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Abstract 

Backgrounds  Atherosclerosis is a major contributor to cardiovascular diseases worldwide. Despite advancements 
in understanding its pathology, significant gaps remain in the molecular characterization of atherosclerotic plaques. 
This study addresses this gap by extensively profiling the proteomic landscape of carotid atherosclerotic plaques, 
classified under the American Heart Association (AHA) types IV to VI, to identify potential biomarkers and therapeutic 
targets.

Methods  The study employed an integrated approach using data-independent acquisition (DIA) proteomics, single-
cell RNA sequencing, and Mendelian randomization (MR). A total of 87 human carotid plaques were analyzed to iden-
tify and quantify protein expression. These proteins were then mapped to specific regions within the plaques, such 
as the fibrous cap and lipid core, and further validated in independent samples and single-cell datasets. Furthermore, 
Mendelian randomization techniques were employed to assess causal relationships between identified proteins levels 
and ischemic stroke.

Results  The proteomic analysis of the 87 carotid plaques revealed 6143 proteins, highlighting diverse expres-
sion profiles across different plaque stages. Notably, proteins like CD44 and GAL-1 were predominantly expressed 
in the fibrous cap, suggesting a role in plaque stability, while TREM2, SMAD3, and IL-6R showed higher expression 
in the lipid core, indicating involvement in inflammatory processes. These findings were further corroborated by sin-
gle-cell RNA sequencing, revealing cell-specific expression patterns that align with the observed proteomic data. 
Additionally, MR analysis indicated the causal role of IL6R, CD44, and SMAD3 in ischemic stroke.

Conclusions  This study provides valuable insights into the progression of atherosclerotic plaques, identifying key 
proteins that could serve as potential biomarkers and therapeutic targets. It enhances our molecular understanding 
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of atherosclerosis and opens up new avenues for treatment. Additionally, our study demonstrates the accuracy 
and robustness of proteomics in prioritizing genes associated with plaque-related traits.

Keywords  Carotid artery stenosis, Atherosclerosis, Proteomics, Mendelian randomization, Therapeutic targets

Background
Atherosclerosis (AS) is a chronic disease that progresses 
slowly and is often symptomless in its early stages. How-
ever, it can ultimately lead to severe clinical events such 
as myocardial infarction or stroke, which are major 
causes of morbidity and mortality worldwide [1, 2]. In 
2019, approximately 15 million people globally lost their 
lives due to ischemic heart disease and stroke, account-
ing for 27.2% of all deaths [3]. Plaque rupture, plaque ero-
sion, and calcified nodules are the three primary types 
of vulnerable lesions that are prone to thrombosis and 
major adverse cardiovascular events [4, 5]. Understand-
ing the molecular mechanisms of plaque development is 
essential for early identification of high-risk plaques and 
targeted therapies.

AS lesions naturally progress and can be classified into 
8 types based on the American Heart Association (AHA) 
classification [4–6]. Among these, type IV–VI plaques 
are complex, linked to ischemic events and strokes, and 
are our primary focus for intervention. Type IV lesions 
are characterized by a lipid core, while type V lesions 
have a thick fibrous connective tissue layer surround-
ing the lipid core. Type VI lesions exhibit intimal ero-
sion, hemorrhage, and thrombus formation. Accurately 
identifying molecular markers for type IV–VI plaques is 
significant for assessing patient conditions and choosing 
the most appropriate treatment. Moreover, understand-
ing the mechanisms underlying the progression of type 
IV–VI plaques can aid in developing new therapeutic 
approaches to stabilize these plaques and prevent their 
progression to type VI, which would result in poorer clin-
ical outcomes.

In recent years, advances in proteomics techniques 
have proven instrumental in identifying potential drug 
targets and disease biomarkers, particularly in the realm 
of cancer research [7, 8]. Likewise, proteomic inquir-
ies into AS plaques offer the potential to deepen our 
understanding of this disease at both the molecular and 
functional levels. For example, one study identified four 
potential protein biomarkers from samples obtained dur-
ing carotid endarterectomy surgery and secreted pro-
teins from human smooth muscle cells (SMCs). These 
biomarkers were validated through long-term follow-up 
and detailed monitoring of atherosclerosis progression 
and manifestations [9]. Another recent large cohort study 
used proteomics to identify distinct plaque inflamma-
tion and calcification signatures, unveiling sex differences 

in atherosclerosis [10]. Our previous work employed 
proteomics to differentiate between stable and unsta-
ble carotid plaques based on pathological assessment 
[11]. However, the binary classification of stable versus 
unstable plaques limits understanding of plaque develop-
ment. For example, type IV and type V lesions, though 
considered stable, represent different stages of plaque 
progression. Understanding their differences and iden-
tifying potential interventions in the transition process 
is crucial for deeper insight into atherosclerosis pathol-
ogy. Until now, a comprehensive proteomic characteriza-
tion of carotid plaque progression across stages remains 
unexplored.

In this study, we employed DIA-based quantitative 
proteomic analysis on carotid artery plaques with vary-
ing pathological classifications. We identified critical 
proteins, conducted functional and pathway analyses, 
and validated our discoveries in an independent clinical 
cohort. Furthermore, we integrated single-cell transcrip-
tomic data to unveil distinct molecular expression pro-
files across various cell types. We also utilized Mendelian 
randomization to establish causal associations between 
protein expression and stroke risk (Fig. 1). Our research 
presents the first comprehensive proteomics atlas of 
plaques, spanning from early to advanced stages, with the 
potential to aid in the discovery of biomarkers and thera-
peutic targets aimed at preventing plaque development 
and rupture.

Methods
Patient cohort
The Carotid Artery Stenosis Study (COAS-CAS, Clini-
cal trial: NCT05629000) is a prospective investigation 
conducted at Peking Union Medical College Hospital 
(PUMCH). Its aim is to gather atherosclerotic carotid 
plaques and associated clinical characteristics, including 
blood parameters, liver and kidney functions, and imag-
ing outcomes from patients undergoing carotid endar-
terectomy (CEA). The study received approval from the 
PUMCH Ethics Committee (Approval No: JS- 2966), 
ensuring adherence to ethical guidelines. Prior to partici-
pation, written informed consent was acquired from all 
patients.

Between May 2015 and March 2022, we enrolled 
patients at PUMCH who underwent either standard 
CEA or reverse CEA (eversion, eCEA). Eligibility criteria 
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included asymptomatic carotid stenosis ranging from 70 
to 99% and symptomatic carotid stenosis from 50 to 99%, 
as defined by the North American Symptomatic Carotid 
Endarterectomy Trial (NASCET) criteria. Upon admis-
sion, clinical data were systematically recorded for each 
participant. Additionally, all enrolled patients underwent 
preoperative carotid duplex ultrasound scans confirming 
a minimum of 50% carotid stenosis. Comprehensive clin-
ical data and diagnostic indicators are detailed in Sup-
plementary Table  S1. This study strictly adhered to the 
ethical principles outlined in the Declaration of Helsinki.

Collection and processing of human carotid 
endarterectomy samples
During surgery, samples of carotid plaque were 
obtained. Throughout the procedure, efforts were made 
to ensure complete excision. Subsequently, the sam-
ples were gently rinsed with saline to eliminate blood 
and other contaminants. Following this, they were 
immediately immersed in 10% formalin for fixation and 
subjected to decalcification using 10% acetic acid. The 
plaque was divided into proximal and distal regions, 
with a focus on the carotid bifurcation and the artery’s 
transverse axis. Wax block production utilized a 

section from the proximal part, extending a center dis-
tance of 20 mm, and from the distal segment, extending 
a center distance of 15 mm. If necessary, the range was 
expanded until the entire plaque was encompassed.

