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Background: Allicin is a monomer compound derived from traditional Chinese medicine, which has demonstrated significant
efficacy in the treatment of cancer, neuroinflammation, gastrointestinal diseases, and other conditions. However, the specific mechan-
ism of action of Allicin in combating cardiovascular diseases remains insufficiently clarified, which limits its application in therapy.
Methods: Network pharmacology and molecular docking techniques were employed to explore the potential targets and signaling
pathways of Allicin in the treatment of as atherosclerosis (AS). The regulatory effects of Allicin on cell apoptosis, aortic plaques, and
lipid levels were assessed through TUNEL staining, Oil Red O staining, HE staining, GPO-PAP, and COD-PAP. Additionally,
immunofluorescence assay was conducted to validate the screened key targets.

Results: Based on the analysis of network pharmacology and molecular docking techniques, 94 predicted overlapping target genes
were identified from the target genes of Allicin and AS-related target genes; Among them, Allicin exhibits a strong binding affinity for
five main targets (CASP3, NF-xB1, BTK, MAPK3, and PARP1), and these targets were found to play important role in the anti-
apoptotic mechanism of Allicin. Furthermore, Allicin could inhibit the progression of plaques, down- regulating the expressions of
CASP3 and NF-kB1, and up-regulate the expressions of BTK, MAPK3, and PARP1 in vivo and in vitro.

Conclusion: The present results show that Allicin may improves AS by regulating the main targets of macrophage apoptosis.
Keywords: allicin, atherosclerosis, apoptosis, network pharmacology, molecular docking techniques, experimental verification

Introduction
Atherosclerosis (AS) and its secondary plaque rupture with acute cardiovascular events have always been a major
contributor to morbidity and mortality worldwide.'* As a systemic vascular disease with disorders of lipid metabolism as
the primary factor and persistent vascular inflammation as the core of the pathology, the early stage of the disease is
characterized by an inflammatory microenvironment that stimulates the transformation of macrophages into lipid droplet-
rich foam cells. As the disease progresses, macrophage apoptosis triggers the release of intracellular lipids, which
significantly contributes to the formation of the necrotic core of the plaque. Notably, plaques composed of cholesterol
crystals, calcium salts, and other substances released by apoptotic macrophages continue to be deposited in the vessel
wall, accelerating the process of arterial lumen narrowing and vascular sclerosis.® Despite the significant progress in the
treatment of AS, there are still bottlenecks in drug therapy, such as efficacy limitations and adverse drug reactions, and
a breakthrough is urgently needed through novel therapeutic strategies targeting the pathologic mechanisms.*

The unique therapeutic advantages of natural medicines in the field of modern disease prevention and treatment are
attributable to their multi-target and multi-pathway synergistic regulation characteristics.”® Natural medicines have
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special benefits for preventing and treating modern diseases. In recent years, we have made big progress in how we
analyse natural medicines. This means we can get more active ingredients out of them and purify them more easily.’”
Allicin is an organosulfur compound extracted from the bulb of garlic, a plant in the genus Allium, family Allium. As
a major naturally active ingredient, it has a great cardioprotective effect on the heart and mediates various pathological
processes associated with cardiovascular disease, including secretion of inflammatory factors, apoptosis of cardiomyo-
cytes and oxidative stress. At the same time, it protects the vascular endothelial function by activating the antioxidant
pathway to eliminate oxygen free radicals and reduces the production of lipid peroxidation end-products, thereby
blocking the pathologic process of plaque formation.®

Network Pharmacology is an advanced interdisciplinary field that integrates systems biology, network biology and
computational science.” It systematically analyses the intervention mechanism of drugs on complex disease networks by
constructing a multi-dimensional interaction network of “compound-target-pathway-disease”. Through the utilisation of
molecular docking and other three-dimensional structure simulation techniques, the specific binding modes between small
molecules and target proteins are elucidated at the atomic level.'"" Furthermore, the molecular mechanisms of the signalling
pathways synergistically regulated by multiple components of traditional Chinese medicines are revealed through the dual-track

12—

strategy of computational prediction and experimental validation.'* "> This approach was utilised to investigate the mechanism

of the anti-atherosclerotic effect of Allicin and its predicted targets, with a view to obtaining a clearer therapeutic mechanism.
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Materials and Methods
Potential Targets ldentification of Allicin and AS

Materials and reagents based on a systems pharmacology strategy, the potential Allicin targets were jointly predicted
using the TCMSP (https://tcmsp-e.com/) database and analysis platform, Super-PRED (https://prediction.charite.de/), and

the Swiss Target Prediction (https://www.swisstargetprediction.ch/) web tool. Concurrently, the GeneCards (https://www.

genecards.org/) database and the DisGeNET (https://www.disgenet.org/) database were used to identify disease targets

associated with AS. After integrating the data and removing duplicate targets using the R language (version 4.2.1), the
intersection between Allicin targets and disease targets was taken to generate an interactive Venn diagram, thereby
screening out the potential therapeutic effects of Allicin on AS.

