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Causal role of mitochondrial proteins in aortic 
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analysis, and experimental validation
Adilai Abodulikemu, MDa, Li Li, MDb, Mukamengjiang Juaiti, MDb,*

Abstract 
Mitochondrial dysfunction has been implicated in the pathogenesis of aortic aneurysms (AA); however, the causal role of 
mitochondrial-related proteins remains unclear. This study employs a Mendelian randomization (MR) approach to investigate the 
potential causal relationship between mitochondrial proteins and AA. Genetic instruments for mitochondrial proteins were obtained 
from the IEU Open genome-wide association study database, while AA-related genetic data were sourced from the FinnGen 
biobank. Inverse-variance weighting (IVW) served as the primary MR method, with MR-Egger and weighted median approaches 
utilized as complementary methods. Sensitivity analyses, including Cochran Q test, MR-Egger intercept, and MR-PRESSO, were 
performed to assess heterogeneity and pleiotropy. Reverse MR analysis was conducted to exclude the possibility of reverse 
causation. To enhance the robustness of the findings, replication was carried out using genome-wide association study Catalog 
data, and a meta-analysis was performed by integrating discovery and replication datasets. Gene expression validation was 
conducted using the Gene Expression Omnibus dataset, and gene set enrichment analysis (GSEA) was applied to explore relevant 
biological pathways. Additionally, in vitro experiments employing platelet-derived growth factor-BB-induced human aortic smooth 
muscle cells were performed to validate the expression patterns of mitochondrial-related proteins at both mRNA and protein 
levels. Through rigorous genetic variant selection, MR analysis using IVW, sensitivity analyses, replication, and meta-analysis, we 
identified iron–sulfur cluster assembly enzyme (ISCU), 39S ribosomal protein L14 (MRPL14), and mitochondrial peptide methionine 
sulfoxide reductase (MSRA) as mitochondrial proteins associated with AA. Sensitivity analyses confirmed the robustness of these 
findings, with no evidence of heterogeneity or pleiotropy. Reverse MR analysis ruled out reverse causation. Gene expression 
analysis demonstrated that ISCU was significantly upregulated, whereas MRPL14 and MSRA were downregulated in AA tissues. 
GSEA revealed that these proteins are involved in pathways related to inflammation, immune response, and vascular remodeling. 
In vitro experiments further corroborated these findings, demonstrating consistent expression patterns in platelet-derived growth 
factor-BB-induced human aortic smooth muscle cells. This study provides robust genetic and experimental evidence supporting 
the causal role of ISCU, MRPL14, and MSRA in AA pathogenesis. These mitochondrial proteins may serve as potential biomarkers 
and therapeutic targets for AA, warranting further investigation.

Abbreviations: AA = aortic aneurysms, GSEA = gene set enrichment analysis, ISCU = iron–sulfur cluster assembly enzyme, 
IVs = instrumental variables, IVW = inverse-variance weighting, MR = Mendelian randomization, MRPL14 = 39S ribosomal protein 
L14, MSRA = mitochondrial peptide methionine sulfoxide reductase, SNP = single nucleotide polymorphism, VSMC = vascular 
smooth muscle cell.
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1. Introduction
Aortic aneurysm (AA) is a potentially life-threatening condition 
with severe consequences and extensive health risks.[1] Studies 
indicate that even in cases where the aneurysm has not ruptured, 
mortality rates remain significantly high.[2,3] In cases of rupture, 
the mortality rate can escalate to over 90%, making it a signifi-
cant threat in the field of cardiovascular diseases.[4,5] Faced with 
this serious health challenge, we cannot ignore its underlying 
pathological mechanisms. Instead, it is essential to investigate 
its causes and potential contributing factors thoroughly. This 
study aims to explore the complex relationship between aortic 
aneurysms and the role of mitochondria, assessing how it sig-
nificantly affects the functionality of aortic wall cells and overall 
vascular health, with the goal of identifying efficient preventive 
and treatment approaches.

