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Background: Cerebral aneurysm is a high-risk cerebrovascular disease with a poor prognosis, potentially linked to multiple factors. This study aims to explore the association between mitochondrial-associated proteins and the risk of cerebral aneurysms using Mendelian randomization (MR) methods.

Methods: We used GWAS summary statistics from the IEU Open GWAS project for mitochondrial-associated proteins and from the Finnish database for cerebral aneurysms (uIA, aSAH). The association between mitochondrial-associated exposures and cerebral aneurysms was evaluated using MR-Egger, weighted mode, IVW, simple mode and weighted median methods. Reverse MR assessed reverse causal relationship, while sensitivity analyses examined heterogeneity and pleiotropy in the instrumental variables. Significant causal relationship with cerebral aneurysms were confirmed using FDR correction.

Results: Through MR analysis, we identified six mitochondrial proteins associated with an increased risk of aSAH: AIF1 (OR: 1.394, 95% CI: 1.109–1.752, p = 0.0044), CCDC90B (OR: 1.318, 95% CI: 1.132–1.535, p = 0.0004), TIM14 (OR: 1.272, 95% CI: 1.041–1.553, p = 0.0186), NAGS (OR: 1.219, 95% CI: 1.008–1.475, p = 0.041), tRNA PusA (OR: 1.311, 95% CI: 1.096–1.569, p = 0.003), and MRM3 (OR: 1.097, 95% CI: 1.016–1.185, p = 0.0175). Among these, CCDC90B, tRNA PusA, and AIF1 demonstrated a significant causal relationship with an increased risk of aSAH (FDR q < 0.1). Three mitochondrial proteins were associated with an increased risk of uIA: CCDC90B (OR: 1.309, 95% CI: 1.05–1.632, p = 0.0165), tRNA PusA (OR: 1.306, 95% CI: 1.007–1.694, p = 0.0438), and MRM3 (OR: 1.13, 95% CI: 1.012–1.263, p = 0.0303). In the reverse MR study, only one mitochondrial protein, TIM14 (OR: 1.087, 95% CI: 1.004–1.177, p = 0.04), showed a causal relationship with aSAH. Sensitivity analysis did not reveal heterogeneity or pleiotropy. The results suggest that CCDC90B, tRNA PusA, and MRM3 may be common risk factors for cerebral aneurysms (ruptured and unruptured), while AIF1 and NAGS are specifically associated with an increased risk of aSAH, unrelated to uIA. TIM14 may interact with aSAH.

Conclusion: Our findings confirm a causal relationship between mitochondrial-associated proteins and cerebral aneurysms, offering new insights for future research into the pathogenesis and treatment of this condition.
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Introduction

The incidence of cerebral aneurysms is about 3–5%, characterized by degenerative changes in the arterial wall and destruction of elastic and collagen fibers. This leads to abnormal local dilatation of the vessel wall, with rupture being the most serious complication (1). After rupture, blood is introduced into the subarachnoid space under high pressure, resulting in aneurysmal subarachnoid hemorrhage (aSAH) (2). Although aSAH accounts for only 5% of all strokes, its mortality rate is as high as 40% (3). Hemorrhagic aneurysms can be treated with surgical clipping or endovascular coiling. However, many patients still experience poor clinical outcomes due to various complications (4). The etiology and treatment of cerebral aneurysms warrant further in-depth study.

The relationship between mitochondria and cerebral aneurysms has garnered significant attention in recent years. Research suggests that mitochondrial DNA (mtDNA) could impact complications and clinical outcomes after aSAH (5). Mitochondria are important regulators of cellular apoptosis (6). Abnormal mitochondrial ultrastructure, defects in the electron transport chain, increased reactive oxygen species (ROS), oxidative stress, and unique dynamic characteristics play crucial roles in regulating the process of cellular apoptosis (7). Notably, mitochondria-induced necrotic apoptosis is implicated in the formation of cerebral aneurysms (8). and mitochondrial apoptosis triggered by respiratory chain dysfunction serves as a pathological mechanism of cerebral aneurysms (9). Mitochondrial dysfunction is the primary culprit for neuronal damage following early cerebral ischemic events (10). During the acute phase following SAH, mitochondrial calcium overload can lead to a substantial generation of ROS, resulting in cell death. Inhibiting the mitochondrial calcium uniporter protein (MCU) or preventing calcium accumulation significantly mitigates oxidative damage and reduces neuronal cell death (11). Furthermore, mitochondrial dysfunction stemming from impaired mitochondrial function is a significant contributor to microvascular and macrovascular diseases, including those affecting cerebral arteries, carotid arteries, and the aorta (12, 13). However, the causal relationship between mitochondrial function and cerebral aneurysms has yet to be definitively established.

