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Abstract
and molecular docking techniques. [ Methods ] Limonoid compounds were obtained through literature research (January 1942 to January 2021). Active components

[ Objectives | This study was conducted to explore the action mechanism of limonoids against Alzheimer’s disease (AD) based on network pharmacology

and potential targets of limonoids were retrieved from PubChem, TCMSP, and Swiss Target Prediction databases. AD-related targets were obtained from the Gene-
Cards database, and intersecting targets were identified using Venny 2. 1.0 to obtain the action targets of limonoids against AD. The protein-protein interaction
(PPI) network was constructed using the String platform, and key targets were screened and visualized via network topology analysis with Cytoscape software. GO
and KEGG pathway enrichment analyses were performed using the Metascape database, and a " drug-component-target-pathway-disease" network diagram was con-
structed using Cytoscape. AutoDock was empolyed for molecular docking to predict the binding properties of limonoid active components and their targets.
[Results] A total of 60 limonoid compounds were obtained from literature research. Network pharmacology analysis showed 58 effective active components and 134
common targets between limonoids and AD. Key targets included AKTI (serine/threonine-protein kinase 1), TNF ( tumor necrosis factor) , STAT3 (signal trans-
ducer and activator of transcription 3) , BCL2 ( B-cell lymphoma 2) , and EGFR ( epidermal growth factor receptor). KEGG enrichment analysis revealed key signa-
ling pathways such as pathways in cancer, Kaposi sarcoma-associated herpesvirus infection, PI3K-Akt signaling pathway, lipid and atherosclerosis, proteoglycans in
cancer, MAPK signaling pathway, and Ras signaling pathway. Molecular docking results indicated that aphanamixoid A, obacunol, cipadesin C, harpertrioate A,
xylogranatin A, 11-oxocneorin G, evodulone, methyl angolensate, harrpemoid B and khivorin may be key components of limonoids against AD. [ Conclusions] Li-

monoids exert anti-Alzheimer’s effects through a multi-molecule, multi-target and multi-pathway mechanism.
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Alzheimer’s disease (AD; OMIM; 104300) , a disease that is
not unfamiliar to the elderly, is commonly known as Alzheimer’s
disease. It is a neurodegenerative disorder frequently occurring in
old age. From the clinical characteristics, patients will experience
progressive deterioration of cognitive and memory functions, as
well as neuropsychiatric symptoms and behavioral disorders and
other comprehensive dementia symptoms. Statistics indicate that
approximately 70% of dementia cases are attributed to Alzheimer’s-

" With China’s continuously intensifying popu-

type dementia'’
lation aging, the prevalence of Alzheimer’s disease has shown a-
larming growth. Recent data reveal it has become the only major
disease with both rapidly increasing prevalence and a growth rate
exceeding 60% . This growth rate significantly surpasses that of
other diseases such as cancer, cardiovascular diseases, and
AIDS" ™" The increasing prevalence of AD as an age-related dis-
order is directly correlated with the expanding elderly population
base due to the aging population. AD patients not only endure tre-
mendous personal suffering, but their care and treatment also im-

]

pose substantial burdens on families and society!®’. Facing the
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challenges posed by AD, it is particularly urgent to delve into its
pathogenesis and explore effective methods for treating or preven-
ting the disease. Given the current shortage of investigational ther-
apeutic drugs in the field of Alzheimer’s disease (AD), accelera-
ting the development of novel drugs and exploring innovative treat-
ment pathways has become a critical research direction that de-
mands breakthroughs'" ™'

Limonoids are a class of tetracyclic triterpenoid plant second-
ary metabolites, primarily found in plants of the Meliaceae and
Rutaceae families, and relatively rare in the Simaroubaceae fami-
ly. Structurally, limonoids are derived from apotirucallane or
apoeuphane triterpenoid skeletons through the loss of four terminal
carbon atoms from the side chain, followed by cyclization to form a
17B-furan ring. Hence, they are also referred to as tetranortriter-
penoids. Limonoids exhibit a wide range of biological activities,
such as anticancer, antibacterial, anti-inflammatory, and antiviral
effects'”’. Tang et al. "' first reported the discovery of harper-
trioate A, a novel limonoid with a 7/6/6/6/5 ring system, which
demonstrates significant bioactivity against AD. The study re-
vealed that harpertrioate A targets multiple links of AR (extracel-
lular B-amyloid protein produced in the brains of AD patients)
production, exhibiting promising anti-AD activity. This finding
provides new insights for the development of innovative AD drugs.
It further confirms that limonoids can serve as active hit com-
pounds with the potential to be developed into drugs for treating