Construction of Protein-Protein Interaction (PPl) Networks and Screening of Key

Targets

A protein-protein interaction network of potential targets of Allicin and core related targets of AS was constructed by
using a network pharmacology strategy, based on the STRING database. This approach resulted in five isolated nodes
without interaction relationships being hidden. The topology of the network was visualized using Cytoscape 3.10.2
software, and node topological metrics were calculated using the CytoNCA plugin, including betweenness centrality
(BC), closeness centrality (CC), degree centrality (DC), eigenvector centrality (EC), network centrality (NC), and local
average connectivity (LAC). The closer a node is to the center of the graph and the darker its color, the stronger its
influence on the AS.

Functional Enrichment Analyses

In this study, we employed a combination of the R language (version 4.2.1) and bioinformatics toolkits (including
pathview, KEGGREST, clusterProfiler, DOSE) to conduct Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGQG) functional analysis on the core targets, with the screening threshold set at a Q < 0.05. The top 30
KEGG pathways ranked by significance (ascending by p value) were functionally annotated using the DAVID database
(https://david.ncifcrf.gov/). The ensuing results were then represented in a bubble diagram. Furthermore, KEGG-

predicted apoptotic signalling pathways were mapped using R software. With key nodes highlighted in red to represent
the potential molecular mechanisms regulated by Allicin targets. To elucidate the target-pathway interactions, the
intersection targets and the top 30 KEGG pathway data were imported into Cytoscape 3.10.2 software to construct
a “drug-target—pathway—disease network”. The present paper methodically uncovers the prospective therapeutic targets
of Allicin in the context of AS, along with their associated signaling pathways.

Molecular Docking of Core Targets

The three-dimensional crystallographic structures of the core target proteins (CASP3, NF-«kB1, BTK, MAPK3, and
PARP1) were retrieved from the Protein Data Bank (PDB, https://www.rcsb.org/) with PDB IDs 1qx3, 2061, 3gen, a-fold,
and 2rd6, respectively. The receptor files were processed in AutoDockTools 1.5.7 for dehydration, hydrogenation, and

charge optimization, and then saved in PDBQT format. The molecular fragment of Allicin was extracted from the
TCMSP databases (MOL2 format) and preprocessed using AutoDockTools to generate the ligand PDBQT file. Molecular
docking calculations were conducted using the AutoDock Vina program with default parameter settings for binding sites
and a grid box covering the active pocket region. High-affinity complexes were screened based on binding energy (AG <
—4.5 kcal/mol), and 2D and 3D analysis diagrams were generated using Discovery Studio, with visualization performed
using PyMOL 2.5.0. The results demonstrated that the absolute values of docking scores for the targeted proteins with
Allicin were ranked as follows: CASP3 (—5.21 kcal/mol) > NF-kB1 (—5.12 kcal/mol) > BTK (—5.01 kcal/mol) > MAPK3
(—4.92 kcal/mol) > PARP1 (—4.76 kcal/mol), all significantly below the threshold of —4.5 kcal/mol, indicating strong
binding activity and stability between the tested receptors and ligands. The results of the study demonstrated that Allcin
exhibited robust binding affinity and stability towards the core targets predicted by the network pharmacology.
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Materials and Reagents

Allicin (CAS: 539-86-6, purity > 98%) and rosuvastatin (CAS: 147098-20-2, purity > 98%) were both purchased from
Shanghai Yuanye Biotechnology Co, Ltd (Shanghai, China). The detection kits for total cholesterol (T-CHO), low-
density lipoprotein (LDL-C), and triglycerides (TG), as well as the staining kit, were procured from the Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). The caspase-3 primary antibody was purchased from Cell
Signaling Technology (USA). The PARPI1, BTK, and ERK1/2 primary antibodies were purchased from Affinity
Biosciences (Jiangsu, China). The NF-kB p105/p50 primary antibody was purchased from Biodragon (Suzhou, China).
Haoyuan Biotech Co, Ltd (Shanghai, China) provided the secondary antibodies. All other reagents used in the experi-
ments were of the highest-quality commercial grade and met analytical standards.

Isolation of Primary Bone Marrow-Derived Macrophages (BMDMs) From Mice

Referring to Method, to obtain BMDMs, male mice of the wild-type strain were subjected to cervical dislocation,
followed by the amputation of the hind legs.'® The femur and tibia were then trimmed of excess muscle, and the ends of
the bones were cut to expose the marrow cavity. A 1 mL syringe was used to aspirate ice-cold PBS containing 1%
penicillin/streptomycin to flush the marrow from one end of the marrow cavity. Filter the cell suspension through
a 70 um filter membrane (Falcon, USA) and centrifuge at 500 x g for 5 minutes. Subsequently, the supernatant PBS was
aspirated, and RPMI-1640 medium (containing 10% heat-inactivated FBS, 15% L1929 cell supernatant, and 1% peni-
cillin-streptomycin) was added. The cells underwent seeding in culture vessels (Corning, USA) and were subsequently
maintained at 37°C in an atmosphere containing 5% CO,. In addition, after 3 days of culture, an equal amount of medium
was supplemented to the cells, and the culture was continued for another 2 days before the experiments were performed.