In recent years, the relationship between mitochondria and 
AA has drawn increasing attention.[6] As the powerhouse of 
the cell, mitochondria provide adenosine triphosphate (ATP) 
through oxidative phosphorylation, supporting normal phys-
iological functions. In the pathological process of AA, mito-
chondrial dysfunction is considered 1 of the key factors 
affecting the structural stability of the aortic wall.[7] When 
mitochondrial function is impaired, aortic smooth muscle cells 
fail to receive adequate energy support, leading to decreased 
cellular function and survival rates.[8] This, in turn, weakens 
the aortic wall, making it more prone to expansion and rup-
ture, ultimately leading to the formation of an AA. Research 
has shown that mitochondrial dysfunction is a core mecha-
nism in the development of aneurysms, particularly in vascu-
lar smooth muscle cells, where alterations in mitochondrial 
function profoundly affect the integrity of the aortic wall.[9] 
Targeting mitochondrial pathways is a possible approach for 
preventing and treating AA.[10] Dynamin-related protein 1 is a 
crucial regulatory protein in mitochondrial fission, and stud-
ies have found that Dynamin-related protein 1 expression is 
significantly elevated in aneurysmal tissue from AA patients, 
suggesting its role in driving mitochondrial fission and the 
progression of AA.[11] By inhibiting Dynamin-related protein 
1 or other proteins involved in mitochondrial fission, the bal-
ance of mitochondrial dynamics can be regulated, protecting 
cellular function and delaying or preventing the onset and 
progression of AA. Furthermore, the mitochondrial quality 
control mechanism is central to maintaining mitochondrial 
health and functional stability.[12] The mitochondrial quality 
control mechanism ensures the dynamic balance of mitochon-
dria within cells by processes such as mitophagy, fusion, and 
fission to remove damaged mitochondria. In AA patients, stud-
ies have indicated that mitophagy may be impaired, resulting 
in the accumulation of damaged mitochondria that are not 
effectively cleared. This imbalance exacerbates the decline in 
mitochondrial function. The increase in mitochondrial fission 
and the decrease in fusion lead to the accumulation of damage, 
increased cell apoptosis, and accelerated pathological progres-
sion of AA.[13] In summary, the crucial involvement of mito-
chondria in the development and advancement of AA indicates 
that managing mitochondrial function, especially the equilib-
rium between fission and fusion, presents novel strategies and 
potential targets for preventing and treating AA.

Mendelian randomization (MR), a technique used in epidemi-
ology, utilizes genetic variants as instrumental variables (IVs) to 
evaluate the cause-and-effect relationships between risk factors 
and outcomes.[14] MR, a technique used in epidemiology, utilizes 
genetic variants as IVs to assess the cause-and-effect relation-
ships between risk factors and outcomes. This approach is com-
pelling in its capacity to reduce confounding by leveraging the 
random assortment of alleles at conception, which mimics the 
conditions of a randomized controlled trial. Unlike traditional 
observational studies, which are often susceptible to residual 
confounding and reverse causation, MR minimizes these biases 

and enhances the reliability of causal inferences. Furthermore, 
the use of large-scale genome-wide association study datasets 
strengthens statistical power and allows for robust assessments 
of causal relationships across diverse biological pathways.[15] 
Therefore, this study aims to employ MR to explore the pos-
sible cause-and-effect link between mitochondrial factors and 
AA, while also exploring the underlying biological mechanisms. 
This could provide valuable insights for the medical field and 
contribute to advancements in this area of research.

2. Materials and methods

2.1. Study design

This MR analysis relies on 3 core assumptions, as shown 
in Figure 1. First, the genetic instruments must have a 
strong association with the relevant exposure. Second, these 
genetic variants should not be related to any confounders. 
Third, the connection between the genetic instruments and 
the outcome must only arise through their effect on the 
exposure.[16]

