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INTRODUCTION

Carotid atherosclerosis (CAS) is a key cause of ischemic stroke. 
According to the global epidemiological data, 13-31% of adults 
have carotid artery plaques, among which those with moderate to 
severe stenosis account for approximately 2-4%.1,2 CAS is a systemic 
atherosclerosis manifestation that markedly increases the risk of 
cardiovascular events and vascular death.3-5 The carotid artery plaque 

measurement is widely performed, as it can quantify the degree 
of atherosclerosis, assess the risk of future stroke, and serve as a 
surrogate endpoint for clinical diseases.6 Carotid artery plaques have 
a higher predictive value for vascular events, with the risk of vascular 
events in individuals with carotid artery plaques being 2.8 times 
compared to that of those without.7,8 Therefore, the early prevention 
and intervention of CAS are greatly significant for reducing the overall 
cerebrovascular risk.

Background: Carotid atherosclerosis (CAS) is a key cause of ischemic 
stroke that is strongly associated with increased risks of cardiovascular 
disease and vascular death, hence the urgent need to develop therapeutic 
strategies targeting carotid atherosclerotic plaques that would reduce the 
overall risk of cerebrovascular events.

Aims: To perform single-cell sequencing to dissect the cellular 
subpopulations in CAS. Molecular docking is used to uncover the potential 
therapeutic targets, consequently providing a theoretical basis for the CAS 
treatment strategies.

Study Design: Integrated single-cell spatial transcriptomic study.

Methods: The single-cell sequencing data were retrieved from the 
Gene Expression Omnibus. Enrichment analyses were performed to 
characterize the cellular subpopulation functions. Accordingly, cell-cell 
communication networks were mapped to uncover the inter-subgroup 

interactions. Molecular docking was also employed to identify the 
potential therapeutic targets.

Results: We identified the multiple cellular subpopulations that are 
associated with CAS. These CAS-related subpopulations engage in 
intercellular communication via distinct signaling pathways. Cannabidiol 
exhibits strong binding affinities for the macrophage, endothelial, and 
vascular smooth muscle cell markers. Spatial transcriptomics revealed 
that ACTC1, AKR1C2, and FABP4 exhibit region-specific expression 
patterns within the plaque.

Conclusion: Dissecting the diverse cellular subpopulations in CAS and 
elucidating their functions and mechanisms, this study integrates single-
cell sequencing, molecular docking, and spatial transcriptomics to offer 
fresh insights into CAS therapy.
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The single-cell RNA sequencing (scRNA-seq) has now evolved into 
an important technical tool for exploring cellular heterogeneity, 
intercellular crosstalk, and transcriptomic dynamic characteristics 
during the disease progression stage.9 The application of the 
scRNA-seq technology in atherosclerosis research is increasingly 
widespread, with the single-cell atlases of atherosclerotic plaques 
and circulating blood being previously constructed.10,11 The increase 
in the number of macrophages within the plaque is closely associated 
with the increased plaque instability and lesion progression.12 Given 
that plaque cells [i.e., smooth muscle cell (MCs), endothelial cells 
(ECs), and macrophages] exist in a transitional state, exhibit high 
dynamicity, and can alter their phenotypes in the active plaque 
microenvironment, changes in the cell states may possibly be 
determined by changes in intercellular communication.13-16 Despite 
the certain progress made in previous studies, the regulatory 
mechanisms, interactions, and roles of various cells involved in CAS 
occurrence and development have not yet been fully elucidated to 
date.

The development of drugs targeting CAS remains a top priority. 
Cannabidiol (CBD) is a natural extract derived from Cannabis sativa 
that possesses antioxidant and anti-inflammatory properties and 
serves as a therapeutic agent for atherosclerosis.17 CBD can alleviate 
inflammatory responses and barrier disruption in ECs, thereby 
exhibiting therapeutic potential for atherosclerosis.18 Studies show 
that CBD can act as a candidate drug for treating atherosclerosis by 
activating PPARγ and upregulating the ABCA1/ABCG1 expression.19 
However, the current characteristics of the interactions between 
CBD and different cell types in CAS and those between CBD and key 
cellular molecules remain unknown.

