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Abstract
Carotid artery stenosis is a manifestation of atherosclerosis and is associated with an increased risk of various cardiovascular 
diseases. Clopidogrel is an antiplatelet drug widely used for the prevention and treatment of atherosclerosis-related diseases. 
This study explores the potential molecular mechanisms of clopidogrel in the treatment of carotid artery stenosis through 
network pharmacology and molecular docking techniques. First, network pharmacology methods were used to construct 
a clopidogrel target network and identify its possible 127 action targets. Secondly, the gene ontology enrichment analysis 
indicated that clopidogrel for treating carotid stenosis is closely related to inflammatory responses, platelet activation, and 
angiogenesis. The Kyoto Encyclopedia of Genes and Genomes analysis revealed associations with lipid metabolism and 
atherosclerosis. Subsequently, molecular docking technology was employed to screen the binding affinity of clopidogrel to 
these targets. The results revealed that clopidogrel exhibited binding energies less than − 4.20 kcal/mol with multiple targets, 
including TNF, MMP9, PTGS2, CCL2, TLR4, and IL-10. This indicates that clopidogrel has high binding affinity and sta-
ble binding modes with these targets, thereby exerting anti-inflammatory effects. This study reveals the potential molecular 
mechanisms of clopidogrel in the treatment of carotid artery stenosis through network pharmacology and molecular docking 
techniques. The experimental results provide a theoretical basis for the application of clopidogrel in the treatment of carotid 
artery stenosis and offer new ideas for further drug development and personalized treatment.

Keywords  Clopidogrel · Carotid artery stenosis · Network pharmacology · Molecular docking · Inflammatory response

Background

Clopidogrel is an antiplatelet drug used to prevent and treat 
heart, brain, and other arterial circulation disorders caused 
by high platelet aggregation [1]. The development of clopi-
dogrel began in 1972. Due to its significant therapeutic 
effects and better tolerance, it replaced ticlopidine, which 
caused severe hematological adverse reactions, and was mar-
keted globally in 1988 [2].

Clopidogrel is mainly used for patients with acute cor-
onary syndrome (ACS) and percutaneous coronary inter-
vention (PCI), effectively reducing the incidence of stent 
thrombosis and significantly improving prognosis. Clopi-
dogrel irreversibly binds to the ADP receptor P2Y12 on 
the platelet surface, blocking the inhibition of adenylate 
cyclase by ADP, thereby inhibiting platelet aggregation [3, 
4]. Clopidogrel can also be used in combination with aspirin 
to enhance antiplatelet effects and reduce the risk of cardio-
vascular events [5].

Carotid artery stenosis is a common vascular disease, 
mainly due to obstruction of blood flow in the carotid 
artery, leading to insufficient blood supply to the brain 
[6]. One of the main causes is atherosclerosis, where 
lipid substances accumulate on the vessel walls, forming 
plaques that gradually narrow the lumen [7]. Secondly, 
it is also closely related to vascular lesions associated 
with development, inflammation, or autoimmune condi-
tions, such as Takayasu arteritis, fibromuscular dysplasia, 
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and moyamoya disease. Or, it may be caused by various 
reasons leading to blood entering between the layers of 
the vessel wall, causing dissection and forming carotid 
artery dissection [8]. Although clopidogrel is often used 
clinically as a first-choice drug for the treatment of carotid 
artery stenosis, its pharmacological mechanism is still 
unclear.

Network pharmacology is an emerging pharmacological 
research method that integrates principles and techniques 
from systems biology, network science, computational 
biology, and traditional pharmacology [9]. The core idea 
of network pharmacology is to study the mechanisms and 
efficacy of drugs by analyzing the complex molecular inter-
action networks within biological systems [10]. With the 
accumulation of biomedical data and advances in compu-
tational technology, network pharmacology is becoming 
increasingly important in drug development and precision 
medicine [11]. Molecular docking is a computational chem-
istry method used to predict and analyze the interactions 
and binding modes between small molecules (such as drug 
candidates) and biological macromolecules (such as proteins 
and nucleic acids) [12]. This technique is crucial in explor-
ing drug mechanisms as it helps researchers understand how 
drug molecules bind to biological targets and predict poten-
tial pharmacological mechanisms [13].

