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Background: Intracranial aneurysms (IA) frequently cause subarachnoid hemorrhage (SAH) and have poor prognosis. However, the 
molecular mechanisms and diagnostic biomarkers associated with IA and ruptured IA (rIA) remain poorly understood.
Methods: In this study, single-cell and transcriptome datasets were obtained from the GEO database. The cell populations were 
annotated to identify potential pathogenic subpopulations, followed by intercellular communication, pseudotime, and SCENIC 
analyses. Proteome-wide and transcriptome-wide Mendelian randomization (MR) analyses were conducted to identify risk factors 
for IA and SAH. The major pathological changes and diagnostic biomarkers of IA and SAH were identified based on the transcriptome 
datasets. A clinical cohort was established to identify the diagnostic biomarkers and validate the results.
Results: Macrophages and neutrophils were predominantly increased in IA and rIA tissues, and neutrophils were markedly 
upregulated in the blood of SAH patients. SPP1+ Macrophage was progressively elevated in aneurysms, promoting vascular smooth 
muscle cell (VSMC) phenotypic transformation and collagen matrix remodeling through the SPP1 and TGF-β pathways. Furthermore, 
HIF1α regulon was enriched in SPP1+ Macrophage, mediating inflammation and metabolic reprogramming, which contributed to IA 
progression. Integrated MR analysis identified CD36 as a risk factor for both IA and SAH, and it has been recognized as an effective 
blood biomarker for SAH. Neutrophils and their related indicators have emerged as excellent biomarkers of SAH in clinical cohorts.
Conclusion: This study highlighted the detrimental role of SPP1+ Macrophage in IA and SAH using single-cell sequencing and MR 
analyses. CD36 was identified as a risk factor for IA and SAH and was also an efficient blood biomarker for SAH. In a clinical cohort, 
neutrophils and related indicators were valuable for the early diagnosis of SAH.
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Introduction
Intracranial aneurysm (IA) is recognized as an abnormal protrusion in the intracranial artery, affecting 3–5% of the 
population. It is the main cause of non-traumatic subarachnoid hemorrhage (SAH) and is generally associated with 
hypertension, smoking, and a family history of stroke.1,2 Currently, it is believed that the inflammatory response of the 
endothelium caused by wall shear stress leads to macrophage infiltration and vascular smooth muscle cell (VSMC) 
phenotype transformation. Then they further degrade the internal elastic layer and induce collagen matrix remodeling, 
resulting in pathological dilation and insufficient vascular wall.3,4 Although the rate of IA detection has significantly 
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increased with the popularization of MRI and CT, the growth and rupture of IA are not completely related to diameter 
and time.1,5 Nowadays, surgical treatment, endovascular treatment, and conservative treatment could be chosen accord-
ing to the position and diameter of the IA, which have greatly improved the prognosis of patients with IA and SAH.2,6 

However, complications and poor prognosis associated with ruptured IA (rIA) should not be ignored. Therefore, 
identifying the potential regulatory mechanisms and diagnostic biomarkers for IA and rIA is imperative.

A previous study reveals that endothelium-secreted small molecules containing MCP-1 and VCAM-1 attract 
inflammatory cells, such as macrophages, neutrophils, and lymphocytes, which could interact with VSMCs and 
fibroblasts to promote IA formation and rupture.4,7 However, no drugs are recommended for the specific mechanisms 
of IA, except for observation and surgery.5 Genomics, proteomics, transcriptomics, and metabolomics are conducive to 
the discovery of novel regulatory mechanisms, therapeutic targets, and biomarkers.8 Single-cell sequencing of 
CD8⁺CD161⁺cells in the cerebrospinal fluid of patients with aneurysmal SAH identifies that CXCL10 is significantly 
increased in monocytes, which might contribute to leukocyte recruitment to mediate inflammatory activation.9,10 

Combining single-cell sequencing and spatial transcriptomics reveals that the secretory protein THBS1 is upregulated 
after SAH, promoting apoptosis of meningeal lymphatic vessels and aggravating neurobehavioral dysfunction.11 

Epidemiological studies indicate a significant increase in the incidence of aneurysmal SAH among postmenopausal 
women. Furthermore, Mendelian randomization (MR) further confirms that sex hormone-binding globulin is a risk factor 
for its development.12 Protein quantitative trait loci (pQTL) and expression quantitative trait loci (eQTL) are genetic 
variation sites associated with protein or gene expression, which are widely used to explore disease mechanisms and drug 
targets.13,14 For instance, eQTL and pQTL genome-wide association study (GWAS) data of immune-related genes have 
been utilized to explore therapeutic targets in patients with IA, as well as to investigate their expressions across different 
cell types.15 GWAS data from large cohorts is also utilized to simulate prospective cohort studies, offering valuable 
insights into identifying diagnostic biomarkers for IA and SAH. Several inflammatory cytokines are causally associated 
with IA and SAH and may be validated as effective diagnostic biomarkers in clinical cohorts.16

Recent studies have demonstrated that the levels of various chemokines in the cerebrospinal fluid and blood of 
patients with SAH are significantly elevated, which may be associated with poorer clinical outcomes.17,18 Among these, 
elevated serum CCL5 levels on the 7th day after SAH could serve as a biomarker for predicting a favorable prognosis.18 

Systemic inflammation indicators, including systemic immune-inflammation index (SII), neutrophil-to-lymphocyte ratio 
(NLR), platelet-to-neutrophil ratio (PNR), platelet-to-WBC ratio (PWR), and platelet-to-lymphocyte ratio (PLR), are 
associated with many diseases and provide novel insights into diagnostic biomarkers for IA.19,20 However, the 
biomarkers currently used for diagnosing SAH patients and predicting their prognosis have yet to be validated through 
multi-center prospective cohort studies.