This study utilizes scRNA-seq to explore the key cell populations 
in CAS and further deepen the understanding of the molecular 
regulatory mechanisms of CAS. This work applies the CellChat 
analysis to construct a ligand-receptor interaction network between 
cells. The binding characteristics of CBD with the specific marker 
genes of the contractile MCs, ECs, and vascular smooth MCs (VSMCs) 
are initially screened out through molecular docking. The binding 
targets of CBD in different cells are then identified. This research 
provides a certain theoretical basis for developing CAS treatment 
strategies.

MATERIALS AND METHODS

Single-cell transcriptome analysis

We analyzed the scRNA-seq dataset of human carotid plaques 
(GSE159677). It comprises three AC samples and patient-matched 
peripheral artery (PA) portions. We performed quality control using 
Seurat (v4.3.1). The criteria for filtering out the low-quality cells were 
detected genes fewer than 500 or more than 2,500 or a mitochondrial 
gene proportion higher than 5%. The R package DoubletFinder was 
used to predict and remove the doublets. A total of 26,392 cells  
were retained after the abovementioned analysis was performed. 

We corrected the batch effects using Harmony. The data processing 
workflow included normalization, principal component analysis 
(PCA) dimensionality reduction based on the top 30 principal 
components, uniform manifold approximation and projection 
(UMAP) visualization, and unsupervised clustering using the 
FindClusters function (resolution = 0.2). The marker genes for 
each clustered subgroup were identified using the FindAllMarkers 
function. Each subgroup was subsequently annotated. The cell 
clusters were identified as specific cell types and presented in 
Supplementary Table 1.

Functional enrichment analysis

The differential expression genes were subjected to a gene ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analysis using the clusterProfiler package.20 The 
significance threshold was set at false discovery rate (FDR) < 0.05.

Cell communication network construction

CellChat (v1.1.0) was applied to parse the interactions between 
cells covering the ligand-receptor-cofactor interaction networks. 
The average gene expression of each cell cluster was aggregated to 
calculate the interaction probability of the ligand-receptor pairs. 
The significance was determined at p < 0.05.

VECTOR

VECTOR can be used to infer the developmental direction vectors 
of the cells in UMAP. It treats the two-dimensional UMAP cell 
representation as an image and divides it into multiple pixel units. 
After removing the pixels that do not contain any cells, VECTOR then 
focuses on the largest connected pixel network in UMAP to achieve 
the inference of the cell developmental directions.21

Molecular docking

The target protein crystal structures were obtained from the 
Research Collaboratory for Structural Bioinformatics Protein Data 
Bank. Accordingly, molecular docking was performed against 
the following structures: CD1E (PDB ID: 3S6C), FABP4 (9MIW), 
KLRB1 (5MGR), S100A12 (2WCB), AKR1C2 (2HDJ), ITLN1 (4WMQ), 
DLGAP5 (8X9P), and CCR7 (6QZH). Molecular docking between the 
abovementioned protein crystal structures and CBD (CID: 644019) 
was conducted using the CB-Dock2 online platform (http://clab.
labshare.cn:10380/cb-dock2/). The AutoDock Vina algorithm was 
used to evaluate the binding energy (kcal/mol) and the molecular 
interaction patterns under default parameters. CB-Dock2 offers 
two docking modes. The first mode involves sequence alignment 
and pocket prediction with known crystal structures in the PDB 
database, followed by the molecular docking calculations that are 
based on the corresponding pockets. The second mode performs 
the docking simulations on the entire protein receptor and explores 
the optimal binding mode based on the Vina docking algorithm.

http://clab.labshare.cn:10380/cb-dock2/
http://clab.labshare.cn:10380/cb-dock2/
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Spatial transcriptomics processing

The spatial transcriptomic data of the carotid plaque tissue were 
used in this study. The data were obtained from the GEO database 
with accession numbers GSE241346 (platform: GPL30173) and 
sample GSM7727540. The data preprocessing was performed using 
Seurat (v5.0.1), starting with a strict quality control to remove 
the low-quality spots with UMI counts < 1,500 or detected gene 
numbers < 500. The SCTransform method was then used to correct 
the technical variations for the data normalization. The PCA 
dimensionality reduction was based on 30 principal components. 
Spatial clustering maps were constructed using the FindNeighbors 
and FindClusters functions, with the gene expression patterns being 
spatially visualized using SpatialFeaturePlot.