This study, based on network pharmacology and molec-
ular docking techniques, aims to identify common targets 
between clopidogrel and carotid artery stenosis, explore 
potential core targets and biological pathways, and predict 
the binding modes of clopidogrel to these core targets. This 
experiment aims to explore the pharmacological mecha-
nisms of clopidogrel to provide more effective data support 
for future clinical trials.

Methods

Clopidogrel drug target screening

By searching “Clopidogrel” in the PubChem database, the 
standard structure and SMILES notation of clopidogrel 
were determined. Based on the SMILES notation, potential 
targets of clopidogrel were collected from the SwissTar-
getPrediction database (http://​www.​swiss​targe​tpred​iction.​
ch/), ChEMBL database (https://​www.​ebi.​ac.​uk/​chembl/), 
and GeneCards database (https://​www.​genec​ards.​org/). The 
structures of the search results were carefully examined 
and compared to ensure consistency. Potential targets were 
integrated and deduplicated, and the obtained target names 
were standardized using the UniProt database. Finally, these 
combined targets were used to construct a clopidogrel target 
library.

Carotid artery stenosis disease target screening

Predict disease-related target genes using the GeneCards data-
base. Search for “Carotid artery stenosis” in the GeneCards 
database and export the resulting disease genes to an Excel 
spreadsheet. Then, carefully examine, calibrate, and dedupli-
cate the obtained target genes, and standardize the target gene 
names using the UniProt database. Finally, use these merged 
target genes to construct the “Carotid Artery Stenosis” target 
gene library.

Clopidogrel and carotid artery stenosis intersection 
target screening

Identify the intersecting target genes of clopidogrel and carotid 
artery stenosis using Venny 2.1.0 (https://​bioin​fogp.​cnb.​csic.​
es/​tools/​venny). The downloaded Venny image is used for 
result presentation. The overlapping part is considered the 
potential pharmacological target genes for clopidogrel in the 
treatment of carotid artery stenosis.

Construction of Protein–Protein Interaction (PPI) Network 
and Core Target Screening.

Input the intersecting genes between carotid artery steno-
sis and clopidogrel potential targets into the STRING data-
base [14]. During the analysis, restrict the species to “Homo 
sapiens” and set the “minimum required interaction score” to 
“medium confidence (> 0.4)”. These parameters ensure the 
analysis of active target proteins corresponding to target genes, 
generating initial protein–protein interaction (PPI) images and 
raw STRING data. Then, import the raw data generated by 
STRING into Cytoscape software (version 3.10.2), which is 
used for the visualization and analysis of network biology, 
capable of calculating parameters for each node in the net-
work and visualizing molecular connections. To screen for 
core targets and create visualized network diagrams using 
Cytoscape, we first selected an appropriate layout algorithm, 
such as the “Force-directed” or “Hierarchy” layout, to organ-
ize the network structure. We then adjusted the node and edge 
styles through the “Style” menu, customizing attributes like 
color, size, and shape to better highlight network characteris-
tics. Next, we installed and launched the “NetworkAnalyzer” 
plugin to calculate topological parameters, including degree 
centrality. Based on these parameters, we set selection criteria 
in the “Select” menu to identify highly connected nodes as 
core targets. Finally, we utilized these settings to generate the 
visualized network diagram, which effectively illustrates the 
relationships and key nodes within the network.

http://www.swisstargetprediction.ch/
http://www.swisstargetprediction.ch/
https://www.ebi.ac.uk/chembl/
https://www.genecards.org/
https://bioinfogp.cnb.csic.es/tools/venny
https://bioinfogp.cnb.csic.es/tools/venny
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Gene function and pathway enrichment analysis 
of target proteins

Input the core target genes filtered from the protein–protein 
interaction (PPI) network diagram into the DAVID database 
(https://​david.​ncifc​rf.​gov/) for GO and KEGG enrichment 
analysis. Set P < 0.05 as the significance threshold. GO 
enrichment analysis includes biological process (BP), cel-
lular component (CC), and molecular function (MF). Use the 
bioinformatics platform (http://​www.​bioin​forma​tics.​com.​
cn/) to visualize the potentially relevant enriched pathways.

