornithine aminotransferase (OAT), and
FABP6. Altered steroid metabolism and neurosteroid bal-
ance due to the further brought in the favor of down-
regulation of steryl-sulfatase (STS) have been implicated
with AD since STS potentially afects neurosteroid con-
centrations, which are critical for critical brain activity and
protection against neurodegeneration. STS play a key role in
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the metabolic activation of sulfated steroids. Tis might play
an important role in the balance between sulfated and
nonsulfated neurosteroids infuencing neuronal excitability
and cognitive functions. Sulfated steroids, including dehy-
droepiandrosterone sulfate (DHEAS), play a signifcant
neuroprotective role. Lower DHEAS levels have been ob-
served in AD patients, implying that loss of STS activity leads
to reduced neuroprotection and disease progression [74].
BACE1 plays a crucial role in adult hippocampal neuro-
genesis. In contrast to the recent fndings in earlier devel-
opment, complete loss of BACE1 activity is detrimental to
adult cell proliferation and neuronal diferentiation in the
adult hippocampus. Tis reduction in neurogenesis may
further aggravate cognitive decline in AD. Besides APP,
BACE1 has many targets with roles in neuronal functions.
However, downregulation may delve into these processes
and cause neurological problems. Downregulation of
BACE1 in the brain could lead to compensatorymechanisms
that eventually, through alternate pathways, cause higher
levels of Aβ production than expected. Studies have sug-
gested that BACE1 may be involved in the cellular response
to oxidative stress. Downregulation of it may interfere with
the capacity of the brain to deal with an oxidative injury, the
prominent mechanism leading to AD pathogenesis [75].
PDK2 is crucial in inhibiting pyruvate dehydrogenase