Statistical analysis

All bioinformatics analyses used in this study were conducted using R 
(v4.3.1). All statistical tests were two-tailed. The enrichment analyses 
were considered significant at FDR < 0.05 (BH-adjusted), CellChat 
analyses at uncorrected p < 0.05, and all two-group comparisons at 
the Bonferroni-corrected p < 0.05.

RESULTS

Single-cell landscape of CAS

The scRNA-seq data were sourced from the GEO database 
comprising three samples of the AC plaques and the corresponding 
PA control samples of the carotid artery tissue. This study utilized 
cell marker-related databases like the Panglao database, along with 
the established classical markers from previous research, as the 
references.22 Following the quality control and filtering procedures, 
an integrated analysis was conducted on a total of 26,392 cells, 
resulting in the identification of 14 cell clusters and six distinct 
cell types (Figure 1a), including T cells, MCs, ECs, VSMCs, and B and 
NK T cells (Figure 1b). The top two marker genes are displayed for 
each cell type in Figure 1c. A comparative analysis revealed that the 
proportion of the various cell types in the AC group was increased 
compared to the PA group, as shown in Figure 1d.

Role of the macrophages in CAS

The cluster analysis of the macrophages identified eight distinct cell 
subgroups, with the specific genes expressed in these subgroups 
serving as the specific marker genes, including IGSF21, FABP4, 
and S100A12 (Figures 2a and 2b). The VECTOR analysis of the 
MC subgroups showed that the IGSF21+ MC subgroup depicted 
the highest differentiation potential, likely representing the 
developmental origin of the MCs and indicating high differentiation 
potential and plasticity (Figure 2c). The cell abundance of the 
CCDC141+ MC subgroup in the AC group significantly decreased, 
while that of the IGSF21+ MC, FABP4+ MC, S100A12+ MC, CD1E+ 
MC, KLRB1+ MC, SHD+ MC, and PPY+ MC subgroups significantly 
increased, as displayed in Figure 2d. The enrichment analysis 
revealed the different functional characteristics of these subgroups. 

The GO enrichment analysis showed that the IGSF21+ MC subgroup 
was significantly enriched in terms of the MHC class II protein 
complex assembly and the positive regulation of the cytokine 
production pathways (p < 0.05), indicating its potential role in the 
immune responses. Figure 3a shows that the FABP4+ MC subgroup 
was significantly enriched in the glycolytic process pathway  
(p < 0.05). The KEGG enrichment analysis revealed that the  
CD1E+ MC subgroup was enriched in the cell adhesion molecules. 
The KLRB1+ MC subgroup was enriched in the T cell receptor 
signaling pathway (Figure 3b). The CellChat analysis of inter-subgroup 
communication showed that CD1E+ MC communicated with SHD+ 
MC and CCDC141+ MC via the GAS signaling pathway (Figure 3c). The 
communication between the CD1E+ MC and FABP4+ MC subgroups 
occurred through the MIF signaling pathway (Figure 3d).

Role of EC in CAS

A cluster analysis of the EC population revealed a successful 
identification of six distinct cell subgroups (Figure 4a) characterized 
by their specific marker genes, namely, SCARB1, IGHA1, ITLN1, 
AKR1C2, CD3G, and DLX4 (Figure 4b). Compared to that of the 
control group, the cell abundance of the IGHA1+ EC and AKR1C2+ 
EC subgroups significantly decreased in the AC group (Figure 4c). 
The VECTOR analysis of the EC subgroups revealed that the ITLN1+ 
EC subgroup possessed the highest differentiation potential, which 
may indicate the developmental origin of the EC cells and suggests 
that this subgroup has high differentiation potential and plasticity 
(Figure 4d).