Molecular docking

Use the free open-source software Avogadro to design the 
structure of clopidogrel and perform energy minimization 
and geometry optimization. The final determined structure 
is saved in.pdb format to facilitate subsequent molecular 
docking preparation. The crystal structure of the core pro-
tein is obtained from the Structural Bioinformatics Protein 
Database (PDB) (http://​www.​rcsb.​org) and saved in.pdb for-
mat, and potential binding sites are screened and determined 
using the DeepSite database (https://​open.​playm​olecu​le.​org/​
tools/​deeps​ite).

Use AutoDockTools 1.5.6 software to perform the fol-
lowing processing on the protein: First, add the PDB files 
of the receptor protein and small molecule ligand. Then, 
introduce hydrogen atoms and calculate Gasteiger charges, 
saving the results as.pdbqt files. The size of the docking 
box was set to 40, and the docking binding position was 
adjusted accordingly. Specify that all flexible bonds of the 
small molecule ligand as rotatable and set the receptor pro-
tein for rigid docking. Obtain docking results by executing 
AutoGrid4 and AutoDock4, and export the binding energy. 

Finally, use PyMOL software to export the protein–ligand 
complex and store it as a.pdb file for subsequent visualiza-
tion of the results (Fig. 1).

Results and discussion

Intersection targets of clopidogrel and carotid 
artery stenosis

After calibration and deduplication in the GeneCards, Swis-
sTargetPrediction, and ChEMBL databases, 250 targets 
related to clopidogrel were screened. From the GeneCards 
database, 2500 target genes related to carotid artery stenosis 
were screened. As shown in the Venn diagram, 127 inter-
secting genes between clopidogrel and carotid artery steno-
sis were identified (Fig. 2).

Screening of PPI and core genes of potential targets

The initial PPI network was constructed using the STRING 
database (Fig. 3a). The downloaded PPI data were imported 
into Cytoscape 3.10.0 software, generating a new PPI net-
work for visualization and analysis. Using the Centiscape 2.2 
module in Cytoscape software, 25 core targets were screened 
and the corresponding PPI network was constructed. From 
light yellow to dark purple, the node colors indicate the 
increase in node degree within the PPI network (Fig. 3b). 
This network consists of 25 nodes and 208 edges, with node 
colors indicating the increase in node degree.

The six core targets screened are TNF, MMP9, PTGS2, 
CCL2, TLR4, and IL-10. The TNF gene (tumor necrosis 
factor gene) can promote inflammatory responses, increase 
the expression of adhesion molecules in endothelial cells, 

Fig. 1   Integrative workflow for 
this study

https://david.ncifcrf.gov/
http://www.bioinformatics.com.cn/
http://www.bioinformatics.com.cn/
http://www.rcsb.org
https://open.playmolecule.org/tools/deepsite
https://open.playmolecule.org/tools/deepsite
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and attract more monocytes into the vessel wall, leading 
to plaque formation and enlargement [15]. High levels of 
TNF-α are associated with vulnerable plaques (more likely 
to rupture, leading to thrombosis and embolic events). Stud-
ies show that serum TNF-α levels in patients with carotid 
artery stenosis may be higher than in those without stenosis, 
and TNF-α levels may correlate with the severity of carotid 
artery stenosis [16].

MMP9 is an enzyme that plays a role in extracellular 
matrix remodeling and can degrade various extracellular 
matrix components, including collagen and elastin. Stud-
ies show that MMP9 can degrade the extracellular matrix 
in plaques, making them more vulnerable and increasing 
the risk of rupture and thrombosis [17]. Increased MMP9 
expression is associated with vascular inflammation, which 
is a key factor in the development of atherosclerosis [18]. 
MMP9 expression is positively correlated with the extent 
of neovascularization in carotid plaques and negatively cor-
related with plaque elasticity [19]. Therefore, MMP9 may 
play an important role in the occurrence, development, and 
complications of carotid artery stenosis and may serve as a 
potential therapeutic target or biomarker.