Sample preparation prior to LC–MS analysis
Tissue sections were collected into an EP tube using 
a scalpel, followed by the addition of 20 µl of protein 
extraction solvent. After incubating the samples in a 
100 °C water bath for 20 min with intermittent shaking, 
protein digestion was facilitated using the Filter-Aided 
Sample Preparation (FASP) method. The proteins were 
initially reduced with 20 mM DTT at 95 °C for 5  min 
and subsequently carboxyamidomethylated with 50 
mM IAA in the dark at room temperature for 45 min. 
The processed sample was then loaded onto a 30-KD 
ultracentrifugation filter, washed twice with UA buffer 
(containing 7 M urea and 50 mM Tris), and rinsed twice 
with 25 mM NH4HCO3. Digestion was achieved using 
trypsin (2 µg per 100 µg protein) in 25 mM NH4HCO3 
at 37 °C overnight. Following digestion, peptides were 
eluted from the 30-KD filter, desalted using C18 col-
umns (3 cc, 60 mg, Oasis, Waters Corporation, Milford, 
MA), and subsequently lyophilized via vacuum centrif-
ugation before storage at − 80 °C.

Fig. 1  DIA-based proteomic analysis of carotid plaque cohorts. A Study cohort inclusion and exclusion flowchart. B Overview of the carotid plaque 
proteomic detection and analysis workflow. CTA: computed tomography angiography; DIA: data-independent acquisition; AHA: American Heart 
Association; IHC: immunohistochemistry; IF: immunofluorescence; MR: Mendelian randomization



Page 4 of 24Wang et al. BMC Medicine  (2025) 23:254

LC–MS analysis workflow for tissue extracts
Tissue extracts underwent analysis using the Ulti-
Mate3000 system (Thermo Fisher Scientific) equipped 
with an integrated monolithic C18 capillary column (ID, 
75 µm; Length, 50 cm; Uritech, Beijing). Throughout 
the experiment, the column temperature was consist-
ently maintained at 60 °C. Separation was executed using 
stepped linear solvent gradients, with a fixed flow rate of 
1.5 µl/min over a 25-min duration. The gradient protocol 
began with an organic modifier content (acetonitrile acid-
ified with 0.1% v/v formic acid) of 5%, which increased to 
20% over 15.5 min. Subsequently, it progressed from 20 
to 30% in 5 min, further to 50% in 1 min, reached 90% in 
0.1 min, held for 1.3 min, and finally reverted to 5% over 
0.1 min, maintaining this level for 2 min.

The mass spectrometry analysis utilized the Orbitrap 
Exploris 480 MS (Thermo Fisher Scientific) operated 
in positive mode. For full scans, parameters included a 
resolution of 120,000, a normalized AGC target of 300%, 
and a scan range spanning from 350 to 1200 m/z. In DIA 
mode, the resolution was set at 30,000 with a normalized 
AGC target of 200%, accompanied by a maximum inject 
time of 50 ms. A normalized HCD collision energy of 
30% was employed for optimal results.

Spectral library generation
Following data acquisition, the obtained results were 
imported into the Spectronaut Pulsar software (version 
14, Biognosys, Switzerland) for spectral library genera-
tion. The data were searched against the human Swis-
sProt database. Specific parameters included allowance 
for a maximum of two missed cleavages for trypsin diges-
tion. Cysteine carbamidomethylation was designated as a 
fixed modification, while variable modifications encom-
passed methionine oxidation, lysine deamination, and 
carbamylation (+ 43). Parent and fragment ion mass tol-
erances were established at 10 ppm and 0.02 Da, respec-
tively. An applied false discovery rate (FDR) cutoff of 0.01 
was set at the protein level to ensure the reliability of the 
generated library.

Quality control and differentially expressed protein (DEP) 
identification
All data underwent filtering using a Q value cutoff set at 
0.01, corresponding to an FDR of 1%, to eliminate outli-
ers. Protein intensities were determined by summing the 
intensities of their individual peptides. Proteins identi-
fied in more than 80% of samples within each group were 
selected for subsequent analysis. Missing values were 
imputed using the k-nearest neighbor method. Principal 
component analysis (PCA) was conducted through the 
web-based platform MetaboAnalyst 5.0 (https://​www.​
metab​oanal​yst.​ca/). For assessing inter-group differences, 

non-parametric tests, specifically the Wilcoxon rank-sum 
test, were employed. Proteins were deemed DEPs if they 
exhibited a fold change greater than 2 and a p-value less 
than 0.05.

Proteomic data analysis and network construction
Using MetaboAnalyst 5.0, volcano plots were generated 
to visualize data patterns. For further visualization, a 
cluster heatmap was crafted utilizing the “ggplots” pack-
age in R. To elucidate the biological significance of dif-
ferential proteins, Ingenuity Pathway Analysis (IPA) 
software (QIAGEN, Ingenuity Systems, Mountain View, 
CA) was employed. Within IPA, proteins were catego-
rized based on disease associations, functional roles, and 
canonical pathways derived from the Ingenuity Knowl-
edge Base and other relevant databases, subsequently 
ranked by their respective P-values.

To explore potential protein interactions, the differen-
tial proteins were inputted into the STRING database. A 
protein–protein interaction (PPI) network analysis was 
then conducted with a minimal interaction score thresh-
old set at 0.4. Visualization and interpretation of the 
biomolecular interaction networks were achieved using 
Cytoscape software (version 3.7.1).

Furthermore, the relationship between clinical charac-
teristics and DEPs was assessed using Pearson correla-
tion coefficients. Associations were deemed significant if 
the absolute value of the Pearson correlation coefficient 
exceeded 0.4 and the associated p-value was less than 
0.05. Correlation outcomes were graphically represented 
as heatmaps, facilitated by the “pheatmap” package in R.

Immunohistochemistry (IHC) and fluorescent multiplex 
immunohistochemistry (mIHC) staining
Formalin-fixed, paraffin-embedded CEA samples 
were used for immunostaining. Initially, tissue sec-
tions underwent deparaffinization and rehydration 
using xylene followed by a graded ethanol series. Sub-
sequently, antigen retrieval was achieved by boiling 
sections in sodium citrate buffer (pH = 6.0) for 2 min. 
Sections were treated with 0.3% H2O2 for a duration 
of 15 min to inhibit endogenous peroxidase activity. 
A blocking step with 2% fetal calf serum ensued for 20 
min. Primary antibodies were applied and allowed to 
incubate overnight at 4 °C, followed by secondary anti-
bodies, specifically HRP-conjugated anti-mouse and 
anti-rabbit immunoglobulins, for 1  h at room temper-
ature. Post-incubation, sections were counterstained 
using Mayer’s hematoxylin, dehydrated, and examined 
microscopically. For visualization and analysis, stained 
tissues were scanned using a Pannoramic Desk Scanner 
(3DHistech, Hungary) and viewed through Case Viewer 
(version 2.3, 3DHistech, Hungary). Quantification of 

https://www.metaboanalyst.ca/
https://www.metaboanalyst.ca/
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the density of positively stained cells within cross-sec-
tions of carotid plaques was conducted using Image-
Pro Plus software (Ver. 6.0, Media Cybernetics, USA).

For mIHC staining, Tyramide Signal Amplification 
(TSA) was applied following incubation with primary 
and secondary antibodies. After each staining step, 
stripping was performed by boiling the tissue sections 
in sodium citrate buffer (pH 6.0). Once each protein 
target was stained, the slides were mounted with DAPI.

Primary antibodies utilized included CD44 (rabbit 
polyclonal, 15,675–1-AP), LGALS1 (rabbit polyclonal, 
11,858–1-AP), TREM2 (rabbit polyclonal, 13,483–1-
AP), IL- 6R (rabbit polyclonal, 23,457–1-AP), and 
SMAD3 (mouse monoclonal, 66,516–1-Ig), all sourced 
from Proteintech (China). Additionally, αSMA (rabbit 
polyclonal, GB111364) and CD68 (rabbit polyclonal, 
GB113150) primary antibodies were obtained from 
Servicebio.