complex regulatory proteins, a vital step in the conversion of
pyruvate to acetyl-CoA that will serve as a substrate in the
Krebs cycle. Tis process is critical for the neurons to be able
to produce energy in a sufcient manner. However, this
would result in an uncontrolled PDC activity which if not
properly regulated may result in an imbalance in metabolic
health leading to mitochondrial dysfunction. Mitochondrial
dysfunction is one such early-hitting involuntary mecha-
nism in the pathogenesis of AD [76]. Downregulation of
MIF has a signifcant association with AD. AD Early onset of
MIF transcription was associated with learning and memory
impairments in AD model mice [77]. Te neuronal cells
were protected from the Aβ–induced cytotoxicity due to
MIF overexpression. Neuronal cells were protected by MIF
from oxidative stress mediated by disruptive caspase-3 ac-
tivation. It appears that MIF does inhibit apoptosis. In MIF
overexpression, the Aβ toxic efect in SH-SY5Y cells was
reduced. [78]. Tis again points to a neuroprotective role
[79]. CDC42 regulates synaptic plasticity by modulating
actin dynamics in dendritic spines, which are crucial for
cognitive functions. Dysregulation leads to synaptic loss,
a hallmark of AD. It activates GSK3β, further exacerbating
AD–like phenotypes such as increased Aβ accumulation
[80]. CDC42 has a prosurvival role in neurons, and its in-
hibition can sensitize neurons to apoptosis under stress,
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Figure 7: Te gene expression levels of specifc genes that are substantially upregulated in Alzheimer’s disease (AD) patients in comparison
to healthy control samples.Te GSE5281 dataset, which comprises 74 control samples and 87 AD samples, is the source of the data.Te log2
expression levels of each gene are depicted in the boxplots, with blue signifying healthy controls and green indicating AD patients. A
statistically signifcant diference is evident in all comparisons, with a p value of less than 0.001. (a) ErbB4, (b) CDK6, (c) CSK, (d) GALE,
(e) FGFR1, (f ) RORα, (g) RXRα, (h) AKT2, (i) PPARα, (j) EGFR, (k) MMP16, (l) CASP7, (m) CCNT1, and (n) PDE5A.
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suggesting its potential as a therapeutic target to slow
neurodegeneration [81]. Te gene is involved in Aβ pro-
cessing and tau phosphorylation, has neuroprotective ef-
fects, and plays a role in synaptic function. Abnormal ESR1
signaling can contribute to neuroinfammatory processes
related to AD, further impacting cognitive function [82].
FABP5 contributes to the uptake of docosahexaenoic acid
(DHA) across the BBB, which is crucial for maintaining
cognitive function. Its defciency results in cognitive dys-
function and increased vulnerability to AD pathology due to
impaired DHA transport. FABP5 is involved in neuronal
lipid metabolism, which is signifcant in the context of AD
[83]. KIF11 is critical for maintaining synaptic structures
and functions essential for learning and memory in the
presence of Aβ. Overexpression of KIF11 has been shown to
rescue Aβ–mediated cognitive defcits and long-term po-
tentiation impairments, highlighting its importance in AD
pathology [84]. Te mechanisms that underlie the patho-
logical features of AD are associated with the imbalance of
adenosine receptor signaling and ADK. Tey include tau
hyperphosphorylation, increased production of Aβ, defcits
in memory and higher cognitive functions, impairments in
synaptic physiology, and limited neurogenesis [85]. By
blocking ADK, adenosine levels will be increased and
neuronal activity will be modulated. A2A adenosine re-
ceptors regulate cognitive processes and their antagonists
have shown benefcial results on cognition defcits resulting
from AD [86]. Cafeine use has been shown to enhance
cognitive performance in Alzheimer’s patients, confrming
the role of adenosine antagonism in ameliorating the
functional decline. Antagonism of A2A adenosine receptors
has been efective in reversing cognitive defcits associated
with AD.Tese fndings suggest that ADK knockdown could
be used as a potential AD therapy by restoring adenosine
homeostasis and hence modulating neuronal excitability
[87]. GSK3β aberrancies induce tau hyperphosphorylation,
increase memory impairment rate and production of Aβ
peptide, perturb synaptic functions, and hinder neuro-
genesis, which are some of the features of the pathology of
AD [88]. PPARγ downregulation has been found to have
a complex interconnectivity with AD, owing to its functions
as a transcription factor that modulates diverse pathways
involved in the pathogenesis of AD. PPARγ has been found
to infuence gene expression of certain pathways including
that of lipid metabolism, infammatory response, and Aβ, all
of which are relevant in AD. It has been shown that when
PPARγ is downregulated, the expression of genes such as
APOE, associated with late-onset AD (LOAD), which is an
important genetic risk for AD, increases [89]. Te relation
between AD and the PPARγ agonists is according to studies
of PPARγ, which is a transcription factor. Te activation of
PPARγ has been shown to lower infammatory gene ex-
pression while also downregulating infammation tran-
scription factors [90]. PPARγ agonists aid in supplementing
the degradation of Aβ, as they both raise insulin-degrading
enzyme (IDE) expression and lower Aβ cleavage enzyme 1
(BACE1) expression, hence providing neuroprotection [91].
DAPK1 has an important role to play in the AD pathological
mechanism, especially in regulating tau protein stability and