neurodegenerative diseases. However, the specific targets and
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pathway-level mechanisms underlying their anti-AD effects remain
unclear. Additionally, the limited availability and structural diver-
sity of naturally isolated compounds hinder further evaluation of
their anti-AD mechanisms. Therefore, in this study, network
pharmacology and molecular docking were applied to systematical-
ly analyze the active components of limonoids, predict their poten-
tial anti-AD targets and mechanisms of action, and elucidate their
pharmacodynamic material basis. This study will provide a theo-
retical foundation for further investigation into the anti-AD mecha-

nisms of limonoid compounds.

Materials and Methods
Screening of limonoids

Relevant literature and research reports were searched using
the PubMed and SciFinder databases. The key word " limonoids"
was used for a subject search (January 1942 to January 2021).
From the retrieved literature, limonoid compounds with structures
similar or identical to the limonoid skeleton of harpertrioate A,
while also exhibiting structural diversity, were selected. The ob-
tained compounds were verified using the PubChem database'"”
(https ://pubchem. ncbi. nlm. nih. gov). For compounds not in-
cluded in the database, their structures were drawn using Chem-
Draw, and their Canonical SMILES codes were copied or their 2D
structures were downloaded. The 2D structures of the compounds
were saved in SDF format files.
Prediction of limonoid active component targets

The Canonical SMILES codes or SDF-formatted 2D structural
files of the limonoid active compounds were uploaded to the Swiss

database'™’

Target Prediction ( http://swisstargetprediction.
ch/). The species was set to Homo sapiens, and the " Predict tar-
gets" function was clicked to generate compound target informa-
tion. The results were exported and saved in CSV format. The tar-
get data of chemical components were merged using Excel, and
targets with a probability > 0 in the prediction results were select-
ed. De-duplicaion was performed to obtain the bioactive compo-
nent targets. For compounds without predicted targets, their
InChIKeys were uploaded to the TCMSP database'"”’ ( https://
old. temsp-e. com/temsp. php). All targets listed under " Related
targets" were copied into an Excel datasheet. The data were pro-
cessed by uploading the " Target name" column to the UniProt da-
tabase ™’ ( https://www. uniprot. org/) and searching for corre-
sponding gene names. The retrieved data were downloaded, and
the collected targets were standardized to official names before re-
moving duplicates. The results from both prediction methods were
merged.

Collection of AD-related targets and acquisition of common
targets

After accessing the GeneCards database'”"”

, targets related to
Alzheimer’s disease (AD) were screened and collected using "
Alzheimer’s disease" as the search term. The retrieved results
were downloaded and opened in Excel, where AD-related targets

with a Relevance score = 20 were filtered. The limonoid bioactive

component targets and AD-related targets were intersected to ob-
tain common targets using the Venny 2. 1.0 online tool (http://
www. liuxiaoyuyuan. cn/ ).
Construction of protein-protein interaction ( PPI) network
for limonoid and AD targes

The obtained common targets were imported into the STRING
online platform'™’ (hitps://cn. string-db. org/). The " Multiple
proteins" option was selected, while setting the speices to H. sa-
piens and the minimum required interaction score =0.4. The pro-
tein interaction results in TSV format were downloaded and impor-
ted into Cytoscape 3. 10. 0 software ™’ for visualization and analy-
sis. The core targets were screened using the Network Analyzer
plugin, with degree, betweenness and closeness as evaluation in-
dicators. The top 30 intersecting targets ranked comprehensively
on the basis of exceeding the median values of the three parame-
ters were selected as potential key targets.
GO enrichment and KEGG pathway analysis