Single‑cell RNA sequencing and analysis
The investigation in this study aimed to assess how spe-
cific genes are expressed in diverse cell types within 
human atherosclerotic plaques. To achieve this objec-
tive, a reanalysis of previously published single-cell 
RNA sequencing dataset (GSE159677) [12, 13] was 
conducted. These datasets included 3 samples from the 
core of human carotid plaques and 3 paired peripheral 
plaque samples from the same individuals, obtained 
from the Gene Expression Omnibus (GEO).

The raw single-cell sequencing data for each sample 
were independently processed using the 10X Genomic 
Chromium platform and Cell Ranger with default 
parameters, as thoroughly described in the original 
publication [12]. Subsequently, quality filtering was 
applied by Seurat V4.1.1 [14] to eliminate cells with 
mitochondrial mRNA exceeding 10% of total mRNA, 
as well as cells expressing fewer than 500 or more than 
4000 genes. Following this preprocessing, the data 
underwent normalization and transformation into 
scaled values. Linear dimensional reduction, cluster 
identification, and nonlinear dimensional reduction 
were carried out in accordance with the Seurat manual.

To identify distinctive clusters across multiple com-
bined datasets, data integration was performed post-
normalization and before scaling. Clustering was 
executed using the “FindClusters” function with a reso-
lution parameter set to 0.4. Subsequently, the clusters 
were annotated with specific cell types based on estab-
lished molecular markers commonly used in single-cell 
data analysis (Fig. 4B).

Methods for Mendelian randomization analysis
Study design and objective
We conducted a two-sample Mendelian randomiza-
tion (MR) analysis [15, 16] to assess the causal relation-
ship between blood protein expression (CD44, TREM2, 
IL6R, GAL- 1, and SMAD3) and the risk of ischemic 
stroke. These proteins were selected based on their 
potential involvement in the transition of atheroscle-
rotic plaque types from type IV to type VI, which are 
associated with plaque instability and ischemic stroke. 
We used summary data from genome-wide association 
studies (GWAS) of blood proteins and ischemic stroke 
to identify genetic instruments and estimate causal 
effects.

Genetic instruments (instrumental variables)
We selected genetic variants as instrumental variables 
(IVs) for five proteins of interest: IL6R, CD44, TREM2, 
GAL- 1, and SMAD3. Genetic variants were selected 
based on their association with protein levels in previ-
ously published protein quantitative trait loci (pQTL) 
studies.

For IL6R, CD44, and GAL- 1, we utilized summary 
data from the INTERVAL study [17], which provides 
pQTLs for 2965 blood proteins measured in 3301 indi-
viduals of European ancestry. Due to the absence of 
data on TREM2 and SMAD3 in the INTERVAL study, 
pQTLs for these proteins were obtained from the UK 
Biobank Pharma Proteomics Project (UKB-PPP), which 
includes protein data for 2922 proteins from 34,557 
participants of European ancestry [18].

These candidate IVs rely on three key assumptions for 
MR analysis [19]: (1) The IVs are associated with gene 
expressions (p < 1 × 10⁻5). (2) The IVs are independent 
of any potential confounders. (3) The IVs are independ-
ent of the outcome variable (ischemic stroke).

To ensure the independence of IVs, we remove all 
SNPs that were present in the 1000 Genomes European 
population with an r2 > 0.1 and located within 10,000 
kb of the top SNPs [20]. This step was taken to strike 
a balance between considering the correlation between 
variants, which can enhance statistical power compared 
to selecting strictly independent variants, and prevent-
ing potential instability in Mendelian randomization 
estimators when variants are highly correlated [21]. 
The pruning r2 threshold was chosen to address this 
balance. To evaluate the risk of weak instrument bias, 
we employed F statistics to assess the strength of the 
association between the allele and the exposure [22]. 
The F-statistic was > 10 for each variant confirming the 
validity of our selected IVs (Supplementary table S6).
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Outcome data and study population
The outcome of interest was ischemic stroke, for which 
we used summary data from the MEGASTROKE consor-
tium, a meta-analysis of 40,585 ischemic stroke cases and 
406,111 controls of European ancestry [23]. The ischemic 
stroke data were harmonized with the exposure data to 
ensure that the genetic variants for proteins were aligned 
with those used in the ischemic stroke GWAS.

Mendelian randomization analysis
We performed two-sample MR analysis using the inverse 
variance weighted (IVW) method, which is the primary 
method for estimating causal effects in MR studies. We 
used the IVs identified for each protein (IL6R, CD44, 
TREM2, GAL- 1, and SMAD3) to estimate the causal 
relationship between blood protein levels and ischemic 
stroke risk. The IVW method provides a consistent esti-
mate of the causal effect, assuming no pleiotropy and that 
the instrumental variables are valid. The effect size for 
the MR analysis is expressed as the effect of a one-stand-
ard deviation (1-SD) change in protein levels. Multiple 
testing correction was applied, and statistical significance 
was defined at an FDR threshold of < 0.05.

Sensitivity analysis
To minimize heterogeneity and horizontal pleiotropy, we 
conducted several tests.

Leave-one-out analysis sequentially removed each 
genetic variant to check if any single SNP disproportion-
ately influenced the overall MR estimate. Cochran’s Q 
test was used to evaluate the heterogeneity of the SNPs 
included as instruments for each protein. MR Egger 
regression was performed to test for evidence of hori-
zontal pleiotropy, with a non-zero intercept suggesting 
potential bias in the causal estimates [24]. MR-PRESSO 
(Mendelian Randomization Pleiotropy RESidual Sum and 
Outlier) test was used to identify and correct for outliers 
in the IVs, particularly for GAL- 1, where heterogeneity 
and pleiotropy were observed.

Results from the IVW method were interpreted along-
side those from the weighted median method, which is 
more robust to violations of instrument validity, particu-
larly when pleiotropy is suspected [25].

Statistical analysis
Baseline demographic data were presented as mean ± SD 
for continuous variables and as frequencies for categori-
cal variables. Shapiro–Wilk test was used to test normal-
ity. The Brown-Forsythe test (or F-test) was used to assess 
variance homogeneity. For the data passed normality 
test, an unpaired Student’s t test was applied to com-
pare differences between the two independent groups. 
IHC staining quantification data are expressed as mean 

± standard error of the mean (mean ± SEM). Post-IHC 
staining comparisons between groups were executed 
using a two-tailed Student’s t test. Pearson correlation 
analysis was employed to evaluate associations between 
clinical characteristics and DEPs. A threshold of P < 0.05 
denoted statistical significance. Statistical computations 
were carried out utilizing GraphPad Prism software 
(ver. 7.0, GraphPad, USA) and R software (Version 4.1.0) 
(https://​www.r-​proje​ct.​org/). TwoSampleMR (Version 
0.6.6) and MR-PRESSO (Version 1.0) packages were used 
for MR analysis.

Results
Clinical characteristics of carotid plaques
A total of 182 subjects with carotid stenosis were con-
secutively recruited for this study at PUMCH between 
May 2015 and March 2022. After excluding 24 patients, 
158 eligible patients remained for the subsequent study 
cohort. Hematoxylin and eosin (HE) staining was per-
formed on tissue samples from these patients. These 
plaques were classified by two pathologists indepen-
dently according to the American Heart Association 
(AHA) classification [4, 6]. After excluding plaques with 
contamination or severe damage that hindered accu-
rate grading, a total of 122 plaques were included in the 
study. These were then randomly divided into a discov-
ery cohort and a validation cohort in a 7:3 ratio. The dis-
covery cohort consisted of 87 plaques, which were used 
for proteomic analysis in DIA mode, while the valida-
tion cohort included 35 plaques, which underwent IHC 
analysis. The flowchart of the study cohort inclusion and 
exclusion is shown in Fig. 1A.

The baseline clinical information of the enrolled 
patients is provided in Table 1 and Additional file 1. This 
included 100 males and 22 females, with a mean age of 
66.79 ± 7.98 years. AS-related clinical indices were quan-
titatively analyzed for all enrolled patients. These analy-
ses covered AS-related clinical indicators such as risk 
factors, AS-related diseases, degree of disease stenosis, 
and blood biochemical indicators of AS severity. There 
were no statistically significant differences between the 
groups in clinical indicators, including blood routine, 
liver function, and kidney function tests.