Although significant progress has been made in previous studies, the underlying regulatory mechanisms in the 
pathogenesis of IA remain to be discovered. In our study, single-cell sequencing datasets were acquired from the 
NCBI Gene Expression Omnibus (GEO) database to identify interesting cell populations and their underlying pathogenic 
mechanisms. Proteome-wide MR, transcriptome-wide MR, and transcriptome sequencing datasets were integrated to 
explore the causality of proteins or genes of interest. A retrospective cohort comprising 281 normal controls, 282 IA, and 
133 SAH participants was constructed to identify risk factors and diagnostic biomarkers. Overall, our study aimed to 
integrate single-cell and transcriptome sequencing, MR, and a clinical cohort to explore the potential modulatory 
mechanisms, therapeutic targets, and biomarkers in patients with IA and SAH.

Materials and Methods
Clinical Characteristics of IA and SAH Cohort
Patients with IA and SAH who underwent digital subtraction angiography (DSA) between June 2022 and August 2023 at 
Shandong Provincial Hospital were enrolled in our study. At the same time, healthy participants from the physical 
examination center were included in the study. Demographic data, medical history, and laboratory examination results 
were retrospectively collected and reviewed. The inclusion criteria were: (1) age > 18 years; (2) IA diagnosed via CT, 
MRI, or DSA; and (3) SAH diagnosed via CT, MRI, or lumbar puncture. Participants with recent infectious diseases, 
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acute cerebral infarction, myocardial infarction, autoimmune diseases, SAH caused by other vascular diseases or trauma, 
or inadequate clinical information were excluded. The Ethics Committee of Shandong Provincial Hospital waived the 
need for informed consent owing to the retrospective analysis of anonymized data. The researchers ensured that the 
participants’ privacy and rights were safeguarded. The study complied with the principles of the Declaration of Helsinki. 
Ethics Number: SWYX: NO.2023–535. A flow diagram was presented in Figure 1.

Single-Cell Sequencing Analysis
The single-cell sequencing dataset GSE193533 was acquired from GEO and consisted of 1 sham, IA, and rIA sample.21 

After quality control was completed, the expression matrix of each sample was normalized and log-transformed to 
calculate the highly variable genes. To remove batch effects, harmony (version 0.1.1) was subsequently utilized to 
integrate the above expression matrix using the top 3000 highly variable genes. The optimal dimension of 15 and 
resolution of 0.3 were selected to complete the cell clustering, which was further visualized using Uniform Manifold 
Approximation and Projection (UMAP). In our study, only cell clusters with correlations ≥ 0.8 were considered to have 
the possibility of aggregating into one cell population, which was calculated using Spearman’s method. CellMarker, 
SingleR (version 2.0.0), and some known markers were used to annotate the above cell clusters.22 To evaluate various 
expressions among cell populations in each group, cell markers or differentially expressed genes (DEGs) were both 
identified with |logFC| ≥ 0.25 and min.pct ≥ 0.1 by performing the Wilcoxon test. Due to the absence of single-cell 
sequencing data for IA, three AAA mouse models constructed using Angiotensin II, calcium chloride, and elastase were 
further utilized to validate the results. Detailed information was provided in Supplementary Table 1.

Figure 1 The flow diagram of the study.

Journal of Inflammation Research 2024:17                                                                                          https://doi.org/10.2147/JIR.S493828                                                                                                                                                                                                                       

DovePress                                                                                                                       
8571

Dovepress                                                                                                                                                                Jie et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=493828.pdf
https://www.dovepress.com
https://www.dovepress.com


Pseudotime Analysis, Intercellular Communication Analysis, and SCENIC Analysis
Monocle2 (version 2.26.0) predicted the differentiation state of the cell population by learning the changes in gene 
expression during the process of cell state transition. We adopted the unsupervised clustering method, randomly selected 
cells with mean expressions > 0.1 and dispersion empirical > 1 * dispersion, to calculate pseudotime and reduce 
dimensionality with the “DDRTree” algorithm. CellChat (version 1.6.1) predicted the intercellular communication of 
cell populations based on the expression levels of ligands, receptors, and other cofactor genes. The imported data was 
used to determine the proportion and interactions of the ligand-receptor pair (L-R pair). Single-cell sequencing not only 
clarified the roles and fate trajectory of different cells but also constructed a TF regulatory network (named regulon) in 
which TF and cofactors cooperatively regulated downstream targeted genes using SCENIC (version 1.3.1). The SCENIC 
analysis was performed according to the standard procedure described by the authors.

Proteome-Wide MR
In the Fenland study conducted by Pietzner et al, the GWAS data of 4,775 proteins from 10,708 participants were tested, 
identifying 3,323 cis-protein quantitative trait loci (cis-pQTLs).13 The criteria for cis-pQTLs were defined as follows: (i) 
achieving genome-wide significance (p < 5×10−8), (ii) removing linkage disequilibrium (r2 < 0.001 in the 10,000kb range), 
and (iii) strong instrumental variables with an F statistic>10. The GWAS data for IA and SAH were acquired from the FinnGen 
database, including finn-b-I9_ANEURYSM and finn-b-I9_SAHANEUR. MR was then performed using inverse variance 
weighted (IVW) for cis-pQTLs corresponding to two or more SNPs, and the Wald ratio method for proteins corresponding to 
a single SNP. The cis-pQTLs with p-value < 0.05 were excluded through Cochran Q-test and MR-Egger intercept test. 
Subsequently, the Steiger Direction Test and Steiger Filtering were performed to evaluate their bidirectional causal relation-
ships. Bonferroni correction was not applied in this exploratory study to maximize the identification of potential targets.

Transcriptome-Wide MR
To discover the role of interesting cell subpopulations in IA and SAH, their specific genes were analyzed through 
Transcriptome-wide MR. The corresponding cis-expression quantitative trait loci (cis-eQTLs) were acquired from the 
eQTLGen database. The detailed procedure was the same as described above.