phosphorylation, Aβ processing, and synapse loss; it is
known to afect tau phosphorylation at several sites and
participate in the neurodegenerative pathways of AD [92].
NQO2 downregulation is suggested to promote changes
linked to AD through modulation of oxidative stress, in-
fammation, and neurodegeneration mechanisms. NQO2 is
a favoenzyme that contributes to quinone metabolism and
is associated with several neurodegenerative diseases in-
cluding AD due to its efects on redox balance and in-
fammatory response [93]. A lowered expression of NQO2,
however, is known to disbalance reactive oxygen species
(ROS) and reactive nitrogen species (RNS) leading to the
neuronal efects of oxidative stress which is recognized as
a hallmark of AD [94]. Tis disturbed oxidative homeostasis
promotes the formation of Aß and tau protein aggregates
resulting in aggravation of neuroinfammation and neuronal
damage in AD [95]. It has been pointed out that nuclear
factor is activated and a transcriptional regulation element,
STAT1, is downregulated, and this downregulation is further
brought into favor of AD pathogenesis because it plays a role
in the transcriptional regulation and cellular signaling.
STAT1 is involved in the transcriptional regulation of genes
important for cellular homeostasis and immune status. In
the case of AD, the loss of transcriptional control including
that of STAT1 is believed to contribute towards neuro-
degeneration and the failure of synaptic function. Tis
dysregulation is part of a broader pattern of transcriptional
degeneration observed in AD, which afects protein deg-
radation, neuroinfammation, and mitochondrial function.
STAT1 is a central component of both the immune response
and cellular signaling pathways that are impaired in AD,
resulting in increased neuroinfammation and neuronal
damage [96]. Te suppression of STAT1 can result in
transcriptional dysfunction, which may be ameliorated by
promoting pathological processes in AD [97]. PDE4B is
normally downregulated, but this may be an adaptive re-
sponse and the downregulation can enhance memory per-
formance, whereas it may also impair consolidation of long-
term memories. Inhibition of PDE4B increases cAMP levels,
which activates cAMP response element-binding protein
(CREB), a crucial mediator of learning and memory [98].
Reducing PDE4B activity in mouse models of AD has been
shown to enhance the short-term memory and learning
abilities. Tough high cAMP levels help in creating new
memories, they may also interfere with the long-term
memory consolidation process [99]. Involvement of pro-
teins help in the retention of memory, such as CREB and
other proteins that are essential for stabilization and storage
of memory [100]. In addition, there is evidence of PDE4B
being linked to psychiatric conditions such as schizophrenia
and other mental illnesses. Alterations in PDE4B levels could
afect mental health and mood, which may contribute to
problems for some individuals. [101]. PDE4B inhibition may
be benefcial for improving short-term memory, but po-
tential long-term memory consolidation and psychiatric
implications should be considered. Downregulation of OAT
is involved in AD due to its involvement in the urea cycle
and arginine metabolism, which are deregulated in AD
pathology. Te loss of function of OAT would cause
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a disruption in these metabolic pathways and might explain
the oxidative/nitrosative stress observed in AD.Te stress of
this over time is associated with the accumulation of neu-
rotoxic Aβ plaques, which is a hallmark of AD. Te in-
teraction between OAT activity and Aβ metabolism may
provide a basis for AD treatment. OATis a component of the
urea cycle, which is altered in AD. Changes in the expression
of urea cycle enzymes including OAT have been reported in
AD models and suggest a shift towards a more oxidative
state [102]. Te presence of metabolites such as ornithine
and citrulline in AD models could be indicative of a urea
cycle dysfunction, which would be potentially associated
with OAT downregulation [103]. Downregulation of OAT
may impair the metabolism of Aβ, as Aβ–derived ammonia
is detoxifed through the urea cycle. Tis is a crucial de-
toxifcation step to prevent memory impairment in AD
[103]. Aβ peptide transport may also be infuenced by
proteins such as OATP1B1 that could interact with
OAT–related pathways and alter the levels of Aβ in the brain
[104]. Te downregulation of gastrotropin (FABP6) in AD is
not directly addressed by the provided papers; however,
other roles of fatty acid–binding proteins (FABPs) in AD can
be inferred from the FABPs. Lipid metabolism is critical in
AD pathogenesis, and FABPs participate in this process.
Tese results suggest that changes in FABP’s expression (e.g.,
FABP6) might modulate AD through lipid metabolism and
infammatory pathways. Dysregulation of lipid metabolism
is a signifcant factor in AD, with FABPs playing a critical
role in fatty acid transport andmetabolism [105]. Alterations
in FABP’s expression, such as potential downregulation of
FABP6, could disrupt lipid homeostasis, contributing to AD
progression [106].