Common changes of proteome landscape 
throughout the plaque development
We utilized data-independent acquisition (DIA) tech-
nology to analyze protein expression in carotid artery 
plaques, specifically focusing on AHA types IV, V, and 
VI. Our analysis successfully identified a total of 6143 
proteins, maintaining a strict 1% false discovery rate 
(FDR). On average, each sample revealed the presence 
of 3777 proteins, with varying numbers detected within 

https://www.r-project.org/
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each AHA group (Additional file 2: Fig. S1a-e, Additional 
file 3). During mass spectrometry, we included a total of 
7 quality control (QC) replicates, which were randomly 
interspersed among the experimental samples. To assess 
the technical variation in our experiment, we calculated 
the coefficient of variation of protein abundance between 
these samples. The results, as illustrated in Additional 
file  2: Fig. S1b, demonstrated excellent technical repro-
ducibility. Plus, a panel of quality markers was used to 
evaluate erythrocyte contamination [26], leading to the 
exclusion of six samples from the study due to significant 
contamination (Additional file 2: Fig. S1c and Additional 
file 4).

Our analysis then focused on comparing protein lev-
els across the three AHA groups to uncover pathological 
and molecular differences. Using principal component 
analysis (PCA) and Partial Least Squares Discriminant 
Analysis (PLS-DA), we observed clear separation and sig-
nificant differences between the groups (Additional file 2: 
Fig. S1 d-e). Proteins with a fold change > 2 and a Ben-
jamini–Hochberg adjusted p-value < 0.05 were classified 
as differentially expressed. This led to the identification 
of 453, 302, and 438 differentially expressed proteins in 
the AHA IV vs. V, V vs. VI, and IV vs. VI comparisons, 
respectively, highlighting distinct proteomic patterns 
among the different types of plaques (Additional file  2: 
Fig. S2a-b, Additional file 5: Table S4a-c).

In our analysis comparing protein expression across 
AHA types IV, V, and VI, we identified several biologi-
cal functions that were commonly altered, highlighting 
their importance in plaque development (Fig. 2A). The 
most significant functions and pathways (with the low-
est p-values) were selected for presentation in Fig.  2. 
These biological functions were primarily related to the 
regulation of cell death and survival (including apopto-
sis, necrosis, and autophagy), cellular structures (such 
as the cytoskeleton and cytoplasm), and metabolism 
(Fig.  2A). However, there were notable differences in 
the extent of activation across these processes.

One of the most significant differences between AHA 
types IV and V was the regulation of cell death mecha-
nisms (Fig.  2A). Specifically, apoptosis was upregu-
lated in grade V plaques compared to grade IV, while 
necrosis was downregulated in grade V. Interestingly, 
apoptosis was further suppressed in grade VI plaques 
compared to grade V, while necrosis was markedly 

upregulated in grade VI. These findings suggest that cell 
death processes are more regulated in grade V plaques, 
with upregulated apoptosis (programmed cell death) 
and downregulated necrosis. In contrast, necrosis is 
most pronounced in grade VI plaques, indicating a 
more detrimental microenvironment in grade VI.

Another striking difference was observed in molecu-
lar transport processes, which were significantly down-
regulated in grade V plaques compared to both grades 
IV and VI (Fig.  2A). This may be related to the thick 
fibrous cap in grade V plaques, which could hinder 
molecular exchange between the plaque and the lumen.

The regulation of signaling pathways contributes to 
the differences in these critical functions. To explore 
the shared signaling pathways involved in plaque devel-
opment, we performed signaling pathway enrichment 
analysis, which revealed a predominant activation of 
endocytosis signaling (Fig.  2B). This suggests active 
intercellular signaling and molecular transport. Con-
sistent with this, actin cytoskeleton signaling was also 
found to be involved (Fig. 2B). Additionally, we identi-
fied the activation of several inflammation- and metab-
olism-related signaling pathways (Fig. 2B).

Distinct proteome characteristics of plaques in different 
AHA types
Type IV plaques represent a key bifurcation point leading 
to type V or VI. Studying the differences between type 
IV/V and IV/VI helps us understand how plaques turn to 
stable or unstable states.

In our comparison of the proteomic characteristics of 
AHA type IV and type V plaques, we observed signifi-
cant involvement of cellular transport processes, includ-
ing both caveolar and clathrin-mediated endocytosis. 
Another key aspect is the regulation of the cytoskeleton 
and intercellular junctions, which encompasses actin 
cytoskeleton signaling (e.g., actin nucleation) and signal-
ing by Rho family GTPases (Fig. 2C). Additionally, criti-
cal signaling pathways such as PI3 K/AKT, eIF4, and FAK 
signaling are implicated in these processes. Notably, 
metabolic pathways like PTEN signaling, insulin receptor 
signaling, and D-myo-inositol-trisphosphate biosynthesis 
exhibit varying degrees of activation between AHA type 
IV and type V plaques.

In type IV vs. type VI plaques, more pathways are 
altered, especially those related to metabolism and the 

Fig. 2  Ingenuity pathway analysis (IPA) of functions and pathways associated with differentially expressed proteins (DEPs) between AHA types IV, V, 
and VI. A Analysis of commonly regulated biological functions among DEPs differentiating AHA types IV, V, and VI. B IPA canonical pathway analysis 
of DEPs involved in differentiating AHA types IV, V, and VI. C. IPA functional analysis of DEPs involved in differentiating AHA types IV and V. D. IPA 
functional analysis of DEPs involved in differentiating AHA types IV and VI. E IPA functional analysis of DEPs involved in differentiating AHA types V 
and VI. F Distinctly regulated biological functions between AHA types IV, V, and VI. DEPs, differentially expressed proteins

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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extracellular matrix (Fig. 2D). Changes in iron homeosta-
sis, insulin secretion, and inositol metabolism are promi-
nent, with integrin-linked kinase (ILK) playing a role in 
cell adhesion. The differences between type IV and type 
VI plaques will be explored in greater depth in the fol-
lowing sections.

Type V and type VI plaques show significant differ-
ences in plaque integrity, with type VI exhibiting unsta-
ble features such as intimal erosion, hemorrhage, and 
thrombus formation. These differences are underpinned 
by alterations in key biological processes, including dis-
rupted metabolic pathways (e.g., oxidative phospho-
rylation, insulin signaling), heightened oxidative stress, 
immune responses, and angiogenesis (Fig.  2E). Notably, 
the activation of inflammatory pathways, such as IL- 4 
signaling and Fc gamma receptor-mediated phagocyto-
sis in macrophages and monocytes, differs significantly 
between type V and type VI plaques (Fig. 2E).

Our investigation further examines the differentially 
regulated functions during the progression of AHA types 
IV, V, and VI plaques. Notably, lipid and steroid trans-
port is significantly reduced in type V plaques compared 
to type IV plaques (Fig.  2F). Chemotaxis is more pro-
nounced in type IV plaques, indicating more active cel-
lular migration in the early stages of plaque formation, 
which may shift to different signaling mechanisms in later 
stages. Interestingly, autophagy is upregulated in type V 
plaques and downregulated in type VI plaques, suggest-
ing that autophagy may play a critical role in maintaining 
cellular homeostasis in type V plaques (Fig. 2F).

Some biological processes are exclusively associated 
with the progression from type IV to type VI plaques, 
such as platelet aggregation (including the release of 
thromboxane B2 and prostaglandin metabolism) and 
the activation of mesenchymal stem cells (Fig. 2F). Addi-
tionally, processes related to lipid metabolism and cel-
lular migration distinguish type V and type VI plaques 
(Fig. 2F). In summary, each stage of plaque development 
is characterized by distinct functional and signaling 
pathways.