The PTGS2 gene encodes prostaglandin-endoperoxide 
synthase 2, also known as cyclooxygenase 2 (COX-2). 
PTGS2 is a key enzyme in the inflammatory process, pro-
moting the synthesis of prostaglandins, which play a role in 
inflammation, pain, and fever responses [20]. In the devel-
opment of atherosclerosis, upregulation of PTGS2 may be 
related to the inflammatory process in carotid artery steno-
sis [21]. In addition, PTGS2 may play a role in the forma-
tion and development of atherosclerotic plaques. PTGS2 is 
involved in the metabolism of lipids, collagen, and other 
extracellular matrix components in the vessel wall, which 
are related to plaque stability and vulnerability [21]. There-
fore, inhibiting the activity of PTGS2 may help slow the 
progression of carotid artery stenosis.

Fig. 2.   127 Potential Genes of Clopidogrel and Carotid Artery Ste-
nosis. The blue section represents the targets associated with clopi-
dogrel, while the yellow section represents the targets related to 
carotid artery stenosis. The overlapping area in the center indicates 
the intersecting targets shared between the two

Fig. 3   PPI Network Diagram of Potential and Core Targets. Panel A 
shows the original PPI (protein–protein interaction) network. Panel 
B represents the core target network after screening. Each node cor-
responds to a gene, with darker colors indicating a higher number 

of interacting proteins. The five genes within the inner circle (TNF, 
MMP9, PTGS2, CCL2, TLR4, and IL-10) are identified as the most 
critical targets
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CCL2, also known as Monocyte Chemoattractant Pro-
tein-1 (MCP-1), is a chemokine that plays a key role in 
inflammation and immune responses [22]. CCL2 can attract 
monocytes into the arterial wall, which may then differenti-
ate into foam cells, a critical step in atherosclerotic plaque 
formation. Meanwhile, CCL2 exacerbates the inflammatory 
response in the vessel wall by promoting the migration and 
activation of inflammatory cells. Increased CCL2 expression 
is also associated with plaque instability and vulnerability, 
potentially increasing the risk of plaque rupture and throm-
bosis, thus worsening carotid artery stenosis [23]. Due to its 
role in the development of carotid artery stenosis, CCL2 may 
become a potential target for treating carotid artery stenosis. 
Inhibiting the activity of CCL2 or the signaling of its recep-
tor CCR2 may help slow the progression of carotid artery 
stenosis.

TLR4, or Toll-Like Receptor 4, is a pattern recognition 
receptor that plays an important role in the immune sys-
tem. The activation of TLR4 can promote inflammatory 
responses, and inflammation is a key factor in atherosclero-
sis [24]. In atherosclerotic plaques, the activation of TLR4 
can increase the expression of inflammatory factors, such 
as tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-
6), which further promote plaque development and instabil-
ity [25]. TLR4 may also participate in the occurrence and 
development of atherosclerosis by affecting the autophagy 
process. Autophagy is an intracellular cleaning mechanism, 
and the activation of TLR4 may affect this process, thereby 
influencing plaque stability [26].

IL-10 is an anti-inflammatory cytokine produced by Th2 
cells, macrophages, and other immune cells, regulating 
immune responses and inhibiting inflammatory processes 
[27]. IL-10 exerts its anti-inflammatory effects by inhibit-
ing the production of pro-inflammatory cytokines (such as 
TNF-α, IL-1β, and IL-6) and reducing immune cell activa-
tion [28, 29]. IL-10 exhibits anti-inflammatory properties 
that can attenuate endothelial cell damage and enhance the 
barrier function of endothelial cells. Endothelial cell damage 
is one of the critical factors in the development and progres-
sion of atherosclerosis. The protective effects of IL-10 on 
endothelial cells contribute to maintaining vascular integrity 
and reducing lipid infiltration and inflammatory cell adhe-
sion. Changes in IL-10 levels can serve as a biomarker for 
assessing the inflammatory status and therapeutic efficacy in 
carotid artery stenosis. By monitoring serum IL-10 levels in 
patients with carotid artery stenosis, we can promptly evalu-
ate the therapeutic response.

GO enrichment analysis of core targets

According to the GO functional enrichment analysis results 
of core targets for the effect of clopidogrel in treating carotid 
artery stenosis, there are 154 biological processes (BP), 17 

cellular components (CC), and 23 molecular functions (MF). 
GO analysis was ranked based on false discovery rate (FDR) 
values and P-values, selecting the top 10 items with the low-
est FDR values in BP, CC, and MF, and displayed through 
horizontal gradient bar charts and bubble charts (Fig. 4).