Mendelian randomization (MR) is a method used to evaluate causality by leveraging genetic variation. Because genetic variation is determined at fertilization and is typically independent of environmental factors, MR can offer causal inferences that closely resemble random assignments, thereby minimizing the influence of confounding variables (14). In this study, we employed MR to investigate the potential causal relationship between mitochondrial exposure and cerebral aneurysms.



Materials and methods


Data source

The Single Nucleotide Polymorphisms (SNPs) associated with mitochondria were obtained from IEU Open GWAS project. The project provides publicly available summary statistics data on 66 mitochondrial-associated proteins from 3,301 European ancestry healthy blood donors in the INTERVAL study. All participants provided informed consent under national research ethics, and underwent extensive surveys on demographic characteristics, including age, gender, anthropometric measurements such as height and weight, lifestyle factors (e.g., alcohol consumption and smoking), and dietary habits. Additionally, individuals with major diseases (e.g., myocardial infarction, stroke, cancer) or recent illnesses or infections were excluded based on blood donation criteria (15). To minimize potential biases due to sample overlap, we chose genetic association data related to cerebral aneurysms (unruptured intracranial aneurysm (uIA) and aSAH) from the Finnish database. This database can be accessed online through the IEU Open GWAS project website.1 The dataset for uIA included 992 cases and 203,068 controls of European ancestry, with the accession number finn-b-I9_ANEURYSM. Similarly, the dataset for aSAH comprised 2,127 cases and 203,068 controls of European ancestry, with the accession number finn-b-I9_SAHANEUR. Although detailed demographic variables (such as age and gender) of the samples are not directly provided in the database, we will conduct analyses based on summary statistics data related to genetic variations and phenotype associations, including p-values, effect sizes, and standard errors provided by the database.



Instrumental variables selection

The selection of instrumental variables (IVs) was based on significance levels below p < 5 ×10−6, utilizing a clumping window size of 10,000 kb and a threshold of r2 < 0.001 to minimize linkage disequilibrium (LD). To assess the statistical strength of the IVs, the formula F = (R2(n–k–1)) / (k(1–R2)) was employed, where n signifies the count of samples that have been exposed to the variables under investigation, k represents the number of IVs employed in the study, and R2 value quantifies the proportion of variance in exposure that can be attributed to the IVs, indicating the extent to which these IVs explain the observed variation in the exposure of interest (16). A weakly relevant instrumental variable was considered when F < 10 (17). Notably, all SNPs utilized displayed F values exceeding 10, indicative of a robust correlation among the IVs employed.



Statistical analysis

We conducted an investigation into the relationship between mitochondrial-associated exposures and cerebral aneurysms utilizing five methods: MR-Egger, weighted mode, Inverse Variance Weighting (IVW), simple mode and weighted median. Among these, IVW is the most widely used MR method today (18). Assuming all IVs are valid, IVW is the most efficient method. It estimates the causal effect of exposure on the outcome by performing a weighted average of the effect estimates from each IV, with more precise estimates (those with smaller standard errors) contributing more to the final result, thus making the estimates more accurate and reliable (19). Therefore, we present IVW analysis as the primary result. To ensure the rigor and completeness of the study, we included four additional methods to complement the IVW results.MR-Egger regression is specifically designed to detect and adjust for horizontal pleiotropy in causal effect analyses, providing consistent estimates of causal effects under the weaker InSIDE assumption, even in the presence of invalid instruments (20). The weighted mode method aims to provide robust causal effect estimates by identifying and using the most common weighted values among the IVs, reducing the impact of outliers and bias. The simple mode method assigns equal weight to all instrumental variables and is straightforward in its calculation, not involving complex statistical models or weighting processes, but it may be influenced by outliers or low-precision estimates. The weighted median method yields more effective results when more than 50% of the instrumental variables are valid (21).