The Causality of Collagen Families and Cardiovascular Risk Factors with IA and SAH
Collagen matrix remodeling has been demonstrated to promote the formation and rupture of IA, although the causality 
remained unclear. Therefore, GWAS data for collagen families was acquired from the IEU database and used to discover 
causality using the same methods. Similarly, 12 cardiovascular risk factors were identified to explore those associated 
with IA and SAH.14 Detailed information was provided in Supplementary Table 2.

Small Molecule Drug Prediction and Molecular Docking
The DGIdb (https://dgidb.org/) database provided drug-gene interactions derived from published articles and databases in 
a convenient manner. Molecular docking was performed to search for optimal binding patterns using the principles of 
spatial structural complementarity and energy minimization. Briefly, 3D structures of small-molecule drugs and proteins 
were acquired from PubChem and PDB, respectively, and were then used to determine the minimal binding energy in 
AutoDock (version 4.2.6). To visualize the best drug-gene docking model, the predicted model was displayed in a 3D 
crystal structure using PyMOL (version 2.4.0).

Transcriptome Sequencing Data Analysis
GSE75436, GSE26969, GSE13353, GSE6551, GSE54083, and GSE46337 were processed using the GEOquery or oligo package 
and were annotated using the corresponding platform files. An average value was selected when multiple probes matched a single 
gene. Batch effects were further eliminated using the sva package to obtain 24 rIA, 33 IA, and 30 normal samples. Moreover, two 
blood transcriptome sequencing datasets, GSE36791 and GSE159610, were used to validate the diagnostic biomarkers for IA and 
SAH, which included 44 SAH, 25 IA, and 43 normal participants. Detailed clinical characteristics were listed (Supplementary 
Table 3). The limma package was used to identify DEG with |fold change| >1.8 and p-value < 0.05.
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Functional Enrichment Analysis and Immune Infiltration Analysis
KEGG enrichment analysis was performed using clusterProfiler package (version 4.9.0.002), and Gene Ontology (GO) enrich-
ment analysis, comprising Molecular Function (MF), Biological Processes (BP), and Cellular Component (CC), was performed 
using the same methods. Meanwhile, Gene set enrichment analysis (GSEA) was also completed to discover underlying pathways 
associated with IA and rIA using “c2.cp.v2022.1.Hs.symbols.gmt” from the MSigDB. The CIBERSORT algorithm was then used 
to detect 22 types of immune cell infiltration in IA and rIA. Based on single-cell sequencing data, deconvolution using 
CIBERSORT was performed to evaluate cell composition in the transcriptome sequencing data.

Protein-Protein Interaction (PPI) Network and Weighted Gene Co-Expression 
Network Analysis (WGCNA)
The STRING database (https://string-db.org/) was designed to integrate the associations among proteins confirmed or predicted 
by experiments or other databases. Cytoscape software (version 3.8.2, http://www.cytoscape.org/) was used to construct the PPI 
networks. Cytoscape’s Molecular Complex Detection (MCODE) plugin was subsequently used to identify and visualize hub 
modules, which were annotated by enrichment analysis. WGCNA was performed using a scale-free network to cluster genes into 
various modules, and correlations between modules and clinical characteristics were calculated to identify intriguing modules. In 
our study, genes in the modules with correlation coefficient ≥ 0.55 were considered as significantly associated with IA and rIA.

Identify Diagnostic Biomarkers and Risk Factors for IA and SAH Based on 
Transcriptome Sequencing Datasets, MR, and Clinical Cohort
Based on cis-pQTLs and cis-eQTLs from SPP1+ Macrophage, three machine-learning algorithms, namely LASSO, 
Random Forest (RF), and SVM were used to identify diagnostic biomarkers for IA and rIA. These were further validated 
using blood transcriptome sequencing datasets. Receiver operating characteristic (ROC) curves and area under the curve 
(AUC) were calculated and visualized. Univariate and multivariate regression analyses were used to identify the risk 
factors for IA in the clinical cohort. The RF algorithm was used to identify diagnostic biomarkers and risk factors for 
SAH based on statistically significant variables from the univariate regression analysis. Eventually, the diagnostic 
biomarkers were integrated into risk score, with diagnostic efficacy visualized using the ROC curve.

Statistical Analysis
The R software (version 4.2.2) was used to analyze the results in our research. Categorical variables were described as 
percentages and assessed using the chi-square test. Normally distributed continuous variables were evaluated using the 
Student’s t-test and one-way analysis of variance (ANOVA), whereas the Wilcoxon rank-sum test and Kruskal-Wallis test 
were used for non-normally distributed continuous variables. The correlation coefficient was calculated using Spearman’s 
method. Statistical significance was set at p < 0.05.

Results
Cell Population in IA and rIA
After completing quality control, 12,812 cells were obtained from the sham, IA, and rIA groups. These were annotated as 
10 cell populations, including macrophages, VSMCs, neutrophils, fibroblasts, dendritic cells, endothelia, T cells, 
pericytes, Schwann cells, and mast cells (Figure 2A). Macrophages and neutrophils predominantly increased in number 
as the disease progressed (Figure 2B). In contrast to macrophages, VSMCs gradually decreased. Moreover, necroptosis, 
apoptosis, and immunogenic cell death were enhanced with the progression of IA (Supplementary Figure 1). Higher 
chemokine and collagen remodeling scores in IA and rIA indicated immune cell infiltration and collagen remodeling. 
Meanwhile, the contractile score was also indicative of VSMC phenotypic transformation in IA (Figure 2C–E). The 
corresponding genes were listed in Supplementary Table 4. The DEGs in the cell populations among the three groups 
were calculated and visualized (Figure 2F and G). Chemokines, including CCL5 and CXCL10 in macrophages and 
CXCL2 in endothelia, were upregulated in IA. SPP1 was highly expressed in fibroblasts, VSMCs, endothelia in IA, and 
macrophages in rIA.
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Intercellular Communication in IA and rIA
Intercellular communication analysis revealed that almost all intercellular communication increased in IA, especially in 
VSMCs, fibroblasts, and endothelia (Figure 3A). Although the overall level of intercellular communication decreased in rIA, 
the interactions of immune cells, such as macrophages, dendritic cells, and neutrophils, were still enhanced (Figure 3B). The 
SPP1, TGF-β, and CCL pathways were predominantly upregulated in the IA group. The SPP1 pathway was mainly enriched 
in fibroblasts, VSMCs, and macrophages, and their corresponding L-R pairs were increased in IA (Figure 3C, D and F). 
Similar results were observed in the TGF-β pathway (Figure 3E). Notably, neutrophils were predominantly increased in rIA, 
probably promoting the progression of rIA. Almost all L-R pairs of the SPP1 pathway, targeting VSMCs and fibroblasts from 
neutrophils, were enhanced (Figure 3G). We also found that the PTN, VTN, and MK pathways were significantly down-
regulated in the rIA group. TF regulons targeting macrophages, VSMCs, fibroblasts, and endothelia were reduced using 
t-distributed Stochastic Neighbor Embedding (t-SNE) (Figure 3H and I). Among them, the MAFB regulon was recognized as 
macrophage-specific (Figure 3J) and was also demonstrated to mediate the transition of monocytes to macrophages.23 The 
corresponding TF regulons were selected to identify modulated cell subpopulations (Figure 3K–M).