The TSV-formatted files from STRING database were pro-
cessed by merging nodel and node2 data and removing duplicate
values. Next, the processed data were imported into Metascape
database'™’ (http://metascape. org/ gp/index. html#/main/stepl )
for GO functional enrichment and KEGG pathway analysis. The
analysis was initiated by clicking Submit, followed by selecting
H. sapiens (166) as the target species. The Custom Analysis op-
tion was selected, followed by clicking Enrichment, and GO Bio-
logical Processes, GO Cellular Components, GO Molecular Func-
tions and KEGG Pathways were selected respectively for analysis.
The resulting data were downloaded and subsequently visualized as
GO and KEGG diagrams using the online plotting tools provided by
the Bioinformatics online platform (http;//www. bioinformatics.
com. cn/ ).
Construction of the ' limonoid-active component-AD-target-
pathway'' network

After preparing the network and type files for " limonoid-com-
ponents-AD-target-pathway" , Cytoscape 3. 10. 0 software was used
for visualization to construct the " limonoid-component-AD-target-
pathway" network. The Network Analyzer plugin was employed to
screen core active components, which were then exported to an
Excel file. Using degree, betweenness and closeness as evaluation
indicators, the components were comprehensively ranked, and the
top 10 active components were selected as key candidates for sub-
sequent molecular docking.
Molecular docking simulation validation of key components
and targets

Molecular docking was performed between the key compo-
nents and key targets identified from the " protein-protein interac-
tion (PPI) network" and the " limonoid-active component-AD-tar-
get-pathway network" . The 2D or 3D structures of the key compo-
nents were downloaded from the PubChem or TCMSP databases.
The structures obtained from PubChem were saved in SDF format
and converted to mol2 format using Chem3D 20. 0 software. Auto-