2.2. Data source

Single nucleotide polymorphisms (SNP) linked to mitochondrial 
function were sourced from the IEU Open genome-wide asso-
ciation study (GWAS) project, a platform providing publicly 
available summary statistics for 66 mitochondrial-related pro-
teins. These data were collected from a cohort of 3301 healthy 
blood donors of European ancestry enrolled in the INTERVAL 
study (Table S1, Supplemental Digital Content, http://links.lww.
com/MD/O460). In compliance with national research ethics 
guidelines, all participants gave informed consent and provided 
comprehensive demographic information. To reduce potential 
biases arising from sample overlap, we used genetic association 
data related to aortic aneurysm from the FinnGen Biobank, 
which is publicly accessible at https://r11.finngen.fi/. This data-
set includes 8923 cases of European ancestry and 420,324 
controls. To assess the credibility of candidate mitochondrial 
proteins, we conducted replication and meta-analysis using data 
from the GWAS Catalog (GCST90044010), including 456,348 
Europeans, of whom 258 were AA patients, and 456,090 were 
controls.[17]

2.3. Instrumental variables selection

The instrumental variables (IVs) were selected using a signif-
icance threshold of P < 5 × 10−6, with a clumping distance of 
10,000 kb and an r2 threshold of <.001 to minimize linkage 
disequilibrium. To evaluate the strength of the selected IVs, 
the F-statistic was calculated using the formula F-statistics 
(F = beta2/se2). This statistic measures how much variance in 
the exposure is accounted for by the selected IVs.[18] Generally, 
an F-statistic value below 10 suggests a weak instrument.[19] 
In this analysis, all SNPs had F-statistics >10, indicating that 
the IVs were strongly associated with the exposure (Table 
S2, Supplemental Digital Content, http://links.lww.com/MD/
O460).

2.4. MR analysis

We examined the relationship between mitochondrial-related 
exposures and AA using 3 different MR methods: MR-Egger, 
inverse-variance weighting (IVW), and the weighted median 
approach. Among these, IVW is the most commonly used 
method in MR studies due to its ability to efficiently calculate a 
weighted average of effect estimates from each IV, assuming all 
IVs are valid.[20] Estimates with lower standard errors contribute 
more to the final result, improving precision and reliability.[21] 

http://links.lww.com/MD/O460
http://links.lww.com/MD/O460
https://r11.finngen.fi/
http://links.lww.com/MD/O460
http://links.lww.com/MD/O460
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Thus, IVW was reported as the primary analytical outcome. 
Additional methods were employed to ensure the robustness of 
our findings. MR-Egger regression is particularly advantageous 
for detecting and adjusting for horizontal pleiotropy, even when 
some IVs are invalid, under the InSIDE assumption.[22] The 
weighted mode approach estimates causal effects by focusing 
on the most frequently weighted values, reducing the influence 
of outliers and enhancing result stability.[23] Sensitivity analy-
ses, including MR-Egger intercept and MR-PRESSO tests, were 
conducted to assess horizontal pleiotropy, with a P-value under 
.05 indicating its presence.[24] Cochran Q-test was applied to 
test for heterogeneity, where a P-value below .05 implied sig-
nificant heterogeneity.[25] To further validate the robustness of 
our results, leave-one-out analysis was performed, confirming 
that excluding any individual SNP did not substantially alter 
the overall findings.

Additionally, reverse causality between mitochondrial pro-
teins and AA was examined by treating AA as the exposure and 
mitochondrial proteins as the outcome. SNPs strongly asso-
ciated with AA (P < 5 × 10−6) were selected as IVs. This study 
followed the STROBE-R guidelines to ensure proper report-
ing, and dual-sample MR analyses were conducted using the 
“TwoSampleMR” package in R version 4.3.1.[26]

2.5. Gene expression data analysis and gene set 
enrichment analysis

The GSE57691 microarray dataset was obtained from the Gene 
Expression Omnibus (GEO) database (http://www.ncbi.nlm.
nih.gov/geo/), utilizing the GPL10558 Illumina HumanHT-12 
V4.0 platform. This dataset includes 10 control samples and 
49 aortic tissue samples from AA patients. Differential gene 
expression analysis was performed using the limma package 
in R.[27,28] The expression levels of specific genes were visual-
ized using boxplots to highlight their differential expression 
patterns. gene set enrichment analysis (GSEA) was conducted 
with the clusterProfiler package and the c2.cp.kegg.symbols.
gmt gene set collection. The results were saved for further 
analysis.[29,30]