Cytotoxicity of Allicin on BMDMs

BMDM s that were in the exponential growth stage were inoculated into 96-well microplates at a cell density of 5x10*
cells. Then, 100 puL of 1640 culture medium containing double antibody was added to every well. The cells were
cultivated under conditions of 5% CO,, 37°C, and moisture for a period of 3 days. Subsequently, 100 pL of 1640 culture
media comprising double antibodies was introduced into each well, and the cells were maintained in an adherent state for
an additional 48 h. After removing the old cell culture medium, the medium containing different concentrations of Allicin
(0 uM, 12.5 uM, 25 pM, 50 uM, 100 puM, 200 uM) was added for coincubation for 24 h. After incubation, CCKS8
(Bayotime, Jiangsu) was added and incubated in the incubator for 2 h. Finally, the optical density (OD) was measured at
450 nm using a microplate reader.

Assessment of Cell Apoptosis

The process of apoptosis was identified through the utilization of the MSCs-Tunel assay kit. BMDM cells (1 x 10° cells)
were cultured in a 6-well plate and treated for 24 h with Allicin (25 pM, 50 uM). After 4 h of stimulation with etoposide
(10 ng/mL) at 37°C, the medium was removed, and the cells were incubated in 4% paraformaldehyde for 10 minutes at
ambient temperature.'” Thereafter, the cells were washed three consecutive times with PBS. The working medium from
the Tunel kit was meticulously dispensed into the wells, and the cells were then subjected to an incubation period at 37°C
in a dark environment for a duration of 60 minutes. Thereafter, the cells were washed thrice with PBS. The cell nuclei
were stained with DAPI. The observation of fluorescence was conducted through the utilization of a Nikon Eclipse Ti-S
microscope.

Immunofluorescence

Firstly, BMDMs were seeded in 12-well cell culture plates at a density of 5x10° cells per well, and after the cells adhered
to the wall, the cells were incubated with 4% paraformaldehyde for 10 min at room temperature. This was followed by
three washes with PBS. Secondly, after washing three times with PBS, the cells were treated with 0.5% Triton X-100 for
10 min at room temperature. Next, 10% FBS was blocked for 1 h. Cells were incubated with antibodies to CASP3,
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PARPI1, BTK, MAPK3, and NF-«B1 for 16 h at 4°C. Finally, cell nuclei were stained with DAPI. Fluorescence analysis
was performed using a Nikon Eclipse Ti-S microscope.

Animals, Ethical Approval, and Drug Administration

The present study received formal endorsement from the Ethics Committee of the Affiliated Qingyuan Hospital
(Qingyuan People’s Hospital), Guangzhou Medical University. (Approval No. LAEC-2024-039). The experiment was
conducted in strict accordance with the guidelines for the care and utilization of animals in research settings. SPF grade
male ApoE ™~ mice, aged 6-8 weeks (weight 18-22 g), were purchased from Hangzhou Ziyuan Technology Laboratory
Animal Co, Ltd, and housed in the SPF barrier environment of the Experimental Animal Center of Qingyuan People’s
Hospital. The mice were maintained in individually ventilated cages with free food and water access, a temperature
ranging from 20.0 to 25.0°C, humidity between 40% and 70%, and a 12-hour illumination/darkness cycle. Regular
disinfection was performed, and sterilized food and water were provided. After 7 days of adaptive feeding. The total
sample size of the experiment was 30 mice, which were randomly divided into five groups (n = 6/group): the model
group (HFD, high-fat diet-induced AS), the control group (NC, normal diet), the positive drug control group (RSV +
HFD, high-fat diet + 10 mg/kg/day rosuvastatin gavage), the low-concentration Allicin group (LAL, high-fat diet +
25 mg/kg/day Allicin gavage), and the high-concentration Allicin group (HAL, high-fat diet + 100 mg/kg/day Allicin
gavage). The high-fat diet (60% energy from fat) was purchased from Jiangsu Synergetic Medical Bioengineering Co,
Ltd (Jiangsu, China). The intervention started at week 2, and at the end of week 10, mice were anaesthetised with
isoflurane, blood was collected through the eyeballs, plasma was separated, and lipid indices (T-CHO, LDL, TG) were
tested. Hearts and whole aortas were carefully dissected and fixed in 4% paraformaldehyde for pathological analysis
(H&E, Oil Red O staining). The NC group was administered 1% DMSO phosphate buffer via gavage, with all other
conditions consistent with the model group.

Assessment of Atherosclerotic Lesions

The heart and entire aorta were gently removed under a stereomicroscope and were fixed in 4% paraformaldehyde for
24 h. Place the tissue in a 30% sucrose solution to dehydrate, then embed it in OCT adhesive. The thoracic aorta is
incised lengthwise and stained with 0.3% Oil Red O solution (Solarbio, Beijing) for 30 minutes, then decolorized in 60%
isopropanol for 5 minutes. Following a period of differentiation, the fatty plaques in the lumen appeared orange or bright
red, while other parts remained almost colorless. At this point, the differentiation process was terminated by washing
with distilled water. After the areas of lesion of these plaques were photographed with an Olympus microscope, they
were evaluated and analyzed. For atherosclerotic changes in the aortic root, continuous frozen sections of 3 or 6 um
thickness were obtained from the three aortic valves using a cryostat, and the samples from the cryosections were placed
on slides. Stained with Oil Red O and Hematoxylin Eosin (H&E).