duck software was then employed to add hydrogen atoms, and the
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files in pdbqt format were exported after steps of setting as lig- (Table 1)
ands, detecting rotatable bonds and setting rotatable bonds. The No. Compound Molecular Molecular
PDB structures of key targets were downloaded from the PDB data- formula weight
base. Pymol software was used to remove water molecules, lig- LM31  Nimolicinol CosH34 0, 482.57
ands, and solvent molecules from the protein structures. Autoduck LM32  Piscidofuran CsHip O 598.69
software was then employed to add hydrogen atoms to the pro- IM33  Surenolactone CasHa Og 40.54
cessed structures, which were then set as receptors and exported LM34* - Obacunol (32(’H3207 436.54
in pdbqt format. Finally, molecular docking was performed using LM35  Dysoxylone €31 His O 370.64
. . R LM36 * 11-Oxocneorin G C3yH360y, 572.61
Autoduck software, and the docking results were imported into Py- ,
. . . N . . LM37* Methyl angolensate Cy;H3, 0, 470. 56
m.ol software for visualization, generating molecular docking M3 Cipadesin D CallyOrs 614 67
diagrams. LM39  Methyl ivorensate Cy; Hy, Og 486.56
LM40  Mexicanolide Cy,H3,0, 468.55
Results and Analysis LM41  Carapin CyyHyy 0, 468.55
Screening of limonoid compounds LM42 *  Xylogranatin A C34Hy Oy 642.70
Literature search was conducted using PubMed and SciFinder LM43  Grandifotane A CogHs6 0y 560. 60
databases to identify limonoid compounds with skeletons similar or LM44 Moluccensin 1 Ca0Hs6 019 556.61
identical to harpertrioate A while maintaining structural diversity. LM45  Tabulalide E CssHy Oy 752.72
A total of 60 limonoid compounds were obtained™ ™', The basic LM46 ™ Cipadesin C Car s Oy 386.63
information of these compounds is presented in Table 1. IM47 - Cipadonoid F Cartl Oy 588.65
LM48  Walsuronoid B CoH30Og 438.52
Table 1 Screening results of limonoids LM49  Nimbinene CyH;, 04 482.57
) Molecular Molecular LM50  Ceramicine A CoysH3, Og 440.54
No. Compound . .
formula weight LM51  Xylogranatin F Cos Hapn O 449.50
LM1 7-Benzoyl-17-hydroxynimbocinol C33H36Og 528.65 LM52  Toonaciliatin G Cys Hs, Og 476.52
LM2 Walsurin CysH3, Os 424.22 LM53  Trijugin D CysH3, Oy 544.55
LM3 17-Epiazadiradione Cog H;4 05 450.58 LM54  Cipadonoid D C3;Hg Oy 570.64
LM4 Cedrelone CysH3 05 422.52 LM55  Perforanoid A Cys Hyg Og 424.49
LM5 Hirtin C3H3s0yy 596.63 LM56 *  Aphanamixoid A CyoHzs 04 496. 60
LM6 1,2-Dihydrocedrelone CysH3, 05 424.54 LM57  Haperforin G Cys Hyg Oy 424.49
LM7 Havanensin CysH35 05 430.59 LM58 * Harrpemoid B Cys Hs, 0, 442.51
LM8 Deoxykhayanthone Cs, Hy, Og 554. 68 LM59  Cipadonoid A CyyHyy Og 418.53
LM9 Nilotin CyoHs, 04 756.84 LM60 * Harpertrioate A CyyHz, Og 502.22
LMI0  Trichilin A C35Hy 015 674.74 Those marked with # are the key components.
LMI11  Aphanastatin Cy5sHys Oy 674.74 . . . . :
IMI2  Amoorastatone Cog Hys O 516.59 Screening of limonoid active components and target predic-
IMI3  Vilasinin Cag Hiy 05 428.57 tion
LMI4  Trichilinin CyoHa O 528 64 Target prediction for the 60 compounds was performed using
IMI5  Malleastrone C CyHy0,, 600.66 TCMSP and Swiss Target Prediction databases. Compounds LM8
IMI6  Meldenin Cps Hig Os 454 61 (deoxykhayanthone) and 1.M44 ( moluccensin 1) showed no de-
IM17  Isomeldenin Cs Hys Os 454. 61 tectable active substances or predicted targets in the results, so 58
LMI8  1,2-Dihydroazadirone CaoHy O 496. 64 active components were identified. After removing duplicate tar-
IMI9* Evodulone CogHyy O, 482.57 gets, a total of 670 potential targets were obtained.
IM20  Surenone o Hay O, 440. 54 Screening of AD targets and identification of common targets
IM21  Rubralin C Cs5Hyg Oy 610.74 A total of 15 512 AD-related targets were obtained from the
LM22  Quivisianthone C33Hy Oy 582.69 Genecards database. Targets with a Relevance score =20 were se-
LM23  Turrapubesin C C3 HyOpo 572.65 lected as potential therapeutic targets, yielding 1 117 relevant tar-
LM24  Salannin C34Hy Oy 596.72 gets. The 670 potential targets of limonoid active components were
LM25  Ohchinal C35Hyo Oy 588.70 intersected with the 1 117 AD-related targets from the Genecards
LM26  Nimbin C30Hz6 09 540. 61 database using Venny 2. 1. 0. The intersection analysis identified
LM27  Ohchinolal CyHy Oy 612.72 134 common targets, as shown in the Venn diagram (Fig. 1).
LM28  Gedunin Cs Hy, 04 482.57 Construction of protein-protein interaction network for the
LM29 *  Khivorin C3pHy, 0y 586. 68 anti-AD action targets of limonoids
LM30  Azadirinin Cy9Hys 019 674.79 A PPI network of common targets of limonoids against AD

( Continued)

was constructed using the String online database, and the results
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were visualized and analyzed using Cytoscape 3. 10.0, as shown in
Fig. 2. Among the 134 common targets, all 134 were interconnec-
ted, forming 2 046 interaction relationships. The color and size of
the nodes were positively correlated with their degree values.
Based on a comprehensive ranking of degree, betweenness and
closeness values, the top 30 common targets were identified
through data sorting and screening in Excel, as shown in Table 2.

These targets were predicted to be the key targets of limonoids.