2.6. Cell culture and processing

Human aortic VSMCs (vascular smooth muscle cells), obtained 
from Guangzhou Gene Biotechnology Co., Ltd., were main-
tained in Dulbecco Modified Eagle Medium supplemented with 
10% fetal bovine serum. Afterward, the cells were transferred 
to a serum-free medium for further culture. Platelet-derived 
growth factor-BB (PDGF-BB)-induced collagen deposition and 
disruption of extracellular matrix (ECM) homeostasis have 
been linked to increased arterial wall stiffness, potentially pro-
moting the progression of aortic aneurysms.[31–33] In this study, 
we treated HASMCs with PDGF-BB to create an in vitro model 
of aortic aneurysms. Specifically, the cells were exposed to 20 ng/
mL PDGF-BB (Sigma-Aldrich) for 12 hours.

2.7. Real-time quantitative PCR

The RNA from cells was extracted using Trizol (Beyotime, 
China) and reverse transcribed into cDNA through a syn-
thesis kit containing specific primers and SYBR green reac-
tion mix (Beyotime, China). Real-time qPCR was performed, 
followed by the calculation of relative gene expression levels  
using the 2–ΔΔCT approach. The primer sequences: ISCU for-
ward: 5′-GTCTGGATGTGCTGGCTGAA-3′, reverse: 5′-TGCA 
CTTCACGGGCTATCAA-3′; MRPL14 forward: 5′-GCGC 
TTGGCTGGATCTATCT-3′, reverse: 5′-GCCAGTAGTATCTGGT 
CGCC-3′; MSRA forward: 5′-TCCTCCTCCACAGCCTC 
TTT-3′, reverse: 5′-CGGATGTCGGTAGTGATGGG-3′.

2.8. Western blot

Proteins were extracted from cells using a protein extraction 
kit containing protease and phosphatase inhibitors (Qichun, 
China, YWB0501). Protein concentration was measured using 
the BCA protein assay kit (Beyotime, P0010). The proteins 
were denatured at 100 °C for 10 minutes, separated using a 
10% SDS-PAGE gel, and transferred onto polyvinylidene flu-
oride membranes (Roche, Basel, Switzerland). The membranes 
were then blocked at room temperature for 10 minutes with a 

Figure 1.  Study design.

http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/


4

Abodulikemu et al.  •  Medicine (2025) 104:10� Medicine

blocking solution (Qichun, China, YWB0501). The membranes 
were then incubated overnight at 4 °C with primary antibodies. 
After washing the membranes 3 times, for 5 minutes each, they 
were probed with secondary antibodies at room temperature 
for 1 hour. The membranes were washed again 3 times, for 5 
minutes each. Enhanced chemiluminescence (Qichun, China, 
PYT002-200) was used to detect the signal. Finally, signals were 
recorded using an imaging system. All primary antibodies were 
obtained from Proteintech (Wuhan, China): ISCU (Cat No. 
14812-1-AP), MRPL14 (Cat No. 15040-1-AP), and MSRA (Cat 
No. 14547-1-AP).

2.9. Statistical analysis

Statistical analyses were conducted using SPSS version 18.0. 
Data are presented as means ± SD or means ± SEM. A 1-tailed 
Student t test was used to compare differences between 2 
groups, each with 3 replicates. A P value of <.05 was consid-
ered statistically significant. Experimental data were derived 
from 3 independent replicates for each group unless other-
wise noted. Statistical significance is indicated as follows: 
*P < .05, **P < .01, ***P < .001, ****P < .0001, and ns (not 
significant).