Identification of key proteins in plaque deterioration 
from type IV to VI
The type IV lesion represents the initial phase of 
advanced plaque development, characterized by the 
presence of a lipid core and the absence of a significant 
increase in fibrous tissue or related complications. This 
stage is considered relatively primary and stable [6, 27]. 
Over time, this plaque can evolve in two distinct direc-
tions. It may progressively accumulate more fibrous 
tissue, leading to the development of a type V lesion. 
Alternatively, it can transform into a complicated plaque 
marked by hematoma, thrombosis, or surface defects. 

Such complications are the primary contributors to the 
morbidity and mortality associated with atherosclerosis 
[6, 27]. Therefore, understanding the differences between 
type IV and type VI lesions is of paramount importance, 
as it can offer insights into preventive measures.

To achieve this goal, we deliberately selected pro-
teins that demonstrated significant differences exclu-
sively between the AHA type IV and type VI groups, 
which were used for further comprehensive investiga-
tion (Fig.  3A). Functional enrichment analysis uncov-
ered that these proteins are associated with multiple 
functional pathways, notably those related to inflam-
matory responses, cell death and survival, and metabo-
lism (Fig.  3B). Moreover, pathway enrichment analysis 
unveiled significant activation in pathways related to the 
glucocorticoid receptor, neuroinflammation, and iron 
homeostasis signaling (Additional file  2: Fig. S3a). Rec-
ognizing the intricate network of protein interactions, we 
proceeded to construct an undirected protein–protein 
interaction (PPI) network graph through the STRING 
database. Within this network, we identified a primary 
hub comprising 27 proteins, mainly associated with 
inflammatory responses (Fig. 3C). Additionally, a second-
ary hub emerged, comprising 21 proteins primarily linked 
to cellular metabolism and movement (Additional file 2: 
Fig. S3b). These proteins within the hub networks were 
identified as having more centralized characteristics.

To further understand if the key DEPs identified above 
are related to certain biochemical and clinical characteris-
tics, a Pearson correlation analysis was conducted. A total 
of nine differential proteins were selected, including TF 
(tissue factor), MTOR (serine/threonine-protein kinase 
mTOR), TFR1 (Transferrin receptor protein 1), CD44, 
SMAD3 (mothers against decapentaplegic homolog 3), 
DPP4 (dipeptidyl peptidase 4), TREM2 (triggering recep-
tor expressed on myeloid cells 2), IL6R (Interleukin- 6 
receptor), and GAL- 1 (Galectin- 1), along with 36 clini-
cal features (Additional file 2: Fig. S3c). The intrinsic cor-
relations among the nine differential proteins were also 
performed (Additional file  2: Fig. S3 d). None of these 
relationships showed significant correlations (r2 > 0.4), 
suggesting that these proteins primarily influence AS 
plaque development in a localized manner, without sub-
stantially impacting the overall metabolic status of the 
entire body. However, it is noteworthy that mTOR expres-
sion exhibited a correlation with alanine aminotransferase 
(ALT) at an r2 value of 0.35, while TF expression displayed 
a similar correlation with total cholesterol (TC), also at an 
r2 value of 0.35. Furthermore, DPP1 demonstrated a cor-
relation with direct bilirubin (Dbil) at an r2 value of 0.33. 
These intriguing correlations provide valuable insights 
into the potential mechanisms through which these pro-
teins contribute to AS plaque development.
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Fig. 3  Network analysis of DEPs and validation of inflammation-associated hub proteins in a validation cohort. A Venn diagram showing 
the DEPs exclusively different between the AHA type IV and type VI groups. B IPA disease or function annotations of DEPs exclusively involved 
in the differentiation between AHA type IV and type VI groups. C Protein–protein interaction (PPI) network of inflammation-associated hub proteins. 
D Heatmap of the key proteins expression between the two groups
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IHC validates the expression level of key proteins in plaque 
advancement from type IV to VI
Through our analysis involving IPA and PPI networks 
of the previously mentioned differential proteins, we 
prioritized pivotal proteins closely linked to inflamma-
tory responses, serving as hub proteins (CD44, SMAD3, 
TREM2, IL6R, GAL- 1) (Additional file  6). Specifically, 
when comparing type VI plaques to type IV plaques, 
TREM2 and CD44 exhibited elevated expression levels, 
whereas SMAD3, IL6R, and GAL- 1 displayed reduced 
expression levels (Fig.  3D, Table  2). To validate these 
proteomic findings, we performed IHC staining on an 
independent cohort of 35 human carotid atherosclerotic 
plaques.

IHC results confirmed the proteomics data, showing 
increased expression of TREM2 and CD44 in type VI 
plaques (Fig.  4A, B). The density of CD44-positive cells 
was significantly higher in type VI plaques compared to 
type IV plaques (318.3 ± 33.7 vs. 246.3 ± 27.5, p < 0.05). 
Similarly, TREM2-positive cell density was greater in 
type VI plaques (824.7 ± 169.4 vs. 632.0 ± 113.9, p < 0.05).

For the proteins showing decreased expression in type 
VI plaques, IHC staining also revealed a consistent trend 
(Fig. 4A, B). The expression of SMAD3 showed a decreas-
ing trend in type VI plaques, though the difference was 
not statistically significant (318.3 ± 33.7 vs. 246.3 ± 27.5, 
p = 0.1851). GAL- 1 expression was lower in type VI 
plaques compared to type IV plaques (737.7 ± 85.8 vs. 
515.5 ± 70.9, p < 0.05). IL6R expression was higher in type 
IV plaques (908.5 ± 171.8 vs. 554.3 ± 109.0, p < 0.05).

Overall, IHC results are consistent with the proteomics 
data, demonstrating the high reliability of the proteomic 

approach in assessing protein expression in plaque 
progression.

Spatial expression pattern of hub proteins in carotid 
plaques
To investigate the spatial distribution of hub proteins and 
their association with SMCs and macrophages in carotid 
atherosclerotic plaques, we employed triple immunofluo-
rescence staining. This approach allowed us to visualize 
the expression of hub proteins alongside aSMA (SMC 
marker) and CD68 (macrophage marker), enabling the 
examination of their co-localization within different 
regions of the plaque and providing insights into their 
roles in plaque pathology. Intriguingly, different proteins 
exhibit distinct expression patterns.

IL6R and CD44 are expressed in both macrophages 
and SMCs (Fig. 5A, B). In type IV lesions, IL6R primarily 
co-localizes with α-SMA, reflecting the low macrophage 
content. In type V lesions, IL6R expression decreases in 
SMCs and increases in macrophages. In type VI lesions, 
IL6R expression is further reduced in SMCs and pre-
dominantly localized around macrophages, indicating 
its association with macrophage-driven inflammation. 
CD44, which co-localizes with CD68 in macrophages, 
is highly expressed in regions with high macrophage 
content, particularly in the plaque shoulder near the 
lumen, fibrous cap, and media in type VI plaques. It is 
also expressed in some media SMCs in type VI plaques. 
Despite abundant macrophages in the necrotic core 
of type V plaques, CD44 expression remains low in the 
macrophages in these areas, while its expression in media 
SMCs is comparable to that in type VI plaques. In type 

Table 2  The differently expressed proteins (DEPs) that were validated using immunohistochemistry (AHA IV/VI)

Protein name Accession Gene symbol FC
(discovery)

FC
(validation)

P-value
(discovery)

P-value
(validation)

Cell surface adhesion receptor 44 B9A6J2 CD44  − 1.6649  − 1.2924 4.95E − 03 0.0287