Tis research examined how AD afects the expression of
31 specifc genes. From this investigation, eight genes with
signifcant changes using a log2 FC threshold of greater than
1 for upregulation or less than −1 for downregulation were
identifed that had notably diferent expression levels in AD
when compared to normal brain tissue. Changes in these
eight genes were either large increases in expression levels
(greater than two times normal) or very large decreases in
levels (less than half of what was normal). Two of the
proteins made by these genes, CDK6 and PDE5A, are of
particular interest because they, too, are targets of mar-
meline, a compound derived from bael fruit. Bael fruit is an
Asian fruit that has been used for medicinal purposes. CDK6
is a protein involved in AD pathology. It has been shown to
regulate neuroinfammation and cognitive functions
through pathways that afect amyloidogenesis and tauop-
athy, which are the two main hallmarks of AD. Tus,the
upregulation of these two factors, CDK6 and PDE5A,
suggests that CDK6 and PDE5Amay play important roles in
AD progression. Considering that neuroinfammation and
CDK6 play a role in neuronal damage and cognitive decline,
CDK6 is important in neuroinfammation and indirectly
contributes to neuronal damage and cognitive decline. In-
terventions against CDK6 will be able to alleviate the related
efects by modulating pathways. Tis highlights the rele-
vance of PDE5A in AD due to its biological function in
synaptic plasticity. Strengthening cGMP signaling via

targeted PDE5A inhibition may be an ideal therapeutic
approach to improve cognitive defects and minimize Aβ and
tau pathologies. Te increased expression of PDE5A implies
it is a driving force toward aggravating AD symptoms; this
thus presents it as a potential therapeutic target.

Inhibitory pathways may also be represented by
downregulated genes, consistent with suppression of
pathways in Alzheimer’s that may lead to diminished
functioning of cells. For example, ADK, NQO2, and
PPARγ and CDC42, MIF, and STS are downregulated.
Tese genes have important roles in several pathways in-
volved in the pathology of AD. Interestingly, marmeline,
identifed from bael fruit, showed activity as a possible new
drug for targeting these proteins. ADK downregulation
also has implications for AD pathobiology through the
regulation of adenosine levels, an important regulator of
neuronal excitability and cognitive processes. Adenosine
shortage in presymptomatic AD is associated with synaptic
hyperexcitability. Furthermore, downregulation of ADK
restores adenosine and may convert abnormal neuronal
activity back to a healthy state that mitigates AD symptoms.
NQO2 is involved in both oxidative stress regulation and
neurodegeneration. A reduction of its expression promotes
oxidative stress, facilitating Aβ aggregation and tau protein
deposition, thereby aggravating neuroinfammation and
neuronal injury. PPARγ, as an agonist, exerts neuro-
protective function by promoting Aβ degradation through
upregulation of IDE while downregulating Aβ cleavage
enzyme 1 (BACE1). CDC42 regulates synaptic plasticity by
modulating actin dynamics in dendritic spines. Tese
processes dysregulation of synaptic loss and the accelera-
tion of Aβ deposit. Te benefcial role of CDC42 in cell
survival indicates that it can be a novel therapeutic target
for slowing down the neurodegeneration process. Te
impairment of learning and memory seen in AD models
could be due to decreased levels of MIF. Overexpression of
it is capable of shielding neuronal cells from apoptotic
damages mediated by cytotoxicity from Aβ and oxidative
stress stimulation. STS transmits the metabolism of ste-
roids and neurosteroids, which are important for the
function of the brain. Decreased neuroprotection with
reduced STS activity is hypothesized to occur because of
decreased levels of neuroprotective STS products, such as
DHEAS. Teir critical roles in AD pathology are under-
scored by the signifcant downregulation of ADK, NQO2,
PPARγ, CDC42, MIF, and STS. Te role of each gene in the
disease mechanisms is unique: ADK, for maintaining levels
of the synaptic inhibitory signal adenosine, is likely to be
critical in preventing synaptic hyperexcitability and cog-
nitive decline. Targeting ADK with marmeline could
rebalance adenosine in the brain and restore neuronal
health. Given the role of NQO2 in the regulation of oxi-
dative stress, the idea of inducing NQO2 activity to protect
against oxidative damage and reduce disease progression is
appealing. Marmeline potentially exerting efects on NQO2
could aid in restoring redox homeostasis. Terefore, tar-
geting the ability of PPARγ to modulate the pathways of Aβ
degradation may provide an attractive strategy to decrease
the amyloid burden. Te action of marmeline on PPARγ
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may amplify these neuroprotective efects. Given that
CDC42 regulates synaptic plasticity, it can be inferred that
compromise in its function is detrimental to cognitive
health. Marmeline may help stabilize actin dynamics and
prevent synaptic loss. MIF’s protective role against Aβ
toxicity and apoptosis highlights its potential as a thera-
peutic target. Marmeline could enhance MIF expression or
function to protect neuronal integrity. STS’s infuence on
neurosteroid balance suggests that increasing its activity
might restore neuroprotection in AD patients. Marmeline’s
targeting of STS could help maintain optimal steroid
metabolism.