3. Result

3.1. The causal effect between mitochondrial-associated 
proteins and AA

To explore the causal effect between mitochondrial-associated  
proteins and AA, we employed 3 MR analysis methods – 
MR-Egger, IVW, and weighted median – with IVW serving as 
the primary approach (Fig. 2). The IVW results demonstrated 
that several mitochondrial-related proteins are genetically linked 
to AA, including ISCU (iron–sulfur cluster assembly enzyme; 
OR = 1.162, 95% CI = 1.054 to 1.280, P = .002), MRPL14 
(39S ribosomal protein L14; OR = 0.896, 95% CI = 0.806 to 
0.995, P = .041), and MSRA (Mitochondrial peptide methi-
onine sulfoxide reductase; OR = 0.910, 95% CI = 0.829 to 
0.998, P = .045; Fig. 3). These findings imply that these protein 
variations may affect the risk or progression of aortic aneurysm. 
Scatter plots from the discovery analysis are shown in Figure 4A 
to C.

We also performed Cochran Q test, which indicated no sig-
nificant heterogeneity among the mitochondrial-related protein 
variables. Further validation through MR-PRESSO detected no 
outliers in the data. The MR-Egger intercept test revealed no evi-
dence of pleiotropy, as the intercept results were not statistically 

Figure 2.  The causal relationship between mitochondrial proteins and aortic aneurysm of the discovery analysis.
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significant, suggesting that horizontal pleiotropy does not bias 
our results. While MR-Egger is a widely used method for detect-
ing horizontal pleiotropy, it has theoretical limitations, partic-
ularly its reduced statistical power when the number of IVs is 

small. However, given that our results across multiple sensitivity 
analyses are consistent and robust, it is unlikely that undetected 
pleiotropy has materially influenced our findings. Therefore, 
these sensitivity checks strongly support the robustness and 

Figure 3.  Forest map of the causal relationship between mitochondrial proteins and aortic aneurysm of the discovery analysis.

Figure 4.  Scatter plots and Leave-one-out analysis of the main results of the discovery analysis. (A) Scatter plots of iron–sulfur cluster assembly enzyme ISCU, 
mitochondrial. (B) Scatter plots of 39S ribosomal protein L14, mitochondrial. (C) Scatter plots of mitochondrial peptide methionine sulfoxide reductase. (D) 
Leave-one-out analysis of iron–sulfur cluster assembly enzyme ISCU, mitochondrial. (E) Leave-one-out analysis of 9S ribosomal protein L14, mitochondrial. (F) 
Leave-one-out analysis of mitochondrial peptide methionine sulfoxide reductase. ISCU = iron–sulfur cluster assembly enzyme.



6

Abodulikemu et al.  •  Medicine (2025) 104:10� Medicine

reliability of the identified causal link between mitochondrial- 
related proteins and AA (Table S3, Supplemental Digital 
Content, http://links.lww.com/MD/O460). The leave-one-out 
analysis indicated that no single SNP had a significant impact 
on the overall causal estimate (Fig. 4D–F).

3.2. Reverse causal effect between mitochondrial-
associated proteins and AA

A reverse MR analysis was performed on the 3 mitochondrial- 
related proteins that were previously found to be causally linked 
to aortic aneurysm in the forward MR analysis to assess whether 
a reverse causal relationship exists. The results indicated that 
there was no reverse causal association between these proteins 
and AA. Sensitivity analysis further confirmed this, as Cochran 
Q test, MR-Egger intercept test, and MR-PRESSO global test all 
revealed no significant heterogeneity or horizontal pleiotropy 
(Table S4, Supplemental Digital Content, http://links.lww.com/
MD/O460).

3.3. Replication and meta-analysis of data

As expected, similar trends for certain mitochondrial pro-
teins were observed in the replication GWAS dataset (Table 

S5, Supplemental Digital Content, http://links.lww.com/MD/
O460). Meta-analysis of the discovery and replication data-
sets further demonstrated that ISCU was associated with an 
increased risk of AA (OR = 1.146, 95% CI = 1.055 to 1.244, 
P < .05), MRPL14 was associated with a reduced risk of AA 
(OR = 0.877, 95% CI = 0.800 to 0.962, P < .05), and MSRA 
was associated with a reduced risk of AA (OR = 0.916, 95% 
CI = 0.840 to 0.999, P < .05). These results further enhance the 
robustness of our findings (Fig. 5).