The GO enrichment analysis results indicated that the SCARB1+ EC 
subgroup was significantly enriched in the pathways of "taxis" and 
"chemotaxis" (p < 0.05). The CD3G+ EC subgroup was significantly 
enriched in the pathways of "extracellular matrix organization," 
"EC differentiation," and "antigen receptor-mediated signaling 
pathway" (Figure 5a). The CellChat analysis of communication 
between EC subgroups also showed that AKR1C2+ EC and SCARB1+ 
EC communicate via the CXCL signaling pathway (Figure 5b), while 
communication between the DLX4+ EC subgroup and the other 
subgroups occurred through the PTN signaling pathway (Figure 5c).

Role of VSMC in CAS

A clustering analysis on the VSMC population revealed a successful 
identification of nine distinct cell subgroups characterized by their 
specific marker genes, that is, TFPI2, CCL19, PART1, TSPAN13, COX4I2, 
ACTC1, FAM180B, CCR7, and DLGAP5 (Figures 6a and 6b). Compared 
to that of the control group, the cell abundance of the COX4I2+ 
and FAM180B+ VSMC subgroups was significantly reduced in the 
AC group (Figure 6c). The VECTOR analysis indicated that the TFPI2+ 
VSMC subgroup possessed the highest differentiation potential, 
possibly suggesting the developmental origin of the VSMCs and 
indicating that this subgroup has high differentiation potential and 
plasticity (Figure 6d).
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The GO enrichment analysis results revealed that the FAM180B+ 
VSMC subgroup was significantly enriched in the “BMP signaling 
pathway” (p < 0.05). Additionally, the CCR7+ and DLGAP5+ VSMC 
subgroups were significantly enriched in the T cell receptor signaling 
pathway. Moreover, the CCL19+ VSMC subgroup was significantly 
enriched in the pathways related to the muscle system processes, 
muscle contraction, myofibril assembly, and striated muscle cell 
development (Figure 7a). The TFPI2+ VSMC subgroup was primarily 
enriched in the “cytoskeleton in muscle cells” and the “protein 
digestion and absorption” pathways, while the PART1+ VSMC 

subgroup was primarily enriched in the “vascular smooth muscle 
contraction” pathway (Figure 7b).

Furthermore, the analysis of the intercellular communication among 
the VSMC subgroups using CellChat revealed that the DLGAP5+ 
and CCL19+ VSMC subgroups and the FAM180B+ VSMC subgroups 
communicated via the TNF signaling pathway (Figure 7c), while the 
communication between the CCL19+ VSMC and FAM180B+ VSMC 
subgroups and the CCR7+ VSMC subgroups occurred through the 
CCL signaling pathway (Figure 7d).

FIG. 1. Identification of major cell types in carotid atherosclerotic plaque from atherosclerotic core (AC) and proximal artery (PA) tissues. (a) Uniform 
manifold approximation and projection (UMAP) plot of all single cells from AC tissues (n = 3 samples) and PA tissues (n = 3 samples), colored by 
unsupervised clustering. (b) UMAP plot displaying 6 annotated cell types in carotid atherosclerotic plaques from AC and PA tissues. (c) The bubble plot 
highlights the marker genes specifically expressed in each cell type. (d) Differences in cell counts among different cell types. 
VSMCs, vascular smooth muscle cells.
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Molecular docking of CBD with the marker genes of different 
cell types

CBD exerts its effects through immune modulation, thereby 
significantly altering the immune system’s response and delaying 
the progression of atherosclerosis induced by high glucose levels.23 
The potential interactions between CBD and the marker genes 

of different cell types were systematically evaluated by using the 
developed molecular docking model that targeted the marker 
genes of the distinct subpopulations of the MCs, ECs, and VSMCs. 
The potential interactions between CBD and the marker genes of 
different cell types were evaluated through molecular docking 
analyses on the marker genes of the distinct subsets of the MCs, ECs, 
and VSMCs.