Marmeline, a bael fruit chemical, may treat AD, and
gene expression research illuminates its complicated mo-
lecular underpinnings. Tis study found 31 genes with
substantial expression changes in AD, including 8 up- or
downregulated genes. CDK6 and PDE5A, increased in AD
and targeted by marmeline, are of interest. Trough
amyloidogenesis and tauopathy pathways, CDK6 is

involved in neuroinfammation and cognitive processes,
suggesting it is critical to AD development. Inhibiting
PDE5A might improve cognitive impairments and reduce
Aβ and tau diseases due to its overexpression and synaptic
plasticity. Te downregulation of ADK, NQO2, PPARγ,
CDC42, MIF, and STS provides vital insights into AD
pathophysiology and therapeutic options. Tese genes
control adenosine, oxidative stress, Aβ processing, synaptic
plasticity, and neuroprotection. Marmeline’s capacity to
target downregulated genes implies a multifaceted AD
treatment. Marmeline’s ADK actions may restore adeno-
sine equilibrium and reduce synaptic hyperexcitability. It
may restore redox equilibrium by afecting NQO2 and
PPARγ, which may lower amyloid load and neuro-
protection. Marmeline’s ability to control CDC42 may
maintain actin dynamics and prevent AD–related synapse
loss. Targeting MIF may improve protection against Aβ
toxicity and apoptosis, whereas targeting STS may preserve
normal steroid metabolism and neurosteroid balance. Tis
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Figure 8: Te gene expression levels of specifc genes are substantially reduced in Alzheimer’s disease (AD) patients when contrasted with
healthy control samples. Data are obtained from the GSE5281 dataset, which comprises 87 AD samples and 74 control samples. Blue
indicates healthy controls, while red indicates AD patients, as indicated by the boxplots that depict the log2 expression levels of each gene.
Based on the p value, all comparisons demonstrate a statistically signifcant diference (p< 0.001). (a) BACE1, (b) PDK2, (c) MIF,
(d) CDC42, (e) ESR1, (f ) FABP5, (g) KIF11, (h) ADK, (i) GSK3β, (j) DAPK1, (k) PPARγ, (l) NQO2, (m) STAT1, (n) PDE4B, (o) OAT,
(p) FABP6, and (q) STS.
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extensive gene expression research and marmeline’s
multitarget strategy suggest that it might treat AD.

3.5. Pharmacokinetic Assessment Using the SwissADME
Predictor. In Figure 9(a), donepezil exhibits high gastro-
intestinal absorption (GIA) and profcient permeation
through the BBB, thereby facilitating its inhibitory efects.
Nevertheless, upon oral administration, the compound
undergoes metabolic transformations. Notably, the struc-
tural entity denoted as D10 manifests gastrointestinal ab-
sorptivity but lacks efcient penetration through BBB. In
a comprehensive study of eight distinct chemical entities
(D1, D2, D3, D4, D5, D8, D9, and D11), these compounds
demonstrate notable absorptive capacities within the di-
gestive tract, giving them efective access through BBB.
Moreover, the blue color representation of data points serves
as indicative of pharmacological agents interacted by the
human body and discerned by predictions of active efux
facilitated by P-glycoprotein (PGP+) [42]. Conversely, data
points are represented in red if anticipated to be non-
substrates of PGP− [107]. Te investigative analysis reveals
a consistent blue color characterizing all structural confg-
urations of donepezil.Tis blue color consistency implies the
universal propensity for all metabolites of varied compo-
sitions to undergo efux from the brain compartment,
thereby engendering diminished efcacy in protein in-
hibition and therapeutic efcacy for diseases [108].