3.4. Expression profiles of ISCU, MRPL14, and MSRA in AA 
tissues and gene set enrichment analysis

We further validated the expression levels of ISCU, MRPL14, 
and MSRA using the GEO dataset GSE57691. The results 
showed that ISCU expression was significantly upregulated 
in AA tissue samples, whereas MRPL14 and MSRA were 
relatively downregulated (Fig. 6A). Additionally, we per-
formed GSEA by dividing the samples into high-expression 
and low-expression groups based on the expression levels of 
ISCU, MRPL14, and MSRA, respectively, to analyze the path-
ways potentially influenced by these genes (Fig. 7). ISCU was 
enriched in Gene Ontology (GO) terms related to bacterial 

Figure 5.  Meta-analysis of suggestively significant associations between mitochondrial proteins and aortic aneurysm (A) Iron–sulfur cluster assembly enzyme 
ISCU, mitochondrial; (B) 39S ribosomal protein L14, mitochondrial; (C) mitochondrial peptide methionine sulfoxide reductase. ISCU = iron–sulfur cluster assem-
bly enzyme.

http://links.lww.com/MD/O460
http://links.lww.com/MD/O460
http://links.lww.com/MD/O460
http://links.lww.com/MD/O460
http://links.lww.com/MD/O460
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response, protein localization, wound healing, and cell junc-
tions, while Kyoto Encyclopedia of Genes and Genomes 
(KEGG) analysis showed enrichment in adipocytokine signal-
ing, complement and coagulation cascades, mitogen-activated 
protein kinase (MAPK) signaling, primary immunodeficiency, 
ribosome, and vascular endothelial growth factor (VEGF) 
signaling. MRPL14 was associated with protein localiza-
tion, wound healing, bacterial response, and cell junctions 
in GO analysis, and enriched in complement and coagula-
tion cascades, MAPK signaling, primary immunodeficiency, 
ribosome, Toll-like receptor signaling, and VEGF signaling 
in KEGG analysis. MSRA was linked to B cell proliferation, 
protein localization, wound healing, bacterial response, and 
cell junctions in GO analysis, while KEGG analysis showed 
enrichment in complement and coagulation cascades, MAPK 
signaling, primary immunodeficiency, ribosome, Toll-like 
receptor signaling, and VEGF signaling.

3.5. In vitro validation of mitochondrial protein and gene 
expression in PDGF-BB-induced aortic smooth muscle 
cells

To validate the expression levels of the 3 mitochondrial- 
related proteins and their corresponding mRNA levels in 
vitro, we employed a PDGF-BB-induced aortic smooth muscle 
cell model. qPCR analysis revealed significant changes in the 
mRNA expression of the 3 mitochondrial-related proteins, with 
ISCU being upregulated and MRPL14 and MSRA downregu-
lated in PDGF-BB-induced aortic smooth muscle cells (Fig. 6B). 
Consistently, Western blot results corroborated these findings 

at the protein level, showing elevated ISCU protein levels and 
reduced MRPL14 and MSRA protein levels in the same model 
(Fig. 6C–D). These findings are consistent with our previous 
observations.

4. Discussion
Using a 2-sample MR approach, we analyzed data from the 
IEU OpenGWAS database, which included 66 mitochondrial 
function-related exposures, as well as aortic aneurysm data 
from 2 independent datasets. Through IVW as the primary MR 
method, complemented by sensitivity analyses, replication, and 
meta-analysis, we identified ISCU, MRPL14, and MSRA as mito-
chondrial proteins associated with AA. Specifically, ISCU was 
linked to an increased risk of AA, while MRPL14 and MSRA 
were associated with a reduced risk. These findings align with 
recent studies emphasizing mitochondrial dysfunction as a key 
factor in vascular pathologies, yet our study is the first to estab-
lish a causal relationship using MR analysis.[34] Furthermore, 
these associations were validated using gene expression data 
from the GEO database, along with functional validation in 
TGF-β1-induced aortic smooth muscle cells, reinforcing the 
involvement of mitochondrial proteins in aneurysm-related cel-
lular dysfunction.