SPP1+ Macrophage Accelerated the Progression of IA Through SPP1 and TGF-β 
Pathways
Macrophages gradually increased with IA progression, indicating their significant roles. 6 subpopulations were identified to 
determine the potential modulatory mechanisms (Figure 4A and B). Notably, the M1 subpopulation, which highly expressed 

Figure 2 Overview of cell populations in sham, IA, and rIA groups. (A) UMAP plots of 10 cell populations in 3 groups. (B) UMAP plots of 10 cell populations in 3 groups. 
(C–E) UMAP plots and box plots of Chemokine score, Collagen matrix score, and Contractile score in 3 groups. (F) Volcano plots of DEGs in macrophages, VSMCs, 
fibroblasts, and endothelia in IA. (G) Volcano plots of DEGs in macrophages, VSMCs, fibroblasts, and endothelia in rIA. ****p < 0.0001.
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IL1b, was considered a proinflammatory macrophage responsible for the formation and rupture of IA. Enrichment and 
pathway scores revealed that the NF-κB, TNF, and TLR pathways were remarkably enhanced (Figure 4C). The M2 
subpopulation highly expressed GAS6. Lysosome and endocytosis pathways were also enriched in GAS6+ Macrophage. 
IL1b+ Macrophage was increased in IA and rIA, whereas GAS6+ Macrophage showed the opposite trend and was most 
abundant in the sham group (Figure 4B). Interestingly, SPP1+ M3 subpopulation significantly increased with the pathogenesis 
of IA, especially rIA (Figure 4B and F). Compared with GAS6+ Macrophage, SPP1+ Macrophage was significantly increased 
in rIA tissue with elevated oxidative phosphorylation. Therefore, the role of SPP1+ Macrophage was further discussed. 

Figure 3 Overall summary of modulatory mechanisms in sham, IA, and rIA groups. (A) Heatmap of intercellular interactions between sham and IA groups. (B) Heatmap of 
intercellular interactions between IA and rIA groups. (C) Circular plot of SPP1 pathway in 3 groups. (D) Heatmap of SPP1 pathway in 10 cell populations. (E) Circular plot of 
TGF-β pathway in 3 groups. (F) Bubble plot of L-R pairs in SPP1 pathway originating from macrophages and targeting VSMCs, fibroblasts, endothelial cells between sham and 
IA groups. (G) Bubble plot of increased L-R pairs in the SPP1 pathway originating from neutrophils and targeting VSMCs, fibroblasts, and endothelial cells between the IA and 
rIA groups. (H) Heatmap of top 10 TF regulons in macrophages, VSMCs, fibroblasts, and endothelia. (I) t-SNE plot of 10 cell populations. (J–M) t-SNE plot of MAFB, 
HMGN3, PRRX2, SOX17 regulons in macrophages, VSMCs, fibroblasts, and endothelia, respectively.
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Figure 4 The roles of SPP1+ Macrophage in sham, IA, and rIA groups. (A) UMAP plots of 5 macrophage subpopulations. (B) Proportions of 5 macrophage subpopulations in 
three groups. (C) Gene set scores of NF-κB pathway, TNF pathway, and TLR pathway. (D) Intercellular interactions between sham and IA groups. (E) Intercellular 
interactions between IA and rIA groups. (F) UMAP plot of SPP1+ Macrophage in IA. (G) Circular plot of SPP1 pathway in 3 groups. (H) The composition of L-R pairs in SPP1 
pathway. (I) Circular plot of TGF-β pathway in 3 groups. (J) Differentiation state of IL1b+ Macrophage, GAS6+ Macrophage, SPP1+ Macrophage, and proliferation+ 

Macrophage based on Pseudotime analysis. (K–M) Molecular docking of CD44-Progesterone, TGF-β1-Silybin, and TGF-β1-Ramipril, respectively. (N) Heatmap of top 5 TF 
regulons in IL1b+ Macrophage, GAS6+ Macrophage, SPP1+ Macrophage, and proliferation+ Macrophage.
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Intercellular communication analysis revealed that SPP1+ Macrophage mainly interacted with fibroblasts and VSMCs in IA, 
which might be regulated by neutrophils in rIA (Figure 4D, E, and G). Our results also revealed that SPP1+ Macrophage might 
promote IA pathogenesis through TGF-β pathway (Figure 4I). The SPP1-CD44 was the L-R pair with the largest proportion in 
SPP1 pathway, which might be inhibited by progesterone to exert protective effects (Figure 4H and K).24 Based on molecular 
docking, silybin and ramipril were also identified as potential drugs for IA and rIA, respectively (Figure 4L and M).25,26 Then, 
the M4, M5, and M6 subpopulations were defined as VSMCs, proliferation+ Macrophage, and B cells. Based on pseudotime 
analysis, SPP1+ Macrophage gradually differentiated and developed from GAS6+ and proliferation+ Macrophage (Figure 4J). 
Hypoxia-inducible factor 1a (HIF1α) and BHLHE40 regulons were enriched in SPP1+ Macrophage to modulate the 
progression of IA (Figure 4N).27 In addition, the corresponding TF regulons that regulated macrophages polarization were 
observed in IL1b+ and GAS6+ Macrophage (Figure 4N).