Determination of Lipid Levels in Mice
Serum TG, T-CHO, and LDL-C levels were quantified using enzyme-based kits. The detection methods were all
performed according to the instructions.

Study on Differential Protein Expression in the Aortic Root

The analysis of arterial tissue protein expression was performed using the immunofluorescence technique to detect
protein expression in aortic root sections. The immunofluorescence analysis procedure was performed according to the
method documented in the existing research.'®

Statistical Analysis

Experimental data are expressed as mean + standard error of the mean (SEM), computed from three replicates. After
confirming normality with the Shapiro—Wilk test, a one-way ANOVA was performed, with subsequent Bonferroni multiple
comparison testing to identify differences among groups (GraphPad Prism 10.1.2 software). In the context of quantitative
analysis, the p value < 0.05 was considered significant. The specific test parameters are delineated in the figure legends.
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Results

Acquisition of Targets Associated with Allicin Intervention in AS

Firstly, 102 Allicin targets were obtained from the Swisstarget Prediction database (p < 0.05), and 123 Allicin targets
were obtained from the Super-PRED database (p < 0.05). Following the elimination of redundant targets across the two
databases, a total of 144 targets were retained for further analysis. A total of 5267 AS targets were identified from the
GeneCards database (p < 0.05) and 2045 AS targets were identified from the disgenet database. After removing the
overlapping targets between the two databases, a total of 5267 targets were retained. By intersecting the disease targets
with the drug targets, 94 potential therapeutic targets of Allicin for AS were identified (Figure 1A).

Analyze and Construct the PPl Network Analysis Diagram

In the present study, a total of 94 common targets were identified in the course of an investigation into AS targets and Allicin
active ingredients. In order to study the interactions among these targets, a protein-protein interaction (PPI) network composed
of these overlapping targets was constructed using the STRING database. In the network construction stage, the biological
species selected was Homo sapiens, with the network being constructed using the interaction gene search tool of the STRING
database. The confidence threshold for the build was greater than 0.4, and it was found that there were five disconnected nodes.
The PPI network contained 94 nodes (representing proteins) and 403 edges (representing protein-protein interactions)

A B

Allicin Atherosclerosis

Figure | Identification targets of Allicin- AS. (A) The comment targets of Allicin and AS were shown by Venn diagram. (B) PPl network from STRING database imported to
Cytoscape 3.10.2. (C) The red circle nodes represent core targets and the blue circle nodes represent noncore targets.
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(Figure 1B). Subsequently, the constructed PPI network was imported into Cytoscape 3.10.2 for the purposes of visualisation
and analysis. As shown in Figure 1C, the size of the nodes in the core PPI network is proportional to their degree, with larger
nodes having higher degrees. Through statistical calculations, the average degree value of the nodes in the network is 8.57. To
highlight the key targets, we have statistically analyzed the top 10 nodes with the highest degree values, which are EGFR
(degree value = 45.0), CASP3 (degree value = 39.0), NF-kB1 (degree value = 32.0), STAT1 (degree value = 26.0), MAPK3
(degree value = 26.0), KDR (degree value = 25.0), PARP1 (degree value = 22.0), CXCR4 (degree value = 22.0), CDK1
(degree value = 19.0), and BTK (degree value = 18.0). These targets, which exhibit a high degree of interconnectedness, may
assume a pivotal function in the interplay between AS and Allicin.

GO and KEGG Pathway Analysis

To investigate the functional characteristics and pathway enrichment mechanisms of the common targets (94) between
Allicin and AS, this study systematically conducted GO and KEGG pathway enrichment analyses.

The results of the GO analysis showed that a total of 368 entries reached significant levels (p < 0.05 and Q < 0.05),
encompassing biological processes (232 items), cellular components (62 items), and molecular functions (74 items). The
top 10 entries with the highest gene counts in each category were visualized and analyzed using R software, and bar
graphs were plotted to show the results, with the length and color of the bars representing the gene counts and enrichment
levels, respectively (Figure 2A). As shown in Figure 2B, the BP of potential targets mainly focuses on positive regulation

A B
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of cytosolic calcium ion concentration (GO: 0,007,204), inflammatory response (GO: 0,006,954), response to lipopoly-
saccharide (G0O:0,032, 496), and negative regulation of apoptotic process (GO: 0,043,066). Meanwhile, CC is enriched in
Cytosol (GO: 0,005,829), Cytoplasm, Plasma membrane (GO: 0,005,737), Nucleoplasm (GO: 0,005,886), and
Membrane (GO: 0,005,654). In addition, the molecular functions (MF) of potential targets are mainly concentrated in
Protein binding (GO: 0,005,515), ATP binding (GO: 0,005,524), Identical protein binding (GO: 0,042,802), Protein
serine kinase activity (GO: 0,004,672), Enzyme binding (GO: 0,019,899), and Protein serine threonine kinase activity
(GO: 0,004,674).