The investigation of mitochondrial proteins in relation to 
AA holds substantial clinical significance. This study reveals 
significant alterations in the expression of 3 key mitochon-
drial proteins in AA patients, suggesting that mitochondrial 
dysfunction plays a crucial role in aneurysm pathogenesis. 
Mitochondrial impairment has been increasingly recognized as 

Figure 6.  Validation of ISCU, MRPL14, and MSRA Expression in Aortic Aneurysm: Transcriptomic and Experimental Evidence: (A) Differential expression 
analysis of ISCU, MRPL14, and MSRA in aortic aneurysm tissues using the GEO dataset (GSE57691); (B) qPCR validation of ISCU, MRPL14, and MSRA 
expression levels in PDGF-BB-induced human aortic smooth muscle cells. (C) Western blot analysis of ISCU, MRPL14, and MSRA protein expression in PDGF-
BB-induced human aortic smooth muscle cells; (D) Quantification of Western blot results for ISCU, MRPL14, and MSRA protein expression. GEO = Gene 
Expression Omnibus, ISCU = iron–sulfur cluster assembly enzyme, MRPL14 = 39S ribosomal protein L14, MSRA = mitochondrial peptide methionine sulfoxide 
reductase, PDGF-BB = platelet-derived growth factor-BB.
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a central contributor to vascular remodeling and arterial wall 
instability.[35] However, previous studies have primarily focused 
on mitochondrial DNA mutations and respiratory chain defects 
rather than specific mitochondrial proteins involved in AA.[6,36] 
Our findings highlight ISCU, MRPL14, and MSRA as potential 
contributors to these processes, bridging a critical gap between 
mitochondrial dysfunction and AA development.

Mitochondrial dysfunction contributes to AA through 
mechanisms such as oxidative stress, apoptosis, extracellular 
matrix remodeling, and vascular inflammation. ISCU plays a 
central role in iron–sulfur cluster assembly, which is essen-
tial for mitochondrial respiration, DNA repair, and redox 
homeostasis. Aberrant regulation of ISCU has been impli-
cated in mitochondrial dysfunction, leading to excessive reac-
tive oxygen species production and oxidative stress.[37] In our 
study, ISCU was significantly upregulated in AA tissues and 
TGF-β1-treated vascular smooth muscle cells, suggesting that 
dysregulated ISC assembly may contribute to aneurysm for-
mation. Mechanistically, increased ISCU expression may lead 
to mitochondrial iron overload, causing oxidative stress via 
the Fenton reaction, which generates highly reactive hydroxyl 
radicals.[38] This process has been linked to lipid peroxida-
tion, protein oxidation, and mitochondrial DNA damage, all 
of which are known contributors to vascular remodeling and 
ECM degradation in AA. Additionally, excess reactive oxygen 
species (ROS) can activate Nuclear factor kappa-light-chain-
enhancer of activated B cells and MAPK signaling pathways, 
leading to increased expression of pro-inflammatory cyto-
kines such as interleukin-6 and tumor necrosis factor-alpha, 
further exacerbating vascular inflammation and aortic wall 
weakening.[39]

MRPL14 is a mitochondrial ribosomal protein required for 
mitochondrial translation and oxidative phosphorylation. Its 
downregulation has been associated with reduced mitochon-
drial biogenesis, impaired ATP production, and increased sus-
ceptibility to apoptosis.[40] In our study, MRPL14 expression 
was significantly reduced in AA tissues, which may contribute to 
mitochondrial dysfunction and vascular degeneration. Loss of 
MRPL14 could lead to impaired mitochondrial electron trans-
port chain function, resulting in increased ROS production and 

mitochondrial depolarization, both of which have been shown 
to promote vascular smooth muscle cell apoptosis and ECM 
degradation.[41] Additionally, defective mitochondrial transla-
tion may impair the synthesis of respiratory chain components, 
reducing ATP availability and triggering AMPK activation, a 
known modulator of VSMC contractility and survival.[42] These 
processes collectively contribute to aortic wall weakening and 
aneurysm formation.