Galectin 1 A0A0B6XK00 GAL-1  − 1.2110  − 1.4311 4.66E − 05 0.0355

Triggering receptor expressed 
on myeloid cells 2

Q5TCX1 TREM2 2.3160 1.7664 7.06E − 05 0.0221

SMAD Family Member 3 A0A024R5Z3 SMAD3  − 2.4386  − 1.7348 1.73E − 10 0.1851

Interleukin 6 receptor A0A087 WTB5 IL-6R 2.0382 1.6389 4.66E − 06 0.0404

Fig. 4  Immunohistochemical (IHC) staining of the hub proteins in human carotid plaques. A Representative images showing 
the immunohistochemical (IHC) staining of CD44, GAL- 1, TREM2, SMAD3, and IL6R proteins in plaques in the plaques of AHA type IV and type VI. 
B Quantification results (density of positive cells) of IHC staining (n = 10 in AHA type IV group, n = 15 in in AHA type VI group). Unpaired Student’s 
t test was used to compare differences between two groups as the data passed Shapiro–Wilk test normality test. CD44, Cluster of Differentiation 
44; SMAD3: Mothers Against Decapentaplegic Homolog 3; TREM2: Triggering Receptor Expressed on Myeloid Cells 2; IL6R: Interleukin- 6 Receptor; 
GAL- 1: Galectin- 1; DEPs, differentially expressed proteins. *P < 0.05

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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Fig. 5  Fluorescent multiplex immunohistochemistry (mIHC) staining of the hub proteins in human carotid plaques. A–E Representative images 
showing mIHC staining of IL6R (A), CD44 (B), SMAD3 (C), GAL1 (D), or TREM2 (E), along with αSMA and CD68 proteins, in AHA type IV, V, and VI 
carotid plaque lesions. CD44, Cluster of Differentiation 44; SMAD3: Mothers Against Decapentaplegic Homolog 3; TREM2: Triggering Receptor 
Expressed on Myeloid Cells 2; IL6R: Interleukin- 6 Receptor; GAL1: Galectin- 1
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IV plaques, CD44 expression is more restricted, reflect-
ing the limited macrophage presence.

SMAD3 and GAL1 are primarily expressed in SMCs 
(Fig. 5C, D). SMAD3 shows high expression in the region 
between the media and the atherotic core, where mod-
ulated SMCs are located. It is also sparsely expressed in 
SMCs within the fibrous cap and media. Notably, SMAD3 
expression is most prominent in atherosclerotic plaques 
of AHA grades IV and V, with reduced expression in 
grade VI plaques. In type VI plaques, modulated SMCs 
are largely replaced by macrophages, likely accounting 
for the lower SMAD3 expression. GAL1 exhibits variable 
expression across lesion types. In type IV lesions, GAL1 
is mainly expressed in SMCs near the lipid core. In type 
V lesions, GAL1 expression remains high in media SMCs 
but is also upregulated in macrophages. Sparse expres-
sion is seen in SMCs within the fibrous cap. In type VI 
lesions, GAL1 is highly expressed at the plaque shoulder, 
where macrophages are concentrated, and in the region 
between the necrotic core and media, where modulated 
SMCs reside. These modulated SMCs, however, have lost 
the α-SMA marker, indicating a shift toward a more mac-
rophage-like phenotype.

TREM2, which co-localizes almost exclusively with 
CD68, is specifically expressed in macrophages (Fig. 5E). 
TREM2 expression is low in type IV plaques, likely due 
to the relatively low macrophage content. In contrast, 
TREM2 expression is significantly higher in types V 
and VI plaques, reflecting the increased macrophage 
presence. TREM2-positive macrophages are dispersed 
throughout the lipid core, with higher concentrations at 
the plaque shoulder, particularly near the lumen, where 
they may influence plaque stabilization. Overall, each 
protein exhibits a distinct spatial expression pattern, 
closely associated with the cell types they exist and the 
regulation of their levels at different plaque stages.

Integrated analysis of the carotid plaque single‑cell 
transcriptome atlas
To explore the cellular mechanisms influencing carotid 
plaque advancement, we analyzed scRNA-seq data 
derived from human carotid plaque samples, including 
atherosclerotic core (AC) plaques and patient-matched 
proximal adjacent (PA) regions (n = 3), yielding a total 

of 51,981 cells [12]. After rigorous quality control (see 
“ Methods” and Additional file 2: Fig. S4a-c), we removed 
contaminants and doublets and performed unsupervised 
clustering, identifying 21 distinct cell groups (Additional 
file 2: Fig. S4 d). These were further classified into seven 
major cellular subsets: smooth muscle cells (SMCs), 
macrophages, T cells, B cells, NK cells, mast cells, and 
endothelial cells, which were visualized using UMAP 
(Fig. 6A). Figure 6B presents a dot plot showing marker 
genes for each cell type.

scRNA-seq provides information on the cellular 
mRNA expression patterns of genes, which differs from 
proteomics that focuses on protein expression levels. 
The five key proteins identified through proteomics 
analysis exhibited distinct patterns of cellular expression 
(Fig.  6C). CD44 exhibited widespread expression across 
various immune cell types, including T cells, B cells, NK 
cells, macrophages, and mast cells (Fig.  6D). Intrigu-
ingly, its expression was notably elevated in mast cells 
within the atherosclerotic core, compared to the periph-
eral plaque region. As expected, TREM2 was exclusively 
expressed in macrophages and showed increased expres-
sion in the atherosclerotic core, aligning with proteomics 
and IHC findings (Fig. 6E).

In contrast, IL6R, identified as downregulated in AHA 
type VI plaques, showed reduced expression in mac-
rophages within the plaque core (Fig.  6F). SMAD3 is 
primarily expressed in SMCs, with minor expression in 
endothelial cells and mast cells. Its expression signifi-
cantly decreased in SMCs but increased in endothelial 
cells and mast cells in atherosclerotic core, indicating dif-
ferential effects across cell types (Fig. 6G). LGALS1 was 
widely expressed across cell types, with higher levels in 
SMCs and macrophages in the atherosclerotic core com-
pared to the adjacent region. However, protein expres-
sion data indicated lower levels of LGALS1 in AHA type 
VI plaques compared to AHA type IV (Fig.  6H). This 
discrepancy may be due to the different differences in 
mRNA and protein expression, detection methods, or 
individual variability. Furthermore, it is important to note 
that the atherosclerotic core (AC) may contain plaques of 
varying stages (AHA types IV–VI), as the original sam-
ples were not categorized by pathological presentation. 
Therefore, the AC-PA comparison primarily reflects 

Fig. 6  Single-cell transcriptome analysis of the hub genes. A UMAP plot showing cell types of human carotid plaques. B Dot plot of different 
cell type markers. C Violin plots showing the single-cell mRNA expression levels of key genes across different cell types. D Dot plot showing 
the percentage and mRNA expression levels of CD44. E Dot plot showing the percentage and mRNA expression levels of TREM2. F Dot plot 
showing the percentage and mRNA expression levels of IL6R. G Dot plot showing the percentage and mRNA expression levels of SMAD3. H Dot 
plot showing the percentage and mRNA expression levels of LGALS1. CD44, Cluster of Differentiation 44; SMAD3: Mothers Against Decapentaplegic 
Homolog 3; TREM2: Triggering Receptor Expressed on Myeloid Cells 2; IL6R: Interleukin- 6 Receptor; GAL- 1: Galectin- 1

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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severe versus minor lesions, rather than directly correlat-
ing to the AHA grades IV and VI.

Genome‑wide MR analysis suggested potential causal 
effects of key proteins on the risk of ischemic stroke
Mendelian randomization (MR) offers cost-effective 
analysis of gene expression-outcome causality using SNP 
summary data from separate datasets [16, 28]. Our analy-
sis of human plaque samples identified CD44, TREM2, 
IL6R, GAL- 1, and SMAD3 as potential biomarkers for 
distinguishing between AHA types IV and VI plaques. 
We hypothesize that these proteins may play a role in 
driving the transition from AHA type IV to type VI 
plaques. Since ischemic stroke is often the clinical mani-
festation of unstable plaques, typically of AHA type VI, 
we estimated the causal effects of five blood proteins 
(IL6R, CD44, TREM2, GAL- 1, and SMAD3) on the risk 
of ischemic stroke using a two-sample MR approach. The 
analysis flowchart is shown in Fig. 7A.