In Figure 9(b), verubecestat demonstrates profcient
absorption through the gastrointestinal tract; however, its
inability to traverse the BBB renders it inefcacious in the
treatment of AD, precluding the exertion of therapeutic
efects within the brain compartment. Hepatic metabolism
yields only two discernible structures, V1 and V2, which
exhibit efcient GIA, yet none of the distinct verubecestat
structures demonstrates the capacity to permeate the BBB.
Tis inherent limitation detrimentally infuences the com-
pound’s practical utility for human therapeutic outcomes, as
it manifests suboptimal pharmacokinetic characteristics.

In Figure 9(c), marmeline is characterized by constituents
that demonstrate notable efcacy in GIA and profcient
permeability across the BBB. However, the metabolized de-
rivative of marmeline yields a single compound, M10, which
exhibits commendable absorption within the gastrointestinal
system but encounters limitations in traversing the BBB.
Conversely, the 4 structural components, M1, M2, M3, and
M7, evince robust absorptive qualities in the gastrointestinal
tract and manifest adept BBB permeability. Notably, M1, M2,
and M3, by evading cerebral efux mechanisms, engender
heightened pharmacokinetic efcacy, thereby culminating in
favorable therapeutic outcomes.

Te SwissADME predictor helps determine donepezil,
verubecestat, and marmeline’s pharmacokinetic parameters,
which are vital for understanding their AD therapeutic
potential. Donepezil inhibits AD due to its high GIA and
BBB permeability. Oral administration changes its meta-
bolism. Most of its metabolites sustain GIA and BBB per-
meability, except D10, which is inefective. All donepezil
structures are projected to be PGP+ substrates, suggesting

they may efux from the brain compartment, lowering
protein inhibition and therapeutic efcacy. Verubecestat has
good GIA but poor BBB crossing, limiting its AD therapeutic
potential. Only two hepatic metabolites (V1 and V2) sustain
GIA, but no verubecestat structures can cross the BBB.
Verubecestat’s poor pharmacokinetics hinder its AD therapy
efcacy. Most of marmeline’s components pass the GIA and
BBB, indicating good pharmacokinetics. One metabolite
(M10) has strong GIA but low BBB permeation, whereas
four others (M1, M2, M3, and M7) have both. M1, M2, and
M3 may avoid brain efux pathways, improving pharma-
cokinetics and therapeutic results.

3.6. Analysis of Solubility and Interaction Profles of Mar-
meline With Various Solvents. Te molecular electrostatic
potential maps in Figure 10(a) demonstrate the varying
charge distributions among the solvents, which can infu-
ence their interactions with the marmeline. Figure 10(b)
shows potential interaction sites that correspond to the
charge distributions. In Figure 10(c), the charge density plots
reveal that marmeline has distinct positive and negative
charge regions, which align with the solvent properties
shown in Figure 10(a). Tis suggests that solvents with
complementary charge distributions may enhance solubility.
Te interaction energy profles in Figure 10(d) indicate that
both hydrogen and nonhydrogen bonding interactions play
signifcant roles in determining solubility.

Solvents such as acetone and ethyl acetate, which show
favorable interaction energies, correlate with higher solu-
bility levels as seen in Figure 11. Figure 11 illustrates that
marmeline is most soluble in acetone across all tempera-
tures, while its solubility in water and heptane is signifcantly
lower. Tis pattern refects the compatibility of marmeline’s
charge distribution with those of the solvents. Terefore,
using acetone as a solvent for extracting marmeline is the
most suitable choice. Not only does it provide high solubility
but also eliminates the need for high temperatures that could
afect the structure of the compound.