Subsequently, KEGG pathway exploration was employed to identify representative pathways associated with the core
targets. KEGG pathway analysis identified 122 pathways that demonstrated significant enrichment. As shown in
Figure 2C, the 30 major KEGG pathways associated with Allicin are highlighted, the highly gene-enriched pathways
mainly involve apoptosis (hsa04210), cancer pathways (hsa05200), PI3K-AKT pathway (hsa04151), and others. The
significant enrichment of the apoptosis pathway suggests that Allicin may intervene in the progression of AS by
regulating the mechanism of programmed cell death. The detailed pathway network for apoptosis and AS (hsa04210),
with relevant targets marked with red stars (Figure 2D). To explore the relationships between targets and KEGG
pathways, a drug- target-pathway-disease (DTPD) network consisting of 94 core targets and 30 of the most important
KEGG pathways was constructed on a system using Cytoscape 3.10.2 (Figure 3). This systematic analysis has revealed
the molecular mechanism of Allicin’s multiple-target, multiple-pathway synergistic effects, providing a theoretical
foundation for further studies of its ability to reduce AS.

Molecular Docking Analysis

In accordance with the findings of network pharmacology, the top 5 proteins were identified for further analysis: CASP3, NF-
kB1, BTK, MAPK3, and PARPI. A molecular docking study was conducted using Allicin as the subject compound. The
docking scores of the target proteins with Allicin were CASP3 (—5.21 kcal/mol), NF-kB1 (—5.12 kcal/mol), BTK (—5.01
kcal/mol), MAPK3 (—4.92 kcal/mol), and PARP1 (—4.76 kcal/mol) (Figure 4A). In the optimal docking mode, the absolute
values of the docking scores between the target proteins and Allicin, in descending order, were CASP3, NF-kB1, BTK,
MAPK3, and PARP1. Their binding energies were found to be lower than —4.5 kcal/mol, the results indicate that there is
strong binding activity and stability among the tested receptors and ligands. The PyMoL 2.3.0 software was used to optimize
the binding patterns between the target proteins and Allicin. The results show that Allicin can bind to the hydrophobic cavity
of CASP3, stabilizing the complex structure by forming conventional hydrogen bonds with ILE262 and ALA200, pi-cation
bonds with ASP169 and TYR203, and pi-alkyl bonds with TRP206 (Figure 4B). For NFKBI1, Allicin forms an Attractive
Charge interaction with GLU190, and maintains the binding by forming alkyl bonds with CYS159, VAL169, ILE194,
LEU193, LEU176, and LEU173 (Figure 4C). In BTK, Allicin forms an attractive charge interaction with ASP539 and
simultaneously forms conventional hydrogen bonds with THR474 to maintain the binding. And it forms pi-alkyl bond
interactions with ILE472, LYS430, MET477, LEUS528, ALA428, TYR476 and LEU408 (Figure 4D). MAPK3 maintains the
binding with Allicin through pi-alkyl bonds interactions with LYS168 and ASN171, and a covalent bond with HIS164
(Figure 4E). The hydrophobic cavity of PARP1 can bind Allicin, maintaining the stability of the complex by forming
conventional hydrogen bonds with THR206 and alkyl bond interactions with LYS23, ALA24 (Figure 4F). As shown in
Table 1, the PDB IDs for CASP3, NF-xB1, BTK and PARPI are Iqx3, 2061, 3gen and 2rd6 respectively, while the structure
of MAPK3 was predicted by Alphafold (https://alphafold.ebi.ac.uk/entry/L7RXHS).

Cytotoxicity of Allicin on BMDMs

The survival percentage (%) of BMDMs exhibited a significant concentration- dependent change with increasing Allicin
concentration (Figure 5A). In contrast with the control group, the viability of BMDMs demonstrated a marked decline
when the Allicin concentration surpassed 100 pM. The variation in question was determined to be statistically significant
(p < 0.01). Therefore, in cell experiments, the concentration of Allicin should not exceed 100 uM. This study selected
25 uM and 50 uM as the subsequent experimental doses of Allicin to balance efficacy and cytotoxicity.
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Figure 3 Drug-target-pathway-disease (DTPD) network. The potential targets of Allicin in the treatment of AS, and the interaction network associated with the
therapeutic pathways.