Furthermore, sensitivity testing was performed, including the examination of horizontal pleiotropy using the MR-Egger intercept test and the MR-PRESSO test. A statistically significant p value less than 0.05 indicated evidence of horizontal pleiotropy among the included SNPs (22). Heterogeneity was assessed using Cochran’s Q test, where p-values less than 0.05 indicate the presence of heterogeneity (23). Crucially, leave-one-out sensitivity analyses were performed to underscore the robustness and reliability of our findings. These analyses revealed that excluding any individual SNP did not yield a significant impact on the overall results, highlighting the consistency of our findings. To assess the reverse causal effect between mitochondrial-associated proteins and cerebral aneurysms, we examined cerebral aneurysms as the “exposure” and mitochondrial-associated proteins as the “outcome.” SNPs significantly associated with aSAH and uIA (p < 5 × 10−6) were selected as IVs. In the end, we utilized false discovery rate (FDR) correction to obtain adjusted p-values, denoted as q (24). We define that when q < 0.1, it indicates a significant causal relationship between exposure and outcome; whereas when p < 0.05 and q ≥ 0.1, it suggests an indicative causal effect (25). The study followed the STROBE-MR guidelines, ensuring rigorous adherence to standardized reporting and methodology (26), and two-sample MR analysis was conducted utilizing the “TwoSampleMR” package in R version 4.3.1.




Results


Causal effect between mitochondrial-associated proteins and aneurysms

The MR analysis investigated the relationship between mitochondrial-associated proteins and cerebral aneurysms using five methods: MR-Egger, weighted mode, IVW, simple mode and weighted median, with IVW as the primary analytical method. According to the IVW method, MR analysis showed that in aSAH, AIF1 (OR: 1.394, 95%CI:1.109–1.752, p = 0.0044), CCDC90B (OR: 1.318, 95%CI: 1.132–1.535, p = 0.0004), TIM14 (OR: 1.272, 95%CI: 1.041–1.553, p = 0.0186), NAGS (OR:1.219, 95%CI:1.008–1.475,p = 0.041), tRNA PusA (OR:1.311, 95%CI:1.096–1.569, p = 0.003), MRM3 (OR:1.097, 95%CI:1.016–1.185, p = 0.0175), the genetic prediction of these six mitochondrial-associated proteins suggests causal association with aSAH, this implies that variations in these proteins may indeed influence the risk or development of aSAH (Figures 1, 2). In uIA, the genetic prediction of CCDC90B (OR:1.309, 95%CI: 1.05–1.632, p = 0.0165), tRNA PusA (OR: 1.306, 95%CI: 1.007–1.694, p = 0.0438) and MRM3 (OR: 1.13, 95%CI: 1.012–1.263, p = 0.0303) was associated with an increased risk of uIA.
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FIGURE 1
 The circular heatmap depicts the results of utilizing MR method to analyze the causal relationship between 66 mitochondrial-associated proteins and aSAH.
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FIGURE 2
 Forest plot results of the analysis of the relationship between mitochondrial-associated proteins and cerebral aneurysms (aSAH, uIA) using MR method (IVW p < 0.05).


We conducted Cochran’s Q test, revealing that none of the mitochondrial-associated protein variables exhibited significance. This indicates the absence of heterogeneity among the IVs. Subsequently, multiple validity tests were performed using MR-PRESSO, which did not identify any outliers in the data. In the MR-Egger intercept test, we investigated whether the remaining IVs still displayed pleiotropy. The analysis of intercepts did not yield statistically significant results, suggesting a lack of meaningful associations and indicating the absence of horizontal pleiotropy. This implies that any observed relationships between variables are less likely to be influenced by unintended genetic effects, enhancing the validity of the findings (Figure 2). These sensitivity analyses provide further support for the reliability and robustness of our findings regarding the causal relationships between mitochondrial-associated proteins and cerebral aneurysms.