3.7. Botanical Active Compounds Demonstrating Established
EfcacyAgainstAD. Our results on marmeline’s multitarget
action in AD ft the mounting data supporting the thera-
peutic possibilities of bioactive molecules originating from
plants. By AChE inhibition and other mechanisms, some
phytochemicals have shown notable anti-AD benefts.
Common in Origanum and Tymus plants, carvacrol is
a phenolic monoterpene with amazing anti-AD efects in
in vitro and in vivo models. Recent investigations show that
whilst showing strong AChE inhibitory action, carvacrol
stops Aβ–induced neurotoxicity, oxidative stress, and
memory impairments [109]. As a potential treatment option
for AD, it can pass the BBB and produce neuroprotective
benefts through several pathways, including anti-
infammatory and antioxidant activity. Likewise, some
plant-derived molecules have proven efective against AD
pathogenesis. Currently authorized AD medications, alka-
loids include galantamine, and rivastigmine come from
plants [110]. By means of several pathways, including
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prevention of Aβ aggregation and decrease of neuro-
infammation, curcumin, resveratrol, and other phytochemi-
cals have shown neuroprotective efects. While Punica

granatum has strong antidementia compounds including
ellagic acid and punicalagin that operate as BACE1 inhibitors
[111], extracts from Moringa oleifera have been demonstrated
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Figure 9:Te bioavailability of metabolites produced by donepezil (a), verubecestat (b), andmarmeline (c) using the SwissADME predictor.
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Figure 10: (a) Molecular electrostatic potential maps of solvents: acetone, ethyl acetate, ethanol, water, and heptane, showing charge
distribution. (b) Structure of marmeline with highlighted regions indicating charge distribution. (c) Charge density distribution plots for
marmeline and solvents, showing positive and negative charge areas. (d) Interaction energy profles for hydrogen and nonhydrogen bond
acceptors/donors in marmeline and solvents.
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to prevent dementia by replenishing depleted synaptic proteins
and suppressing tau hyperphosphorylation [112]. Tese results
point to a possible path forward for creating multitarget
therapeutic strategies against AD: plant-derived bioactive
compounds, includingmarmeline, possibly provide advantages
over single-target approaches in addressing the complex
pathophysiology of the disease [113].

3.8. Study Limitations. Although our computer studies ofer
useful insights into marmeline’s potential as a therapy for
AD, we recognize substantial limitations inherent to in silico
approaches. Te lack of in vitro and in vivo validation
constitutes a signifcant limitation on the applicability of our
results to actual biological systems. Molecular docking
simulations, although efective for estimating binding af-
fnities, fail to comprehensively represent the intricate dy-
namics of protein–ligand interactions inside biological
contexts. Te anticipated interactions between marmeline
and its targets (BACE1 and AChE) need experimental
confrmation to ascertain their biological signifcance.
Likewise, our pharmacokinetic forecasts with SwissADME
ofer theoretical evaluations of absorption, distribution,
metabolism, and excretion characteristics that may vary
considerably in biological systems due to unconsidered as-
pects in computer models. Te gene expression study uti-
lizing current datasets provides correlated evidence but fails
to show causation between marmeline treatment and al-
terations in gene expression patterns. Furthermore, our
metabolite predictions, albeit grounded on recognized

algorithms, need experimental validation by mass spec-
trometry and other analytical methods. Moreover, the so-
phisticated pathophysiology of AD encompasses complex
cellular and systemic mechanisms that cannot be entirely
replicated in computer models. Te permeability of the BBB,
neuroinfammatory reactions, and long-term consequences
of marmeline administration can only be conclusively
evaluated by meticulously prepared in vitro and in vivo
research. Te limitations emphasize the early nature of our
fndings and reinforce the need for further experimental
validation via cell culture research, animal models, and ul-
timately clinical trials before any conclusions onmarmeline’s
therapeutic potential can be established. Our work should be
regarded as a basis for hypothesis formation that necessitates
stringent experimental validation in biological systems.