Table 2 Key targets and topological characteristics of limonoids

Name Degree Closeness Betweenness
AKT1 98 0.7917 0.071 1
TNF 95 0.777 8 0.087 2
STAT3 83 0.722 8 0.027 1
BCI2 83 0.718 9 0.028 0
EGFR 82 0.718 9 0.040 8
CASP3 81 0.715 1 0.025 6
SRC 78 0.707 4 0.0352
JUN 71 0.700 0 0.033 0
PPARG 75 0.689 1 0.045 8
HIF1A 73 0.685 6 0.018 7
GSK3B 71 0.675 1 0.033 1
MAPK3 69 0.6717 0.024 8
MTOR 65 0.6552 0.010 0
APP 64 0.6552 0.040 3
MMP9 64 0.6552 0.009 5
PTGS2 62 0.648 8 0.011 0
ERBB2 57 0.630 3 0.006 3
CCNDI 57 0.627 4 0.006 5
JAK2 54 0.621 5 0.008 2
MMP2 52 0.618 6 0.005 1
RHOA 51 0.6129 0.004 0
IGFIR 51 0.610 1 0.004 9
PIK3CA 51 0.596 4 0.003 5
ICAM1 50 0.6129 0.006 1
KDR 49 0.607 3 0.012 3
MAPK1 49 0.607 3 0.007 6
PTPN11 47 0.599 1 0.004 0
MAPK14 45 0.596 4 0.007 2
CASP8 44 0.588 5 0.003 0
CASP1 41 0.583 3 0.007 4

GO functional annotation and KEGG pathway enrichment
analysis

To elucidate the biological processes involved in the anti-AD
effects of limonoids, the TSV-format files from the STRING data-
base were processed by merging nodel and node2 data and remo-
ving duplicate values, resulting in 134 gene targets. GO and
KEGG analyses were then performed using the Metascape data-
base. Screening was performed with a P Value Cutoff =0.01, and
analysis was conducted from the aspects of biological processes
(BP), cellular components ( CC), and molecular functions
(MF). A total of 1 792 BP items, 120 CC items and 214 MF
items were obtained. After sorting by LogP value in ascending or-

der, the top 10 items in each category were analyzed, and the

results are shown in Fig. 3.

GO analysis revealed that in terms of biological processes
(BP), the main functions included cellular response to nitrogen
compounds, phosphorylation, positive regulation of phosphorus
metabolic processes, positive regulation of phosphate metabolic
processes, protein phosphorylation, cell surface receptor protein
tyrosine kinase signaling pathway, positive regulation of locomo-
tion, positive regulation of phosphorylation, enzyme-linked recep-
tor protein signaling pathway, and positive regulation of cell motil-
ity. For cellular components (CC) , the targets were primarily as-
sociated with membrane rafts, membrane microdomains, receptor
complexes, dendrites, dendritic trees, caveolae, cell body, axon,
neuronal cell body, and plasma membrane rafts. In terms of mo-
lecular functions (MF) , the targets were primarily associated with
protein kinase activity, phosphotransferase activity, kinase activi-
ty, histone H2AX kinase activity, histone H3 kinase activity, his-
tone kinase activity, histone H3Y41 kinase activity, histone
H2AXY142 kinase activity, protein tyrosine kinase activity, and
histone modification activity.

KEGG pathway enrichment analysis identified a total of 185
pathways. A bubble chart of the top 20 KEGG pathways ranked by
LogP value was generated, as shown in Fig. 4. The results indica-
ted that the active components of limonoids primarily exerted their
anti-Alzheimer’s disease effects through pathways such as pathways
in cancer, Kaposi sarcoma-associated herpesvirus infection, PI3K-
Akt signaling pathway, lipid and atherosclerosis, proteoglycans in
cancer, MAPK signaling pathway, Ras signaling pathway, hepati-
tis B, Rapl signaling pathway, human cytomegalovirus infection,
prostate cancer, neurotrophin signaling pathway, endocrine resist-
ance, central carbon metabolism in cancer, HIF-1 signaling path-
way, EGFR tyrosine kinase inhibitor resistance, colorectal canc-
er, AGE-RAGE signaling pathway in diabetic complications, PD-
L1 expression and PD-1 checkpoint pathway in cancer, and pro-

lactin signaling pathway.