Effects of Allicin on Etoposide Induced Apoptosis of BMDMs

In comparison with the control group, apoptosis of BMDMs was significantly induced by treatment with etoposide (10
ng/mL) for 4 h. It is noteworthy that when 25 uM and 50 pM Allicin were co-treated with etoposide, the apoptosis rate
exhibited a dose-dependent decline trend (Figure 5B). In the statistical graph, the apoptosis rate of the 50 pM drug group
was observed to show recovery to reach the control level (Figure SC). These results suggest that Allicin can counteract

the pro-apoptotic effect of etoposide, exhibiting a dose-dependent response.

https://doi.org/10.2147/DDDT.S553875 I I |95

Drug Design, Development and Therapy 2025:19



Wu et al

A B
Interactions
Free-Binding-
Target | Compound Conventional Hydrogen Pi-Alkyl NR ARy
g P Energy-(Kcal/mol) ] yered y %‘/
[ pi-cation .
CASP3 -5.21 TRP ~ASP " ' "AlA
A:206 A1169__ ALE A200
NFKB1 -5.12 '\ TYR A :
e P '
BTK Allicin -5.01
MAPK3 -4.92
PARP1 -4.76 &
\
HASES TRP206
C D
Interactions BL|1E;J3 Gy Interactions
5 R v
[ Attractive Charge ;:539 (R B:190 BLI1E;]6 BLEEIJ3 [ conventional Hydrogen Pi-Alkyl %b/%
: : 2 LEU
Alkyl B:194 [ Attractive Charge ILE .
VAL 1 A4z ASP TYR A408

B:169 M A539  THR A:476
® ARG Y s META:474 ALA
B:184 Q A:430 A:428
) N A477  LEU
\ :

Q A:528

30

\ CYS159 '\VAL169 3D LEU528 ASP539
xiif%( ! LEU194

LEU173
A \
N \
k \
ARG184 Y‘%Lumo TYR476Y)) '\
LEu4oaL._

NFKB1 BTK

E F

Interactions

ILE472

ALA428 LYS430

Interactions

| Pi-Alkyl [ conventional Hydrogen

[ | Alkyl
V a LYS
‘ A:23
j y
S THR  ALA
A206 A24

[ | covalent bond

HIS LYS168

LYS23 |ALA24| “ THR206

ASN171

HIS164
MAPK3 PARP1

Figure 4 2D and 3D docking patterns of Molecular docking between Allicin and core targets protein. (A) The binding energy of molecular docking. (B) CASP3 and Allicin
molecular docking visualization. (C) NF-kBI and Allicin molecular docking visualization. (D) BTK and Allicin molecular docking visualization. (E) MAPK3 and Allicin
molecular docking visualization. (F) PARPI and Allicin molecular docking visualization.

Allicin Reversed the Induction of Target Proteins in BMDMs by Etoposide

Through network pharmacology and molecular docking analysis, we predicted that the core target proteins of
Allicin’s anti- AS were CASP3, NF-kB1, MAPK3, PARPI, and BTK, and focused on the changes of these proteins
in the disease. In comparison with the control group, Etoposide (10 ng/mL) demonstrated a significant upregula-
tion of CASP3 and NF-kB1 in BMDMs and a significant downregulation of MAPK3, PARP1 and BTK. However,

after combined intervention with Allicin, the abnormal expression of these proteins induced by Etoposide showed
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Table 1 The Binding Energy of Top 5 Compound-Protein Pairings

Compound-Protein Pairings | PDB ID | Binding Energy (kJ/mol)
CASP3 l1qx3 —5.21
NFKBI 2061 =5.12
BTK 3gen =5.01
MAPK3 —4.92
PARPI 2rdé —4.76

Note: The structure of MAPK3 was predicted by AlphaFold.

a dose-dependent reversal trend (Figure 6A-J). The aforementioned results suggest that Allicin can modulate the
expression of CASP3, NF-kB1, BTK, MAPK3, and PARPI proteins associated with BMDMs at the cellular level.

Allicin Ameliorates Aortic Plaque Formation and Serum Lipid Disorders Induced by
High-Fat Diet in ApoE '~ Mice

Given that AS is modeled in mice through a diet consisting of a high fat content. As shown in Figure 7A, the control
group consumed a conventional diet, while the model group ingested a diet with a high fat content for a duration of
12 weeks. The positive drug group, as well as the low-dose and high-dose drug groups, initiated drug administration
following a 14-day period of high-fat diet feeding, which continued for a duration of 10 weeks. The potential
protective effects of Allicin on HFD-related AS in ApoE " mice were evaluated. Compared to mice on a standard
diet, mice fed with HFD showed significant weight gain and fat accumulation, and Allicin treatment successfully
attenuated these effects (Figure 7B and C). A systematic evaluation of the progression of the disease can be achieved
by analyzing the values of total cholesterol, triglycerides, and low-density lipoprotein cholesterol in the serum of mice
(Figure 7D-F). Subsequently, to evaluate the effect of Allicin on plaque formation, we performed oil red O staining of
the entire aorta (Figure 8A), and quantified and statistically analyzed the area of aortic plaques. (Figure 8B). We also
conducted Oil Red O and H&E staining on the lipid-rich plaques in the aortic root and made statistical analyses
(Figure 8C and D). Based on the histopathological analysis of these staining results, key morphological features such
as aortic plaque, lumen stenosis, and inflammatory cell infiltration were visually assessed. The statistical chart shows
that compared with mice on a normal diet, mice on a high-fat diet had larger and more extensive plaque deposits on the
aortic wall and the aortic root. After intervention with Allicin and rosuvastatin, the area and size of the plaques
significantly decreased.