FIG. 2. Single-cell transcriptome analysis of macrophage (MCs). (a) The UMAP plot illustrates the distribution of MCs subpopulations, with distinct 
colors representing different MCs subpopulations. (b) The density map illustrates the spatial density distribution of genes within MCs subpopulations. 
The purple areas indicate higher cell density, while the yellow areas indicate lower cell density. (c) The VECTOR tool is used to infer the developmental 
direction of MCs subpopulations. (d) The bar chart illustrates the changes in the abundance of MCs subpopulations between the atherosclerotic core 
(AC) group and the proximal artery (PA) group. 
UMAP, uniform manifold approximation and projection.
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The free binding energies of CBD with CD1E, FABP4, KLRB1, and 
S100A12 in the MCs were calculated as -8.1, -6.1, -6.7, and -6.8 kcal/
mol, respectively (Figures 8a-d), while those in the ECs of CBD with 
AKR1C2 and ITLN1 were -8.8 and -5.6 kcal/mol, respectively (Figures 
9a and 9b). In the VSMCs, the free binding energies of CBD with 
DLGAP5 and CCR7 were -7.0 and -7.4 kcal/mol, respectively (Figures 
10a-d).

Gene expression validation using the spatial transcriptomics 
analysis

The following four major cellular subgroups were identified through 
an unsupervised clustering analysis: VSMCs, T cells, macrophage, 
and ECs. These subgroups showed significantly different spatial 
distribution patterns (Figure 11a). Notably, the potential action 

FIG. 3. Enrichment analysis and cell-cell communication of endothelial cells (EC). (a) The Gene OntologyGene Ontol enrichment analysis of EC 
subpopulations (n = 2634 cells, adjusted p-value < 0.05, Benjamini-Hochberg method).  (b) Different EC subpopulations communicate via the CXCL 
signaling pathway (p-value < 0.05). (c) Different EC subpopulations communicate via the PTN signaling pathway (p-value < 0.05). 
KEGG, Kyoto Encyclopedia of  Genes and Genomes; PTN, pleiotrophin.



 

Qin et al. An Integrated Analysis for Carotid Atherosclerosis 75

Balkan Med J, Vol. 43, No. 2, 2026

targets of CBD screened by molecular docking, that is, ACTC1, 
AKR1C2, and FABP4, showed a specific expression in different 
plaque regions (Figures 11b-d).

DISCUSSION

Cardiovascular disease is the leading cause of death worldwide, with 
atherosclerosis being a chronic inflammatory condition constituting 

the principal risk factor for its development. The current therapeutic 
strategies for atherosclerosis have rapidly advanced; however, they 
are accompanied by side effects and unable to cure the disease. 
Therefore, the novel drug and treatment strategy development has 
remained as an urgent need for atherosclerosis management.24 In 
this study, we analyzed three distinct cell types, namely, MCs, ECs 
and VSMCs, to investigate the relevant signaling pathways within 
the cellular subpopulations and explore their intercellular crosstalk. 

FIG. 4. Single-cell transcriptome analysis of endothelial cells (EC). (a) The UMAP plot illustrates the distribution of EC subpopulations, with distinct 
colors representing different EC subpopulations. (b) The density map illustrates the spatial density distribution of genes within EC subpopulations. The 
purple areas indicate higher cell density, while the yellow areas indicate lower cell density. (c) The bar chart illustrates the changes in the abundance 
of EC subpopulations between the atherosclerotic core group and the proximal artery group. (d) The VECTOR tool is used to infer the developmental 
direction of EC subpopulations.
UMAP, uniform manifold approximation and projection.
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We integrated single-cell transcriptomics, molecular docking, 
and spatial transcriptomics to introduce CBD into the CAS study 
and proposed a therapeutic strategy for CAS, thereby providing a 
theoretical basis for developing effective treatments.

Possessing anti-inflammatory and antioxidant properties and 
showing therapeutic potential in neurological disorders and 
cancer,25-28 CBD improves metabolic syndrome by enhancing the 
homeostatic effects of the endocannabinoid system, thereby 
delaying the atherosclerosis onset and progression.29 CBD and its 
methylated derivatives hold a significant therapeutic potential 
for atherosclerosis treatment.30 Targeting the endocannabinoid 
signaling pathway, especially in macrophages, is a promising 

strategy for combating atherosclerosis.31 The endocannabinoid 
system modulates atherogenic dyslipidemia and atherosclerosis in 
both mice and humans.32