To correct for potential biases caused by multiple comparisons, we applied FDR correction. The results revealed that in aSAH, CCDC90B had a q-value of 0.024, AIF1 had a q-value of 0.096, and tRNA PusA had a q-value of 0.099. This indicates significant causal effects of CCDC90B, AIF1, and RNA PusA in aSAH, while results with q-values greater than or equal to 0.1 suggest indicative causal effects.



Reverse causal effect between mitochondrial-associated proteins and cerebral aneurysms

Reverse MR analysis was conducted on the six mitochondrial-associated proteins previously identified as causally associated with cerebral aneurysms in the forward MR analysis, to investigate the reverse causal relationship between mitochondrial-associated proteins and cerebral aneurysms. The reverse MR analysis revealed that in cases of aSAH, the occurrence of aSAH was positively and significantly associated with the presence of TIM14 (OR: 1.087, 95% CI: 1.004–1.177, p = 0.04). In sensitivity analysis, both Cochran’s Q test and MR-Egger intercept test and MR-PRESSO global tests did not reveal significant heterogeneity or horizontal pleiotropy (Figure 3). Similarly, no notable biases or differences were observed in the scatter plot, funnel plot and leave-one-out analysis (Figure 4). No inverse causal relationship was observed between the remaining mitochondrial-associated proteins and aSAH or uIA.

[image: Figure 3]

FIGURE 3
 Forest plot of the reverse causal relationship between mitochondrial-associated proteins and aSAH.
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FIGURE 4
 Reverse causal effect between mitochondrial-associated proteins and aSAH, including scatter plot (A), funnel plot (B) and leave-one-out result (C).





Discussion

This study employed MR analysis to examine the causal relationship between 66 mitochondrial-associated proteins and aSAH and uIA. Utilizing publicly available data from IEU Open GWAS project and the Finnish database, and incorporating results adjusted for FDR, we identified six mitochondria proteins (AIF1, CCDC90B, TIM14, NAGS, tRNA PusA, MRM3) associated with increased risk of aSAH. Among these, CCDC90B, tRNA PusA, and AIF1 demonstrated a significant causal relationship with an increased risk of aSAH (q < 0.1). Additionally, three proteins (CCDC90B, tRNA PusA, MRM3) were associated with increased risk of uIA. In the reverse analysis, only one mitochondria protein (TIM14) exhibited a causal relationship with aSAH. Overall, our findings suggest that CCDC90B, tRNA PusA, and MRM3 may be common risk factors for cerebral aneurysms (ruptured and unruptured), while AIF1 and NAGS are specifically associated with an increased risk of aSAH, unrelated to uIA. TIM14 may be involved in interactions related to aSAH.

The study on the relationship between mitochondrial-associated proteins and cerebral aneurysms holds significant clinical implications. Apoptosis-inducing factor 1(AIF1), initially discovered as a flavoprotein located in the mitochondrial intermembrane space, was first identified as a cell apoptosis-inducing factor (27, 28). After translocation from mitochondria to the nucleus, AIF1 can induce DNA fragmentation and cell apoptosis through a caspase-independent mechanism, leading to apoptosis within the cell or affecting cell survival by modulating mitochondrial function (29, 30), and the mitochondria-necrotic apoptosis axis is one of the pathogenic mechanisms of cerebral aneurysms (8). Numerous experimental studies have demonstrated that AIF is the primary cause of ischemic and traumatic neuronal death. Research involving animal models has revealed that mice with the AIF1 gene suppressed exhibit a decrease in the size of brain lesions after temporary localized cerebral ischemia when compared to their genetically unmodified counterparts. Additionally, these mice experienced a reduction in neuronal death in the ischemic region following transient cerebral artery occlusion. However, AIF1 protein levels more than double after hypoxia-ischemia (HI), leading to more severe brain damage (27, 29). In line with our research findings, AIF1 may be a significant factor contributing to cerebral aneurysms, particularly aSAH. N-acetylglutamate synthase (NAGS), a potential regulatory urea cycle protein present in the mitochondrial matrix, is involved in the urea cycle, which is a metabolic pathway within organisms, primarily responsible for converting toxic ammonia into urea. Dysregulation of this cycle can lead to abnormal brain function (31, 32). NAGS may influence the occurrence and development of cerebral aneurysms through the urea cycle metabolic pathway, and all of this needs further mechanistic research for validation in the future.