Effect of Allicin on Predicted Target Proteins Expression From Arterial
In accordance with the principles of network pharmacology and molecular docking predictions, the potential target proteins
of Allicin for the treatment of AS include CASP3, NF-xB1, BTK, MAPK3, and PARP1. In order to verify the mechanisms of
action of these targets, the present study investigated the protein expression levels in atherosclerotic plaques using
immunofluorescence techniques. The results demonstrated that, in comparison with the NC group, the CASP3 and NF-
kB1 expression levels in the thoracic aortic arteries of mice in the HFD group were significantly increased; however, after
intervention with Allicin and the positive control drug Rosuvastatin, the expression levels were found to be considerably
diminished (Figure 9A-D). It is noteworthy that, in contrast to the HFD group, the expression levels of MAPK3, BTK, and
PARPI in the Allicin treatment group exhibited a dose-dependent upregulation (Figure 9E-J).

The aforementioned results indicate that Allicin inhibits the progression of AS by bidirectionally regulating the
pathological abnormal expression of CASP3, NF-kB1, BTK, MAPK3, and PARPI1. In vivo experimental data further
confirm that the multi-target regulatory effect of Allicin is an important molecular mechanism underlying its anti-

atherosclerotic properties.
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After confirming normality using the Shapiro-Wilk test, a one-way ANOVA analysis of variance was conducted through Bonferroni multiple comparison test. Compared
with the model group, **p < 0.01, ***p < 0.001.
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Figure 7 Allicin intervention significantly reduced body weight and blood lipid levels in the ApoE "~ mouse model induced by high-fat diet. (A) Schematic diagram of the
intervention study: negative control (NC) fed normal diet, model group mice fed high-fat diet for 12 weeks, drug group fed high-fat diet for 12 weeks followed by drug intervention
for 10 weeks, the mice were finally put to death. (B) Body weight, n = 6. (C) Photographs of representative mice. Lipid content measurement showed that Allicin reduced the serum
levels of TC (D), TG (E) and LDL-C (F) in AS mice, n = 6. The results are represented as mean + SD of 6 mice in each group. After confirming normality using the Shapiro—Wilk test,
a one-way ANOVA analysis of variance was conducted through Bonferroni multiple comparison test. Compared with the model group, **p < 0.01, ***p < 0.001.

Clustering Study on the Multi-Target Regulatory Mechanisms of Allicin in Anti-AS

To systematically evaluate the anti-atherosclerotic effects of Allicin, this study normalized the efficacy indicators (plaque
area) and core protein expression data (CASP3, NF-xB1, BTK, MAPK3, PARP1) of each group based on the high-fat
diet model group. Hierarchical clustering analysis was employed to explore the intergroup differences in intervention
effects. The results indicated substantial heterogeneity in the therapeutic response and expression profiles between the
different intervention groups (RVS, HAL, LAL, HFD, NC). However, after normalization, the data exhibited a clear
clustering trend. Specifically, the RSV + HFD, the LAL group, the HAL group, and the NC group clustered into one
category, indicating that the intervention effect of HAL was highly similar to that of NC.

Further analysis revealed that as the dose of Allicin increased from 25 mg/kg/d to 100 mg/kg/d, its pharmacodynamic
indicators (such as the reduction rate of plaque area) and target protein expression (downregulation of CASP3 and NF-
kB1, upregulation of BTK, MAPK3, and PARP1) exhibited dose-dependent changes, with the intervention trajectory
gradually shifting from HFD towards NC. The above results indicate that Allicin has a significant dose-dependent
characteristic in intervening in the pathological process of AS and related regulatory proteins, and high-dose Allicin can
restore a protein expression profile close to the physiological state through synergistic effects of multiple targets.
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Figure 8 Allicin intervention significantly inhibits atherosclerotic plaques in the ApoE '~ mouse model induced by high-fat diet. (A) Representative images of aortas stained
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SD, n = 6. After confirming normality using the Shapiro—Wilk test, a one-way ANOVA analysis of variance was conducted through Bonferroni multiple comparison test.
Compared with the model group, **p < 0.001.
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Figure 9 Verification of the expression of the predicted target proteins. (A) Representative fluorescence pictures of CASP3, scale bar = 100 um. (B) Statistical plots of
fluorescence intensity from CASP3. (C) Representative fluorescence pictures of NF-kBI, scale bar = 100 pm. (D) Statistical plots of fluorescence intensity from NF-xBI. (E)
Representative fluorescence pictures of BTK, scale bar = 100 um. (F) Statistical plots of fluorescence intensity from BTK. (G) Representative fluorescence pictures of
MAPKS, scale bar = 100 um. (H) Statistical plots of fluorescence intensity from MAPK3. (I) Representative fluorescence pictures of PARPI, scale bar = 100 um. (J) Statistical
plots of fluorescence intensity from PARPI. The results are presented as the mean * SD, n = 3. After confirming normality using the Shapiro—Wilk test, a one-way ANOVA
analysis of variance was conducted through Bonferroni multiple comparison test. *p < 0.05, **p < 0.001, ***p < 0.001.
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Discussion

Previous studies have found that Allicin can inhibit the progression of AS, which has also been confirmed in our
experiments.'*? However, its potential target genes and mechanisms of action remain unclear. Using network pharma-
cology, we systematically elucidated the underlying mechanisms by which Allicin suppresses AS. Furthermore,
employed integrated molecular docking and experimental assays to confirm the effects of Allicin.