The Causality of Collagen Families and Cardiovascular Risk Factors with IA and SAH
Our results revealed that collagen matrix remodeling was involved in the formation and rupture of IA, and the causal 
relationship between collagen families and IA was further explored. However, no significant associations were observed 
(Figure 5A and B). Interestingly, systolic blood pressure, diastolic blood pressure, and pulse pressure increased the risk of 
IA and SAH, suggesting the importance of favorable blood pressure management (Figure 5C and D).28,29 Similar to 
single-cell sequencing and clinical cohorts, MR also suggested that neutrophils increased the risk of IA and SAH by 1.29 
and 1.17 folds respectively (Figure 5E and F).

Key Cis-pQTLs for IA and SAH Based on Proteome-Wide MR
Due to the absence of single-cell sequencing data for IA, we analyzed three AAA mouse models constructed using 
Angiotensin II, calcium chloride, and elastase, all of which showed that SPP1+ Macrophage was significantly increased 
in AAA (Figure 6A and B, Supplementary Figure 2A and B). Next, the effects of SPP1+ Macrophage on IA and SAH 
were further examined using MR. After removing linkage disequilibrium, we obtained exposure factors associated with 
IA or SAH from 2998 cis-pQTLs of 1538 proteins. For patients with IA, 39 risk-related and protective proteins were 
obtained, all of which passed the Steiger Direction Test and Steiger Filtering (Figure 6C). Enrichment analysis revealed 
that they were mainly involved in the toll-like receptor and pattern recognition receptor pathways, which were also 

Figure 5 The causality of risk factors in IA and SAH based on Mendelian randomization. (A and B) The causality of collagen families in patients with IA and SAH. (C and D) 
The causality of 12 cardiovascular risk factors in patients with IA and SAH. (E and F) The causality of Neutrophil number in patients with IA and SAH.
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involved in ECM remodeling (Figure 6D). Among these, 4 risk proteins (CD36, FIS1, IDH1, and CAT) and 4 protective 
proteins (NAGLU, CD274, PSAP, and GSTO1) were highly expressed in SPP1+ Macrophage (Figure 6C and F). A PPI 
network was constructed to explore these interactions (Figure 6E). Similarly, 40 risk proteins and 45 protective proteins 
were identified in patients with SAH (Figure 6G). They mainly participated in inflammation-associated pathways, 
including NF-kB and IL-6 (Figure 6H). Eventually, 4 risk proteins (SDF2L1, CD36, ADSSL1, and CTSZ) and 6 
protective proteins (NAGLU, PSAP, GSTO1, ALDH2, GPC1, and HTATIP2) were enriched in SPP1+ Macrophage 
(Figure 6G and J). These interactions were further visualized in the PPI network (Figure 6I).

Key Cis-eQTLs for IA and SAH Based on Transcriptome-Wide MR
To identify the underlying mechanisms, 955 cis-eQTLs of 432 specifically expressed genes in SPP1+ Macrophage were 
obtained to complete MR. Among these, 17 risk genes and 15 protective genes for IA were identified (p < 0.05) 
(Figure 7A). 9 risk genes and 20 protective genes for SAH were identified (p < 0.05) (Figure 7B). For IA and SAH, only 
PSAP exerted protective effects at both the gene and protein levels, whereas NAGLU exerted opposite effects. The 
remaining cis-pQTLs, corresponding to the genes mentioned above, were not statistically significant.

Figure 6 The roles of cis-pQTLs related to SPP1+ Macrophage in IA and SAH. (A and B) UMAP plot of SPP1+ Macrophage in CaCl2-induced AAA. (C) Volcano plot of cis- 
pQTLs related to IA, labeled as specifically expressed genes in SPP1+ Macrophage. (D) Enrichment analysis of cis-pQTLs related to IA. (E) PPI network of cis-pQTLs related 
to IA. (F) The causality of cis-pQTLs corresponding to the specifically expressed genes of SPP1+ Macrophage in IA. (G) Volcano plot of cis-pQTLs related to SAH, labeled as 
specifically expressed genes in SPP1+ Macrophage. (H) Enrichment analysis of cis-pQTLs related to SAH. (I) PPI network of cis-pQTLs related to SAH. (J) The causality of 
cis-pQTLs corresponding to the specifically expressed genes of SPP1+ Macrophage in SAH.
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Transcriptome Sequencing Analysis and Immune Infiltration Analysis
After removing the batch effect, there were 469 upregulated and 458 downregulated DEGs between 30 controls and 33 
IA patients (Figure 8A). Enrichment analysis revealed that the collagen matrix, vascular smooth muscle, and inflamma-
tion-associated pathways were enriched (Figure 8C and D). Moreover, in the 33 IA and 24 rIA patients, 186 upregulated 
and 210 downregulated DEGs were identified, respectively (Figure 8B). Among these, inflammation-associated pathways 
were enriched in the rIA group (Supplementary Figure 3A and B). Macrophages accounted for the largest proportion of 
IA, and the infiltration of activated mast cells also increased (Figure 8E). Although there was no obvious difference in 
macrophages between IA and rIA, they were still the most abundant cell type (Supplementary Figure 3C). The combined 
analysis of single-cell and transcriptome sequencing also indicated that macrophages gradually increased with IA 
progression (Figure 8F). We further screened two hub PPI modules with scores of 35.333 and 10.125 containing 40 
and 31 genes, respectively (Figure 8G and H). KEGG enrichment analysis revealed that inflammation- and ECM- 
associated pathways were enriched in cluster 1 and 2 (Supplementary Figure 3D and E). Interestingly, SPP1 was 
identified in the interaction center of cluster 2 and its expression increased with the progression of IA, possibly indicating 
its role in collagen matrix remodeling (Figure 8H and I). However, MR results revealed that the SPP1 polymorphism was 
not a risk factor for IA or SAH (Supplementary Figure 3F).