To explore the causality of these proteins with ischemic 
stroke, we leveraged summary-level data from two sep-
arate datasets. First, we used data from the INTERVAL 
study [17], which included protein quantitative trait 
loci (pQTLs) for 2965 blood proteins measured in 3301 
European-ancestry individuals, to identify instrumental 
variables (IVs) for IL6R, CD44, and GAL- 1. Due to the 
absence of pQTL data for SMAD3 and TREM2 in the 
INTERVAL dataset, we extracted IVs for these proteins 
from the UK Biobank Pharma Proteomics Project (UKB-
PPP) [18], which included data from 34,557 European 
ancestry participants and 2922 proteins.

To test for the validity of the selected instrumental 
variables, we performed a series of sensitivity analyses, 
including leave-one-out analysis, Cochran’s Q test, and 
the Egger intercept test to detect heterogeneity and hori-
zontal pleiotropy. The Q test revealed significant hetero-
geneity in the IVs for GAL- 1 (p < 0.01), and the Egger 
intercept test showed significant evidence of horizontal 
pleiotropy for GAL- 1 (p = 0.013). MR-PRESSO and the 
leave-one-out analysis identified rs10174453 as an out-
lier, which was subsequently excluded from the analysis. 
After excluding this SNP, the remaining IVs for GAL- 1 
no longer exhibited significant heterogeneity or pleiot-
ropy. For the other four proteins (IL6R, SMAD3, TREM2, 

and CD44), none of the tests indicated significant hetero-
geneity or pleiotropy. Supplementary Table  S6 presents 
the associations between genetic variants and exposure, 
as well as between genetic variants and outcome. Leave-
one-out plots are presented in Additional file  2: Fig. S5 
f-j.

We assessed the causal relationship between these pro-
teins and ischemic stroke using GWAS summary data 
from MEGASTROKE, a meta-analysis of 40,585 ischemic 
stroke cases and 406,111 controls of European ancestry 
[23]. Since all the summary data are derived from popu-
lations of European ancestry, the SNP-exposure asso-
ciations are assumed to be similar across the exposure 
and outcome datasets. In the inverse variance weighted 
(IVW) MR analysis, three proteins (IL6R, SMAD3, and 
CD44) were significantly negatively associated with 
ischemic stroke (Fig.  7B–E; Additional file  2: Fig. S5a-
e; Additional file  7). Specifically, IL6R showed an odds 
ratio (OR) per 1 SD increase of 0.98 (95% CI 0.96–1.00, 
p < 0.001), indicating a protective effect. After correcting 
for multiple testing using the false discovery rate (FDR), 
IL6R remained significantly associated with ischemic 
stroke (adjusted p < 0.05). CD44 showed an OR of 0.95 
(95% CI 0.91–0.99, p = 0.020), also indicating a protec-
tive effect, and this association remained significant after 
FDR correction (adjusted p < 0.05). SMAD3 had an OR of 
0.95 (95% CI 0.90–1.00) with a p-value of 0.047, but after 
FDR correction, the association was no longer significant 
(adjusted p = 0.059).

In the weighted median MR analysis, which is robust 
to invalid instruments, the effects of IL6R and CD44 
were consistent with the IVW MR results. Both proteins 
remained significantly associated with ischemic stroke 
(Fig. 7B). However, after correcting for multiple compari-
sons using FDR, no protein remained significantly associ-
ated with ischemic stroke.

Taken together, lower levels of soluble IL- 6R, which 
reflect upregulated IL- 6 signaling, are associated with an 
increased risk of ischemic stroke. Additionally, reduced 
blood expression of CD44 or SMAD3 may elevate 
ischemic stroke risk. However, it is important to note 
that protein expression levels may differ between blood 
and plaque tissues, so the underlying clinical significance 
and mechanisms should be interpreted with caution.

(See figure on next page.)
Fig. 7  Mendelian randomization (MR) analysis assessing the causal effects of blood expression of key proteins on ischemic stroke. A Flowchart 
of MR and subsequent sensitivity analysis. B Forest plot showing the calculated causal effect of blood expression level of TREM2, SMAD3, IL6R, 
GAL- 1, and CD44 proteins on ischemic stroke (using two methods, IVW and WM). C–E Scatter plots showing the effect of instrumental variables 
from SMAD3 (C), IL6R (D), and CD44 (E) pQTLs on the ischemic stroke. IVW, inverse-variance weighting; WM, weighted median; OR, odds ratio. CD44, 
Cluster of Differentiation 44; SMAD3: Mothers Against Decapentaplegic Homolog 3; TREM2: Triggering Receptor Expressed on Myeloid Cells 2; IL6R: 
Interleukin- 6 Receptor; GAL- 1: Galectin- 1
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Fig. 7  (See legend on previous page.)
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Discussion
Carotid atherosclerosis poses a significant health chal-
lenge, often leading to stroke and other associated com-
plications. Understanding the proteomic differences 
among various plaque types is crucial for developing 
more targeted therapeutic strategies. In this study, we 
applied high-throughput proteomics to investigate pro-
tein expression patterns within carotid atherosclerotic 
plaques classified according to the AHA types IV, V, 
and VI. Our analysis revealed distinct protein changes 
between plaque types, particularly between types IV and 
V, and types IV and VI. Notably, the transition from type 
IV to type VI, which marks the shift from a stable to an 
unstable plaque, was associated with key proteomic alter-
ations. We identified five hub proteins that play pivotal 
roles in this transition. Immunostaining confirmed the 
expression patterns of these proteins, while single-cell 
transcriptomics provided further insights into their cellu-
lar distribution. These findings contribute to our under-
standing of the molecular mechanisms driving plaque 
progression and evolution (Fig. 8).

Previous studies have explored the differences in 
carotid plaque protein composition between sympto-
matic and asymptomatic patients [10]. In our earlier 
work, we investigated the proteomic differences between 

stable and unstable carotid plaques based on pathological 
assessments [11]. However, detailed proteomic profiles 
associated with more precise classifications of carotid 
plaques have not been fully explored. To address this gap, 
we utilized the American Heart Association (AHA) clas-
sification system to more accurately categorize carotid 
plaques. This allowed us to classify plaques into three 
stages: type IV, representing an early stage of advanced 
plaque where a lipid core is first forming; type V, char-
acterized by a thick fibrous cap, indicating a more stable 
but still developing lesion; and type VI, the most complex 
and advanced form, representing late-stage plaques.

In this study, we identified distinct protein expres-
sion patterns in carotid atherosclerotic plaques accord-
ing to AHA classifications, providing new insights into 
the molecular mechanisms underlying plaque develop-
ment. Clinical samples offer valuable data that are dif-
ficult to replicate accurately in animal models due to 
inherent species differences and limitations in modeling 
human disease [29]. Notably, large-cohort proteomics 
studies have yielded promising results, such as a protein 
signature’s superior predictive value for cardiovascular 
mortality compared to imaging and histology [10]. Our 
study and similar proteomics investigations emphasize 
the complementary role of proteomics alongside RNA, 

Fig. 8  Hypothetical molecular mechanisms underlying plaque progression from AHA types IV to VI. As the atherosclerotic plaque advances, 
there is a notable shift in the expression levels of key proteins (CD44, GAL- 1, TREM2, SMAD3, and IL6R) associated with inflammatory processes. 
Specifically, IL- 6R and TREM2 play crucial roles in modulating macrophage activation and foam cell formation. The reduction in GAL- 1 levels may 
exacerbate cellular mitochondrial damage. SMAD3 exhibits decreased expression, particularly in vascular smooth muscle cells (VSMCs), where it 
governs the transition of VSMC phenotype. CD44’s interaction with hyaluronic acid (HA) is implicated in regulating VSMC proliferation. AHA, 
American Heart Association; VSMC, vascular smooth muscle cell; HA, hyaluronic acid; CD44, Cluster of Differentiation 44; SMAD3: Mothers Against 
Decapentaplegic Homolog 3; TREM2: Triggering Receptor Expressed on Myeloid Cells 2; IL6R: Interleukin- 6 Receptor; GAL- 1: Galectin- 1
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histology, and imaging modalities, enhancing our ability 
to phenotype various plaque types and discover underly-
ing mechanisms [30, 31].