Fatty acid-binding protein 4 (FABP4), a protein primarily expressed in 
adipocytes and macrophages, plays a crucial role in lipid metabolism 
and immune responses.33 The circulating FABP4 levels are elevated 
under various pathological conditions, including atherosclerosis.34-37 
The FABP4 levels are significantly associated with vulnerable 
plaque phenotypes, clinical symptoms, and the risk of adverse 
cardiovascular events.38-40 Moreover, FABP4/aP2 modulates the 
macrophage redox signaling and inflammasome activation,41 serving 
as a critical link between plaque instability and inflammation.42 CBD 

FIG. 5. Enrichment analysis and cell-cell communication of endothelial cells (EC). (a) The gene ontology enrichment analysis of EC subpopulations  
(n = 2634 cells, adjusted p-value < 0.05, Benjamini-Hochberg method). (b) The KEGG enrichment analysis of EC subpopulations (n = 2634 cells, 
adjusted p-value < 0.05, Benjamini-Hochberg method). (c) Different EC subpopulations communicate via the CXCL signaling pathway (p-value < 0.05). 
(d) Different EC subpopulations communicate via the PTN signaling pathway (p-value < 0.05).
KEGG, Kyoto Encyclopedia of  Genes and Genomes; PTN, pleiotrophin.
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attenuates cytokine release and the nuclear factor (NF)-κB activity, 
thereby exhibiting context-dependent inflammatory responses 
under different inflammatory conditions.43,44

S100A12 is a pro-inflammatory protein secreted by neutrophils; 
studies show that it is associated with vascular inflammation and 
atherosclerosis.45 Elevated serum S100A12 levels are associated with 
a poor prognosis in cardiovascular diseases, consequently making 

it a potential therapeutic target.46,47 S100A12 plays an important 
role in vascular calcification, inflammation, and oxidative stress.48 

S100A12 is expressed by neutrophils and monocytes/macrophages, 
activates intracellular signaling pathways like the NF-κB pathway, 
and induces pro-inflammatory responses, making it a valuable 
biomarker under inflammatory conditions.49 Moreover, S100A12 
is associated with plaque instability and linked to atherosclerosis 
development.50

FIG. 6. Single-cell transcriptome analysis of vascular smooth muscle cells (VSMCs). (a) The UMAP plot illustrates the distribution of VSMCs subpopulations, 
with distinct colors representing different VSMCs subpopulations. (b) The density map illustrates the spatial density distribution of genes within VSMCs 
subpopulations. The purple areas indicate higher cell density, while the yellow areas indicate lower cell density. (c) The bar chart illustrates the 
changes in the abundance of VSMCs subpopulations between the atherosclerotic core (AC) group and the proximal artery (PA) group. (d) The VECTOR 
tool is used to infer the developmental direction of VSMCs subpopulations.
UMAP, uniform manifold approximation and projection.



 

78 Qin et al. An Integrated Analysis for Carotid Atherosclerosis

Balkan Med J, Vol. 43, No. 2, 2026

The CellChat analysis revealed that the GAS, MIF, CXCL, and PTN 
signaling pathways mediate the intercellular interactions among 
the different cell subpopulations in CAS. The vitamin K-dependent 
protein, Gas6, promotes the SMC survival and migration and activates 
the ECs and leukocytes, thereby contributing to atherogenesis. MIF 
is markedly upregulated in vulnerable plaques, weakens the fibrous 
cap, and drives plaque destabilization.51,52 Meanwhile, CXCL16 
functions as a chemokine, an adhesion molecule, and a scavenger 
receptor and is involved in the formation of carotid atherosclerotic 
plaques.53,54 PTN is expressed in the atherosclerosis-prone coronary 
arteries where it colocalizes with the microvessels, and its expression 

is regulated by the IFN-γ/JAK/STAT1 signaling pathway.55 In CAS, 
CCL19 and CCL21 are upregulated: CCL21 accelerates the lipid 
accumulation in the macrophages, while CCL19 stimulates a VSMC 
proliferation, together with driving atherogenesis.56 Compared 
with stable plaques, vulnerable ones exhibit elevated CCL14 and 
VEGF-A expressions. CCL14 upregulates VEGF-A by activating the 
JAK2/STAT3 pathway, consequently inducing neovascularization and 
driving the plaque progression toward vulnerability.57 In ruptured 
human atherosclerotic plaques, CCL18 is markedly upregulated and 
predominantly enriched in the macrophages. The CCL18/CCR6 axis 
serves as a key regulator of the immune response in atherosclerosis.58