WGCNA and Identify Diagnostic Biomarkers
The modules with a correlation coefficient ≥ 0.55 were considered to be significantly associated with IA, which included 
1121 genes. Similarly, there were 1440 genes were screened as being associated with rIA (Figure 9A). After combining 
the results from WGCNA, DEG, and genes corresponding to cis-pQTLs or cis-eQTLs, we identified CD36 and EDEM2 
as diagnostic biomarkers for IA and rIA, respectively (Figure 9B). In tissues, the AUC value of EDEM2 for IA was 
0.983, while those of CD36 for IA and rIA were 0.746 and 0.751, respectively (Figure 9C). Moreover, the expression of 
EDEM2 in tissues gradually increased with IA progression (Figure 9D). In the blood, CD36 was highly effective in the 
early detection of SAH, with an AUC value of 0.997 (Figure 9E). However, its diagnostic value for IA remained 
unsatisfactory. In rIA and SAH, CD36 was highly expressed in tissue, whereas the opposite phenomenon was observed in 
the blood (Figure 9F). Regardless, there was no denying its significant diagnostic value in patients with SAH.

Figure 7 The roles of cis-eQTLs related to SPP1+ Macrophage in IA and SAH. (A) The causality of cis-eQTLs corresponding to the specifically expressed genes of SPP1+ 

Macrophage in IA. (B) The causality of cis-eQTLs corresponding to the specifically expressed genes of SPP1+ Macrophage in SAH.
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Clinical Characteristics and Diagnostic Model of IA and SAH
Single-cell sequencing and MR demonstrated that neutrophil infiltration was increased in rIA and was a risk factor for IA 
and SAH. We further constructed a retrospective clinical cohort, including 281 normal, 282 IA, and 133 SAH 
participants, to identify the roles of neutrophils and related indicators. Interestingly, female patients with high blood 
pressure were more likely to develop IA, which was associated with an increased risk of SAH (Table 1). Immune cells in 
the blood changed significantly in SAH but not in IA. Both univariate and multivariate regression analyses revealed that 
female sex and hypertension were risk factors for IA (Table 2, Figure 10A). Hypertension (OR [95% CI] = 4.49 
[3.00,6.82]; p = 2 × 10^(−13)) was the most important risk factor. Immune cells, including leukocytes, neutrophils, and 
monocytes, were significantly increased in SAH. Similar results were observed for neutrophil-related indicators, includ-
ing the PNR, NLR, and SII (Table 1). However, significant multicollinearity was observed among the variables in the 
multivariate regression analysis of SAH. The RF machine-learning algorithm was used to identify important risk factors 

Figure 8 Transcriptome sequencing data among control, IA, and rIA groups. (A) Volcano plot of DEGs between the control and IA groups. (B) Volcano plot of DEGs 
between the IA and rIA groups. (C and D) KEGG and GSEA enrichment analyses between the control and IA groups. (E) Immune infiltration analysis between the control 
and IA groups using CIBERSORT. (F) Composition of 10 cell populations based on single-cell and transcriptome sequencing data among the control, IA, and rIA groups. 
(G and H) Two PPI modules based on DEGs between the control and IA groups. (I) Violin plot of SPP1 using transcriptome sequencing data among the control, IA, and rIA 
groups. *p < 0.05, ***p < 0.001, ****p < 0.0001.
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based on the 11 variables in the univariate regression analysis. Similar to the above results, NLR and neutrophil count 
were the two most important risk factors for SAH (Figure 10B). The proportions of neutrophils and macrophages were 
significantly upregulated in the rIA tissue. These cells were possibly derived from the blood and promoted the rupture of 
IA. Eventually, the top 7 risk factors were included in the risk score for SAH diagnosis, with an AUC value of 0.981, 
which could be beneficial for the management of SAH caused by IA rupture (Figure 10C).

Figure 9 Diagnostic biomarkers of IA and rIA derived from SPP1+ Macrophage and transcriptome sequencing data. (A) Heatmap of associations between gene modules and 
IA, rIA, respectively. (B) Venn plot of common genes in WGCNA modules, DEG, and SPP1+ Macrophage in IA and rIA. (C) ROC curves for diagnostic biomarkers of IA and 
rIA in tissues. (D) Expression of EDEM2 among control, IA, and rIA in tissues. (E) ROC curves for diagnostic biomarkers of IA and rIA in blood. (F) Expression of CD36 
among control, IA, and rIA in blood.

Table 1 Clinical Variables of Control, IA, and SAH Participants

Variable Con IA SAH Con VS IA IA VS SAH ALL
N=281 N=288 N=135 P value P value P value

Age 61.09±38.00 58.23±10.36 59.79±25.95 1 1 0.419

Sex

Male 164(58.36%) 85(29.51%) 42(31.11%) <0.001 0.853 <0.001

Female 117(41.64%) 203(70.49%) 93(68.89%)

(Continued)
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Table 1 (Continued). 