Our enrichment analysis of differential proteins involved 
in plaque progression among various subtypes revealed 
their significant engagement in signaling pathways related 
to metabolism, immunity, cytoskeleton formation, extra-
cellular matrix, cell transport, and cell proliferation dur-
ing plaque development. These findings align with prior 
research in carotid artery plaque proteomics. For instance, 
a prospective study from the Karolinska Carotid Endarter-
ectomy (BiKE) cohort in Sweden, utilizing transcriptome 
sequencing on 127 symptomatic and 96 asymptomatic 
plaque samples, identified enriched expression of genes 
associated with inflammation, cell proliferation, apopto-
sis, vascular genesis, and extracellular matrix degradation 
in symptomatic patient plaques [32]. Similarly, a prot-
eomic analysis of mature carotid artery plaques employ-
ing DIA-MS technology emphasized the pivotal role of 
smooth muscle cells (SMCs), particularly in the regulation 
of cytoskeleton-related proteins [33]. Furthermore, a prot-
eomic analysis of carotid artery plaques from symptomatic 
and asymptomatic patients underscored the significance 
and predictive potential of extracellular matrix-related 
protein markers in cardiovascular risk events, thus 
enhancing risk prediction and diagnosis in cardiovascular 
disease management [9]. These consistent findings under-
score the robustness of our study results.

We further pinpointed several key proteins (CD44, 
SMAD3, TREM2, IL6R, GAL- 1) when focusing on the 
transition from type IV to type VI, given that type IV 
marks the initial stage of advanced plaque development, 
detectable in clinical settings, and type VI represents an 
unstable form typically evolving from type IV. The inte-
gration of single-cell RNA data and immunostaining data 
provide spatial and cellular expression pattern of these 
proteins, indicating potential molecular mechanisms. 
However, due to the absence of standardized clinical 
symptom data, it remains unclear whether these protein 
expression patterns are correlated with patient symptoms.

In our study, we observed an upregulation of CD44 
in type VI plaques, which aligns with previous research 
showing that CD44 levels are significantly higher in ath-
eromatous tissues compared to normal arteries [34]. 
CD44, a receptor for hyaluronic acid (HA), is widely 
expressed in endothelial cells, smooth muscle cells 
(SMCs), and various immune cells. Our results further 
suggest that CD44 expression correlates with the pro-
gression of plaques from a stable to an unstable state, 
potentially linked to processes such as fibrous cap for-
mation and endothelial erosion [35, 36]. In the apoE 
−/− mouse model, CD44 expression in both vascular and 
bone marrow-derived compartments has been shown 

to contribute to atherogenesis, indicating that CD44 on 
both resident and recruited cells may be necessary for its 
full pro-atherogenic effect in vivo [35, 37]. However, the 
role of CD44 expression in hematopoietic cells remains 
controversial, as one study suggested that atherogenesis 
does not require CD44 expression on hematopoietic cells 
in the LDL receptor-deficient mouse model [38]. Our 
study corroborates previous findings by showing CD44 
expression in multiple cell types within atheromatous 
plaques. Interestingly, we also observed notably high 
CD44 expression in mast cells (Fig.  4D), a novel find-
ing that provides new insights into the functional role of 
CD44 and warrants further investigation.

SMAD3, a pivotal transcription factor in the TGF-β 
signaling pathway, has sparked controversy regarding its 
role in atherosclerosis. While some studies suggest that 
SMAD3 promotes vascular smooth muscle cell de-differ-
entiation [39, 40], others report contrasting findings. In 
our DIA-MS analysis, we observed significantly higher 
SMAD3 expression in AHA type IV plaques compared 
to AHA type VI plaques. Our MR analysis supports a 
protective role for SMAD3, in line with prior research. 
SMAD3’s pro-differentiation function inhibits the dedif-
ferentiation necessary for human coronary artery smooth 
muscle cells to respond to vascular pressure, thereby 
stabilizing AS plaques [41]. Moreover, recent single-cell 
transcriptome analysis unveiled that SMAD3 expression 
in smooth muscle cells (SMCs) suppresses the emer-
gence of specific SMC phenotype transition cells linked 
to adverse plaque characteristics [42]. Mouse AS models 
corroborate these findings, indicating that SMC-specific 
deletion of SMAD3 leads to increased plaque burden, 
outward remodeling, and heightened vascular calcifica-
tion [42]. Our research consistently reveals SMAD3’s 
predominant expression in SMCs, which is inhibited in 
advanced plaques.

The use of two-sample Mendelian randomization 
(MR) allowed us to analyze the causal relationships and 
effect sizes between protein expression and disease out-
comes. We examined the causal relationships between 
the five hub proteins identified in our proteomics analy-
sis of carotid plaque and ischemic stroke, as ischemic 
stroke is the ultimate consequence of carotid plaque 
progression. Our MR analysis was conducted in accord-
ance with the STROBE-MR guidelines, ensuring trans-
parency and rigor (Additional file  8). The MR analysis 
revealed that IL6R expression is inversely associated with 
ischemic stroke risk, a finding that aligns with previous 
randomized controlled trials (RCTs) showing that the 
interleukin- 6 receptor inhibitor tocilizumab improved 
myocardial salvage in patients with acute myocardial 
infarction [43]. This provides further support for the 
potential of targeting IL6R or its signaling pathway as a 
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strategy to prevent ischemic stroke in at-risk populations. 
Furthermore, decreased blood expression of CD44 or 
SMAD3 may increase the risk of ischemic stroke, indicat-
ing that these proteins may have a protective role in the 
development of carotid plaques.

However, several limitations should be noted. First, 
our analysis primarily uses summary statistics from stud-
ies with individuals of European ancestry, which may 
limit the generalizability of our findings to other popu-
lations. Second, while MR is a powerful tool for assess-
ing causality, it relies on the assumption that genetic 
instruments are valid and free from violations, such as 
horizontal pleiotropy. Although we performed sensitivity 
analyses to detect pleiotropy and heterogeneity, unmeas-
ured pleiotropic effects may still confound the results. 
Thirdly, while MR identifies causal relationships, it does 
not provide mechanistic insights into how these proteins 
influence ischemic stroke risk at the molecular or cellular 
level. While the single-cell RNA sequencing and immu-
nostaining data offer some clues, further experimental 
studies are needed to better understand the underlying 
biological mechanisms. Finally, both the discovery and 
validation phases of the proteomics study were con-
ducted using a cross-sectional design, which lacked pro-
spective clinical outcome observation.

The integration of single-cell transcriptomics data has 
limitations. Comparisons between scRNA-seq, proteom-
ics, and immunostaining data are challenging due to dif-
ferences in grouping criteria. The scRNA-seq samples 
include plaques at various stages (AHA types IV–VI), and 
the AC-PA comparison primarily contrasts severe versus 
minor lesions, rather than directly comparing AHA stage 
IV lesions to stage VI. Additionally, while scRNA-seq 
provides gene expression insights, it does not show cell 
locations within the plaque. Immunofluorescence par-
tially addresses this by visualizing protein expression and 
key markers like CD68 and α-SMA (Fig. 5), though some 
cell types remain unmarked.

Conclusions
In conclusion, this study significantly advances our 
understanding of atherosclerotic plaque progression by 
comprehensively profiling the proteomic landscape of 
carotid atherosclerotic plaques. The identification of key 
proteins, such as IL6R, CD44, and SMAD3, highlights 
their potential as biomarkers and therapeutic targets, 
shedding light on new avenues for treatment. Moreover, 
the integration of single-cell RNA sequencing and Men-
delian randomization techniques further strengthens 
the validity of our findings. This research not only deep-
ens our molecular insight into atherosclerosis but also 
underscores the precision and reliability of proteomics 
in prioritizing genes linked to plaque-related traits.
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