tRNA pseudouridine synthase A (tRNA PusA) belongs to the RNA modification enzyme family. Its function is to catalyze the conversion of uridine nucleotides in tRNA molecules to pseudouridine nucleotides. Abnormal tRNA PusA modification in mitochondria can lead to mitochondrial dysfunction, resulting in severe pathological consequences, including mitochondrial myopathy, encephalopathy, mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes (MELAS), among other mitochondrial diseases (33–35), highlighting its critical biological function in brain mitochondria (36). A clinical study revealed a correlation between mitochondrial diseases, particularly MELAS (37), and cerebral aneurysms. Mitochondrial diseases lead to increased oxidative and nitrosative stress in the vascular wall, which may be a significant factor in the development of cerebral aneurysms (12, 13). This suggests the important role of aberrant tRNA PusA expression in the progression of cerebral aneurysms. Coiled-coil domain-containing protein 90B (CCDC90B) is a protein containing a coiled-coil domain involved in maintaining cellular structure, signal transduction, and gene expression regulation (38). Given the limited research on CCDC90B, further studies are needed to elucidate its mechanism of action in cerebral aneurysms. rRNA methyltransferase 3 (MRM3) is an important mitochondrial methyltransferase involved in ribosomal RNA modification and participates in ribosome assembly, affecting ribosomal translation activity and protein synthesis rates. It is a crucial factor influencing protein synthesis and OXPHOS function in mitochondria (39). Dysfunction of OXPHOS function is associated with apoptosis (40), the mechanism may involve MRM3 influencing cell apoptosis through mitochondrial oxidative phosphorylation, thereby affecting the development of cerebral aneurysms. Mitochondrial import inner membrane translocase subunit TIM14 (TIM14) is a protein located on the mitochondrial membrane and is one of the components of the mitochondrial protein translocation complex, closely associated with mitochondrial protein transport and folding processes (41). Research results indicate a bidirectional causal relationship between TIM14 and cerebral aneurysms, suggesting its interaction with cerebral aneurysms; however, further investigation is needed to elucidate its underlying mechanisms.

The causal relationship between mitochondrial-associated proteins and cerebral aneurysms has been identified through MR analysis, laying the foundation for in-depth research into the association between mitochondria and cerebral aneurysms. This discovery opens up new directions and insights for future studies on the etiology and mechanisms of cerebral aneurysms. It may facilitate the discovery of new therapeutic targets and the development of more effective preventive strategies, providing a breakthrough for the prevention and treatment of cerebral aneurysms.

However, we must consider the limitations of this study. The dataset utilized in this study primarily consists of individuals of European ancestry, which may restrict the broader applicability of the findings due to the absence of more diverse demographic information such as gender and age. Consequently, the generalizability of the results to wider populations is limited, and there are constraints on the potential for further analysis. Additionally, we did not include multivariable MR analysis. Considering the limitations in sample size and data completeness, the statistical power for multivariable MR analysis might be insufficient. Future research should aim to increase sample size and improve data completeness, incorporating multivariable MR analysis to more comprehensively understand the combined effects of these proteins in the formation of cerebral aneurysms. Finally, while mitochondria play a crucial role in the development of cerebral aneurysms, our study revealed causal relationships between mitochondrial-associated proteins and cerebral aneurysms. Further research is imperative to deepen our understanding of the intricate mechanisms underlying cerebral aneurysms.



Conclusion

Through MR analysis, we have established a causal relationship between mitochondrial-associated proteins and cerebral aneurysms. This finding lays the groundwork for further exploration into the potential mechanisms linking mitochondria to cerebral aneurysms. It provides new directions and insights for future research on the etiology and mechanisms of cerebral aneurysms, and may offer new perspectives for future prevention and treatment strategies.
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