4. Conclusions

Te results of this extensive study provide valuable in-
formation about the compound marmeline, a bioactive
component of bael fruit, which may become a novel ther-
apeutic potential for AD. Abundant binding energies and
conformations indicate that marmeline is a very promising
candidate for further research and development due to the
demonstrating efcacy in targeting BACE1 and AChE
protein as revealed in the present study. We have also
assessed its solubility and interaction profles with diferent
solvents through COSMOquick software which shows some
interesting insights between marmeline and selected solvent
solubility profles. Te results of molecular electrostatic
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Figure 11: Marmeline’s solubility in diferent solvents across temperatures from 25°C to 100°C, with colors representing solubility levels: red
(< 1 g/L), orange (1–10 g/L), yellow (10–100 g/L), light green (100–500 g/L), green (500–1000 g/L), and dark green (> 1000 g/L).
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potential maps and interaction energy profles suggest that
marmeline has the potential for good solubility character-
istics, especially in acetone. Tese data indicate that mar-
meline not only has suitable solubility characteristics but
also circumvents the necessity for high temperatures needed
to solubilize marmeline, which may lead to structural
degradation of the compounds.

In addition, the mechanisms of action of marmeline,
specifcally its formation in the liver by CYP450 isoforms
1A2, 2C9, and 2C19 provide important information re-
garding potential drug interactions and modeling lead
modifcation in the drug development pathway. Te po-
tential utility of marmeline and its metabolites in AD
largely depends on the preservation of benefcial phar-
macokinetic properties, namely, GIA and permeability
through the BBB. Te comparison with the already known
therapies such as donepezil and verubecestat points out
the shortcomings of the existing treatment methods, in-
dicating the need for novel strategies. Marmeline ability to
overcome BBB permeability problems and its strong in-
hibitory efect on both BACE1 and AChE makes it an
extremely attractive compound for further preclinical and
clinical testing. In addition, the recognition of potential
PPARc natural stimulation of the terminus chemical
compounds of marmeline in bael fruit is another aspect of
importance. Te proposed mechanism in which BACE1
activity is reduced via PPARc activation is an innovative
approach towards decreasing Aβ and AChE generation.
PPARγ agonists such as pioglitazone and rosiglitazone
were demonstrated to have benefcial efects on AD pa-
tients, decreasing both Aβ levels and cognition [114, 115].
Marmeline was also isolated as a natural PPARγ agonist,
and it may provide similar benefts with fewer side efects.
Similarly, clinical trials showed a signifcant efect of
BACE1 inhibitors (such as verubecestat) in lowering Aβ
and AChE inhibitors (for instance, donepezil) in reversing
cognitive impairment [116, 117]. In addition, marmeline
also targets CDK6 and PDE5A, which are upregulated in
AD patients. Te details of this article are as follows:
PDE5A and CDK6 are potential targets for the synaptic
plasticity and memory regulation in AD prevention, but
CDK6 also can indirectly promote AD cognitive decline
via the neuroinfammation and amyloidogenesis process.
In contrast, ADK, NQO2, PPARγ, CDC42, MIF, and STS,
which are downregulated in AD models, are involved in
oxidative stress modulation (ADK and NQO2), synaptic
plasticity (NQO2 and PPARγ), neuroprotection (PPARγ,
CDC42, and MIF), and steroid metabolism (STS). Since
marmeline interacts with these proteins, it may help to
restore balance in these disturbed pathways. Efects of
marmeline on PPARγ and NQO2 may facilitate Aβ
degradation and attenuation of oxidative stress. Mar-
meline therefore as a single drug may be a suitable
treatment that has multiple efects on the key pathology
factors of AD that could decelerate disease progression.
Tis integrative dataset for molecular, metabolic, and
pharmacogenomic fndings will serve as a frm foundation
for further preclinical analyses of marmeline as a potential
treatment for AD.
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