Table 3 Key active components and their topological features

Active component Degree Betweennes Closeness

LM56 45 0.030 374 097  0.449 367 089
LM34 42 0.032 474 261  0.445 606 695
LM46 42 0.031 285 153 0.445 606 695
LM60 41 0.017 319 849 0.443 750 000
LM42 40 0.029 546 638 0.441 908 714
LM36 40 0.024 195 346 0.441 908 714
LM19 40 0.022 322 860  0.441 908 714
LM37 40 0.021 853 552 0.441 908 714
LM58 39 0.016 368 073 0.440 082 645
LM29 39 0.014 477 917 0.438 271 605

Construction of the limonoid-active component-target-disease-
pathway network

The 20 KEGG pathways from the above enrichment analysis,
134 interacting potential targets and 58 active components were
jointly analyzed. Using Cytoscape 3. 10. 0 software, a " drug-com-
ponent-target-disease-pathway network diagram" was constructed,

as shown in Fig. 5. Topological analysis was performed using the
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"Network Analyzer" function, with degree centrality (DC), be-
tweenness centrality ( BC), and closeness centrality (CC) as
evaluation indicators. The top 10 active components ranked com-
prehensively were identified as key active ingredients: LMS56
(aphanamixoid A), LM34 (obacunol), LM46 ( cipadesin C),
LM60 ( harpertrioate A) , LM42 (xylogranatin A) , LM36 (11-ox-
ocneorin G) , LM19 (evodulone) , LM37 ( methyl angolensate ) ,

LM58 (harrpemoid B) , and LM29 (khivorin).
Limonoids AD

Description

983
(59. 5%)

Fig. 1 Common targets of limonoids and Alzheimer’s disease

Fig. 2 PPI network of limonoids-AD common targets
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Fig. 3 GO enrichment analysis of potential anti-AD action targets
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Fig. 4 KEGG pathway enrichment analysis of potential limonoid
targets against Alzheimer’s disease
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Fig. 5 Drug-component-disease-target-pathway network

Molecular docking validation of key active components and
targets
The top 10 key active components ( aphanamixoid A, oba-
cunol, cipadesin C, harpertrioate A, xylogranatin A, 11-oxocne-
orin G, evodulone, methyl angolensate, harrpemoid B, khivorin)
were selected based on a comprehensive ranking of degree value,
betweenness centrality, and closeness centrality in the " drug-com-
ponent-target-disease-pathway" network. Molecular docking was
performed with the top 5 key targets from the PPI network . AKTI
(serine/threonine-protein kinase 1), TNF (tumor necrosis fac-
tor) , STAT3 (signal transducer and transcriptional activator 3),
BCI2 ( B-cell lymphoma 2 protein), and EGFR ( epidermal
growth factor receptor). The binding energy results are shown in
Table 4. The binding affinity between proteins and ligands was
evaluated based on docking binding energy (a larger absolute doc-
king score indicates stronger binding affinity). Generally, a binding
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energy < —4.25 Kcal/mol suggests certain binding activity
between the active component and the target; a binding energy
< —-5.0 kecal/mol indicates good binding activity between them;
and a binding energy < - 7.0 kecal/mol signifies strong binding

[28]

activity " '. The binding energies of all molecular docking results

were below —4.25 Kcal/mol, indicating that all key molecules

exhibited binding activity. Among them, 35 pairs had binding en-
ergies below —7.0 Kcal/mol, suggesting strong binding affinity
between these active components and their targets. The key com-
ponents and key targets could spontaneously bind to exert anti-AD
effects. The optimal docking results were visualized using Pymol
software, as shown in Fig. 6.

Table 4 Molecular docking binding energies of key components and key targets Kcal/mol
No. Compound AKTI (4gvl) TNF (1ca9) STAT3 (6njs) BCL2 (6gl8) EGFR (5hg8)
LM56 Aphanamixoid A -8.53 -7.24 -5.78 -9.09 -8.43
LM34 Obacunol -8.59 -7.99 -6.47 -8.32 -8.46
LM46 Cipadesin C -7.34 -5.59 -5.10 -6.87 -7.96
LM60 Harpertrioate A -8.80 -8.59 -7.21 -7.91 -7.61
LM42 Xylogranatin A -7.96 -4.59 -4.55 -6.85 -7.40
LM36 11-Oxocneorin G -8.48 -7.53 -5.98 -7.99 -8.13
LM19 Evodulone -8.65 -8.47 -6.07 -7.86 -8.37
LM37 Methyl angolensate -8.80 -7.61 -6.92 -7.79 -9.07
LM58 Harrpemoid B -8.75 -8.24 -6.68 -7.80 -9.40
LM29 Khivorin -7.92 -6.33 -5.24 -7.50 -6.92
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Fig. 6 Molecular docking results of key components and targets