MSRA is an enzyme responsible for repairing oxidized 
methionine residues in proteins, thereby protecting cells from 
oxidative stress. Reduced MSRA expression has been linked 
to increased oxidative damage and impaired cellular homeo-
stasis.[43] Our study found that MSRA expression was sig-
nificantly lower in AA tissues, which may indicate a reduced 
capacity for oxidative stress repair. MSRA deficiency may 
exacerbate ROS-induced protein oxidation, leading to struc-
tural instability of key mitochondrial and ECM proteins.[44] 
Furthermore, oxidized proteins can activate autophagic and 
apoptotic pathways, leading to increased smooth muscle cell 
death and progressive ECM remodeling, both of which are 
hallmarks of aneurysm pathology.[45] This suggests that MSRA 
downregulation may contribute to AA progression by impair-
ing the mitochondrial stress response and increasing oxidative 
damage to the vascular wall.

Mitochondrial dysfunction has been increasingly linked to 
vascular diseases, yet its role as a potential therapeutic target 
in AA remains largely unexplored. This study emphasizes the 
importance of ISCU, MRPL14, and MSRA in mitochondrial 
homeostasis and their possible contributions to aneurysm for-
mation. Notably, our findings suggest that targeting mitochon-
drial oxidative stress pathways could be a viable strategy for AA 
intervention. While existing AA treatments primarily focus on 
surgical repair and blood pressure control, emerging evidence 
supports the potential of mitochondrial-targeted therapies, 
such as antioxidants and mitochondrial biogenesis enhancers, 
in vascular diseases.[46] However, whether modulating ISCU, 
MRPL14, or MSRA expression could mitigate aneurysm pro-
gression requires further investigation.

Despite the strengths of this study, several limitations should 
be acknowledged. First, the dataset primarily consists of 

Figure 7.  The gene set enrichment analysis result. (A–C): GO enrichment analysis of ISCU, MRPL14, and MSRA;(D-E) KEGG pathway analysis of ISCU, 
MRPL14, and MSRA. GO = Gene Ontology, ISCU = iron–sulfur cluster assembly enzyme, KEGG = Kyoto Encyclopedia of Genes and Genomes,  MRPL14 = 
39S ribosomal protein L14, MSRA = mitochondrial peptide methionine sulfoxide reductase,
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individuals of European ancestry, limiting the generalizability 
of our findings across diverse populations. Genetic variation 
and environmental influences may lead to population-specific 
differences in AA susceptibility and mitochondrial function.[47] 
Future studies should include multi-ethnic cohorts to enhance 
external validity. Additionally, the dataset lacks critical demo-
graphic details such as age and sex, which may influence mito-
chondrial protein expression and AA risk. Moreover, our study 
establishes a causal relationship between mitochondrial proteins 
and AA but does not fully elucidate the underlying molecular 
mechanisms. Although GSEA identified key pathways involv-
ing inflammation, immune regulation, and oxidative stress, fur-
ther experimental validation is required to confirm their direct 
roles in AA pathogenesis. Future research should incorporate 
high-resolution techniques such as single-cell RNA sequencing 
or proteomics to provide cell-type-specific insights into mito-
chondrial dysfunction in AA. Lastly, a multivariable MR analy-
sis was not performed, mainly due to sample size limitations.[48] 
Expanding datasets and improving statistical power will be 
essential for a more comprehensive analysis of mitochondrial 
proteins in AA.

5. Conclusion
This study provides novel insights into the mitochondrial 
mechanisms underlying AA pathogenesis, identifying ISCU, 
MRPL14, and MSRA as key contributors. By integrating 
MR analysis, gene expression validation, and functional 
enrichment analysis, our findings offer a comprehensive 
perspective on mitochondrial dysfunction in AA. The iden-
tification of these mitochondrial proteins as potential thera-
peutic targets underscores the need for further research into 
mitochondrial-directed interventions for AA prevention and 
treatment.
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