Variable Con IA SAH Con VS IA IA VS SAH ALL
N=281 N=288 N=135 P value P value P value

Hypertension

Yes 72(25.62%) 157(54.51%) 70(51.85%) <0.001 0.684 <0.001

No 209(74.38%) 131(45.49%) 65(48.15%)

Diabetes

Yes 33(11.74%) 29(10.07%) 8(5.93%) 0.613 0.222 0.178

No 248(88.26%) 259(89.93%) 127(94.07%)

Examination

Leukocyte, 109/L 5.74±1.33 5.56±1.45 10.37±3.31 0.819 <0.001 <0.001

RBC, 1012/L 4.47±0.43 4.43±0.45 4.30±0.49 0.648 0.01 <0.001

HB, g/L 136.59±12.94 131.86±16.09 128.82±16.76 <0.001 0.324 <0.001

PLT, 109/L 229.19±53.37 234.22±61.51 217.22±74.17 1 0.024 0.023

Lymphocyte, 109/L 1.87±0.53 1.73±0.54 1.16±0.93 0.004 <0.001 <0.001

Monocyte, 109/L 0.39±0.12 0.36±0.12 0.45±0.21 0.004 <0.001 <0.001

Neutrophil, 109/L 3.29±1.04 3.39±1.14 8.66±3.22 1 <0.001 <0.001

PNR 78.23±52.13 76.59±33.41 28.36±14.83 1 <0.001 <0.001

NLR 1.88±0.80 2.14±1.21 10.35±7.41 0.007 <0.001 <0.001

PLR 129.8±38.68 146.79±59.12 236.13±118.46 <0.001 <0.001 <0.001

PWR 41.33±11.23 43.71±14.17 22.34±8.72 0.197 <0.001 <0.001

SII 427.88±192.75 499±304.61 2177.68±1678.97 0.008 <0.001 <0.001

Table 2 Univariate Logistic Regression Analysis of Variables in Control, IA, and SAH 
Participants

Variable Univariate-IA Univariate-SAH

OR (95% CI) P OR (95% CI) P

Age 0.99 (0.98 to 1.00) 0.314 1.01 (0.99 to 1.02) 0.404

Male 0.30 (0.21 to 0.42) <0.001 1.08 (0.69 to 1.68) 0.738

Hypertension 3.48 (2.45 to 4.98) <0.001 0.90 (0.60 to 1.35) 0.609

Diabetes 0.84 (0.49 to 1.43) 0.522 0.56 (0.23 to 1.21) 0.164

Examination

Leukocyte, 109/L 0.95 (0.84 to 1.07) 0.372 2.92 (2.39 to 3.67) <0.001

RBC, 1012/L 0.82 (0.56 to 1.19) 0.289 0.54 (0.34 to 0.85) 0.008

HB, g/L 0.98 (0.97 to 0.99) <0.001 0.99 (0.98 to 1.00) 0.076

PLT, 109/L 1.00 (1.00 to 1.00) 0.298 1.00 (0.99 to 1.00) 0.015

(Continued)
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Discussion
There were no obvious symptoms of unruptured IA, except for nerve compression, which was commonly ignored by 
patients and went undiagnosed. However, SAH caused by rIA was typically accompanied by severe neurological 
dysfunction, which had devastating consequences. In our study, SPP1+ Macrophage has been recognized to promote 
collagen matrix remodeling and phenotypic transformation. These cells could regulate VSMCs and fibroblasts via the 
SPP1/CD44 pair. Then cis-pQTLs and cis-eQTLs corresponding to genes in SPP1+ Macrophage were analyzed to 
uncover the pathogenesis of IA and SAH. Combining GWAS and transcriptome sequencing data, CD36 emerged as 
a shared risk factor for both IA and SAH, which was further considered as an efficient diagnostic biomarker for SAH in 
blood. Meanwhile, blood pressure and peripheral neutrophil count were considered risk factors for patients with IA and 
SAH using MR analysis, which was further demonstrated in our retrospective cohort study. Neutrophils and related 
indicators were identified as diagnostic biomarkers for early SAH detection. This study aimed to provide novel insights 
into the diagnosis and therapy of IA and rIA from multi-omics and clinical transformation perspectives.

Single-cell sequencing analysis revealed that macrophage infiltration increased with IA progression in our study, 
indicating its important roles. Among them, IL1b+ Macrophage is present in the aortas of atherosclerotic mice and 
promote plaque formation,30 whereas GAS6+ Macrophage is recognized to maintain homeostasis mediated by efferocy-
tosis, playing a protective role in IA.31 In our study, SPP1+ Macrophage gradually increased with IA progression, 
especially in rIA. The number of SPP1+ Macrophage also increased in AAA models induced by Angiotensin II, calcium 
chloride, and elastase. A recent study has demonstrated that SPP1+ Macrophage induced by type 3 inflammation causes 
collagen IV degradation and collagen I deposition, which promotes lung and liver fibrosis through TGF-β1.32 SPP1+ 

Table 2 (Continued). 