Conclusions and Discussion

In this study, limonoids were obtained by searching related
research literature of limonoids, and based on the structure of
harpertrioate A, which exhibits anti-AD activity, limonoids with
similar or identical skeleton and structural diversity were screened
resulting in 58 active compounds. Additionally, 670 predicted tar-
gets of these active components were obtained, and 134 common

TNF and IM60

TNF and IM19

ARG-146

\ -
[ 21

\ s I
| =7 o< ®

BCL2 and IM56 BCL2 and IM34

—

EFGR and M58

targets were identified through intersection with disease-related tar-
gets. Through PPI network analysis, the top five key targets with
the highest degree values were identified as AKT1 ( serine/threo-
nine-protein kinase 1), TNF ( tumor necrosis factor), STAT3
(signal transducer and transcriptional activator 3) , BCI2 ( B-cell
lymphoma 2 protein) , and EGFR (epidermal growth factor recep-

tor). They showed obvious correlation with other targets, and may
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be the key targets for the anti-AD effects of limonoids. The " drug-
component-disease-target-pathway" network visually demonstrates
that limonoid active components exert anti-AD effects through mul-
tiple targets and pathways. Molecular docking results of key active
components with core targets suggest that aphanamixoid A, oba-
cunol, cipadesin C, harpertrioate A, xylogranatin A, 11-oxocneor-
in G, evodulone, methyl angolensate, harrpemoid B, and khivorin
all exhibit strong binding affinity with key targets, indicating they
may serve as the primary active components responsible for the po-
tential anti-AD effects of limonoid compounds.

Currently, the widely recognized molecular pathological fea-
tures specific to AD include extracellular B-amyloid (AB) plaque
deposition in the brain and intraneuronal neurofibrillary tangles
formed by hyperphosphorylated microtubule-associated protein
(Tau hyperphosphorylation) . The mechanisms primarily focus
on AR and MAPT/tau pathways. Studies have shown that AKTI
participates in regulating tau protein phosphorylation and AB pro-
duction through the PI3K/AKT pathway. On one hand, AR oli-
gomers inhibit AKT1 activity, leading to excessive activation of
GSK33, which promotes abnormal tau phosphorylation and the for-
mation of neurofibrillary tangles ™ . On the other hand, reduced
AKTT1 activity decreases membrane localization of TACE ( TNF-a
converting enzyme ) , resulting in abnormal APP cleavage and in-
creased AB42 generation, exacerbating amyloid plaque deposi-
tion™. In recent years, AKTI-targeted AD treatment strategies
have demonstrated potential. For example, CRISPR-Cas9-media-
ted AKT1 knockout significantly reduced amyloid plaques and im-
proved cognitive function in AD mouse models™'. Meanwhile, the
Chinese herbal medicine Wuling Capsule achieved multi-target
neuroprotection by activating the PI3K/AKT pathway and regula-
ting AKT1 and downstream inflammatory factors'™'. These studies
collectively indicate that AKT1 serves not only as a central node in
AD pathological mechanisms but also as a crucial target for drug
development. TNF-a plays a pivotal role in promoting AD patho-
genesis by activating the NF-kB pathway to drive neuroinflamma-
tion, accelerate AR deposition and tau phosphorylation, and in-
duce neuronal apoptosis’™ . Studies have revealed STAT3’s in-
volvement in AD progression, as AR oligomers activate STAT3 to
exacerbate neuroinflammation through upregulation of pro-inflam-
matory factors like IL-6, while simultaneously suppressing expres-
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sion of neuron survival-related genes **’

. In AD patients, the ex-
pression of BCL2 in the brain is downregulated, leading to in-
creased mitochondrial membrane permeability, cytochrome C re-
lease, and ultimately triggering neuronal apoptosis™ . EGFR can
activate the MAPK/ERK and PI3K/ Akt signaling pathways, indu-
cing the autophagy mechanism in neuronal cells to clear damaged
mitochondria in the brain, thereby mitigating the progression of
Alzheimer’s disease caused by mitochondrial dysfunction and cu-

mulative damage™ . The above research indicates that key tar-

gets such as AKT1, TNF, STAT3, BCL2, and EGFR are all in-
volved in the pathogenesis of AD. Regulating these targets can
play a crucial role in the treatment or prevention of AD.