In the BP results, the main biological processes are 
closely related to the response to lipopolysaccharide (LPS). 
LPS can promote inflammatory responses by activating Toll-
like receptors (such as TLR4), and inflammation is a key 
factor in atherosclerosis. Immune cells activated by LPS 
release various inflammatory factors, such as tumor necro-
sis factor-α (TNF-α) and interleukin-6 (IL-6), which fur-
ther promote plaque development and instability [30]. LPS 
can also directly act on vascular endothelial cells, causing 
endothelial dysfunction, which is an important event in the 
early stages of atherosclerosis. LPS promotes the formation 
of atherosclerotic plaques by activating vascular endothelial 
cells and immune cells [31].

Additionally, platelet activation and angiogenesis are bio-
logical processes related to clopidogrel for treating carotid 
stenosis. Platelet activation is involved in multiple stages 
of atherosclerosis, including platelet adhesion, aggregation, 
and release reactions after endothelial injury, as well as the 
migration and proliferation of smooth muscle cells. Platelet 
parameters such as platelet count (PLT) and mean platelet 
volume (MPV) can reflect the quantity, size, and activation 
degree of platelets. These parameters are related to carotid 
artery stenosis and may serve as indicators for assessing 
the risk of carotid atherosclerosis [32]. Angiogenesis within 
atherosclerotic plaques may affect plaque stability. Newly 
formed vessels may be more prone to rupture, leading to the 
entry of plaque contents into the bloodstream, increasing the 
risk of thrombosis and embolic events. Angiogenesis-related 
factors, such as vascular endothelial growth factor (VEGF), 
may serve as biomarkers for the progression of carotid artery 
stenosis and patient prognosis [33].

The CC results indicate that clopidogrel for treating 
carotid stenosis may act on the extracellular region, plasma 
membrane external side, extracellular space, and extracel-
lular exosomes. The MF results suggest that the molecular 
processes of clopidogrel for treating carotid stenosis may 
include protease binding, peroxidase activity, heme binding, 
and lipopolysaccharide binding.

KEGG pathway enrichment analysis of core targets

To explore the potential signaling pathways of clopidogrel 
in the treatment of carotid artery stenosis, core target genes 
were input into the DAVID database for KEGG pathway 
analysis. A total of 86 typical signaling pathways were 
enriched, and the top 20 pathways with the lowest false 
discovery rate (FDR) values were selected, with biological 
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pathways, horizontal gradient bar charts, and bubble charts 
drawn (Fig. 5).

KEGG analysis results show that the signaling pathways 
of clopidogrel for treating carotid stenosis are most likely 
closely related to lipid and atherosclerosis. This result is 
consistent with previous studies. Abnormal lipid metabolism 
is a major risk factor for atherosclerosis. Atherosclerosis is 
characterized by intimal lesions of the affected arteries, 
accumulation of lipids and complex carbohydrates, fibrous 
tissue proliferation, and calcium deposition forming plaques 
[34]. Accumulated low-density lipoprotein (LDL) and very 
low-density lipoprotein (VLDL) are oxidized or chemically 
modified to form oxidized low-density lipoprotein (ox-LDL). 
These modified lipoproteins induce inflammatory responses, 
recruit macrophages to engulf lipids, form foam cells, and 
promote the development of atherosclerosis [35, 36].

The main cause of carotid artery stenosis is atheroscle-
rosis, accounting for more than 90% [37]. Atherosclerotic 
plaques involve the carotid artery, leading to arterial steno-
sis or even occlusion, causing cerebral ischemia and stroke 
symptoms. Studies show that pericarotid fat density is posi-
tively correlated with the degree of carotid artery stenosis; 
patients with symptomatic carotid stenosis and recurrent 
stenosis-related ischemic cerebrovascular events have higher 
pericarotid fat density [38].

In summary, abnormal lipid metabolism plays a central 
role in the occurrence and development of atherosclerosis, 
which is the main cause of carotid artery stenosis. Con-
trolling blood lipid levels and improving lipid metabolism 

are crucial for preventing and treating atherosclerosis and 
carotid artery stenosis.