Variable Univariate-IA Univariate-SAH

OR (95% CI) P OR (95% CI) P

Lymphocyte, 109/L 0.62 (0.45 to 0.84) 0.003 0.15 (0.09 to 0.23) <0.001

Monocyte, 109/L 0.11 (0.03 to 0.44) 0.002 46.90 (11.48 to 207.17) <0.001

Neutrophil, 109/L 1.08 (0.93 to 1.26) 0.296 4.18 (3.19 to 5.79) <0.001

PNR 1.00 (1.00 to 1.00) 0.655 0.88 (0.86 to 0.90) <0.001

NLR 1.33 (1.10 to 1.64) 0.005 2.83 (2.29 to 3.63) <0.001

PLR 1.01 (1.00 to 1.01) <0.001 1.01 (1.01 to 1.02) <0.001

PWR 1.01 (1.00 to 1.03) 0.028 0.83 (0.79 to 0.86) <0.001

SII 1.00 (1.00 to 1.00) 0.002 1.00 (1.00 to 1.00) <0.001

Figure 10 Clinical variables and diagnostic biomarkers among control, IA, and SAH participants. (A) Multivariate logistic regression analysis of clinical variables in IA 
participants. (B) Ranking of the top 11 variables in SAH participants based on RF algorithm. (C) ROC curves of risk score and neutrophil-related indicators in the blood of 
SAH patients.
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Macrophage is also increased in idiopathic pulmonary fibrosis, further activating fibroblasts to accelerate fibrosis.33 In 
TAA, SPP1 derived from fibroblasts not only reduces the expression of contractile genes ACTA2 and TAGLN in 
VSMCs, but also increases collagen expression in fibroblasts.34 SPP1 is also demonstrated to promote the development 
of AAA and increase in blood, suggesting that it could be secreted into circulation and affect systemic vessels, which 
probably provides novel insights for therapeutic target.35 Our study revealed that SPP1 was highly expressed in VSMCs 
and fibroblasts, which have the ability to synthesize the extracellular matrix. Based on SCENIC analysis, it was 
demonstrated that the HIF1α and BHLHE40 regulons specifically regulate SPP1+ Macrophage. In the acute stage of 
autoimmune myocarditis, HIF1α mediates immune overactivation in macrophages and T-helper cells, worsening the 
cardiac function.36 A recent study has demonstrated that metabolic reprogramming of macrophages activated HIF1α, 
whose target genes induce vascular inflammation and ECM remodeling, causing the progression of aortic dissection.27 

BHLHE40 maintains the migration function of macrophage and exerts widespread proinflammatory effects by increasing 
the expression of HIF1α, which also participates in metabolic reprogramming by promoting glycolysis.37 Interestingly, 
a previous study has demonstrated that SPP1 could regulate the expression of HIF1α.38 Therefore, we propose that SPP1+ 

Macrophage not only regulates the phenotypic transformation of VSMC and ECM remodeling through SPP1 and TGF-β 
pathways but also mediates inflammation and metabolic reprogramming through HIF1α, ultimately causing the formation 
and rupture of IA.

Enrichment analysis of cis-pQTLs in SPP1+ Macrophage revealed that inflammation and ECM remodeling-associated 
pathways were enriched in both IA and rIA, indicating that protein polymorphisms regulated the progression of aneurysm 
by altering their original function. The roles of SPP1+ Macrophage in IA and SAH were further explored from the 
perspective of MR. Among them, the CD36 rs6961069 polymorphism proposed in this study was a common risk factor 
for IA and SAH, providing novel insights for early prevention. CD36 is a pattern recognition receptor and fatty acid 
transporter that promotes inflammation and regulates cellular metabolism in various types of cells. It could take up 
oxidized low-density lipoprotein to promote oxidative stress and foam cell formation, thus exert pro-atherosclerotic 
effects. Recent studies have also demonstrated that the polymorphisms in CD36 are significantly associated with 
dyslipidemia, lipid oxidation, and coronary heart disease.39,40 Regular administration of statins is an independent 
predictor of aneurysm wall enhancement in unruptured fusiform IA, which is also negatively correlated with 
SAH.41,42 Therefore, we have reason to believe that CD36 could serve as an effective therapeutic target for IA and 
SAH, with the added advantage of being easily applied in clinical practice. NAGLU rs77942990 and PSAP rs2394843 
were common protective factors for IA and SAH. NAGLU is a lysosomal enzyme mainly involved in the degradation of 
mucopolysaccharides. The relationship between NAGLU and aneurysms is unclear, but its deficiency increases inflam-
mation, collagen deposition, and fibrosis in myocardial tissue.43 Similarly, PSAP is a precursor protein of several 
lysosomal enzymes that could increase the efferocytosis efficiency of macrophages and exert anti-inflammatory 
effects.44 Another study has demonstrated that PSAP improves neuronal activity and reduces infarct size in mice with 
middle cerebral artery occlusion by inhibiting apoptosis.45 Although ALDH2 is considered to reduce oxidative stress to 
protect cardiomyocytes, the polymorphism of ALDH2 rs671 reduces its enzyme activity, thereby decreasing the risk of 
developing AAA by nearly 50%. Specifically, the inhibition of ALDH2 improves the phenotypic transformation of 
VSMCs by interacting with the myocardium, which is partially associated with miR-31-5p.46,47 It is worth noting that 
ALDH2 rs671 is primarily found in East Asian populations, while ALDH2 rs570600621, as identified in this study, is 
a risk factor for SAH and is more prevalent in European populations.

Our results revealed that neutrophils were a risk factor for IA and SAH, and their related indicators were highly 
effective in diagnosing patients with SAH. In an acute aortic dissection (AAD) model induced by Ang II, CXCL1 and 
G-CSF are predominantly increased in circulation to induce neutrophil infiltration in tissues, causing interleukin 6 release 
to promote AAD rupture.48 Consistent with our cohort, neutrophils and NLR are predominantly increased in the 
peripheral blood of SAH patients, which might become useful biomarkers to evaluate IA instability.49 In AAA patients 
undergoing emergency surgery, an elevated NLR was significantly associated with higher in-hospital mortality and 
postoperative multiple organ failure.50 A recent study revealed that multiple systemic inflammation indicators were 
correlated with arrhythmia, including atrial fibrillation, ventricular arrhythmia, and bradyarrhythmia, based on a 478,544 
UK Biobank cohort.51 Neutrophils and related indicators serve as convenient and rapid peripheral blood biomarkers and 
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are helpful for early identification of patients with SAH. In our study, CD36 was also considered an effective diagnostic 
biomarker for patients with SAH, particularly in blood samples. However, there are still a limited number of studies on 
the associations between CD36 and patients with SAH. Although the diagnostic biomarkers proposed in our study hold 
significant value for identifying patients with SAH, further validation in large clinical cohorts is still required.

Conclusion
SPP1+ Macrophage was consistently increased in several aneurysms, thus promoting pathological phenotype transforma-
tion and ECM remodeling through the SPP1 and TGF-β pathways. Based on cis-pQTLs and cis-eQTLs related to SPP1+ 

Macrophage, CD36 was both a risk factor for IA and SAH and an efficient diagnostic biomarker for SAH in blood. 
Moreover, neutrophils and related indicators have also been considered excellent diagnostic biomarkers of SAH in 
a clinical cohort.
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