We identified 94 Allicin-AS related targets through the database and established a PPI network.Using bioinformatics tools,
the top ten targets of Allicin against AS were determined, including EGFR, CASP3, NFKB1, STAT1, MAPK3, KDR, PARPI,
CXCR4, CDKI1, and BTK. Previous studies have established that these main targets play modulatory roles within the
cardiovascular system, suggesting that the beneficial effects of Allicin on AS intervention can be attributed to the synergistic
actions of these main targets.”’ >° GO and KEGG enrichment analyses were performed on these 94 selected targets to
systematically elucidate the impact of Allicin on AS. GO analysis revealed that Allicin is primarily involved in biological
processes such as the negative regulation of apoptosis, inflammatory response, and positive regulation of RNA polymerase 11
transcription. Meanwhile, KEGG results confirmed that the main signaling pathways through which Allicin intervenes in AS
include the apoptosis pathway, pathways in cancer, and the PI3K-Akt signaling pathway. It indicates that Allicin mitigates AS
progression primarily through its anti-apoptotic effect. These findings are consistent with our perspective.

Molecular docking serves as a key tool for elucidating binding mechanisms and facilitating drug molecule optimization.*! To
further investigate the binding potential of Allicin to potential AS targets, molecular docking was performed between Allicin and
the top ten main targets screened via network pharmacology. The results demonstrated that Allicin exhibited favorable binding
affinity with five main targets: CASP3, NF-xB1, BTK, MAPK3, and PARPI. The calculated binding energies for these
complexes were all within the range of —4.76 to —5.21 kcal/mol, confirming strong binding activity. These main targets are
closely associated with the apoptosis pathway, suggesting that Allicin may exert anti-apoptotic effects by modulating them.

Previous studies have shown that apoptosis of macrophages is an important link in the development of AS, which is
closely associated with the dysregulation of anti-apoptotic pathways and the dysfunction of critical signaling molecules.>*~*
CASP3, identified as the target with the strongest binding affinity to Allicin, serves as the core executor of the apoptotic
signaling pathway. Its activation is considered a critical marker of cells entering the apoptosis process and a key driver of
aberrant macrophage apoptosis in AS.***> NF-kB1 (p50/p105), a core member of the NF-kB family, participates in classical
pathways including apoptosis, cell proliferation, inflammation, and immunity.>® P50 depletion attenuates SN 1-methylator-
induced apoptosis, while restoration of p50 expression reinstates normal apoptotic function.’’ BTK, a non-receptor tyrosine
kinase highly expressed in various immune cells such as B cells and macrophages, not only modulates inflammatory
signaling but also exerts protective effects by inhibiting apoptosis.*® BTK enhances cell survival through the suppression of
apoptosis, a process mediated by the PI3K-AKT pathway. Activation of this pathway results in BAD phosphorylation,
which prevents its binding to anti-apoptotic proteins BCL-2 and BCL-xL.>*> MAPK3, a key component of the MAPK
(mitogen-activated protein kinase) signaling cascade, plays a pivotal role in the anti-atherosclerotic process by regulating
apoptosis, survival, proliferation, and inflammatory responses.*” MAPK3 promotes the expression of anti-apoptotic proteins
and inhibits the activity of apoptosis-related factors through phosphorylation of downstream transcription factors, thereby
supporting cell survival.*' PARP1, an NAD+-dependent chromatin-associated enzyme, mediates DNA damage repair by
catalyzing ADP-ribosylation. This enzyme negatively regulates apoptosis; its full-length form exerts anti-apoptotic effects
via DNA repair activity, while caspase-3-mediated proteolysis cleaves it into an 89 kDa fragment, resulting in loss of DNA
repair function and initiation of the apoptotic program.**** We discovered that Allicin dose-dependently inhibits macro-
phage apoptosis. Subsequent in vivo and in vitro experiments demonstrated that Allicin treatment significantly reduced the
expression of CASP3 and NF-«B1, while upregulating the expression levels of BTK, MAPK3, and PARP1. These findings
suggest that Allicin may exert a protective effect on ApoE "~ mice by inhibiting apoptosis.

Conclusion

In conclusion, this study employed network pharmacology, molecular docking, and experimental verification methods to
reveal the potential mechanism of Allicin in treating AS. Our results confirmed that Allicin can significantly improve AS
by regulating key targets in the apoptotic pathway. Our findings provide stronger evidence for exploring the potential
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protective mechanism of Allicin in AS, and also offer a comprehensive and innovative approach for identifying targets
and potential molecular mechanisms in drug development.
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