Molecular docking results

The interactions between clopidogrel and six core target 
genes (TNF, MMP9, PTGS2, CCL2, TLR4, IL-10) were 
studied through molecular docking analysis. Molecular 
docking was completed using AutoDock software, and the 
results showed that the binding energies were all less than 
− 4.20 kcal/mol (see Table 1), indicating that clopidogrel 
can tightly bind to the core target genes. This result dem-
onstrates the strong affinity between clopidogrel and these 
target genes, further confirming the important role of clopi-
dogrel in the molecular mechanism of treating carotid artery 
stenosis [39]. Finally, PyMOL software was used to visually 
display the binding details of clopidogrel with the core tar-
gets (Fig. 6).

Conclusion

Carotid artery stenosis is a common vascular disease in clin-
ical practice, and although clopidogrel is commonly used for 
treatment, its pharmacological mechanism is not yet clear. 
Based on network pharmacology, this study screened 127 
intersecting targets and identified 25 core targets. GO and 
KEGG enrichment analyses of these 25 core targets revealed 
that clopidogrel may improve atherosclerosis symptoms and 

Fig. 4   GO Enrichment Analysis Results of Core Targets: Horizontal 
Gradient Bar Chart and Bubble Chart. a This histogram illustrated the 
top 10 enriched entries for each GO category (BP, CC, and MF) with 
smaller FDR values on the 127 potential targets. The FDR values 
reflected the statistical significance of the enrichment, with smaller 
values indicating higher significance. The height of each bar corre-
sponds to the gene counts, reflecting the degree of enrichment within 

the respective category. These enriched entries highlighted key bio-
logical processes, cellular components, and molecular functions that 
are potentially influenced by clopidogrel exposure. b The size of each 
bubble corresponded gene expressions in a particular pathway. The 
enrichment significance was shown by the color saturation of the bub-
ble
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thus treat carotid artery stenosis by regulating inflamma-
tory responses. Molecular docking technology showed that 
clopidogrel can tightly bind to the top 6 core targets, fur-
ther proving that clopidogrel achieves therapeutic effects 
by regulating these targets. Although our study lacks clini-
cal data validation, which to some extent limits further in-
depth investigation, the findings regarding inflammation 
regulation are rarely reported in the current literature and 
can provide novel therapeutic strategies for future research. 
This study aims to provide a theoretical basis for the treat-
ment of carotid artery stenosis with clopidogrel and to aid in 

Fig. 5   KEGG Enrichment Analysis Results of Core Targets: Bio-
logical Pathways, Horizontal Gradient Bar Chart, and Bubble Chart. 
a Biological schematic diagram of atherosclerosis progression. b 
The bubble diagram visualized the top 20 enriched KEGG signal 
pathways in reverse order of FDR values. Each bubble represented 
a specific pathway, where the bubble area indicating the number of 
enriched genes in the pathway. The intensity of the bubble’s color 
indicated the significance of the enrichment, with darker shades of 
red representing higher significance. The 127 intersection genes were 

mainly involved in KEGG pathways, with a notable emphasis on neu-
roactive ligand–receptor interactions and signaling pathways. c The 
histogram illustrated the frequency and significance of enrichment 
for each pathway. The length of each bar corresponded to the gene 
counts, indicating enrichment score and the level of significance, 
with taller bars representing larger counts and higher enrichment. It 
presented a concise and visually informative depiction of the top 20 
enriched KEGG signal pathways, emphasizing the pathways that were 
particularly relevant to clopidogrel for treating carotid stenosis

Table 1   Binding energy of clopidogrel with six core target genes

UniProt ID Gene name Ligand Binding 
energy (kcal/
mol)

P13500 CCL2 Clopidogrel − 4.20
P14780 MMP9 Clopidogrel − 4.94
O00206 TLR4 Clopidogrel − 5.09
P35354 PTGS2 Clopidogrel − 5.32
P18893 IL-10 Clopidogrel − 5.72
P01375 TNF Clopidogrel − 6.40
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subsequent drug combination, new drug development, and 
exploration of pharmacological mechanisms.
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