GO analysis revealed that limonoids could modulate the path-
ological progression of AD by influencing biological processes such

as cellular response to nitrogen compounds, phosphorylation, and

positive regulation of phosphorus metabolic processes. Abnormal
accumulation of nitrogen compounds (such as glutamate and nitric
oxide) exacerbates neuronal damage through excitotoxicity and oxi-
dative stress™ "), Phosphorylation imbalance leads to hyperphos-
phorylation of tau protein and the formation of neurofibrillary tan-
gles, and promotes AP production via the GSK-38 pathway .
Disordered phosphorus metabolism disrupts mitochondrial energy
metabolism, triggers calcium dyshomeostasis, and impairs autoph-
agy function, which is one of the core mechanisms of neurodegen-

D'“*" KEGG pathway enrichment analysis

erative pathology in A
revealed that the anti-AD effects of limonoid active components
were primarily associated with pathways such as pathways in canc-
er, Kaposi sarcoma-associated herpesvirus infection (KSHV infec-
tion) , PI3K-Akt signaling pathway, lipid and atherosclerosis, pro-
teoglycans in cancer, MAPK signaling pathway, Ras signaling
pathway , hepatitis B, Rapl signaling pathway, and human cyto-
megalovirus infection. These pathways are closely linked to AD
treatment. For example, in cancer-related pathways, AD and
cancer share core mechanisms such as inflammation, oxidative
stress, and metabolic dysregulation. Abnormal activation of path-
ways like mTOR and MAPK can promote AR deposition and tau
protein phosphorylation, leading to formation of neurofibrillary tan-
gles'”’. Regarding the KSHV infection pathway, KSHV downreg-
ulates the anti-inflammatory molecule lipoxin A4 and activates the
NF-kB and Akt pathways, exacerbating neuroinflammation, which
may contribute to the chronic inflammatory pathology of ADM %7
In the PI3K-Akt signaling pathway, Akt activity is inhibited by
sulfhydrylation in AD, leading to GSK-3B overactivation, which
promotes tau phosphorylation and synaptic dysfunction ™. This
pathway also contributes to AD-related energy metabolism dysregu-
lation by modulating autophagy and mitochondrial function”".

In summary, in this study, network pharmacology and molec-
ular docking were applied to explore the material basis and mecha-
nism of limonoids against Alzheimer’s disease. The results demon-
strate that the anti-AD effects of limonoids exhibit multi-compo-
nent, multi-target, multi-pathway, and multi-mechanism charac-
teristics. These findings also suggest the potential therapeutic val-
ue of limonoids in AD treatment, providing a theoretical foundation
and scientific basis for further in-depth research.
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wer side effects and enables multi-target regulation. It not only im-
proves liver function and relieves emotional symptoms by soothing
the liver and regulating qi, but also enhances sleep quality and re-
duce anxiety by alleviating depression and calming the mind.
These characteristics highlight its dual advantages of efficacy and
safety in depression treatment, making it a trending research focus
in the field of antidepressants.

Conclusions

The research on the antidepressant effects of Rhizoma Cyperi
originated in the late 20" century in China. In its early stages,
publications on Rhizoma Cyperi for depression treatment were
scarce, and progress was relatively slow. It was not until 2016 that
literature on its antidepressant properties began to surge signifi-
cantly. However, most studies focused on its mechanism of action,
pharmacological effects, and Rhizoma Cyperi-containing compound
formulas, while research on the alcohol extract of single herb Rhi-
zoma Cyperi and its efficacy for specific depressive disorders re-
mains limited. The exact targets and pathways of its antidepressant
effects remain unclear, and its application to specific subtypes of
depression is still insufficient. Therefore, further efforts are nee-
ded to explore the antidepressant mechanisms of Rhizoma Cyperi,
so as to promote its application in treating more specific conditions
or new therapeutic areas.
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