FIG. 7. Enrichment analysis and cell-cell communication of vascular smooth muscle cells (VSMCs). (a) The gene ontology enrichment analysis of VSMCs 
subpopulations (n = 4424 cells, adjusted p-value < 0.05, Benjamini-Hochberg method). (b) The KEGG enrichment analysis of VSMCs subpopulations (n 
= 4424 cells, adjusted p-value < 0.05, Benjamini-Hochberg method). (c) Different VSMCs subpopulations communicate via the TNF signaling pathway 
(p-value < 0.05). (d) Different VSMCs subpopulations communicate via the CCL signaling pathway (p-value < 0.05).
KEGG, Kyoto Encyclopedia of  Genes and Genomes; TNF, tumor necrosis factor.
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In summary, through an in-depth analysis of the functional 
characteristics of specific cellular subpopulations and the regulatory 
mechanisms of their associated signaling pathways, this study 
has fully revealed the key roles of cellular subpopulations in the 
pathological process of CAS. Our research provides a new perspective 
for a deeper understanding of the molecular mechanisms of CAS 
and confirms the potential of CBD in CAS treatment. This work 
provides a theoretical basis for the future development of CAS 
treatment strategies.

By elucidating the roles of specific cellular subpopulations in CAS 
and their modulation of the relevant signaling pathways, this work 
highlights their critical functions in this disease and provides new 
insights into the molecular mechanism of CAS by integrating single-
cell transcriptomics, molecular docking, and spatial transcriptomics. 
This study also provides a theoretical reference for the future 
development of treatment strategies against CAS.

Our work has limitations. The expression levels of FABP4, S100A12, 
AKR1C2, and ACTC1 and the TNF-, CXCL-, and MIF-signaling pathways 
are not experimentally validated, thereby requiring further 
verification. The positive docking results for ACTC1 and DLGAP5 
must be regarded merely as hypotheses at the pure computational 
level, thus still requiring an experimental validation in the future. 

FIG. 8. Molecular docking of cannabidiol to protein targets of 
macrophage marker genes. (a) CD1E; (b) FABP4; (c) KLRB1; (d) S100A12.

FIG. 9. Molecular docking of cannabidiol to protein targets of endothelial 
cells marker genes. (a) AKR1C2; (b) ITLN1.

FIG. 10. Molecular docking of cannabidiol to protein targets of vascular 
smooth muscle cells marker genes. (a) DLGAP5; (b) CCR7.
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Although existing studies show that ACTC1 is associated with the 
immune microenvironment formation in CAS plaques,59 no currently 
published evidence links DLGAP5 to CAS. All the scRNA-seq analyses 
were conducted solely on the single dataset, GSE159677, without 
external datasets or validation in an independent cohort. The 
future work must expand both scRNA-seq and spatial transcriptomic 
datasets to capture the spatial heterogeneity and the inter-

individual variability. Our sample size was limited. Although the 
molecular docking data support CBD’s binding to the target protein, 
experimental validation must be done to clarify its mechanism of 
action. Translational studies must prioritize the evaluation of CBD’s 
therapeutic efficacy in established CAS animal models, followed 
by early-phase clinical trials in patients with CAS to systematically 
assess its safety and effects on relevant biomarkers.

FIG. 11. Spatial transcriptomics reveal gene expression patterns in carotid atherosclerotic plaques. (a) Spatial transcriptomic cell annotation of carotid 
atherosclerotic plaques; (b) Spatial expression pattern of ACTC1 in carotid atherosclerotic plaques; (c) Spatial expression profile of AKR1C2 in carotid 
atherosclerotic plaques; (d) Spatial distribution of FABP4 expression in carotid atherosclerotic plaques.
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